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Objective: In present study, hydrochemical data were used to characterize the hydrogeochemical processes and to identify
groundwater flow systems in Bengal Delta aquifers, Bangladesh. Methods: Regarding this, 202 shallow, 26 intermediate
and 100 deep groundwater samples were collected from the study area for major ion analyses. It is observed that the
shallow and intermediate groundwater samples are dominantly Ca-Mg-HCO, type, and the deep groundwater is mainly of
Na-Cl-HCO, and Na-ClI types. In deep groundwater, the loss of Ca** are ion exchanged for Na* along the flow paths, which
are initially enriched in Ca*". The Na-HCO, type deep groundwater appear in the coastal confined aquifers, whereas Na-Cl
type groundwater are found in wells depth ranging from 200-250m. With some local exceptions, electrical conductivity
(EC), pH and CI' concentrations for both shallow and deep groundwater gradually increase generally from north-south
direction in the study site. Findings: The observed results clearly indicate the presence of three groundwater systems:
(i) the shallow groundwater characterized by low ionic concentration; (ii) intermediate groundwater with less evolved
ionic chemistry; and (iii) the deep groundwater with higher ionic concentration. Application: This study enables to
conceptualize three groundwater flow systems: namely shallow fast circulating fresh young water mixed and moderately
mineralized groundwater representing a transition system between the overlying shallow and underlying deep aquifers
and the highly mineralized deep groundwater.
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1. Introduction

Hydrogeochemical processes and reactions occurring
within groundwater aquifer have a profound effect on
groundwater quality. The geochemical properties of
groundwater depend on the chemistry of water in the
recharge area as well as on different geochemical pro-
cesses taking place in the subsurface aquifer systems.

The quality of water along the course of its under-
ground movement therefore depends on chemical and
physical properties of surrounding rocks, quantitative
and qualitative properties of through-flowing water bod-
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ies, and the products of human activity’. During the last
two decades, several research groups?:. Studied hydro-
geochemistry and groundwater dynamics of the Bengal
basin using a variety of techniques. Suggest that the water
chemistry of the Ganges-Brahmaputra drainage system is
controlled by the presence of carbonates, silicates and sul-
fides. They also suggest that weathering is dominated by
H,CO, derived from oxidation of Organic Matter (OM)
in the soil and minor H,SO, derived from the oxidation of
sulfides. Furthermore, Galy and France-Lanord? advocate
that Na* and K* are the dominant cations released by the
weathering of the alkaline Himalayan silicates because
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of lower abundance of Ca-plagioclase in the Himalayas.
Magnesium may be introduced from weathering of bio-
tite to form hydrobiotite, vermiculite or smectite*. In ?
suggest that the Ganges-Brahmaputra floodplains have
been dominated by carbonate weathering. However, other
authors have argued that the development of the foreland
basin in front of the Himalayas® has resulted in deposition
of silt-dominated sediments in the Ganges-Brahmaputra
flood plain, favoring silicate weathering®. Most of the
recent studies of groundwater chemistry in the Bengal
basin have strongly advocate that the redox-related pro-
cesses in the aquifer are largely controlled by FeOOH
reduction as catalyzed by microbially mediated oxidation
of natural OM®*, The OM may exist as dissolved organic
carbon or peat layers”. Carbonic acid produced by OM
oxidation reacts with aquifer sediments to produce high
concentrations of HCO,". The groundwater has been
found to be anoxic?, with frequent detections of sulfide
and CH,” and very little dissolved O,.

Groundwater chemistry so far has been used to infer
the groundwater flow systems in the Bengal Delta aqui-
fers. In present study, groundwater chemistry data has
evaluated to infer the active hydrogeochemical processes
in the Bengal Delta aquifers. Hence, a detailed investiga-
tion was carried out to identify the hydrogeochemical
process and its relation to groundwater flow system in the
Bengal Delta aquifers of Bangladesh.

2. Study area

2.1 Geology, Hydrogeology and Rainfall

Bangladesh occupies the greater part of the Bengal Delta,
which forms largely of alluvial and deltaic sediments of
the Ganges-Brahmaputra-Meghna (GBM) rivers system.
Excluding the eastern Tertiary Hill Range (Figure 1), the
present study covers about 85% land area of Bangladesh.
It is convenient to consider the regional geology in terms
of five major subdivisions — Tertiary deposits, Residual
deposits, Alluvial fan deposits, Alluvial deposits and
Deltaic deposits (Figure 1), The residual deposits (the
Pleistocene Madhupur and Barind Tracts) locally inter-
rupt the flat topography of central Bangladesh rising by
up to 20 m above the adjacent floodplains'. A generalized
geological cross-section (Figure 1) shows the structure of
Bengal Basin (Figure 2).
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Figure 1. Sample location and surface geological map of
Bangladesh (modified after'®'2).
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Figure 2. Geological cross-section A'-B' (as shown in Figure
1) through the study area showing borehole locations and
the structure of Bengal Basin (modified from?!>32).

The thick unconsolidated deposits of Pleistocene and
Holocene alluvial sediments of the GBM delta system
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form one of the most productive aquifer systems in the
world®. Silts and clays are predominate in the upper few
meters of the GBM delta system, forming a surfacial aqui-
tard, generally less than 10 m thick with typical specific
yield values of 2-3%, and vertical permeability values in
the range 3-8x10 m/d. The aquifers are mostly medium-
to-fine and medium-to-coarse sands, with permeability
of 40-80 m/d. Short-term pumping tests on the Holocene
aquifers indicate a leaky response, but for longer pump-
ing periods the aquifer is best described as regionally
unconfined. The principal mineralogical components
of the Holocene sands are quartz, plagioclase feldspars,
potassium feldspars, micas (muscovite, biotite and chlo-
rite), and clays (smectite, kaolinite and illite). Deep clayey
aquitards exist in coastal regions and the sands below the
aquitards are commonly referred to as the deep aquifer.
In present study, based on the sampled well depths, the
studied aquifers are considered as shallow (<70 m), inter-
mediate (70 - 180 m) and deep (>180 m) aquifers.

The average annual rainfall in Bangladesh varies from
a maximum of 5690 mm in the northeast of the country to
minimum of 1110 mm in the west. Up to 95% of the annual
rainfall occurs during the May to September monsoon.

3. Methodology

3.1 Groundwater Sampling

A total of 202 shallow, 26 intermediate and 100 deep
groundwater samples were collected during the sam-
pling campaigns (January - February, 2006; November
- December, 2006; September — October, 2007 and March
2008). Sampled wells were chosen arbitrarily (Figure 1)
and prior to sampling each well were pumped for several
minutes until it purged out approximately twice the well
volume, or until steady state chemical conditions (pH,
electrical conductivity and Temperature) were obtained.
The geographical location of each well was determined
with a GARMIN handheld global positioning system
(Kansas, USA) and the approximate depth of wells were
noted from the well owner’s records. The physical param-
eters electrical conductivity, pH and temperature were
measured with a portable EC/pH meter (TOA EC/pH
METER, WM-22EP). Samples for major ion analysis were
collected in 100 mL High Density Polyethylene (HDPE)
bottle. All the samples were stored at a temperature of 4°C
until analysis.
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3.2 Laboratory Analyses

The major cations (Ca*, Mg*, K* and Na*) and anions
(CI, NO," and SO,*) were analyzed with an ion chroma-
tography (Metrohm 761 Compact IC). The instrument
was linearly calibrated from 2.5 to 7.5 mg/L with stan-
dards (Wako Pure Chemicals Industries Ltd., Japan). All
of the samples were diluted several times to adjust for the
operating range. Alkalinity (as HCO,") was determined
by field titration with 1.6 N H,SO, to pH ~ 4.5 using
HACH Digital multi Sampler Model 1690.

The potential for a chemical reaction can be deter-
mined by calculating the chemical equilibrium of the
water with the mineral phase'. The equilibrium state of
water with respect to a mineral phase can be determined
by calculating a saturation index (SI). The saturation
indices were calculated using PHREEQC" with thermo-
dynamic database of MINTEQA2' and the calculated
SI values for calcite (SI_ . ) and dolomite (SI, ) are
given in Table 1. The SI is defined as the logarithm of the
ratio of ion activity product (IAP) to the mineral equilib-
rium constant at a given temperature and given as: SI =
log,(IAP/K ), where IAP = ion activity product and K
= solubility product at given temperature'*.

4. Results

4.1 Physical Parameters

Physical parameters and major ion concentrations of
analyzed water samples are given in Table 1. The shallow
and intermediate depth groundwater show low mineral-
ization with EC ranging from 282 - 920 uS/cm (average
637 pS/cm) and 282 - 547 pS/cm (average 531 pS/cm)
respectively, and the deep groundwater EC values varied
from 117- 4870 uS/cm (average 1288 pS/cm). The shal-
low groundwater temperature ranges from 23-30.2°C
with an average value of 26°C, while the intermediate
depth groundwater temperature varies from 22.4-28°C
(average 25.9°C). However, the deep groundwater aver-
age temperature is 27.4°C varying from 24.8 - 29.5°C. The
shallow groundwater pH values vary from 5.5 - 7.96 with
an average value of 6.88. However, the intermediate depth
groundwater average pH value is near neutral (7.07) and
the deep groundwater average pH value (7.4) is higher
than that of the shallow and intermediate well groundwa-
ter average pH values.

Indian Journal of Science and Technology I 3 -



Tracing Groundwater Flow Systems with Hydrogeochemistry in Bengal Delta Aquifers, Bangladesh

