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a b s t r a c t

Forty-six deep groundwater samples from highly arsenic affected areas in Bangladesh were analyzed in
order to evaluate the processes controlling geochemical constituents in the deep aquifer system. Spa-
tial trends of solutes, geochemical modeling and principal component analysis indicate that carbonate
dissolution, silicate weathering and ion exchange control the major-ion chemistry. The groundwater is
dominantly of Na–Cl type brackish water. Approximately 17% of the examined groundwaters exhibit
As concentrations higher than the maximum acceptable limit of 10 �g/L for drinking water. Strong cor-
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relation (R = 0.67) of Fe with dissolved organic carbon (DOC) and positive saturation index of siderite
suggests that the reductive dissolution of Fe-oxyhydroxide in presence of organic matter is considered to
be the dominant process to release high content of Fe (median 0.31 mg/L) in the deep aquifer. In contrast,
As is not correlated with Fe and DOC. Boron concentration in the 26% samples exceeds the standard limit
of 500 �g/L, for water intended for human consumption. Negative relationships of B/Cl ratio with Cl and
boron with Na/Ca ratio demonstrate the boron in deep groundwater is accompanied by brackish water

in th
rincipal component analysis and cation exchange with

. Introduction

Groundwater has been extensively used as the only source of
athogen-free drinking water in Bangladesh. Unfortunately, the
hallow groundwater in Bangladesh is contaminated with ubiqui-
ous metalloid arsenic (As) and often laden with high As (>50 �g/L,

aximum contamination limit for As in Bangladesh) of natural
rigin [1]. More than 60% of the tested groundwater-wells so far
xceeded the current World Health Organization (WHO) provi-
ional guideline value of 10 �g/L [2]. Long-term exposure of arsenic
ontaminated water can lead to cancer of the liver, lung, kidney,
ladder, and skin [3]. Noncancer effects include cardiovascular and
erebrovascular disease, diabetes mellitus, and adversereproduc-

ive outcomes. Chronic As poisoning in the As-affected areas in
angladesh is now widespread and needs immediate measures to
rovide safe water for at least 20–50 million people [4].
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Many options such as household-based filters, low-arsenic dug
wells, pond water, sand filters and treatment plants exist to avoid
or remove As, but due to the higher cost and maintenance effort
the practical and social impediments limit their use [5,6]. Installing
deeper wells (>180 m) is a simple solution that does not require
extensive infrastructure. Hence, in Bangladesh, the government
and different agencies have drilled deep wells without scientific
investigation to supply the low-As water to urban and rural pop-
ulations, where shallow groundwater is contaminated with As [1].
Therefore, it is inevitable to evaluate the details of geochemical pro-
cesses that govern the chemical composition and quality of deep
groundwater in the study area.

Several hypotheses have been proposed to explain groundwater
contamination with As in Bangladesh. One of the initially proposed
mechanisms of As occurs naturally in sediments due to weather-
ing of arsenopyrite from the Himalayas and subsequent deposition
by the Ganges–Brahmaputra–Meghna River system [7]. The cur-
rent generally accepted explanation for As mobilization is microbial

and/or chemical reductive dissolution of As-bearing iron oxyhy-
droxides in the aquifer sediments [8–10]. Arsenic mobilization in
groundwater also appears to be triggered by intensive extraction of
groundwater for irrigation and application of phosphate fertilizer
[7]. On the other hand, Polizzotto et al. [11] suggested that As is not

dx.doi.org/10.1016/j.jhazmat.2010.01.008
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:halim1972@gmail.com
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obilized within the aquifer but rather in surface soil layers and
s subsequently transported down through the sandy aquifer. It is,
herefore, evident that As mobilization in Bangladesh groundwater
s a complex natural geochemical process.

On the other hand, higher concentrations of boron (B) in
ater systems are unusual and lead to environmental harm [12].
oron is a hazard to health in drinking water, so a provisional
uideline value of 500 �g/L is quoted by the World Health Orga-
ization [13]. Enrichment of boron in water systems can result

rom hydrothermal influence on infiltrating waters, human pollu-
ion, dissolution of evaporates, the presence of residual seawater,
nd mineral weathering [14]. Moreover, the process of adsorp-
ion/desorption of boron to mineral surfaces is an important control
n its concentration in waters associated with soils and sedi-
ents [15]. In Banglad esh, to the best of our knowledge, except

or Ravenscroft and McArthur [14] no other work has yet been
one describing the mechanism of regional enrichment of Ben-
al Delta deep groundwater by boron. Ravenscroft and McArthur
14] has stated that the boron has desorbed from mineral surfaces
s freshwater flushing displaces saline waters from the aquifers
nd the desorption is driven by decreasing ionic strength, the
quilibrium readjustment of mineral sorption sites to the low
oron concentration in freshwater, and competitive exchange with
CO3/CO3. In present study an investigation is carried out with
eochemical and geostatistical models to elucidate the spatial dis-
ribution, source and release of boron in deep aquifer, which is
roposed as an alternative source of As-free drinking water in
hose areas where high level of As enrichment occurs in shallow
quifer.

Therefore, the main objective of the present paper is to evaluate
he geochemical processes that control the release of solutes in
eep groundwaters. Special emphasis is put forward to explain the
tatus of As and B in deep groundwaters, their origin and mobility
n the deep aquifer, which could be helpful for proper management
f deep aquifer as a sustainable source of As-safe drinking water in
he study area.

. Study area

.1. Location, geology and hydrogeology

The study area covers the southern districts of Bangladesh
nd geographically, the area is confined within 22.02◦ to 23.39◦N
atitudes, and 89.13◦ to 91.21◦E longitudes formed primarily by
he deposition of late Holocene to recent sediments carried by
he Ganges–Brahmaputra–Meghna rivers (Fig. 1) [10]. The sur-
ace lithology is mainly of deltaic and flood plain deposits, which
re composed of tidal deltaic deposits, deltaic silt and mangrove
wamp deposits [16].

The subsurface geology of the study area has complex interfin-
erings of coarse and fine-grained sediments from numerous
egressions and transgressions throughout geologic time [4]. A gen-
ralized stratigraphic section across most of the southern delta
eveals alternating sand-dominated and fine-grained sequences.
ineralogy of the floodplain and deltaic sediments is dominated by

uartz with some plagioclase and potassium feldspars and volcanic,
etamorphic, and sedimentary fragments [17].
In the study area clayey aquitards are present at varying depths

8]. Sands deeper than about 180 m beneath the clayey aquitards
re commonly referred to as the ‘deep aquifer’, which are exploited

or potable water supply. Regional scale long-term hydrographs of
eep observation wells are not available in Bangladesh and very

ittle information is about the water level behaviors of the deep
quifers. It is perceived that groundwater is under artesian condi-
ions in the deep aquifers. Limited data show that the deeper aquifer
us Materials 180 (2010) 50–62 51

water levels also fluctuate annually almost in the same fashion as
the shallow groundwater [18].