LTV~ L0°C- 4! 09°g (444 €191 0S¢ L0°€ L0°9C €L 61¢C 9C| 819 1¢ Idnypepy 0¢
99°0- 1C0- 69°¢6 17¢e €98 86°6¢C L0 OT'IT LTCS 01¢ VA 74 19| 969 €C [reSuey, LT
¢6'1- 60°0- 1¢°19 9T LT SS’L vees | CeL9| CTI'SL 79601 881 0S8 09| 199 0¢ Indeziy 9¢
0T1°0- LY 0- 10°6C IT'TI €L'1 60%C 19°0 LT0 6L'C [4%4 8¢€¢ 9'¢e| IT'L (4%} TroyeIredy] qC
L0°0 11°0 88°L9 8%°0¢C 5’6 19°6¢ 10°CI €79 79°0¢ €0r 0LL 9t ST'L 4! (ueSredon [ (4
7290 wo €0'cel 107¢ 60°1¢C 80°CI¥| T6'CV| 6L61 61°LT8 s 000¢ L'ST| TTL 8¢ Jeyrageq €C
780 1o 0502 899011 €r'se| GE€LCO0T| 68C¢| 8STS SITP9SI 9811 00s¥| 0T9C| ¥6'9 ve BUY [44
700 ¥0°0- 8.4°9¢C 05°9¢ ¥T6 LY EL 760 091 161y 619 900T| 00%C| LTL 09 ereyng 1C
1T°0- 700 09°0S 8V'I1 (4 44 ¥79 se0 080 91'C €T 65| 0€'SC| 1L 14 9108S3( 0cC
0C0- ¥0°0- 6€°SY c0°ST €87 6’9 ¥€0 ¥9°C 00% 09¢ 79S| 00°sT| 0TL 14 2108s3( 61
1¢°0- 61°0- €0'6LT 14788 1421 88°LY ¥9°¢ L09 S9'681 8LY 48| 0L9C| S¥9 9 (ueSiey] 81
26°0- 9¢6°0- (a8 4% €Ty 6€°01 9L'CS| 6C°6¢C 68'1 GT'8L e SL0T| 0S¥C| 699 0T eypreuay( L1
L£9°0- GS0- ¥S°CC S6°9C S0'6 1¥7°01 L 9L°1 6T 619 €08| 08'¢C| S89 14 ednyjeqreys 91
81°0- 14°0- 01°s¢C 8G°¢C 689 96°¢€T 290 66’7 98¢ S99 ¢e8| 0T9T| 099 8¢ enysny| <l
€9°0- ¥5°0- 091 1€%¢C LG'TT 9¢€'6C ¥C0 08'% 8CTL L1S €8 99C| 669 1C elewrelayg 4!
Y10 00°0 6L°6€ 88°¢TC LSS 1T°1¢ ¥Co0 87 1981 1o 4 68L €9C| TL 9¢ IpTems] €l
€0 0r°0- 092 SIVIL LT'L v orl| 8TLE 00°¢ €91 99¢ {741 €aeC| 989 LT weigrereg Cl
76'1- crl- 6L'ST Tyec 0T's 99Ty | U] 80°¢ 7961 89¢ 718 7'vC <9 (44 210JeN. 11
ov'1- ¢L0- 0¥'6¢ 8071 90°S ¥8'C¥| 89'6¢ 140! L8l 89¢ €vs 19C| 789 9¢ eny 01
¥8'1- 90°'T- G9'8¢ yeeT L0°S 9¢'05| €941 STl €6°L01 Sye 9CL €9C| ¥5°9 91 ySipwepy 6
seC- 8I'1- 88 VI €0'L €9'1 4WAN ¢€1'e 8C0 L6 901 10¢ ¥'ve L 0T mdpypy 8
'1- 0L°0- qL'0¢ cLTL &v'e €€°6C 6¥'S 090 oy 91 6LE cse| WL 0¢ yeyand4of L
v v- yoe- 1¥°81 LL'6 €8'1 60°SIT ¥8'L 8L°¢ 8047 L9 6S¢C 6¥C| 909 0T mdunjey 9
81°¢- LG9T- (444! 69'G 8.1 1761 10°T S0 yoel 66 S1v4 §'sT| ¥9'9 €1 Heqng S
484 80°C- €99 0C’¢ 9T qe6l €L'e 0%°0 171 L9 881 YTl €99 14 idneqreq i4
VL ¢ LLT- 9T'LI VLY ¥6'8 1Al qr'e 11 qe’L L9 (444! 9'6C| TS9 4! Indpreg €
eIy 6'1- 0¢'SI 96°¢ (4% % 00'8 08’8 60°C €r'e 6L L061 €Ve| LEO 8 LrewreydqiN [4
9¢°¢- €9'C- 79°81 06'TI 00°S 76°¢l 11°0 €90 68'8 161 ¥LT SC| S99 (44 Lreydmg 1
hUHNgmvH—:o.um MofTeys
g | vy AW (o) | |t | o | )| ||l 00 b orv|
8D SN B 2®N| <OS| -ON “OOH |/s1) 07 | dwap, oM
("°PIg) syrwojoq pue
(""IS) 23101eD) 10§ (IS) XOpUI UOTJRINIES PJR[NO[Ed PUB UOTBIFUIDUOD d1uol Jofew ‘siajowered [edrsAyd pray yidap [[om eare 931s [[9M °T 2[qeL

Indian Journal of Science and Technology

B ¢ | Vol 12 (12) | March 2019 | wwwindjst.org



Ratan Kumar Majumder and Jun Shimada

91°G- 8¢°C- 91’ S6°0 9’1 9¢'8 ¢S 61°0 98¢ 6V VL e LS9 LT| uoESIMYEY], €L
8% €eC €C9 €81 69°¢ ST°0T 970 170 19°0 14 LT6 6'%C 89 8¢ fuo3iqaq L
€9°G- Ly'C- (A 4! It G6'¢ 0S¢ 60V S¥'9 104 14 901 G9¢ €9 1C (uodiqaq 1L
(4 Y- 8TVI L8'C 8¢'Gl 10°€T 0’6 8¢y L9°TC 14 lig4 19C| 8¢9 IT B[urg 0L
9¢°G- €9'C- 06°¢ 88°0 YLy L9C 170 €C'C 9¢'C 4! 9 19Z| 1¥9 8| ®EypueqneH 69
e 09°C- (408! LT°E €9°L 01T 8| 6V8I 6S°CIL 81 8G1 8€T| V9 ¥e Tuouwpe 89
19'%- 0C'C- 60'61 8T'S ey 89'8 60¥%| 607l 65V 3% (444 €ve| 979 4! wreISLmy L9
(% SLT- el 6598 VA4 G991 660 80°0 8G°L 6V i4¥4 8C| SL9 Ig| mndequy 99
STy €0°C- LE°G1 6TV SI*N4 SL°01 (4] e €091 1€ 0L¢ §'6C| ¥9°9 ST | EypueqredH 9
8C¢- 8¢°T- 86°CC LT'L 90T 09°¢ce 811 (44 61%S VL 09% 8CT| 999 ve Lrequsereq ¥9
0°¢- 8¢°1- 9¢¥C 444! 1v'L 98°L1 (4% % LLT 1671 VL 8¢C¢ €97 ¥9°9 8| fuo3epuiqon €9
vLe- 68'1- €6°81 088 91y 96°'1¢ 159 €09 €ree LE 68¢ 6'9C| 799 | ¥4 e1og 29
16'¢- 86'I- 15°9¢ 09°L1 S’L 9¢'CC 18'8 ¥G'0| 679l LE LIS 1°9¢ €9 1C mdiayg 19
e 0C'T- SYve <6 9's 18°01 0¢0 L8C 09 69 01¢ L'6C| 889 (43 (uo3rey 09
ye1- ¥9'0-| €7°901 6€'6¥ 10°CT| €9'891 61°9C 0LC| TLL6S gl el ¥'9C| TL9 0s qefieIN 6S
cro- 90°0- €¢'SL €9'I¢ 0c0| ¥vCiIcel £L8°0T €LT| 68'88¢ 1413 1661 9T| S0'L 4] andpueyD 8¢
0¥°0- 9T°0- 6L'GL 8L°LT €29 18°¢1 60°¢l 96V 16°8¢ 0ce S99 L'ST| 169 91| [uedrysunpyy 9¢
LY'1- 69°0- €1'9¢C 0C'6 YL 89°89 19°¢ 99°'0| O8'1III [4%4 196 §qC| L69 14 fued-N ¥S
1e¢ crI- 6L°0¢ a8'L |4 €991 620 ¥6'9 c0'¢ LET €ee ST 89 9 mdaapiof (49
8¢ 68'1- 1¢¢l S0'S 8¢'C 88°CI €00 y6'¢ 6¢'C S6 ! ¥sc) 9¢9 9¢ mdoaig 15
€0°l- 05°0- 0co¢ ¥8'Cl 06'C 8¢°9¢ s 0 STl &'l 6¢C (433 8VC| 80°L ¥S [esUL 87
6L°0- 6€°0- €0'8¢C 08'TI 0s'¢C eVve 200 161 791 0cc ove 1'se| voL 86| Sursuswdp o9
6C'C- 1T1- S6°6¢ 90T ¥e's 6909 6Tl 8I'e€l| LSvcl 4! 809 8'6C| TS99 4! epueyere], 4%
¥8'1- ¥6°0- 88°G¢ €971 8¢Y G091 81°0 €eal ST6¢ wl 18¢ €'6C 69 LT BUOYOIIDN 1574
6°0- 9%°0- €0vC 6501 0L'¢ 61°'ce 900 kA 08C [4¢4 6¢€ ¥'sT| vTL Sy mdqnyg 0¥
VL1 16°0- 8¢y £0°¢C €L'9 6LV¢ 79°81 veT| vL8Cl 6¢€1 029 L'ST| 949 ST BPEN 6¢€
99°'1- 08°0- 0T'1¢ 608 14514 €7°0¢ 01°0 €Ll 80 6S1 8¥¢ 6¥vC| LOL oy nesreuay( LE
LET- STI- €L9T| LS'ST 9¢'¢ 6'Cl 80°0T 9’1 66°LE el €9¢ §'6c| 199 ST mdiayg 9¢
yoe- YI'1- 0981 898 14! 8L°C €91 G680 15! (48! 061 99C| 689 [44 mdrayg 13
LLT- 88°0- 96'CC 001 €TT LEET [ 020 el 961 L8C €vC| 869 (44 andreure( ¥e
L8'T- 86°0- 8€°¢TC 0s°CI €G°¢ V811 £0°0 920 €L'C €Ll vLT 8°¢¢ 89 ov andyeuwre( [43
| oy | (V)| (1) | (i | | 1w | (x| | )| ol O g o oy
+78D +ON " +eN <z OS -ON D] -00H| /sM)0d | dwdy, M

Indian Journal of Science and Technology | 5 -

Vol 12 (12) | March 2019 | www.indjst.org



Tracing Groundwater Flow Systems with Hydrogeochemistry in Bengal Delta Aquifers, Bangladesh

€9'1- 80'T-| OFSI| 1671C €6 681C 870 0¥I| ovol 6 ote| roz] s1L 0T weysyeT|  £01
19°C 1€1-| /871 L¥'S V0| €8I 14T 61°0 €L°0 79 81 | L L€ erwoD [ 901
LTE- SLT-| LoLT|  Lren ser| 601 120 81'S L8'T 1€ vee|  Ssve| 69 0¢ eueg g SOT
17¢- €91-|  S601 €56 91|  €€9¢ 010 00°€ 760 8z 09z| Tsz| 89 69| [(uoSeisakes| $01
L8°C vl P1°al Ge9 Tl 66'1¥ 170 £09 cLe 08 91¢ 9| 989 L9 wco:um_cam €01
6'1- L60-| ozsz| e€Tl 89|  €5s 67’8 LEL] 6LLT 9¢T 29| ez €69 79 Yoreyd|  zo1
6'1- 101-|  ¥0¥%€| T1¥81| ¥06T| €9%¢ 01T WLl s6ss €G1 979 65| L9 oz| reypremmy [ 101
see- 69T-| L0l s 9.1 0S¢ 67T L0°0 6eT 79 €zl I'sz| €89 1 epuned [ 001
66'T- so1-| szoz| welI cz9|  orey €70 9T0| L0¥T 11 osk| S¥¢C L L€ [repueN 66
T 660-| 900%| 9vEl 17| 6TII 180 8ovz| €zo1 001 gty|  Ter| <89 Lz|  euONOIRN 86
LT LST-| 90sz| 8901 L59]  sgSsT| zoer| orse| wose €y see sz| 89 71| ereypoqing L6
1L°C vl 1L°1¢C crel 69°9 w6 1% c0's 0S°LC VL 961 L9C| €L9 4\ LreqeleN 96
S6'¢- 86'1- 09'1¥ qC6l 76'¢C 78°0¢C 69'1¢ L0°L8 VL1V 1€ S6¢C L'ST| 9¢€9 Cl .EowEﬁwm g6
6€°¢- Wwi-| 060z 6901 TS| Teln 86'F% 980 €6%SI 79 ze|  evr| 959 €z| [fuoSuemoq 6
€LT- ovI-| €S1T| 9TII LTV ¥T91 LY 0LT| 1901 89 g6z| 197| 89 81 [rereyn €6
Sv0- tro-|  sesc| wgoz| weer|  S169 ¥s0| scst|  69TH 697 L26]  vve| LoL €z| tpeuoinon 16
€50 €10| ¥6LL| 96€9] 8TSI| 90°SL 19°G Y6¥| ¥PTSLI 067 sLer| Tst| 1es 71| mpeorey( 06
L1°0- 0€°0- 80 0T’ LY 0g'ee 96'8LY 08’1 8¥°9¢ v v9 0LE 0€0¢ L'ST| TI'L 9¢ eLrepueqq 68
750~ 8T°0-| 9F¥S| ¥TLI| Le¥T| TESTH 0ST| 9091| 6¥LTS 15¢€ 08¥c| <SvT| s 1 TeSeuery 88
LS50~ 070-| £58L| 8s€r| wOTI| cs6l 090 107C 859 L61 ceL|  est| Loz 1T myzageq L8
01°0 000 0929 <sz8e| <S6s1| 9TEs 8T 60| 180LT 70€ 90€T| 9sz| TL SS a10ysof <8
L0 670" 99'8L 17°G¢C 6C°6 1C01 v.0 6501 I€1 G681 099 G'qeC L LE [feleN 78
LL°0- £€°0- qe'qs €0'¢C 0’6 86'CI ¢TIl 90'1T 0C'Cl 01¢ ovL 6'SC L 69 engey 8
€S- STo-| 9299 T96z| <SeTI| 90°€T 190 09| 18Tl 142 €t6| 197 $69 67 | IePMmypoN I8
12°0- I10-| 8889 or1e| Szor|  veE6d 750 L6T|  99T1¢ €57 st6| <sst| L v eysSueq 08
L8'T- ¥60-| €09%| cSo0T sTL| s8I €€°0 6°S we 621 cos| 89z 899 o€ BITEN 6L
9T LET- 69°9¢C 8G°G1 60°L or°¢el Y611 8’1 8¢°6 VL (413 €9 129 1cC a.:&m:D 8L
€T Or'T-| L6S€| 6611 ess|  wel| <98I 070| €081 98 soc| TSz 89 €z ysere], LL
81%- 08'C-| 8191 L Vel 66T 79°¢ 910 90'8C 1€ sve|  Tve| 99 67 uoe3oeN 9/
LS°6- 06'C- ws 0LT 9T¥ 0S'L 8T'€ 107 6L°S ST s6| Tst| €9 a mdfeurq L
¥9'9- 8T'¢- 1SS €1 v 6LY A ST ¥6'C 81 oL]  6¥z| 719 €T [o3ng VL
| o (18w | (18w e | 1w | s | fw| s ase| @l o)) emw worv|
)| SN | 2N| (0S| -ON 1D| “00H| /sM)Dd| ‘dwdp —

Indian Journal of Science and Technology

B ¢ | Vol 12 (12) | March 2019 | wwwindjst.org



Ratan Kumar Majumder and Jun Shimada

96'1-| €60-] 98TS|[ L¥SI V61| 90'8T 90°¢ L1 66'9 €11 VLY gz 129 79 [ereyn | $91
sye-|  1L1- 1€'8 LT'E €60 €569 ¥8°0 0,0 VY 01 LSy L9T] 1.9 ¥9 [erqed [ €91
0€'C 66°'1- 0¢'T [ W4 09°1 009 98°1¢1 700 LS 6S¢C 098 1°9¢ 969 or reuqed Lyl
86'0-| /¥0-| LSIS|  ¥S0T sso| wrEe|  evoe 200 6€°TI 991 199 €9z| €0z S¢S eyrely | 9pT
€0T-|  To1-|  ¥TLE| w691 66T LLOT| 0871z 90°0 79'8 98 €S¥ 697 102 S¢S eredeqn | Sp1
W1-|  090-| 691S| o¥¥I s60| 9987 699 100 85°L €zl L6V rse| s12 I3 yserel|  Fpl
STI-|  €s0-|  9cIs|  wesT ¥T0 erg|  1€718 700 ST Tl s 8¥T| L0L € werdrereg | ¢p1
19°0- LT0- £8°99 6£¥C 8¢0 YI'1¢C 6£°69C 00 0s’¢ (Vg4 CI8 9°9¢C YA\ WA 19 oy (44!
95°0- szo|l weL|  1€0€ zTo|  €9¢e 056 %00 €6'¢ 87T SS. v'sz| 969 ss mdueqoiN [ TH1
SLo-|  6£0-|  ¥T99| whIg 90| €8°6¥ 879 L0°0 a LLT €38 96z 189 ve mdueqoy [ 0F1
cre- LS°T- 18°0¢C 876 vT¢C (VA 44 o 620 S’L 08 <S0¢ 9°¢C 8499 €L epueN 6¢1
L6'C 6v' - 69°CC LV'01 12°¢C a¥'ece €90 €90 16V 6 16T 1°9¢C LS9 [43 epue]N 8¢1
18%-| ste|  cTrl €€ 8¢ 6L  08S¥ S0°0 87T 1€ €Ll 6€T| <9 0€ oedepeg | L€1
STs-|  ¥ST- 88'9 95T €70 STSI 121 LT°0 v6'L T Wl 99z7| €59 L€ mdwrpeg | 9€T
00S-| 6€T-|  ¥ETI S0'¢ IST|  SSv1 09% 670 0] ¥ Syl sz 979 19 fuoBng [ ¢c1
LE°G ST 90'8 6L'1 99°1 SL'6 c0'Sl 90°0 98°0 1€ 10T €C Sv9 1 soww;xmﬁl 43!
qI's- LT 16'8 'l 6C'C L9°¢ L LT 200 Tl <qC 88 79¢ 7299 €L efurg I¢1
L0°L-] 1€ 68’8 sTT €01 6v9| 0681 €0°0 €00 1€ 701 AR ?S| eypuequeq | 0¢I
97'T-|  ssT- 66 90°¢ <11 198 L8 100 85°0 L€ Y11 8¥T| €79 19 ueunipy | 671
so¢-|  8LT1-| 796l LV'L syz| LLot W €0 89°0 Ss 097 €yz| SS9 8¢ werduny [ 87l
4N 010 70°901 ov'LE 6L'8 L0°6¢C 9G°0 6L'CC 0’6 5549 LV0T S99t €0’L (49 wwq«:m SII
ST'0 LT0| ¥8'88T| 800S| o01¥%c| 1897 IS8T 8671 20'6C ¥ET €/81 €T oL 1T edueqqg [ /11
680-| ¥€0-| S6T9| 6991 €0'8 76’8 09°0 66 L9°6 ¥SI 8¥S Lz 8oL 81 mdpueg| 911
€8°0-| 0€0-| 098L] 9s561| 6T0T| /8¥T| ¥8€C 96'1 €L°€S vET 976 €9z 69 81 opuofeon |  GIT
sTT-| ve1-| ose|  sesI gec| ozal 670 9L, 8¢ 091 956 vyz| 99 81 fuodyruey | $11
0C'1- 940~ 06'8¢ 9T'q¢ 60°¢ 8¥'61 'l 1T°s 09 (44! 01¢S 8°6¢C €69 1) Tezeyrely (8!
€9°0-| 6¥0-| 88€F| LFTH| 6901| 1788 ¥S0|  68°€€ SIS L¥T 0¥6 9z <69 0z| pueypneq| ZII
¥8'0| 690-| €01€| ¥FSH| 1791| ceoes 60| €987 TrTws L61 1907 vor| L0 %4 enypoy [ 11
8€°0-| 8T'I-| 1€20I| 60€k| SIOT| 8SO€T 90| 665E| 6Ll yIiE 08¢ ecz| <89 81 mdpueyd [ 011
£S°0- 8¥°0- £9°69 L8VL Le°S1 €evL LT6 6V ¥l cI'8I¢ 7Sl 09¥%1 g6t 0L or .Sm_ﬁaq 601
8G°0- €9°0- 79°89 ra it 1€°00T | 09°95¥¢C 99°'1¢ SCC6| LTOT¥E 161 0CI1Z q'qe 80°L L1 Lmuwreuaos§ 801
oy | oy (1/8w) | (1/8uwr) | (7/3w) | (/3ux) ﬁ\msv S\wé (7/3u) m_\wsv (G . (Do) - SMMN erv| ar
8D S ' +eN 208 ‘ON D| -00H| /sM)oF| -dway oM

Indian Journal of Science and Technology | 7 -

Vol 12 (12) | March 2019 | www.indjst.org



Tracing Groundwater Flow Systems with Hydrogeochemistry in Bengal Delta Aquifers, Bangladesh

000 060] e€reg] 15€T g9 6ISI| €01 €Lt 08Ty L61 09¢| 697 gL 81 wSuen [ g7z
€70~ €1°0-| ¥6'6S| €TLI 88z 8r1z| 89T 06T 9LSI 8yl ose| s9z| ¥eL L€ mdupy | 9zg
€70~ 610-| ¥#69S| 699¢ L89] 156T 90°0 0€'€ €v'e L¥T o1s| ¥ve| ¥IL 5 efipng | gz
0v'0- 170-| 69%€| <96¢€ 06€| FIrLE 86'L 060 89%S 917 o1s| <9z| 912 L€ meysfey | e
8¢°0- 0T0- 0019 8L'1¢C 8G°¢ 9¢°9¢C <S9°0 0 sv'e 991 0S¢ VLT 8TL 0¢ eqed €Ce
60'T- 9,0-| sree| e6Tst ege| S0 T sTo|  9Tse 991 06| TLT| L0L € epuely | 7TC
€0'C- 00T-| 98FE| FEVI esz|  voIe VL LU0 9TLI 66 o1e| <so9z| <89 ST reymdfof [ 12z
v0'c- ST-| 5981 70’8 €8T 6£€T €Te LT0|  sSTe 08 otz| L9z 999 6¢ uoedoeN | 0z
6v'1- L90-| 798| TLTT 87| ¥est ¥9'F LT0]  sToT I11 ore| <9z 602 y¢ | mdaspeqeN | 61¢
pGe- I81-| S6FI 85°L 181 050C 01'¢C LT°0 L9 79 $91 LT] 959 9z | andaspeyeN [ 81z
8T¢- L9T-|  ¥T6l ¥9'6 1€ 6071 701 LT0] 60Tl 89 o1 TLT| SS9 0z eeyued | /1¢
88°¢c- €6'T-|  99%1 109 orT|  16TI €91 €70 0L'L ¥ 6€1| <S9z| 99 0z | eymoweyq| 91c
L1°G- 96T 7'y L1 VL1 7901 790 or's 1489 Y4 0L 7'9¢ L9 ¥¢ | eygloureyq GI¢
8¢F- 60T-| 0,07 VLS 6€9| SP¥I| 8ver| o9ssz| 8061 €y 681| T97| €€£9 1 ueqmyd | 01¢
86'C- LVT-| 6081 €L 9cT|  FTHI 60°0 6v°0 VT sS ¥SI|  6ST| 489 €z| [ueSrepeg| 607
207- I8T1-| 8061 Ve 98’ €L 80°0 611 9,°¢ €y 611 ¢sz| 199 ¢z | Iopndeynn [ 80z
She- 19T-| 8601 ¥8'T 01'c 8¢'s 6T LT°0 97T L€ (8] <9z 602 € mdSuey | /o0C
voe- 0L'T- LS°¢T 178 L6°0 LT LT 00'T 00 0€9 79 I€T L'LT L9 1¢C ﬁ&z%ﬁ_z 90¢
1L%- T 7' ¢l 78'v 191 98’11 807 00°TT 6L'C1 1€ LTl 9'9C 79 €C (ue3ig <S0¢C
8LT- LET-| 797 ¥$'6 00€| 1Tl 190 LT'E Y6 VL 61| 697] 79 6| fueSepuiqoo | 307
9¢'C- 8T'T-| 6561 vh'8 €9°¢ 70’8 65T szo| ovo1 Ss 91| 697| TIL ST fueSqus | ¢oz
L¥E- 91| 1rCe ¥S'S 95T 8T'L 051 €1'¢ 068 L€ Wl 697 89 LT eifog | 70T
€0'¢- Gq'1- 06'¢l VL9 780 19°0¢C 0L’S VL9 9L°¢C (4 181 L'LT| 969 €C S&oﬂm 10T
VLT 9cT-|  sL61 LTS 65T| Tl 69F% 08’ 18°€ 79 ¥8I| <s9z| 69 € fuokey | 00t
16°¢- €LT-|  STot €56 L80] THYI 750 L8°0 €T ¥ L1 9z| 99 0L enreyg | 61
€T or'l-| 10SZ| s€oI ITT| #8781 170 9%°0 80 98 ecr| Trz| 989 L9 eneqg [ 961
LT°0- 09°0-| 84901 vece €0's 0791 8991 LT¢ G9'9¢C LLT 9001 ¥9C| S6'9 19 opuoreo)H 61
691~ 06°0- 1T°S 6°'¢ 790 60°¢Y 11°0 V'L Gq0 79 861 9VvC| 96'L 19 eLreq 'qd 081
96°0- ¥o-| 6859| 867TC €Ty ¥HoI 60'T 95°L ¥8'C 66 gze|  wor| L12 ss mdmyg | 891
we- €c'l-| 85T ¥'8 €51 97’8 LO°L LET|  s€TT 08 08z| 19z 8L9 09| fuodmyssiog| 991
L9°€- 08'1-| £L96g| o091 el LovI 67L 65T| 8161 6¥ av|  ver| €€9 9% mdpewe( | 691
| oo | (80| 1AW | apw)| @pw| afw| asw| s asw| @] o)) emm worv| at
8| SN B AN| [0S| -ON 1D| “00H| /sM)DF| duway, —