2.2. Land use and climate

Land use is dominantly agricultural and most of the landmass
is made up of fertile deltaic low lands. Maximum elevations are in
northwestern region and elevations decrease in the coastal south
where the terrain generally at sea level. The study area experiences
a tropical monsoon climate and the average annual rainfall varies
from 6 to 393 mm with annual total 1850 mm [4]. Up to 85% of
the annual rainfall occurs during the May to September monsoon.
This coincides with the peak inflow of the major rivers and annual
flooding. Less than 5% of the mean annual rainfall occurs during
November to March.

3. Methodology

3.1. Sample collection

Deep groundwater samples (depth varying from 180 to 363 m)
were collected from 46 domestic wells in the study area during Jan-
uary 2007 to March 2007 (Table 1, Fig. 1). Samples were collected in
high-density polypropylene (HDPP) bottles (washed with 1% HNO3
for 3 times with distilled water before sampling at laboratory and
3 times with well-water before taking the sample) following the
procedure outlined by Bhattacharya et al. [19]. Each sample was
immediately filtered on site through 0.45 �m filters of cellulose
acetate. Filtrate for metals and dissolved organic carbon (DOC) anal-
yses were transferred into polyethylene bottles and immediately
acidified with supra pure 7N HNO3 (Merck, Darmstadt, Germany)
for reaching a pH <2 to avoid any precipitation. Samples for anions
analyses were collected without acidified. Field blanks (Milli-Q
water) were collected to insure the integrity of field sampling meth-
ods. All the samples were shipped to Japan and stored in a refrig-
erator at a temperature of 4 оC until the analysis being performed.

3.2. Field measurements

The physicochemical parameters such as temperature, pH
and electrical conductivity (EC) were measured with calibrated
portable instruments. The pH Meter (HORIBA Ltd., Japan) was
employed to measure pH of groundwater. Electrical conductivity
was measured using a Conductivity Meter (HORIBA Ltd., Japan) and
temperature was also read from the same meter. The sampled tube
wells were actively used and were purged for 10 min prior to mea-
sure these parameters. The well locations were determined with a
handheld global positioning system (GPS) (Kansas, USA). Alkalin-
ity (as HCO3

−) was determined by field titration with 1.6N H2SO4
to pH ∼4.5 using HACH Digital multi Sampler Model 1690. Well
depths were noted from the record preserved by the well owners.

3.3. Laboratory measurements

The concentrations of major anions (Cl−, NO3
−and SO4

2−) and
cations (Na+, K+, Ca2+ and Mg2+) were measured with ion chro-
matography (Metrohm 761 Compact IC) in filtered groundwater
samples. The instrument was linearly calibrated with standards
(Wako Pure Chemicals Industries Ltd., Japan) from 2.5 to 7.5 mg/L.
The accuracy and precision of analyses were tested through running
duplicate analyses on selected samples. Samples were diluted sev-

eral times and the relative standard deviation of measured major
ions was found to be within ±3%.

The total concentrations of As, boron, Ba, Br, Fe, Mn, Si and Sr
were measured by inductively coupled plasma and mass spectrom-
etry (ICP-MS), which was linearly calibrated from 10 to 100 �g/L
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Table 1
Hydrogeochemical variables of deep groundwater samples.

Sample ID Latitude Longitude Depth (m) pH Temperature (◦C) EC (�S/cm) HCO3 (mg/L) Cl (mg/L) NO3 (mg/L) SO4 (mg/L) Br (mg/L)

1 22.79 89.58 267 8.8 28.6 842 448.91 37.92 3.20 0.50 0.27
2 22.95 90.23 363 7.6 24.9 1625 197.01 526.33 6.18 0.55 1.97
3 23.28 90.96 224 7.0 25 2415 169.89 599.35 15.30 0.96 3.47
4 22.73 90.44 302 8.1 26.8 1165 184.68 430.97 8.46 0.59 1.91
5 22.71 90.38 287 8.2 28.5 1605 233.98 603.15 1.21 2.66 4.12
6 22.68 90.39 302 8.2 27.4 425 209.33 47.77 2.45 0.83 0.35
7 22.44 90.44 296 8.4 33.8 555 240.15 9.08 2.79 0.72 0.13
8 22.43 90.36 302 8.2 28.1 605 252.47 6.00 6.91 0.04 0.12
9 23.08 89.84 195 7.3 26.8 2195 338.75 747.94 21.71 0.50 3.56

10 23.31 89.98 210 7.5 26.2 1045 394.21 92.50 18.73 0.60 0.82
11 23.24 90.10 210 7.4 26.7 1805 166.19 686.39 3.73 1.40 3.81
12 22.88 91.22 276 7.0 25.7 1885 98.40 731.10 1.72 36.57 3.97
13 22.43 90.36 241 7.8 27.6 799 258.63 1.97 1.19 0.43 0.11
14 22.12 90.23 314 7.8 29 851 283.28 24.47 1.27 0.36 0.16
15 22.12 90.23 302 7.8 26.7 915 295.61 21.02 2.25 0.12 0.18
16 22.03 90.24 308 7.6 28.3 1025 332.59 34.71 2.86 0.10 0.25
17 21.95 90.18 271 7.7 32.4 1141 344.91 87.85 1.71 0.70 0.50
18 21.91 90.14 297 7.4 28.9 2135 307.94 661.02 3.01 0.01 2.49
19 22.43 90.36 309 8.0 32 732 233.98 11.46 0.95 0.71 0.09
20 22.85 90.25 256 7.7 27.3 1111 160.03 312.02 1.41 0.84 1.24
21 22.80 90.10 241 7.0 24.6 4225 172.36 1670.64 6.52 36.55 6.39
22 23.16 89.51 230 7.0 25.1 1530 241.51 271.39 0.06 3.09 2.21
23 23.17 89.28 340 7.3 26.1 1337 202.07 263.56 0.46 2.10 1.27
24 22.83 89.54 342 7.5 27.2 1548 167.56 326.00 6.29 3.24 2.06
25 22.64 89.80 298 7.4 27.3 2285 179.88 550.39 5.00 1.51 3.38
26 22.49 90.06 290 7.9 26 2391 210.70 615.27 2.83 0.77 4.25
27 22.65 90.18 330 7.9 27.2 1431 216.86 458.32 3.67 0.18 1.36
28 22.73 90.44 290 7.1 27.1 1165 179.88 430.94 8.43 0.56 0.86
29 22.68 90.39 301 8.3 27.6 425 204.53 47.74 2.42 0.80 0.04
30 23.13 89.91 180 7.7 27 1785 364.76 379.55 7.29 0.86 0.91
31 23.18 89.13 342 7.8 27.2 595 210.70 148.99 3.22 0.18 0.81
32 22.75 89.16 330 7.8 27.2 2495 296.97 883.15 14.04 1.45 4.31
33 22.90 89.24 180 7.0 28 1625 155.23 595.29 14.39 1.75 2.89
34 22.81 89.50 300 8.1 29.3 415 161.39 18.65 4.46 3.69 0.16
35 22.66 90.09 270 8.0 27.5 1405 241.51 477.08 8.53 1.32 2.28
36 22.46 90.41 308 8.5 27.5 575 253.83 14.64 2.55 0.61 0.13
37 23.08 89.84 185 7.4 26.9 2195 333.95 747.91 21.68 0.47 3.37
38 23.19 90.19 220 7.5 26.6 1025 155.23 353.28 0.89 0.37 1.53
39 23.39 90.11 262 7.5 27.1 545 161.39 80.55 0.81 3.77 0.39
40 22.59 91.00 290 7.4 27.4 265 99.77 5.68 0.81 0.49 0.05
41 22.77 90.87 301 7.5 27.1 1105 155.23 378.53 2.37 1.83 1.63
42 23.10 89.36 225 7.0 27.6 930 167.56 14.14 1.05 0.08 0.90
43 22.79 89.58 285 7.4 29.4 1411 118.25 503.16 14.88 2.45 1.76
44 23.24 90.10 214 7.3 28.3 2405 155.23 941.84 3.63 0.09 3.74
45 23.23 90.86 245 7.4 29 530 68.95 89.57 0.73 0.13 0.36
46 23.1 91.86 258 7.2 27 307 118.25 7.45 1.05 0.11 0.06