Indian Journal of Science and Technology

8 | Vol 12 (12) | March 2019 | www.indjst.org



Ratan Kumar Majumder and Jun Shimada

891-| ¥60-| <ssvz| ¥691]  wFE[ 9061 90| 810 €L0 98 oct|  T9T| TTL 8S BINEA | 0I€
006-| sbz-| weTr|  00F%|  ss¢ 6rL] wro|  s61 0¥'L 4 PIL[  s9z] ¥9 o€ mdaarg | 60¢
197-| 8€T-[ 857T| 6L€l Ly ¥l 100] ST S€'T 89 661 9r| 89 op| andaspdof|  so¢
L1°0-| T0°0- 14444 €0°€l 9¢C LLTE 670 8%°0 9Tl €Cl 01¢ ¥oC| L9L 6S eLrEqy ¥0¢
s91-| sL0-| ¥80F| 99TI|  061| €861 09| s¥o €0°S 501 oLz| 99t L Lz] epeSepnN | zoe
88'1-| 980-| 8svz| STL]  ¥eT| 19781 56T €80 SIT 89 081 L9z| LTs 1| ndnype|  T1O€
17| 001-[ €0t 9eTI|  9ge|  $09I seo| seL|  etel yL oz|  €9T| 169 0c|  andpdon| 667
te1-| £90-| 86TH| L¥6I|  9TS|  SH6l seo| 166 81'C €zl ore| L9t L L€ mdenyg | 867
90°C-| 96°0- SLTY 8T°¢l Sy 98°CI L0 209 89'8 66 0S¢ 6'6C| T89 81 neyire 96¢
L60-| s¥0-| 6Les| s¥el|  LS¥[  orCI A 19° w1 09¢| TLT| L0L 81 rresed | $6C
661-| 660-| ¥TLS| 06FT| 08| S8T6I| 8TI¥| ¥6E€| 0THS 66 0cv| Tor| L9 1| mdeznn| g6t
- Lv'0 o'ty 19°11 6¢'C §56°CC 6C'C 88°C ves SOT1 04¢ 89¢| 8TL (4] ToyeIey (44
€ro-| sro-| 960e| ze6l 0¥'8| 80191 8e1|  orz| wsil 991 EEIEEY 6 nedwey | 167
660 TI0| ¥8TE[ 9L9L] 09TH| 98TT6| TOEET| TTLI| 959TIT 9% 001e| 9T 19 6 neswey | 887
660 610 9e€S| 9LT6] 0199] 896£6] 8861 8LL| Y0E9¥T L€ 0017  §9z| 19 8 PR | 78¢
PIT| 20 099z srer| pTSv| 6TVI9|  8€9L|  OF'8[ STERL 88¢ 0€€T LT 88L L ewioqng | 18¢
S8°0 LT0 SCCL €L°T9 00°sT 6198 €res 60'8 887641 (444 016 LT| 6S°L [4! euIoqng 6.¢
s60| Lo| evLe| 8e6e| Le¥T| srUere| IUSK|  ShE|  vLL9 967 0601  697| SLL L ewioqng [ 44T
060 €0| €rLS| LUs9| TrTe|  €LoL|  8S9T[  wee|  9r'8S L€ 08 HED 8 ewioqng [ €47
P00 TT0-|  vLov| 984S| ivor|  1906]  09T[ S87TS| 0€6€T PST 016 697] ¢vL 81| uednyq-a| 89z
6| SVI- €LV 19 (450} erel 8L°0 €5°0 9¢'T 9 Lyl L9T| T69 13 weis-) 99¢
6L°¢c-| 681- 9101 9TV €5°L L8VT 90v 160 €e¢ s 144! L9 699 Sl weis-) €9¢
€00-] 6€0-| sost| evie| esT1|  suIz|  L00|  eTvI|  8L01 9€T ore|  9LT| s¥L 8| Suoyprmg| 79z
6€0-| zz0-| <Se09| 1¥8T| 8L0I| 10TT| 970 6L61| 7891 44 01| 897| 8T og| andurepeny|  gst
200| 000] eric| osee| e8TI| €8I 0zo| 18Tl 929 0¥e 08| 6Lz| LIL Lg| fueSpedon|  ¢or
Se'T| 10| Seoet|  8T8L|  9TLI[  ¥T¥8|  05S|  €€'S|  80F6l €8 OITI|  89z| ¥z ar| peeEyl| i
€0 9T0| 8¢0L1 6¢° LY L6 44T 1270 8¢'IC S6°0C1 80¢ 018 LT 90°L B4 eole[en] 9¢t
L50-| 1€0-| 8979| es6r|  65€[  ¥III 1% /80| s8e8y €L1 0zs|  69z| 60 6| reBeuuoqi| ¢er
wo-| oro-| eves] ¥oeI|  8S¥[  weoT| TPII| TI8S| sTTe i 0L£]  69T] €€L 6| reSeuuoqif| zer
870-] 8z0-| s9ove| wgLT| 1001 L6TT|  LTO| €79 50T 0¥e oes|  s9z| Trs 8¢|  IndIdYdN | 0€T
cro-| tro-| yosy| I8pT|  TzTr| €88z 90| /85| 104 91z 0|  €LT| €L ¢ andp | 6T
aworopy o | g S\mwa QM& (18w | (18wW) | (18wW) | (18w) | (1/8w)|  (1/5w) ; (@ Ol g emmm vorv| I
20| BN o N| 0S| -ON 10| -‘ooH| /shom| -dway M

Indian Journal of Science and Technology | 9 -

Vol 12 (12) | March 2019 | www.indjst.org



Tracing Groundwater Flow Systems with Hydrogeochemistry in Bengal Delta Aquifers, Bangladesh

¥I'0 8¢°0- 9¢'L8 08°¢C el 88°CI 99¥ 1o 8C'C lig4 LLL 96T | TTL 88 ensny 8¥1
S0°0- 80°0 0L°¢C ¥9°L VIl 16°1¢C 8T°L *to(] 18°0 oS 8¢ €9C| 8L9 L01 Lreqmud el
¥0°¢- I 1L°6C el 86°C LTV LLT 80°0 791 98 cIe ¥'esc| ¥S°9 9L eypueqreH LT1
98°C- ev'1- 89'%¢C 06°€C 209 L6%C 6€°0 G8°0 0¢cl ¥6¢ 679 0L°ST| LTL el 910ss3( 0cI
€0°0- 61°0- 96'8L 88°0% €L'LT 89T 060 0T'sT 0¢'16¥ L61 €6¢C 9'LT| SOL 8L neyaryeq 98
8%°0- 6C°0- q0°LL 14 4 79'6 0¢Cl vL0 144! 8L'C 81 S?9 qC| CI'L 16 [fereN €8
75°0- 61°0-| €rze| €991 8LS|  oL0L 910 FI|  €r 101 €T 0cL|  ©9t| 869 06| (ueSmysunpy| /g
06°0- 9v0-| 6V91|  €8S| ¥S€| €L€9| 66C| 990| L088 Tt €€6 7| oz <8 wed-N|  sS
Y- SEF-|  00FE| PIIE| SS9S| S9€6|  8IS| 8SO0F| LSLTl €87 086| 99z| 60 08| uoeSeuog| ¢
¥10 8€0-| 169¢| csal 1€T| €68€ 100 ss0|  6bes 861 65|  S¥e| 10 08| euoyomeN| ¢
19)eMpunoag sjerpawIdju]
18°1- €8°0- 09'%8 0€°9¢ €9'C 00°C¢ S9'C 67'8S 9¢v1 ¥0¢ S9¢ 9C| 8¢9 9T Lreqesries S9¢
9¢°0- ¥ 0- or'19 05°S8 09°0¢ 00°TT¢ 16°0| 6¥'6SI 6V'11 1Y4 0Ly 8LC| 169 29 amdpelyeys €9¢
SI'1- LS50~ 6'8¥% 79°0C 8¥'S 0L°ST 87l L0 €v'6| 88¥8I 9s¥ 1°9¢ 69 4! Iredurg <19
€5°0- o 7669 1T 6L°'S LLTT 9¢°9¢ 'l €LVC 8¢¢C €69 009C| 80L 4! Iegurg 1413
06°0- 90 86'G¢ c0°LT 10°S €99 1L 1€°0 8L°L| O9T'T1LC (454 €9C| 869 [4) Iregurg €6¢
0€°0- cro- 88'9¢ L5°0C 8’9 L6'9 6’11 171 [AWA 114 4% 0s°LT| ¥I'L 4\ Iregdug (4%
¥C0 €1'0- 08'9¢ 06'8% 8601 00°4ST LY'¥C 81V CEeLET L19 L991 q9C| 90L 44 Bnydey| 1s¢€
61°1 qeo 109 6S°LL 81°C¢C 99°¢L 0761 08¢ 8'1L LSE 0LTT €LT| €S9L 8 euIoqng 8¥¢
€9°0- 88°0- 6€°11 7¥'89 66°C¢ 67°¢€6¢ €189 05’8 8% 179 96¢C 06€TC 8% L = Ie3eON LVE
00°T- 82°0- 80'%¢C cLSE ceel 80°0CT 80°0 [AN4 5'86 €L SGL 9'LT| V0L 4! (ueSurey €ve
€0 ¥0°0- 8T'1¢C 0€'1¢C 186 00°s¢ 6791 LLO 66°ST o€l 5144 coe| 98L 9 eleyeny] ee
8°0- 79°0- S6°LE €Ty 6€°9¢ 1€°¢9¢ 9’1 L8'C 0€'89¢ VA4 0181 €9C| 969 4! I[eyenyed 8¢
L1°0- S1°0- 91°66 €e'es 8L°¢Y 65°€56 €0'Cl 909 | ST'¥PLST 14T 018¢ 8T LOL 19 eumy> 9C¢
7¢°0- 60°0- L1°99 er6l voL 00°99 €50 9L°1 LTCl 1LC 019 1°LT 'L 65| IeSeudeyqQ 1443
1TL- GgG'¢e- 98'1l 99°0 8.0 0Tl LT°0 L0°T LS0 qC (lig ¥'ec| LO9 4\ mdfeurq (443
0% 10°C- LY'C L0'T 6€°0 LS'T L0°0 €e'e 9%°0 9 P91 S'9C 'L 6| [ueSepuiqon 1¥43
65°¢- VL T- Sl 08'% |VAY4 ITet L0 €90 cre 6V 474! 19C| %9 0L enreyq 0ce
oG- vS'C- 01’8 &'l 6C'¢ 6CL 0€0 00°ct 8¢l 81 9L 9t 99 LT mdryeys 1453
88°8- (4 79°¢ 200 09°¢ L8V 010 9¢01 81°C [4! 0s Le| 119 9T [reyeys ¢Ie
g || (AW 1w | (e | ()| x| (a0 o o] ar
2| BN M| eN| o <os| foN 10| ‘ooH| /sMog| dway, v

Indian Journal of Science and Technology

B 10 | Vol 12 (12) | March 2019 | www.indjst.org



Ratan Kumar Majumder and Jun Shimada

¥1°0 8c'0-[ szozt| ce1s| 1981] 9z66| wLI1|  €TS| 790sk S8I[  068C Lz] 8¥L]  soc| nyiadeg LST
650 670| wres| 9swe| szo| oveer| sye|  ws9| €roce et esst| ezz| zoL]  o1e eumUY 961
9¢°0 80°0 15°68 19°6¢ ¥9°¢ 6¥'¢L €eC 69°0| 6L€9C £0T el 9¢C L iaué a10Ysof Gqql
€1°0 900] 80041 S¥96| TrL| 1F0LT| O¥'ST|  900| T9TLT LvT|  sgeg sz| 869| sez [reIeN ¥S1
010 000] €0¥%9| ever| 191 os8] or91| 100 L¥'S L0T ¥89| T19z| ¥L| ost engepy 151
600 800 vo€o| 906s| czz| se1e| oziz|  Zro| eSSt 0€| 1201 €92 L] e1z| repmypen 0ST
€7°0- 61°0-| €z901| 6c6¥| 10T1| €98s1| 61st| oLz| zLL6s 1] 1g61| 6sz| Ts9| orc qepeN 971
LTT- STT-| #se| crer| ss€| 98Le1|  ovF|  SLI| 69¢€IC vET L6 oz| ozL| ozz| woeSeuog STl
SL0- €c0-| eLve| ozor| eS| L9%|  9T1| 180 weWL 01¢ 0zs| <ssz| z69] o00g| uoedeuogs %4
8¢€°9- 08C-| ceL1| 6S6| 86L| 066SI|  0L0| oF€| zIse 67 ¥8| 88z 888 0Lz eumYY (44
71°0 8¢°0- w99 0v'6¥% 0L°€T| 0961 ¢TIl 88F% | S8I'TLE 90% Y91 | 00°LT| €9°L 08¢ eelng ICI
1aempunors doa(g

00°C- 660-] svze| s8] 699 €981 o0sz] 950 0L'T 98 81 sz] o2 16 Tua] L9T
79°0- €C0-| wwe| 069 ¥9¢ 96'€| 010 %001 60'C €L1 09¢ 8z| <L Lor| eyoeSmoyd vET
9¢°0 sTo| ecoL| 9zie|  iv| wrvi|  sr€| 95T 0601 01¢ 09%| wsz| 152 Lo1| eSuepenyd 1€
8C'0- S0°0- YTvL LT°0¢C LT°S 8I°¢l 1o 79°C (44 6L1 01¢ LT STL ¢L Ewc«@ LTT
€0'C- 960-| 6cvz| S18| T1TE| 6ccr| svo| S0 151 68 0€T Lz| soL| ot Lreqyq 4%
€€'T- €1'1-| o9ssz| 06| e6€T| ov9z| 81| we0| STLI 89 1€ oz 869 el 13uo], 661
0¢'1- 650-| wo9oL| whst| 1T¥| scer| 6861|  €v€ 08'9 L61 09| ¢sz| L9 zsi| MuoSyruep 161
18°1- 68°0- 88°G1 €99 9’1 1529 ¥1°0 6L°C €eel 7Sl VLY ¥'9¢C |4 (4! .Eomﬁmm 8.1
€q'l- 940~ 8¥°GC L9°T1 0L'1 LY 9¢ 01’0 18°01 6€°¢ (44! 00S o¢ce| IT°L 671 yoreyDd LLT
07'C- L0T-| €zoz| e€gs| sve| 990v| ¢€zo| 068 S6°0 €Tl 60| ¢e€z| s69| czi| mduepeny 9.1
¥9°1- 780-| 6scs| wowe| eLT] 990z| oct1| <€0 10°€ LT1 19¢| ¥ee| 89| 891 [uodweung LI
¥9°C- oc'1-| orer| ¥es| 81| 9ust| soo| €ro| sest VL vor| Lsz| 902 Gg| erpumyeq €Ll
L0 €0 76'9¢ IT°¢T 80F| 88161 780 LL'6 SL'C 0€T 0811 8'GC| CTL L01 [rere], LT
91°¢- 90°1- 61°CC LT6 680 66'LE 770 0L'¢ S6'C S0T €Ce ¥C| 869 16 [repueN TLT
00'Z- 101-| s6€z| zet1| €9¢| o008 soT| Ssz €71 6 0€€ sz| soz 68 | eoypoqing 691
0L°0- 090-| 16L1| wst| e60€| se1z|  se€| 900 98'6 65T s16| ¥9z| s12 86 a10ysof €s1
67°0- 910-| $909| ¥hsz| oct1| svor| ssz| soo ¥9'1 €T ovL| 99z| 1rL]  ¥EI| yepreury( St
G8'1- 08'1- qe'l [4:%4% 15°C S6°LY VL8 <S0°0 00¥%I LLT 0Z6 86| 90°L 8CI aﬁmcmm 671
waoropy o (1/8w) | (1/3w) | (7/8wr) | (T/3ux) S\WEV S\wav (7/3u) m_\mav (umd . (Do) ad| @ MM eory -

8D | S ' 2N| 0S| -ON 10| “0DH| /sM) Od | “duay, —

Indian Journal of Science and Technology | 11

Vol 12 (12) | March 2019 | www.indjst.org



Tracing Groundwater Flow Systems with Hydrogeochemistry in Bengal Delta Aquifers, Bangladesh

0tT°0- cro- ra L6°C 9L'S ¢€1'881 €0'1l q9'C L6°'LY 01¢ (1157 9'LT| LTS8 S0¢ (ueBrayeg LYCT
820 1€°0 66'S1 G€'6 I1¢°61 STveS 98°C 171 Se€09 4 X4 0191 L'8C| 8T8 06¢C DIgoreN i
S9°0 €€0 er'ie 00°¢t 8¢l L€°9CS 6.0 99'8 LTTEY G8l1 0LIT L] 118 S0¢ [IgoreN 144
LT0 90°0 qL'6 LSS L6'T1 08°50¢ 80°T 99°'¢6 6C¥ST LT 0€0I 8LC| LIS 00¢ Tyyexerey( €ve
o L0O- G6'S 6L'S 186 Y6'¢cle 750 £9°0 €I's¥e LLT 0€6 1’2z 1T8 6S¢C mdefey we
960 12°0 qeeC ov'cl 0v'61 €0'Iey qS'1 9L'8 1¢°LLY LVC (118741 9°LT| 86'L VLT Teypned] 1¥C
660 770 98°9¢ 1¥°'81 €6'L 60¥L 6'¢ 69% 88'81 991 (11474 ¢6C| 908 S0¢ eLmuwng (¢4
€1 L€°0 6€°91 G9'89 1T%¢ 10¥C¢ 86'1 a4\ ¢5'S69 091 0€91 '8¢ 908 €81 B[eL, 6€C
8I'T 870 YS9 8V v 8% LT (424 89'1 LTYI 8¢€'¢88 c0¢ 00s¢ LT 8L 8¢C BITUIeS 8¢€C
790 0C°0 [44°)t SO'TI €9°¢T 6V’ 16¥ YTl 61°C 00°84S LLT 0981 SLT 1'8 861 BII IS LET
10°1T LY'0 96°69 6T°¢e 8601 LY LTT 1¥°0 Sv'e [4a34t 91¢C 009 €LT| 8LL 0S¢ uoteAN 1Y4
¥C0- ¢1'0- 09°sS LS'¥C 87'¢ 11°¢8 0¢’e 091 9T°¢s €0¢C 708 LT 9TL 14X4 edueyg 6l
£0°0 80°0| T8®SII LT°6€ 08°9¢ vyoc 10°C 6C°C L7099 96¢C 058¢ '8¢ 9T'L e edueyg 61
€5°0- 0¥°0- LV0S 78'6¢ €L's q1°9¢Ce [4°N 10% €88y 91¢ G81¢C 9'LT| LOL 90¢C mdprreq €61
qCC| 9r'l- ¥v0¢ S9'GI YeL 06°€C 01T €91 ¥0°¢9 89 [4%% 9C| T69 vLT Tezeyrely 061
8C'I-| 990- L6°SS 81'%C YI'L vy 90% LE'T S0'8¢T <01 0SL v'LT 10°2 1 ¥4 Ipueypneq 681
L60-| ¥9°0- 6¢° 1V 0T'LE €8'8 66'9¢¢ 9T'L 06°SI G665 0L1 0cre s LOL LTC eNYO0Y 881
€CC-| 80°T- 06°0S 89°81 LE°€ 68°19 10°0 611 ¢0'S81 89 oL 9'¢C| €89 6¢C mdpuey) L81
€e' - L0 CrLe [4°R°] ! LL'E 89'%¢ 670 S0'C L IT1 L1V 9C| 6IL 6S¢C Indrey 981
¥6°0- 169°0- 9TvL 68°6¢ ¥0°S Ge'e8 9¢'Yy 18°0 €8'¥8¢C (0] 8 61¢C1 (414 1T’ {474 mdrppre] G8l1
81| €60-| 600vI ¥EL9 909 LT'61C 0€°LT €0'Ll1 L6'CIL & 01s¢C 6'SC| L89 474 (uoSwngag P81
yr'e-| <¢ClI- 80°GI 6LC1 8¢ [4N444 €9'1¢ LS°1 9L¥S¢ 89 8¢l I'L2| ¥TL ¢€1cC wmsye| €81
8G°1- €L0- LTS VA 4! L9°¢ 6C°LT LT°0 9C°0 667 ¢€Cl 88% ¥oC| T69 €81 Bqsoy] 81
S6'T-| 00°1- 6L°6¢ 89'61 LL'T S8'vS 00 €6'C 0S¥ 89 SG¢ ¥'sc| 869 {444 elred °q 181
€9'C-| €¢I~ YIel qI'L LE'T 6S'1¢ 60°0 86'G 6€°S 6 L6C 1°s¢C 69 01¢ Suoyoerueg 6L1
9Le-| TWI- 91'8 €9'1 80°L LV'96 IT'l 0 18¥%¢ 6% [43% 1'2T| €0°L e I04D Ternyy VLI
[AN4N AN 68°L1 LV'9 14°0 99°C1 LLY 61T 0¢’L1 VL €8¢ 8°9¢ 1I'L ¢€1C LreqeieN L91
8%°0- YAl QL'1C 066 4% €0'¥vCs SL0 8¢9 €6°9C9 L61 0€91 1's¢| 89L 00¢ Ipouoinod 191
90-| ¥CO- 1¢°1T ¥6'v 119 60°07¢ 170 06'¢ I 4 (444 54! €LT| 98'L 00¢ Tyyexorey( 091
Se'l 8G°0 €978 €99 7901 ST LSE 00T 90°¢ 0S°S19 91¢ 966¢ 19| 16'L 6¢ eLrepueyq 6S1
8’1 18°0| L¥¥PSI| S0'COL ralire GL'69S 9L'1 08°CI| 059801 1474 0L8% 197 ¢6'L 00¢ 103eN e1Z 8¢1
| g | (B (1| | (| | @A A (A @] O] e I -
2| GBI M| N[ Jos|  foN | ‘ooH| /sMom| dusy, "