Sample ID Na (mg/L) K (mg/L) Mg (mg/L) Ca (mg/L) Ba (�g/L) Sr (�g/L) Si (mg/L) Fe (mg/L) DOC (mg/L) As (�g/L) Mn (�g/L) B (�g/L)

1 159.70 7.78 9.39 17.17 51.1 171.6 11.75 0.18 1.96 nd 7.2 267
2 523.83 4.14 9.70 21.55 24.4 203.5 11.65 0.50 2.33 3.6 10.6 704
3 336.79 8.63 37.00 41.19 55.8 455.3 16.56 0.66 2.80 32.8 81.7 320
4 526.17 13.62 12.80 31.23 43.0 214.2 7.99 0.23 2.42 0.2 1.9 542
5 534.05 19.11 9.15 15.79 113.3 361.5 9.18 0.51 4.84 nd 4.1 543
6 187.93 5.56 2.77 5.05 6.2 73.46 9.48 0.17 2.55 nd nd 379
7 181.87 5.23 1.79 3.13 11.2 39.38 9.32 0.16 1.20 nd 5.8 441
8 226.02 8.58 4.42 10.29 17.5 73.35 9.70 0.11 0.65 0.4 nd 424
9 563.55 46.58 58.72 117.73 211.0 561.8 10.40 0.72 5.75 91.1 30.9 429

10 358.31 20.65 26.87 25.57 42.1 190.5 14.93 0.26 2.55 108.8 30.6 439
11 484.30 24.41 42.96 88.10 232.7 726 14.83 0.60 3.10 nd nd 343
12 450.29 28.53 36.09 44.69 213.2 416.2 28.09 0.57 3.60 nd 8.1 429
13 12.16 7.94 0.70 3.42 10.3 107.2 9.59 0.11 1.26 0.2 10.4 415
14 253.48 10.62 3.99 8.58 11.7 66.43 9.33 0.10 1.48 nd nd 477
15 280.68 9.67 4.18 8.27 6.9 61.02 9.22 0.29 1.83 0.5 80.3 324
16 315.81 15.55 7.64 12.03 15.2 90.81 9.87 0.22 1.67 5.9 6.7 327
17 345.68 8.73 9.88 16.67 17.2 89.01 9.05 0.40 2.45 1.5 3.8 395
18 580.45 28.97 20.94 25.22 46.1 229.3 9.09 0.57 4.74 nd 26.2 854
19 213.68 6.22 2.24 14.96 12.2 42.34 9.21 0.12 1.67 nd 3.1 392
20 339.10 11.94 5.46 4.42 26.1 91.63 11.47 0.38 2.32 2.0 10.5 624
21 1035.21 77.73 39.55 32.64 367.0 864.9 18.59 0.86 5.01 nd 94.5 1282
22 270.18 7.19 96.22 169.85 783.1 1294 19.54 0.90 5.52 2.1 27.7 267
23 73.26 3.41 39.38 89.28 200.6 488.6 21.00 0.44 1.08 1.2 44.5 234
24 191.97 6.02 34.63 52.01 159.2 520.4 13.84 0.21 1.47 nd 28.9 179
25 499.03 18.38 51.14 120.05 295.3 858.6 12.73 0.50 4.51 0.7 27.2 284
26 357.02 10.39 56.00 84.40 579.2 836.9 8.92 0.48 4.95 2.6 27.8 1113
27 339.86 5.88 4.71 11.08 52.8 129.1 11.07 0.34 2.29 4.9 27.3 797
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Table 1 (Continued )

Sample ID Na (mg/L) K (mg/L) Mg (mg/L) Ca (mg/L) Ba (�g/L) Sr (�g/L) Si (mg/L) Fe (mg/L) DOC (mg/L) As (�g/L) Mn (�g/L) B (�g/L)

28 526.14 13.59 12.77 31.20 74.6 338.5 18.30 0.26 1.67 nd 32.5 218
29 187.90 5.53 2.74 5.02 210.1 237.1 15.51 0.21 1.59 193.4 28.5 19
30 557.55 28.31 42.23 79.68 103.4 226.5 18.66 0.43 1.12 26.9 27.3 215
31 117.24 10.35 33.06 69.33 78.7 390.2 16.89 0.23 1.85 2.2 29.8 165
32 654.09 27.25 44.25 65.01 503.1 947.8 11.20 0.67 5.45 27.3 34.1 502
33 323.78 23.88 68.42 46.16 481.1 935.7 8.92 0.44 3.21 15.3 26.8 547
34 73.86 7.70 18.18 36.63 130.3 282.9 11.87 0.18 1.47 nd 102.9 131
35 430.80 19.17 13.17 23.12 105.6 239.9 10.26 0.33 2.60 6.0 43.5 1002
36 199.62 5.96 2.84 4.38 27.6 70.3 10.23 0.21 1.02 0.6 30.1 398
37 563.52 46.55 58.69 117.70 252.3 531.9 11.35 0.43 2.74 62.0 46.4 456
38 206.85 17.74 37.94 78.85 213.3 524.1 21.30 0.39 1.19 0.9 27.6 174
39 74.30 10.99 29.08 51.29 105.6 279.2 18.26 0.14 1.27 5.9 31.4 46
40 27.04 5.63 12.43 28.69 64.3 181.7 31.50 0.16 1.10 0.3 27.9 31
41 257.41 14.33 21.74 34.85 115.5 309.2 21.74 0.35 1.51 1.4 27.4 320
42 4.95 1.70 4.60 13.45 141.3 449.2 22.85 0.29 0.77 1.4 26.8 56
43 283.31 26.45 41.63 68.26 164.9 439.1 13.67 0.23 1.32 0.5 30.9 300