Indian Journal of Science and Technology

B 2 | Vol 12 (12) | March 2019 | www.indjst.org



Ratan Kumar Majumder and Jun Shimada

s61-[  ¥60-| 89€l] €8%[ €61] 8IS| 800[ 8TI| LeWI| eLI[  s€6[ Lirz] €0 ez reSeukeyqo €ze
1€0-|  ¥20-| 80Se| leTe| 95| poLSt|  90T| 09T| 9rsie] 091 orlr| Tir| gL| sog|  meSwey 067
tS0-|  6e0-| 65To| OU0F| L6TI| LE€OT| €4T| S8C| ebTsz| 91| 098] TiT| TL| w9r|  meSuey 687
¥6°0- IS°0-| 0S°'S0T| ¥8CS| 8€II| SETVI S1'c 9T LS09Y 08 0611 6'LC| LOL 0re neswey L8C
0£0-]  170-| 9€95[ 6LT€[ 0TTI| €079 SOT[  LL0| OT961|  SOI[  0s9| ¥iz| 9L  bez|  meBwey 987
680-|  ov0-| west| 99Tl 98¢| sriz| wL0[ ¥OT|  Tes|  SOI[  oLz| Srz| L[ cer|  meBwey 58T
TCl-| 0L0-| 89°9z| 0891 OUL| ¥T9¢| SO0T| €90[ 9€79 ©9| ose| sz s¥L| 06T ipliey €8¢
SUT-|  990-| o6y 8IIE| OC€l| TOTOI| 88%| S80[ 80IT| TII|  0LL[ 97| LOL| 65T 1plrey w8t
8¥°0- €€°0-| SVL9T| S9°S0T| 669C| SO¥CI| T80L 69°L| 167959 6 0vLI LT 90°L 0T¢ ealoqng 08¢
810-|  810-| or'66I| 6€¥%cl| 129z| 6¥IL] 05S|  619] 70§99 66] 0.L1] Tiz| TrL| /8¢ euiogng 8.7
s60-|  wro-| s9¥c| 9sTc| sror| essy|  ¥80[ €sw| weer| eti| 0| ¥iz[ svL|  9sz|  eulogng 9Lz
8C°0- ce0-| 9Tve| 0LCe| ¥ELL 60°0s 9¢'l 08'8| ¥8'80I 6C1 0sS LT| LV'L Ve euIoqng SLT
50-|  €60-[ L9811 €0/8| L8'€€[ ¥PT8[  O¥T| 80F[ TH6HS 66] 00ST1| 88z[ TIZ| 9sz|  euioqng VLT
s20-|  ¥T0-| 8T0s| 98FE[ €TT| hes| SOT[ 90TI| 69°6LI|  LIT[ 09| 9Lz| L[ LLz|  ewioqug ue
PI-| 980-| 68| 609| €48T] 6bO0sh| LL9€| 6| O€TEL 66] 0681| 67| L0L] 6LZ[ HEPION 142
W[ 280-| 0sSe| opst| SL6| ceSS|  OrE[  T6T[ SOGEI 66] o1s|  lz[ 90| orz| [ueBumSoqg 04T
SO'T- €9°0-| 9T6IT| CI'08| L60CT| 0STET| Sv6e SLT| 60°8%S 89 0er1 LT| T0L €1z| uednyq-q 69¢
| ¥er| 9501 ors[ wLs| w801 61| 890| 8T L] L] 9sz| L¥9|  esz|  wwiSD S9t
ce|  evI-| Teer|  vrs[ €c9| wLVI| 060[  6L0] 65T 89| evl| ssz[ 69| 61| wwiSD 79z
€00 or0-| se69| 59| ceer| creor| wor| ore| ecte|  erl|  0iL] 9og| seL[  cog|  fuefeqoy 192
PO0[  s00-| zSIs| T€6r| Il €9WL]| 00FI|  vOT| 8L08[ 991 0ss|  it| LvL[  esT eueyq 09z
0£°0- G50~ | 6¥'Le| 86'6L| LEVC| sl'ece| IT'Sy Sve| vLLIT 0L¢E 064 9T ¥89 Lzz| duepep 6S¢
ST0 600| 80°6L| LISE| L6LI| 80L0T| 09°0| TUT| 16€Se| 091 0€01| £9z| 15[ 6| anduepey LST
LT0 S00| ogss| Oorey| T9FT| 05F8K| 09T| €6€| 65989] 99| 0I8T| 69z| 9¥L[ €IT Tofey 95T
¥S0 L00[ sost| Losz| eg0z| 168SE[ 080[ €681 0476]  ¥6€| 0S01| ¥9r[ 65L| €lg| indpasyow ST
SI'T ¥S0| 1664 9VTH| ¥S8C| 8LLSS| TV CS'L| 8L6LS 0L€ 06L1 L) 99°L €g1| (uededon 114
€L°0 €€'0| €6°LIT| T6'8G| 8L9V| GL'€9S 0£0| T6TC| ¥I'8VL 6€€ 00cc LT| VEL 861 | [(ued[edon (414
850-|  6T0-| SL€I| 8| 890I| 90ISz| 0v0[ 9cFk| 99FwI| T61| 0S4 Trz| vLL| eS| [ueSnqeg 152
850 wo| evor| wo¥| sus| Trore| wro[ 1] or9| esz|  019] €8] 6r8| S0e| mepremeg 05T
0z0[  100-| €€€| 66T €bS[ L0T8I| T60| 66| 8T6[ ovr|  095|  we| Sk'8[  66C| Hewemed 67T
6¢0 600 9% L0°€E 619 | S8°661 ¥8°0 8L°C| L8VI 65¢ 08S VLT Lv'8 S0¢ pung 8¥¢
I S\mwa S\w%v (1/8w) | (1/8w) | (1/8w) | (1/8w) | (1/8w) | (1/8w) | (W2l (Do) | g ahwm vory I
| WBWN| | BN| <O0S| SON 10| “OOH | /M) OF | duway, M

Indian Journal of Science and Technology | 13

Vol 12 (12) | March 2019 | www.indjst.org



Tracing Groundwater Flow Systems with Hydrogeochemistry in Bengal Delta Aquifers, Bangladesh

87°0- | 870- or'sy | orss | 10T 08'8% | S80 | ILTF | T6FIT G8¢ 018 | 88T | ¥69| 0IC o145 99¢
PIT| 950 | OF€l 88F | LET L8S | 90| IST| S8TI6H VWb | s/t | Tes| s | 092 Tedurey o€
LTT- | 95°0- 6TSY | OTEI | 596 €6'ST| 100 | 6ST 7L €T 9¢s | 0087 | 649 | S8IT reduis 79¢
0’1~ Sv0- 0206 79°8¢ 9991 9G°1¢ 1172 8I'C S0'9¢C GLT L78 | 0T LT 199 VA 44 Tegurg 19¢
PS1- 00°'1- 0L°ST 0781 8C'¢ 00799¢ IL'1 80°0 SL'S 9¢1 vee T'6¢C 0L ¥8¢C Teyoqernyy 09¢
§9°0- | L£0- 09'0L | 0€L8| €6F% | 086L| 20T | TT0O| 8979C 1e€ | LT€T | Ss9T | 8L9 | €IC TeyD qIys 65¢
6v'T- | 0€T- 0F'ST I8 | SIe 09'6S | TIT| 970 | cLTad ¥S1 | vst L9 | 161 enyoey| 8s¢
99'0- | 8€0- 0TL8 | 0TLY | LLS 00£9 | 0€€| SO0 | 607T6C 6T | STyl | 89T | w9 | ¢€It TeyD quys LS€
€T'¢- | 9S°T-| 0002 | 006 | LS9 | 0060€ | 0768 | 120 | 000CIT IS| o064 | SST| %09 | 1ST wreysye| 95¢
S0 | SO0 | 64601 | L6S6 | 0S°8€E 79€6 | 170 | 8€6 | 08099 98 | 7S81 | 86T 9L | /8T | Ieyoeuiogng 6v€
9%'0 | L¥O- 86'TF | 0SFEY | 16'7S | 0€7€90T | £9°19 | TOL | 8SLSLI 09T | 09%F | Toz | S8¥L| TI€ T[eyeoN 9¥€
vC1- ¥8°0- ¥8°C¢ GL6¢E €6°LL | TV'SE0T GL9¢ L9 780,91 €LT 0y 8¥C 60°L i4144 ITey>eoN (5749
€TT- | €90 8T'8T | 0091 | 6V LTOS | 110 | STI 89°Z €z1 Aac | ve| 1TL| W (ueSurey vhe
S6'0- | 8%0- S6'TH | 6VLI | ¥EL 68'SF | 010 | 960 08'68 VL Ses | 16T VL vt (ueSizey e
¥1°0- | 0T°0- S1'T6 | T8TH | €0ST| TIVIOS | TE0 | 98€ | LOT6 09T | OIFT | ¥'8C €L €Ie Tofey 823
7To- | 91°0- TT96 | L89% | LSLT | €6'SST| €60 | TET| 68L6V €1 | SOPI | S6r| TIL| 65T IpeuInon ov€
YT | 06°0- 9% 99's | ¥ITI | 0€6EE | ¥OT | 19T | TTTIE 091 | OITT | S/T LL | 65T mdnzn 6€
7€0- | ST0- 6501 €TV | €68 | 0€6£T| 650| 60T | 06%F8T vET 798 | 18T 6L | ¥ [estreq 8¢
100 | 610 91'ST VT | 9| 88€IT| 160 | SIT 99'TT %4 LEL| TTe| 108 | TIE I[eyenied LEE
6C'1T 401 S8'0%¢C 8901 87’6 VAN Y4 £9°1 qa'¢e LS°LT 76¢ S00¢ 8'8¢C 99°L 01¢ ejeyeny| qee
£0°0- 61°0- (474°14 YI'1¢C L1°6C G9°089 61°0 1T¢ 199 80¢ ov1c 1°6C V'L 00¢ eredepey] €ee
1€°0 S0°0 L891 8001 €68 88°ST¢ €10 16’1 <0'88 ave Pidi! 9'Cce L'L VLT exedepey] (433
82°0- | ¥70- €Tl ¥8'L | SLST| T091€| 110 | 90°€ 16'%€ €€ | 0€0T | S8 9L | T1I¢€ eIy 1133
1€0- | 020- LV'8 8€y | L86 | 8%°08T| 800 | S¥T T 967 026 | 697 | 98L| so€ ey 0€€
170- | ST0- 8.8 61F% | T80T | 89€ST| 950 | L¥T L9VT €87 9s8 | Te6r | 8L | LIE ey 6T¢
W1- | 6V0- 79°¢ 060 | FI'8| 9€TI| €90 | 6€T L1T 65T V08 | §LT| 68L| ¥ 1eyenieq LT€
600- | FI0- 6V'89 | 98TF | 8997 | ¥S€8T | 65T | TI'ST| 6£€0S €T | 91F1 | S6r| ¥L| o06¢ eunyy] sze
ey | oo (1/8w) | (1/3w) | (1/3w) | (7/3ur) ﬁ\mev S\wav (7/3ur) m:mé (un . (Do) d sﬁm_m - I
) S ' N[ 0S| ON 10| -00H | /sM) 0d | “duray, oM