18
52.2
96.3
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44 501.18 24.80 42.59 91.92 213.4 7
45 45.66 7.11 17.26 42.72 41.6 2
46 30.04 7.26 15.77 28.05 76.0 1

ote: nd is the below detection limit.

ith custom multi-element standards (SPEX CertiPrep, Inc., NJ,
SA) before use. The relative standard deviation for all measured
lements was within ±2%. Triplicate analysis of 10% of all samples
nd analysis of check standards every 10 samples were performed
o assess measurement error, and to check for accuracy and pre-
ision of measurement technique. Dissolved organic carbon was

easured by high-temperature catalytic oxidation method using a

himadzu Corp. TOC 5000 analyzer. Detection limit was 0.5 mg/L
ith a precision of less than ±5%. The analyses were performed at

he Center of Advanced Instrumental Analysis, Kyushu University,
apan.

Fig. 1. Location map of the study area a
16.37 0.55 5.05 0.5 26.3 863
32.21 0.19 1.04 0.8 26.5 25
34.6 0.12 0.83 0.8 144.7 29

3.4. Statistical analysis

Principal component analysis (PCA) was done on the original
data set (without any weighting or standardization) following the
theories and methodologies stated by Davis [20] and Dreher [21].
The statistical software package STATISTICA 7 for Windows [22]

was used for calculations. After the application of PCA, a varimax
normalized rotation was applied to minimize the variances of the
factor loadings across variables for each factor. In this study, all
principal factors with eigenvalues which are greater than 1.15 are
taken into account. The first four factors were able to account for

nd groundwater sampling points.
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Fig. 2. Box and Whisker plot showing the variation of major ion concentration in
the studied deep groundwater samples.

T
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1.9% of the variance of all variables. The saturation indices were
alculated using PHREEQC [23] with thermodynamic database of
INTEQA2 [24]. The Aquachem 4.1 computer code was also used

o classify water types. Moreover, geostatistical method variogram
s applied to generate four spatial models for distribution of EC,
oron, Cl− and Na+ [25] for evaluating the source of boron in deep
roundwater of Bangladesh.

. Results and discussion

.1. Major hydrogeochemical solutes

Physicochemical solutes measured in selected 46-deep ground-
ater samples and their statistical summary are presented in

ables 1 and 2. The pH values of the assorted groundwater sam-
les vary from 6.9 to 8.8 with average value of 7.6 indicating that
he waters are generally neutral to slightly alkaline. The measured
ater temperatures vary from 24.6 to 33.8 ◦C with an average

f 27.5 ◦C. Minimum and maximum values of electrical conduc-
ivity (EC) are 265.0 and 4225.0 �S/cm with an average value of
322.3 �S/cm.

The variation of major cations (Na+, K+, Ca2+ and Mg2+) and
nions (Cl−, HCO3

−, NO3
−, Br− and SO4

2−) concentrations mea-
ured in deep groundwater samples is illustrated in the Box and

hisker plot (Fig. 2), where Na+ and Cl− are the dominant cation
nd anion, respectively. Nevertheless, the groundwater samples
ontained significantly high HCO3

−. Fig. 2 also shows that the
rder of relative abundance of major cations in the deep ground-
ater is Na+ > Ca2+ > Mg2+ > K+ (on mg/L basis) while that of anion

s Cl− > HCO3
− > NO3

− > Br− > SO4
2−. The electrical conductivity of

roundwater samples shows that large percentages of contribution
re from Cl−, Na+ and HCO3

−. Since conductivity is a linear function
f total dissolved solids (TDS) and for that matter the mineral salt
ontent of groundwater [26].

.2. Water type

The concentrations of major ions measured in deep ground-

ater samples are presented in the Piper Trilinear plot (Fig. 3).

his figure shows that deep groundwaters in the study area can
e broadly divided into four types: Type-1, Ca–Mg–HCO3; Type-
, Na–Cl; Type-3, Na–Ca–Mg–HCO3–Cl and Type-4, Na–HCO3.
wenty-three samples fall in Type-2, while the total of 4, 6 and 13

Fig. 3. Piper diagram showing major ion composition of deep groundwaters. The
groundwaters are classified into four types; Type-1: Ca–Mg–HCO3, Type-2: Na–Cl,
Type-3: Na–Ca–Mg–HCO3–Cl and Type-4: Na–HCO3.

able 2
tatistical summary of the parameters determined in the deep groundwater samples.

Parameter Minimum Maximum Average Median 10th 90th SD WHO (2004) guideline limit

pH 7.0 8.8 7.6 7.5 7.0 8.2 0.4 6.5–8.5
Temperature (◦C) 24.6 33.8 27.6 27.3 25.9 29.2 1.8
EC (�S/cm) 265 4225 1322 1153 478 2338 780 1500
HCO3 (mg/L) 69.0 448.9 220.5 206.9 136.7 336.3 82.6 384
Cl (mg/L) 2.0 1670.6 346.7 319.0 10.3 739.5 346.8 250
NO3 (mg/L) 0.06 21.71 5.33 2.94 0.85 14.64 5.71 50
SO4 (mg/L) 0.01 36.57 2.56 0.70 0.11 3.17 7.40 250
Br (mg/L) 0.04 6.39 1.67 1.26 0.12 3.89 1.58
Na (mg/L) 5.0 1035.2 319.7 299.6 59.5 560.5 209.9 200
K (mg/L) 1.7 77.7 15.8 10.5 5.5 28.4 14.0 30
Mg (mg/L) 0.7 96.2 24.9 17.7 2.8 53.6 21.7 150
Ca (mg/L) 3.1 169.9 43.3 31.2 5.0 90.6 38.5 200
Ba (�g/L) 6.2 783.1 145.8 91.0 12.0 331.2 166.7 700
Sr (�g/L) 39.4 1294.0 365.4 265.7 71.8 847.8 295.5
Si (mg/L) 8.0 34.6 14.8 11.8 9.1 22.3 6.7
Fe (mg/L) 0.1 0.9 0.4 0.31 0.1 0.6 0.2 0.3
DOC (mg/L) 0.6 5.7 2.5 1.9 1.1 5.0 1.5
As (�g/L) 0.2 193.4 18.3 2.0 0.4 56.1 40.8 10
Mn (�g/L) 1.9 144.7 32.6 27.6 5.9 76.9 29.0 500
B (�g/L) 18.9 1282.0 407.0 385.5 51.4 825.6 285.4 500
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Table 3
Deep groundwater samples with their chemical compositions.

Water type Sample

Type-1 Ca–Mg–HCO3 34, 40, 42, 46
Type-2 Na–Cl 2, 3, 4, 5, 9, 11, 12, 18,

20, 21, 24, 26, 27, 28,
30, 32, 33, 35, 37, 38,
41, 43, 44
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Table 4
Summary statistics of saturation indices (SI) of some mineral phases and rations of
some chemical constituents in the deep groundwaters.

Parameter Minimum Maximum Average Median SD

SI Calcite −1.6 1.3 0.1 0.2 0.5
SI Dolomite −3.3 2.7 0.2 0.3 1.0
SI Magnesite −2.2 0.9 −0.4 −0.3 0.5
SI Strontianite −3.4 0.1 −1.4 −1.5 0.6
SI Anhydrite −6.2 −2.4 −4.2 −4.2 0.8
SI Argonite −1.8 1.2 0.0 0.0 0.5
SI Barite −4.2 2.3 −1.7 −1.8 1.3
SI Quartz 0.4 1.1 0.6 0.6 0.2
SI SiO2 −1.4 0.1 −0.4 −0.4 0.2
SI Siderite −1.8 1.4 0.1 0.2 0.5
SI Rhodochrosite −6.5 −0.1 −1.5 −1.4 1.2

F
t

Type-3 Na–Ca–Mg–HCO3–Cl 22, 23, 25, 31, 39, 45
Type-4 Na–HCO3 1, 6, 7, 8, 10, 13, 14,

15, 16, 17, 19, 29, 36

ssorted samples belong to Type-1, Type-3 and Type-4, respectively
Table 3). The Ca–Mg–HCO3 type water occupies the section of the
iamond shape in the Piper diagram and their chemical properties
ominated by alkaline earths and weak acids [27]. Major ground-
aters are of Na–Cl type and they are clustered near the right corner

f the central diamond. These waters are of paleo-seawater, con-
ate water or modern seawater [1] while Na–Ca–Mg–HCO3–Cl type
ater probably evolved from silicate weathering or ion exchange
rocess [2]. In contrast, the Na–HCO3 type groundwaters occupy

n the lower corner of the central diamond. This type of water
ay depict rock–water interaction involving the dissolution of car-

onate and silicate weathering. Previous hydro-geochemical study
f groundwater suggests that meteoric water dissolving Na+ from
a-bearing silicates would produce Na–HCO3 water type. There-

ore, the incongruent dissolution of albite would probably have
roduced Na–HCO3 water type in deep aquifer [28].

.3. The processes controlling the release of major solutes in deep
roundwater

The processes responsible for major solutes in deep ground-
ater are probably dominated by mineral dissolution as observed

y Edmunds et al. [29] in the Midlands aquifer of England. The
l/
∑

anions ratios of groundwater samples vary from 0.01 to
.92 with an average value of 0.54 (Table 4). In contrast, the
CO3/

∑
anion ratios change from 0.05 to 0.98 with an average

.45. These results suggest rock weathering, principally silicate
eathering or carbonate dissolution, which has been observed on

he Piper plot. The occurrence of Na–HCO3 water also suggests
he possibility of ion exchange. A Na-normalized Ca versus Mg
lot (Fig. 4a) and Na-normalized Ca versus HCO3

− (Fig. 4b) fur-

her suggests the deep groundwater samples are influenced by
ilicate weathering to carbonate dissolution. Therefore, the water
hemistry is probably controlled by the carbonate dissolution,
ation exchange and silicate weathering and these are discussed
elow.

ig. 4. Molar ratio bivariate plots of (a) Na-normalized Ca and Mg and (b) Na-normalized
hree main source end members (evaporate dissolution, silicate weathering and carbonat
Cl/Br 15.7 1193.4 209.0 182.0 173.6
Cl/

∑
anion 0.01 0.93 0.54 0.72 0.33

Na/(Na + Cl) 0.30 0.98 0.66 0.59 0.20

4.3.1. Carbonate dissolution
The cations Ca2+ and Mg2+ often come from carbonate minerals

such as calcite and dolomite. Most of the major cations released
in groundwater from carbonate minerals dissolution enhanced by
respired CO2 from oxic and anoxic organic matter degradation
[10]. Reactions that specifically produce CO2 through oxidation of
organic matter are generalized by:

CH2O (organicmatter) + O2 → H2O + CO2 (1)

This reaction is then followed by

CaMg(CO3)2 + CO2 + H2O → Mg2+ + 2HCO3
− + CaCO3 (2)

CaCO3 + CO2 + H2O → Ca2+ + 2HCO3
− (3)

resulting in the high Ca2+, Mg2+ and HCO3
− concentrations found

in groundwater. There is also CO2 in rain water which can facilitate
carbonate mineral dissolution.

The saturation index of deep groundwater with respect to
important carbonate minerals calcite and dolomite was estimated
using the hydro-geochemical model PHREEQC [23] with thermo-
dynamic database of MINTEQA2 [24] in order to investigate the
level to which the groundwater has equilibrated with these car-
bonate phases within the sample matrix. The summary statistics
of saturated indices of some common mineral phases is presented
in Table 4. A plot of calcite saturation index versus dolomite sat-
uration index (Fig. 5) shows that most deep groundwater samples

are close to or supersaturated with respect to these minerals. In
these samples, super-saturation of carbonate species may result
in the preferential precipitation of secondary calcite or dolomite
during their transportation into different environments. Previous
study [30] indicate that in some of the Himalayan waters, up to

Ca and HCO3
− . The boxes represent the ranges of approximate compositions of the

e dissolution) without any mixing.
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Ca-silicates and Na-silicates, which are based on solute activi-
ig. 5. Relationship between calcite and dolomite saturation indices for all deep
roundwater samples analyzed. This plot shows the most waters are supersaturation
ith respect to calcite and dolomite. A total of 10 samples shows both calcite and
olomite undersaturation.