Indian Journal of Science and Technology

B 4 | Vol 12 (12) | March 2019 | www.indjst.org



Ratan Kumar Majumder and Jun Shimada

Table 2. Summery statistics of major ion chemistry

VCV;’:ZCted Na* Ca¥ Mg K* HCO, cr sO2> | NO;
samples (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Shallow groundwater
Min. 1.20 1.30 0.02 0.00 12.00 0.04 0.01 0.00
Max. 202 2456.60 | 188.84 151.25 100.31 1186.00 3420.27 321.80 159.49
Avg. 75.50 38.80 21.89 8.21 172.32 100.18 14.49 8.08
Intermediate depth groundwater
Min. 3.95 1.34 5.24 0.88 55 0.80 0 0
Max. 26 268.42 87.36 40.88 56.55 394 491 19.89 40.58
Avg. 46.69 35.07 16.31 6.16 173.39 34.71 2.49 5.15
Deep groundwater
Min. 5.18 3.32 0.9 0.71 37 1.59 0.01 0.01
Max. 100 1063.3 240.85 434.5 5491 449 1757.58 180.04 41.71
Avg. 212.33 56.22 38.43 12.65 198.17 322.45 8.52 4.28

Table 3. Average ionic composition of major hydrochemical species

Groundwater group Water type | Cl- (mg/L) | HCO3- (mg/L) | Na+ (Mg/L) | Ca2+ (mg/L)
Shallow groundwater
Group-1 Ca-Mg-HCO, 9.9 215.0 13.8 51.7
Group-2 Na-Ca-Mg-HCO, 12.5 132.9 42.5 21.8
Group-3 Na-Cl 910.5 304.0 632.0 43.5
Group-4 Ca-Mg-Na-HCO,-CI 73.0 148.0 24.0 42.0
Intermediate depth groundwater
Group-1 Ca-Mg-HCO, 5.6 203 18.2 45.5
Group-2 Na-Ca-Mg-HCO, 3.7 133.0 67.5 23.7
Group-3 Na-Cl 491.0 197.0 268.0 78.9
Group-4 Ca-Mg-Na-HCO,-CI 54.0 173.0 47.5 25.3
Deep groundwater
Group-1 Ca-Mg-HCO, 12.08 178.0 29.0 35.3
Group-3 Na-Cl 460.05 145.5 370.0 41.0
Group-4 Ca-Mg-Na-HCO,-Cl 160.0 210.5 71.0 49.0
Group-5 Na-Ca-Mg-Cl 485.0 173.0 241.0 84.0
Group-6 Na-HCO, 32.0 296.0 228.0 11.0

4.2 Major Ion Chemistry and deep groundwaters are Na*>Ca?*>Mg**>K* and for

Summery statistics of groundwater major ion chemistry
are given in Table 2. The average concentrations of Na*,
Ca* and CI' in deep groundwater display a clear difference
with shallow and intermediate depth groundwater (Table
2). The trend of major cation concentrations in shallow

Vol 12 (12) | March 2019 | www.indjst.org

intermediate depth groundwater is Ca**>Na*>Mg*>K*.
The anionic trend of shallow and intermediate depth
groundwaters is HCO,> CI>SO/*>NO; and deep
groundwater is CI'>HCO,>SO,*>NO,".
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4.3 Hydrochemical Grouping

Piper plots (Figure 3) for shallow, intermediate and deep
groundwater are classified into six major groups, namely
Group-1: Ca-Mg-HCO,, Group-2: Na-Ca-Mg-HCO,,
Group-3: Na-Cl, Group-4: Ca-Mg-Na-HCO,-Cl, Group-
5: Na-Ca-Mg-Cl and Group-6: Na-HCO,. The spatial
distribution of groundwater hydrochemical species at
different depths are show in Figure 3. The relevant chemi-
cal parameters for the shallow, intermediate and deep
groundwater groups are depicted in Table 3. Figure 3a
illustrates that the shallow groundwater is dominantly
of Ca-Mg-HCO, type low mineralized water character-
izing the chemical composition of rainfall and major
river water in Bangladesh, which indicates the initial
source of water recharging into the aquifer systems. This
type of water (Group-1) is distributed in most sites of the
study area (Figure 4a) indicating preferential recharge
area. Group-2 shallow groundwater is observed in the
northern-eastern site of the study area (Figure. 3a), which
shows slightly increase of Na* concentration with respect
to Ca?* and Mg**. The increase in Na* exchange for Ca**
and Mg?* suggest softening process, which may indicate
rapid recharge and/or much more water-rock interactions
along the flow paths. Group-3 water shown in the cen-
tral and north-western site (Figure 4a) are characterized
by SO, and NO," rich mixed water, which may be from
anthropogenic sources. In contrast, the Na-Cl type water
from the coastal area is characterized by high concentra-
tions of chloride, which is possibly due to mixing with
seawater'Z,

Theintermediate depth groundwater is also dominated
in Ca-Mg-HCO, type water (Figure 3b) and surprisingly
in spatial distribution (Figure 4b) the intermediate depth
groundwater aquifer with water types Ca-Mg-HCO,,
Na-Ca-Mg-HCO, and Na-Cl respectively are underlain
by the similar type water in shallow groundwater aquifers
(Figure 4a). This phenomenon indicates possible connec-
tivity between shallow and intermediate depth aquifers as
well as rapid recharge to the intermediate aquifers without
changing the chemical characteristics of recharging water.
The intermediate depth groundwaters are also affected by
softening process giving rise to Na-Ca-Mg-HCO, type
water adding more Na* in groundwater exchanged for
Ca* and Mg?. In the coastal region, the intermediate
depth groundwaters are characterized by Na-Cl chloride
type saline water with an average Cl concentration of 491
mg/1 (nearly 3% salinity). Similar to shallow groundwater,

B ¢ | Vol 12 (12) | March 2019 | www.indjst.org

the intermediate groundwater is also affected by sea spry
or mixed with seawater'”.

B Group 1
B Group 2
@ Group 3
& Group 4
@ Group 5
A Group &

Figure 3. Piper plots showing the major ions composition
of groundwater: (a) shallow well (<70 m), (b) intermediate
well (70-180 m) and (c) deep well (>180 m). Based on this
diagram, groundwaters are classified into six different groups,
which are: Group-1 (Ca-Mg-HCO,), Group-2 (Na-Ca-Mg-
HCO,), Group-3 (Na-Cl), Group-4 (Ca-Mg-Na-HCO,-Cl),
Group-5 (Na-Ca-Mg-HCO,-ClI) and Group-6 (Na-HCO,).

The Piper plot for deep groundwater (Figure 3c) shows
distinct groundwater types both in compositions and in
spatial distributions (Figure 4c). Ca-Mg-HCO, type water
is observed in deep wells lying in the northern site of
the study area. The Na-Cl and Na-Ca-Mg-Cl type deep
groundwaters are restricted in the coastal region (Figure
4c¢) having ~0.9 to 6% salinity. This brackish high chloride
content water probably represents relic seawater trapped
in sediments during deposition under marine regressive
conditions that have later undergone certain modifica-
tions (e.g., cation exchange, diluting by mixing with fresh
meteoric water) during its period of confinement. Similar
type of deep saline groundwater was also observed by'®
in West Bengal, India. The Ca-Mg-Na-HCO,-CI (Group-
4) type deep groundwater shows increase in chloride and
bicarbonate concentrations. The gradual increase in deep
groundwater Cl and Na* concentrations thus suggest
groundwater flow from the area of Group-1 type water
towards the mixed type Group-4 area (Figure 4c).

The Na-HCO, type low chloride content (average
32 mg/L) groundwaters are observed in the coastal deep
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aquifers. It indicates that the Ca-HCO, groundwaters pro-
gressively evolve into the Na-HCO, type water at greater
depth and the concentrations of chemical constituents
in the water increase with prolonged water-rock inter-
actions®. The presence of Na-HCO, type water in deep
aquifers usually represents the end member of the ground-
water flow system®’. The Na-HCO, type deep groundwater
observed in the coastal aquifers of Bangladesh are of stag-
nant water, which probably reflects the effect of incomplete
flushing in a buried estuary aligned on an old course of the
Ganges and/or Brahmaputra rivers when they flow directly
south from their present confluence?.

50" 500" 50" 520"

&

0 50 100Km
©

1220

LEGEND Bay of Bengal
B Group-1: Ca-Mg-HCO3

50 Group-2: Na-Ca-Mg-HCO;

[~ mem Group-3: Na-Cl

Group-4: Ca-Mg-Na-HCO; -CI (NOy)

[25©

20
LEGEND Bay of Bengal
B Group-1: Ca-Mg-HCO3

Group-3: Na-Cl
[210 Group-4: Na-Ca-Mg-HCO3 -Cl
B Group-5: Na-Ca-Mg-Cl
W Group-6: Na-HCO3

Figure 4. Plots showing the spatial distribution of
groundwater hydrochemical species at different depths (a)
shallow well (<70 m), (b) intermediate well (70-180 m) and
(c) deep well (>180 m).

4.4 Stiff Diagram

Stiff diagrams are widely used to infer the trend of
groundwater mineralization along the groundwater flow
paths in spatial distribution. The spatial distribution of
shallow groundwater chemical types represented in the
Stiff diagrams (Figure 5a) denotes the generalized pro-
gressive increase of shallow groundwater mineralization
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from north to south. The increase in sodium and chloride
concentration is prominent in the coastal region, which is
affected by mixing with seawater. Stiff diagrams (Figure
5b) for intermediate depth groundwater show low min-
eralized water, which indicates rapid recharge into the
aquifers without any significant chemical change in the
initial recharging water (Group-1 type) as well as indi-
cates low residence times for water-rock interactions
or relatively short flow paths. The spatial distribution
of deep groundwater Stiff diagrams (Figure 5c) shows
notably high-mineralized water than those of shallow
and intermediate groundwater. The chemical pattern of
deep groundwater progressively increases from north to
south. Following this direction, a gradual decrease in cal-
cium and increase in sodium is noticeable. The chloride
concentration increases in accordance with the pattern,
which can be specified as flow directions.

LEGEND

-2 LEGEND
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Figure 5. Stiff diagram showing (a) shallow, (b) intermediate
and (c) deep groundwater hydrochemical types distributed
over the study area.