70% of Ca2+ derived from carbonate dissolution may be removed
uring transport from the High Himalaya to Lesser Himalaya due
o change in water temperature and decreasing of CO2. On con-
rary, among the 46 assorted water samples, a total of 10 deep
roundwater samples (Type-1: two samples, Type-2: seven sam-
les and Type-4: one sample) are under-saturation with respect
o both calcite and dolomite. These samples probably come from
n environment where calcite and dolomite are impoverished or
here Ca2+ and Mg2+ exist in other forms and have not reached

quilibrium with the carbonates due to short residence time [31].
oreover, moderate positive correlations (R2 = 0.71 and R2 = 0.74)

f Na-normalized Ca with Sr and Ba (Fig. 6a and b) in deep ground-
ater samples suggests that Sr, Ba and Ca2+ have been contributed
rimarily by carbonate dissolution. Similar results also observed by
ukherjee and Fryar [1] in the deeper groundwaters of the Western

engal Basin in India.

.3.2. Seawater intrusion and ion exchange
The deep groundwater samples having Cl/

∑
anions ratio greater

han 0.8 have Na/(Na + Cl) ratio of less than 0.5. The results sug-
est that they are derived from seawater [32]. In order to ascertain

lausibility of the groundwaters being derived from marine ori-
in, chloride to bromide (Cl/Br) ratios of the groundwater samples
re measured (Table 4). This ratio (both are in mg/L) close to
00 gives a signature of seawater intrusion [33]. In this study,

Fig. 6. Bivariate plots showing the relationships between (a) Na-normalized
us Materials 180 (2010) 50–62

only four deep groundwater samples (sample #27, 28, 29 and 30)
have Cl/Br ratio higher than 300 (337.0, 501.1, 1193.4 and 417.1,
respectively). These four sample wells may not be the results of sea-
water intrusion, but these deep groundwaters are brackish water.
These brackish waters are probably results from relict seawater
entrapped in the sediments during the Holocene transgression [19].
Besides, Sikdar et al. [34] observed similar type brackish connate
water pockets in the western site of Bengal Delta. According to
Appelo and Postma [35] when seawater intrudes into fresh coastal
aquifer CaCl2 or MgCl2 waters are evolved by the following reac-
tions.

2NaCl + CaX = 2NaX + CaCl2 (4)

2NaCl + MgX = 2NaX + MgCl2 (5)

where X is the signifies exchanger. In the present study, CaCl2 or
MgCl2 water types are not found.

Fig. 7a shows that Na+ concentrations in most deep groundwa-
ters scattered above the seawater line (slope 0.86) and the excess
Na+ might be the results of cation exchange. In order to investigate
the occurrence of cation exchange reaction in the deep groundwa-
ters, Ca + Mg–(HCO3 + SO4) (meq/L) is plotted against Na–Cl (meq/L)
(Fig. 7b). Since calcite, dolomite, gypsum and anhydrite are the most
likely additional sources that Ca2+ and Mg2+ could enter the ground-
water apart from cation exchange. In plotting this diagram, possible
contributions of Ca2+ and Mg2+ from calcite, dolomite, gypsum and
anhydrite dissolution to lithogenic Ca2+ and Mg2+ in the ground-
water are accounted by subtracting the equivalent concentrations
of HCO3

− and SO4
2− [36]. Similarly to account for lithologenic Na+

available for exchange, it is assumed that Na+ contribution from
meteoric origin would be balanced by equivalent concentration of
Cl− and, therefore, equivalent Cl− concentration is subtracted from
that of Na+ [36]. A negative correlation observed in Fig. 7b sug-
gests that the excess Na+ in the deep groundwaters due to cation
exchange of Na+ for Ca2+ and/or Mg2+.

4.3.3. Silicate weathering
Concentration of Si in the deep groundwater samples varies

from 7.99 to 34.6 mg/L with a median value of 11.81 mg/L.
Thirty-five samples showed a molar (Na + K)/Cl ratio >1, proba-
bly indicating silicate weathering [1]. Possible sources of silica in
deep groundwaters include weathering of quartz, feldspars and
ferromagnesian silicates. The stability diagrams (Fig. 8) [37] of
ties determined by PHREEQC, show the deep groundwaters of
study area are in equilibrium with Ca-montmorillonite and Na-
montmorillonite, with some samples close to equilibrium with
Kaolinite. The reaction involving the incongruent dissolution of

Ca and Sr and (b) Na-normalized Ca and Ba in the deep groundwaters.
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Fig. 7. Bivariate plots showing the relationships between (a) Cl and N

lagioclase (albite) to montmorillonite and kaolinite can be rep-
esented by Eqs. (6) and (7), respectively.

NaAlSi3O8 + Mg2+ + 4H2O
Albite

→ 2Na0.5Al1.5Mg0.5Si4O10(OH)2 + 2Na+ + H4SiO4
Montmorillonite

(6)

NaAlSi3O8 + H+ + 9H2O
Albite

→ Al2Si2O5(OH)4 + 2Na+ + 4H4SiO4
Kaolinite

(7)
Montmorillonite is mostly favored in drier climate where the
ate of soils flushing is relatively slow [35]. Thus the plotting of the
roundwaters in Ca-montmorillonite stability field in Ca–Al silicate
hases diagram and in Na-montmorillonite stability field in Na–Cl-

ig. 8. Stability of (a) Ca–Al silicate phases and (b) Na–Al silicate phases relative to
he deep groundwater samples. Phase boundaries are plotted using thermodynamic
ata of Tardy [37].
(b) Na–Cl and Ca + Mg–HCO3–SO4 in the deep groundwater samples.

silicate phases diagram during the incongruent dissolution of Ca-
feldspar (anorthite) and/or Na-feldspar (albite) are consistent with
studied deep groundwater samples. These observations match well
with what has been observed in most groundwaters in the Accra
plains of Ghana [38].

4.4. Scenario of arsenic in deep groundwater

The concentration of arsenic (As) in the deep groundwater
samples is generally low ranging from <0.05 to 193.4 �g/L with a
median value of 1.95 �g/L (Table 2). 17% deep groundwater sam-
ples contained As above the WHO guideline [39] for drinking water
(<10 �g/L) as well as 8.6% samples (sample #9, 10, 29 and 37 con-
tains As as high as 91.14, 108.8, 193.4 and 61.96 �g/L, respectively)
exceeded Bangladesh drinking water standard (<50 �g/L). Most of
the recent studies [6,10,13] from the Bengal Basin show that high
level of As is present in the shallow aquifer (<100 m) and content
of As in groundwater generally decreases with the increase in
depth of wells. Several hypotheses have been proposed to explain
the As contamination of Bangladesh groundwater. At present the
most popular explanation for As mobilization is microbial and/or
chemical reductive dissolution of As-bearing iron oxyhydroxides
in the aquifer sediments [8–9]. Presence of organic matter in the
aquifer sediments of the Bengal Basin has been reported in several
studies [8–9,40]. Degradation of this organic matter could drive
the sequence of redox reactions in the aquifer and may, thereby
enhance As mobilization [8,41–42] and a significant portion of the
refractory dissolved organic carbon (DOC) remains for a longer
time in the groundwater phase. The concentrations of DOC in the
studied samples are low but detectable at all locations and varying
from 0.65 to 5.75 mg/L with an median of 1.9 mg/L. Recent studies
of Bangladesh groundwater have observed a moderate to strong
correlation of DOC with Fe and As, as expected from microbial
mediated reductive dissolution of FeOOH with adsorbed As [10,40].
In the present study, elevated level of Fe is observed (ranging from
0.101 to 0.903 mg/L with an median of 0.31 mg/L) and nearly 57%
analyzed deep groundwaters have Fe (total) greater than 0.3 mg/L
(WHO maximum acceptable limit) (Table 1). Variation in the
distribution of As plotted against well depth (Fig. 9a) suggests that
content of As in groundwater generally decreases with the increase
in depth of wells except for the case of sample #29. In this study,
only four samples (sample #9, 10, 29 and 37) out of forty-six have
As concentration higher than 50 �g/L (Bangladesh drinking water
limit). The previous researchers observed relatively high arsenic

concentrations of 57 and 189 �g/L in two deep wells in their study
area of Bangladesh [43]. Based on isotopic data they showed that
these wells may be screened in both the shallow and the deep
aquifers, and concluded the high arsenic contaminated water in
the deep wells may be derived preferentially from a shallow depth
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ig. 9. Bivariate plots showing the relationships between (a) As and depth, (b) DOC

ither because of the location of the pump or because of the greater
ermeability of the shallow aquifers. Thereby we could conclude
hat four deep wells having elevated concentrations (>50 �g/L)
f arsenic may be due to ill-construction of wells and/or due to
reater permeability of the shallow aquifers.

The observed As did not correlate with DOC and Fe (Fig. 9b
nd d), although the correlation between Fe and DOC is strong
R2 = 0.67, Fig. 9c). Swartz et al. [44] found similar results in their
tudy area of Munshiganj, Bangladesh; where As in sediments
f the deeper aquifer (∼165 m) does not co-vary with Fe. Such
orrelations suggest that reduction of Fe and As may not be simul-
aneous, as suggested by Islam et al. [9]. Moreover, Nickson et al.
13] suggest that some of the As released by reductive dissolution
f (Fe/Mn)–OOH can be re-sorbed to the residual or partially
educed metal (oxyhydr) oxides. In this study, As is also not
orrelated with Mn (Fig. 9e). In contrast, previous researchers have
bserved correlation of As with Mn [40]. This lack of correlation
uggests that no single mechanism can explain As mobilization in
he deep aquifer of the study area.
.5. Scenario of boron in deep groundwater

The concentrations of boron (B) in the study area are rang-
ng from 18.88 to 1282.0 �g/L with an average of 404.97 �g/L
, (c) DOC and Fe, (d) As and Fe and (e) As and Mn in the deep groundwater samples.

(Table 2). Boron concentration in the 26% deep groundwater sam-
ples exceeds the WHO standard limits (500 �g/L) for drinking water
and all these high content boron samples are of Na–Cl type water
(Type-2, Fig. 3). The highest concentration (1282.0 �g/L) of boron is
observed in sample #21, which is associated with the largest value
of EC (4225 �S/cm). In contrast, all the Ca–Mg–HCO3 water type
(Type-1) contained low boron concentrations (range from 29.03 to
130.8 �g/L with a median of 43.72 �g/L), which also has low val-
ues of EC (median of 361 �S/cm). In general, the presence of boron
in groundwater depends on its salinity (represented as EC), such
that it increases with increasing salinity [45]. Spatial distribution
of boron at different depths is shown in Fig. 10a. In this study, a
positive correlation between EC and boron (Fig. 10b) suggests that
boron might be associated with salinity of these samples. Hence,
the salinity mainly reflects the variation of Cl− concentration, with
a strong linear correlation (R2 = 0.88) between EC and Cl−, suggest-
ing that the increase of Cl− concentration contributes to increase
in EC value.

Boron exhibits hydrogeochemical retardation in groundwa-

ter environments containing a high clay fraction. The hydraulic
conductivity, salinity, type of clayey sediments, pH and temper-
ature are the crucial factors that determine boron mobility in
the groundwater system [15,46]. Previous hydrochemical studies
in Bangladesh indicate that boron in groundwater is principally
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Fig. 10. Bivariate plots showing the relationships of (a) B with depth, (b) EC wit

eogenic and appears to drive mainly from residual seawater
nd/or mineral sorption sites [42]. The positive relationships of
oron with Cl− and Br− further suggest that boron enrichment

n deep groundwater samples might be the result of saline water
ntrusion (Fig. 10c and e). Moreover, an interesting result can be
een in Fig. 10d, where the molar ratio of boron and Cl− (B/Cl−)
ecrease with increasing Cl− concentration in the deep ground-
aters and all Na–Cl type waters (Type-2) are clustered with high

alues of Cl−. As all these wells are deeper than 180 m (Table 1)
nd comprise private and hand-pumped wells in rural areas, which
uggest the presence of brackish water in deep aquifers.

In Bangladesh, deep groundwater moves towards south or
outhwest [47]. Galy and France-Lanord [48] reported that the
anges–Brahmaputra Rivers (GBR) sediment load is composed of
uartz, clays, primary micas, and carbonates. Most of the sediment

s channeled into deeper water through a deep submarine canyon,

he Swatch of No Land, creating one of the largest global subma-
ine deltas, the Bengal fan [47]. As observed in the previous section
Fig. 7a), the excess Na+ in the deep groundwater samples results
rom the cation exchange of Na+ for Ca2+ due to the deep groundwa-
er flow. A negative correlation between boron and Na normalized

Fig. 11. Bivariate plot showing the relationship of B with Na-normalized Ca in the
deep groundwater samples.
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ig. 12. Principal component analysis based on the hydrogeochemical composition
f deep groundwater samples.

a in Fig. 11 suggests that enrichment of boron and Na+ in the deep
roundwaters perhaps link to the cation exchange within the clayey
ediments, in other words the incomplete flushing in a buried estu-
ry aligned on GBR when they flowed directly south from their
resent confluence to the Swatch of No Ground canyon [42].
.6. Multivariate statistical analysis

Principal component analysis (PCA) was applied by considering
8 hydrochemical variables pH, T, EC, HCO3

−, Cl−, SO4
2−, NO3

−,
a+, K+, Ca2+, Mg2+, Ba, boron, Br−, Fe, Si, Sr and DOC to all deep

Fig. 14. Results of lognormal kriging (a) EC, (b) B
Fig. 13. Cluster analysis based on the hydrogeochemical variables of deep ground-
water of the studied area.

groundwater samples. Four PCs extracted using the correlation
matrix reflect the processes influencing the chemical composition
of groundwater, explaining about 81.9% of total sample variance
(Table 5). The variance explanations of the PCs are 48.86%, 16.30%,

10.39% and 6.36% for PC 1, PC 2, PC 3 and PC 4, respectively. In
this study, all PCs extracted from the variables were retained with
Eigenvalues greater than 1.15. PC 1 is strongly correlated with EC,
Cl−, Br−, Na+, K+, boron, Fe and DOC. On contrary, PC 2 is mainly

, (c) Cl− and (d) Na+ across the study area.
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Table 5
Varimax normalized factor loading matrix of 18 physicochemical parameters for
groundwater samples.

Parameter PC 1 PC 2 PC 3 PC 4

pH −0.17 −0.39 −0.70 −0.26
T −0.27 −0.33 −0.44 −0.17
EC 0.84 0.41 0.06 0.21
HCO3 0.02 −0.06 −0.70 0.43
Cl 0.87 0.35 0.17 0.18
NO3 0.23 0.18 −0.12 0.86
SO4 0.66 −0.07 0.50 −0.14
Br 0.81 0.50 0.12 0.09
Na 0.87 0.15 −0.11 0.30
K 0.75 0.15 0.15 0.46
Mg 0.18 0.90 0.18 0.27
Ca 0.02 0.88 0.15 0.25
Si −0.23 0.06 0.87 −0.08
Fe 0.64 0.63 0.11 0.10
DOC 0.66 0.59 −0.20 0.00
B 0.83 0.01 −0.32 −0.12
Ba 0.24 0.89 0.07 −0.11
Sr 0.31 0.90 0.19 0.00
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Eigenvalue 8.79 2.93 1.87 1.15
% Variance explained 48.86 16.30 10.39 6.36
% Cumulative variance 48.86 65.15 75.54 81.90

articipated Ca2+, Mg2+, Ba and Sr. PC 3 is related to Si and finally
C 4 is contributed by HCO3

− and NO3
−. The PCA plot of PC 1 against

C 2 is illustrated in Fig. 12. The PCA plot shows that Fe is strongly
orrelated to the concentrations of DOC. A significant relationship
etween EC, Cl−, Br−, Na+, K+ and boron, and the PC 2 loadings (Ca2+,
g2+, Ba and Sr) is revealed in the same figure.
Results of cluster analysis (CA) performed in Ward’s mode by

TATISTICA 7.0 for Windows StatSoft Inc. Statistica [22] and using
he physicochemical parameters of all deep groundwater samples
re presented in Fig. 13. Several common features are observed
n this plot, and these are very similar to that examined in PCA
nd previous sections. The cluster made in Mg2+, Ca2+, Ba and Sr
oin with the cluster of Si and SO4

2− further suggests the silicate
eathering is one of the processes to release these cations in the
eep groundwater. Similarly, EC is formed strong cluster with Cl−,
r− and Na+, which indicates the influence of seawater and they
re inter-related and linked to boron. Moreover, Kriging method
s adopted to estimate the spatial distribution of EC, boron, Cl−

nd Na+ in the deep groundwater samples. The variogram com-
onents of the model are used as input parameters for Kriging.
he final results are shown by contour map in Fig. 14. The out-
uts of this geostatistical approach further suggest the enrichment
f boron in deep groundwater might be the results of brackish
ater.

. Conclusions

This paper focuses on the hydrogeochemistry of deep ground-
ater (depth varies from 180 to 362 m with a median of 288.3 m) in
angladesh to evaluate the arsenic safe drinking water resources.
he hydrogeochemical composition of deep wells in the study area
how that the groundwater is generally near neutral (median of pH
s about 7.5) with few of the wells showing mildly basic charac-
er. The Na+ is the predominant cation in deep aquifer while Cl−

nd HCO3
− are the major anions. Four water types Ca–Mg–HCO3,

a–Cl, Na–Ca–Mg–HCO3–Cl and Na–HCO3 are identified using the
iper diagram and among them, Na–Cl is the principal ground-
ater. The Na–Cl deep groundwaters are probably connate water
rom the proto-Bay of Bengal, which has been modified by diage-
etic processes and recharge from the shallow aquifer. The deep
roundwaters are generally supersaturated with respect to major
arbonate species namely calcite and dolomite. Carbonate disso-
us Materials 180 (2010) 50–62 61

lution and cation exchange are the dominant hydrogeochemical
processes controlling the major ions in the deep groundwater, but
silicate weathering is also playing an important role.

The main source of elevated level of Fe (around 57% study
samples have exceeded the WHO guide line of 0.3 mg/L) in the
deep groundwater is reductive dissolution of Fe-oxyhydroxide
in the presence of organic matter and this high concentration
of Fe is removed through the use of aerators or iron-removal
plants. Generally, arsenic concentration in the deep groundwa-
ters is low ranging from <0.05 to 193.4 �g/L with an median value
of 1.95 �g/L. Approximately 17% of the deep wells have As con-
centration exceeding the WHO’s maximum acceptable limit of
10 �g/L for drinking water as well as around 8% deep groundwa-
ters exceeded Bangladesh drinking water standard of 50 �g/L. This
percentage (8%) of contaminated deep wells is relatively lower
because, most of the shallow wells of this study area are highly
contaminated with As. No correlation of As with Fe and DOC is
observed and this lack of correlation suggests that no single mecha-
nism can explain As mobilization in the deep aquifer of the present
study area.

The median value of boron in the deep groundwaters is around
404 �g/L, with the highest concentration (1282 �g/L) of boron is
observed in the Na–Cl water type, which is associated with the
greatest value of EC (4225 �S/cm). The concentration of boron in
about 26% deep wells exceeded the WHO standard limit (500 �g/L)
for drinking water. In this study, the positive relationships of boron
with Cl− and Br− suggest that boron enrichment may be the results
of paleo-seawater/connate water trapped in the deep aquifers
sediment. Secondly, a negative relationship between boron and Na-
normalized Ca suggests cation exchange might be another process
to release boron and Na+ in deep groundwater. Finally, based on
this study, recommendation has been made to the local authorities
to control the use of deep groundwater only for drinking purpose
and need for regular monitoring to ensure sustainable safe use of
the resource.
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