4.5 Carbonates Dissolution

Bicarbonate in Bengal Delta groundwaters may derive
mainly from the soil zone CO, and weathering of parent
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minerals. The soil zone in the subsurface contains ele-

vated CO, pressure (produced by decay of organic matter

and root respiration), which in turn combines with rain-

water to form bicarbonate? following the reactions given

below:

CO,+H,0 > H,CO,-------mmmmmmmmmmmmm oo (i)

H,CO, » H* + HCO, ------------m-mmmmmmmmmmo oo (ii)
Bicarbonate may also be derived from the dis-

solution of carbonates minerals (calcite and dolomite) by

the carbonic acid according to:

CaCO, + H,CO, »Ca* + 2HCO, ---------------m-mmmoo-

(iii)

(calcite)

CaMg(CO,), + 2H,CO, »Ca* +Mg** + 4HCO,” --------

(iv)

(dolomite)

If Ca** and Mg* in groundwater may come from the
dissolution of calcite and dolomite according to the equa-
tions (iii) and (iv) respectively, there would be straight
positive correlation between Ca?* and HCO, and, Mg** and
HCO,". A bi-variant plot (Figure 6a) of Ca** versus HCO,"
shows poor correlation (r*= 0.30) for shallow, intermediate
(r?=0.03, regression line not shown in Figure 6a) and deep
groundwater (r>=0.009, regression line not shown in Figure
6a). It is evident that Ca®* in all observed groundwaters
may not come from calcite dissolution. Besides* observed
poor amount of calcite (average 0.8 wt%) in Bengal Delta
sediments and thus this minor amount of calcite in host
sediments may not be responsible releasing higher concen-
trations for Ca’* in Bengal Delta groundwater.
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Figure 6. Bivariate plots showing the correlation between
(a) HCO, versus Ca**, (b) Saturation Index for calcite versus
dolomite, (c) Ca/Na versus Mg/Na and (d) Ca/Na versus
HCO,/Na.
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Assuming pure water equilibrated with sedimentary
calcite and assuming 107> atm soil CO, gas in an open
system at 25°C, the geochemical properties mainly satu-
ration index for calcite and dolomite have been simulated,
as given in Table 1. The plot of saturation indices of calcite
(ST g
of the groundwaters are under-saturated with respect to
dolomite and calcite (Figure 6b). According to Figure
6b, about 86% of the analyzed groundwater samples are
under-saturated with calcite and dolomite. It represents

) versus dolomite (SI ) demonstrates that most

dolomite

that the water comes from an environment where calcite
and dolomite are impoverished. It also indicates that in
the Bengal Delta groundwater, Ca** and Mg** partially
come from carbonate dissolution.

Surprisingly, only 25% deep groundwaters (out of 100
nos.) are saturated with calcite and it indicates precipita-
tion of calcium as calcite and/or dolomite.

4.6 Silicate Weathering

Weathering reactions of Ca and Mg-silicates are also
responsible releasing Ca** and Mg** transforming CO,
from the atmosphere to HCO, in groundwater as:
2NaAlSi,O, +2H,CO, + 9H,0 >ALSi, O, (OH), + 2Na* +
4H,Si0, +2HCO, ----(v)

(Na-silicate)

Mg,SiO, +4CO, + 4H,0 > 2Mg? + 4HCO, + H SiO, ----

(Mg-silicate)

Therefore, the Na-normalized® ratios for Ca®* and
Mg** might have relationship to each other. Accordingly, in
the plot of molar ratios of Ca/Na versus Mg/Na are shown
in a log-log space in Figure 6c, both shallow and deep
groundwater show moderate correlation with regressions
r? = 0.54 and r? = 0.55 respectively, whereas intermediate
depth groundwater shows higher correlation (r* = 0.85).
Recharging waters flowing through carbonates rich aqui-
fer show high Ca/Na and Mg/Na rations (Figure 6¢). The
end member having lower Na-normalized ratios is that of
water draining silicates. The molar Ca/Na ratio of average
crustal continental rocks is close to 0.6%, and due to the
higher solubility of Na relative to Ca, lower Ca/Na molar
ratio are expected in groundwater, which are related to
weathering of silicates. In Figure 6c, the observed shal-
low groundwater with high Ca/Na molar ratios are
being influenced by carbonate dissolution, whereas the
intermediate and deep groundwaters are influenced by
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silicate weathering rather than carbonate dissolution.
Similarly, the plot (Figure 6d) for HCO,/Na and Ca/Na
molar rations, high molar rations for half of the shallow
and intermediate depth groundwaters are an indication
of carbonate dissolution, meanwhile low molar ratios of
HCO,/Na and Ca/Na for the deep groundwaters are the
indication of silicate weathering.

If groundwater mainly recharged by the recent
atmospheric precipitation, its circulation remains active®.
This being so, the most likely mechanism that can increase
concentrations of Na* and HCO, in groundwater is the
alteration of silicates (like albite) as per the following
reaction:

NaAlSi,O, + CO,(aq) +11/2H,0 > Na*+ 1/2A1,Si,0,
(OH), + 2H,SiO, + HCO, ----(vii)

This reaction leads to increase in Na* and HCO," con-
centrations consuming CO,(aq), and thus decreases the
partial pressure of carbon dioxide (pCO,) and increases
pH. The high average Na*® (212.33 mg/L) content in
observed deep groundwater with high pH (>7.5) values
comply with the above-mentioned argument.

Ca®* (mg/L) Na" (mg/T)
400 600 800 0 200 400 600 800

O Shallow 100 [0
O Intermediate
A Deep

Depth (m)
Depth (m)

350

Figure 7. Depth dependence plots showing variations
between (a) Ca** versus depth and (b) Na* versus depth.

4.7 Cation Exchange

Cation exchange reaction is also responsible for Na*
enrichment in groundwater as?

1/2Ca* + Na- X 5 1/2Ca -X, + Na* (viii)

where, X denotes cation-exchange sites. This reaction
explains the increase in Na* concentration without an asso-
ciated increase in Cl~ concentration along the flow path and
the clay particles of aquifer exchange calcium against sodium
to elevate sodium concentrations®. It represents a process
whereby a brackish aquifer is flushed with fresh water.
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Considering the depth dependence of Na* and Ca*
(Figure 7a, 7b), it is found that both Ca** and Na' has
shown low concentrations up to the base of the intermedi-
ate depth aquifer. Only few shallow groundwater samples
show slightly high Na* concentrations. Meanwhile, in deep
groundwater Ca** concentrations remain nearly unchanged,
whereas Na* concentrations become high. In Bengal delta,
the Na* concentration increases in deep groundwater aqui-
fers in response to cation exchange for Ca*.

4.8 Mixing of Groundwater

In general, chloride is a conservative component, and
evaporation and mixing are considered as the main
factors controlling its concentration in groundwater.
Solubility of Na* compounds is high, so Na* remains dis-
solved in water in a very wide range of concentration®. In
Na* versus Cl™ plot, most of the shallow and intermediate
depth groundwater lie along the 1:1 evolution line (Figure
8a and Figure 8b) and it indicates that these water have
mainly originated from rainfall and/or flood water main-
taining the evolutionary ratio between Na* and Cl (1:1).
Nevertheless, the deep groundwater scattered in three
groups as samples along the Na-axis, above the seawater
line (slope 0.86) and below the seawater line (Figure 8c).
Those water scattered close to Na-axis (Y-axis in Figure
8¢c) are of Na-HCO, groundwater observed in coastal
deep aquifers and these are of stagnant water having low
concentration of chloride ( <48 mg/L). Whereas, the deep
groundwaters scattered above the seawater line show
Na* excess and Na* excess suggest the presence of deep
groundwater flow which gives rise to excess Na* along the
flow paths due to cation exchange of Na* for Ca** as per
the equation (viii). The deep groundwater lies below the
seawater line (Figure 8c) are mainly of Na-Cl and Na-Ca-
Mg-Cl type water with residence time of about 8500 year
BP. If it is considered that the deep groundwater scattered
below the seawater line is influenced by present seawater,
then the process will have followed the equation® given
below:

Na* +1/2Ca-X, > Na-X +Ca* (ix)

Where, X indicates the soil exchanger.

This reaction will lead to increase in Ca** in coastal
aquifers having Ca-Cl, type water. Surprisingly observed
deep groundwater do not show any Ca-Cl, type water.
Besides, the deep groundwater falls along the seawater
line show long residence time ( ~ 6000 to 25000 year
BP)Z, and these are also Na-Cl and Na-Ca-Mg-Cl type
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water. This water may partially mix with remnant seawa-
ter maintaining maxing ratios*. Thus, it may conclude
that the Na-Cl and Na-Ca-Mg-Cl type deep groundwa-
ter are not influenced by the present seawater intrusion
in the coastal aquifers of Bangladesh. The Na-Cl salinity
may come from leaching of marine sediments, which are
often dominated in coastal aquifers?. Alternatively, this
brackish deep groundwater is probably of remnant sea-
water trapped within lower-permeability sediments®.
Furthermore!® observed similar type brackish connate
water pockets in the western site of Bengal Delta, West
Bengal, India.

o
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Figure 8. Bivariate plots showing relationship between
(a) shallow groundwater Na* versus Cl", (b) intermediate
groundwater Na* versus Cl” and (c) deep groundwater Na*
versus Cl.

5. Discussions

Ca-Mg-HCO, type shallow groundwater (Figure 4a)
is widely distributed in most of the study area, which
indicates infiltration of modern meteoric water as rain
or flood in to the shallow groundwater aquifers. The
Ca-Mg-HCO, type groundwater is also available in the
intermediate depth aquifers up to the depth 180 m in
the west-central and north-eastern region (Figure 4b)
of Bangladesh. It is a clear indication of active recharge
to the intermediate aquifers, which may ultimately feed
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the deeper aquifers. In the west-central and eastern sites
of the study area, low mineralized Ca-Mg-HCO, type
groundwater is observed at deep aquifers underlying the
shallow and intermediate aquifers with similar water type
(Ca-Mg-HCO,) (Figure 4c). This implies active recharge
to the deep aquifers from the west-central and eastern
mountainous regions of the study area.

In shallow or local flow systems, the flow path is rela-
tively short and thus shallow groundwater does not show
distinct hydrochemical changes, i.e., change in water type.
The presence of Na-Ca-Mg-HCO, water in intermediate
aquifers (Figure 5b) is mainly evolved from Ca-Mg-HCO,
water. It may indicate vertical groundwater and/or local
groundwater flow within both the shallow and intermedi-
ate depth groundwaters with low water-rock interaction,
i.e., short residence time. Along the flow path, significant
change in concentration of major cations takes place®.
The Ca-Mg-HCO, type deep groundwater observed in
the west-central, middle and eastern (recharging area)
part of the study area corresponds to the beginning of
the flow path of the deep flow system (Figure 5c). As
deep groundwater flows, the initial Ca-Mg-HCO, water
evolves into Na-Cl type water mixing with connate paleo-
seawater with low concentrations of Ca’>* and Mg*', and
the high Na* concentrations in the central and southern
coastal region of Bangladesh.

As per Figure 5a and Figure 5c¢, in the study area
groundwater flows from the Ca-Mg-HCO, rich uncon-
fined to Na-Cl rich confined (deep) aquifer and results
in the evolution of Ca-Mg-HCO, groundwater to Na-ClI
type water. Hydrochemical data plot (Figure 8c) suggests
that the excess Na* is due to cation exchange of Na* for
Ca*. Besides, the excess Na* in the deep flow system
at the end of the flow path indicates an additional Na*
source, which is attributed to silicate weathering (Figure
6¢, 6d). Meanwhile, additional Na* in the deep ground-
water may come from clay deposited from the marine
episodes which acts as a long-term source of Na* and CI-
to the underlying aquifer®.

Considering the depth dependence of Na* and Ca?*, it
is found that the average Ca** concentration is low (38.14
mg/L) in shallow groundwater, while Na* concentrations
are more than two times higher (74.75 mg/L) than that of
Ca** concentrations (Figure 7a, 7b). In Figure 7b, the rela-
tively high Na* concentrations are observed in the coastal
shallow wells, which is due to mix with seawater (Figure
8a). In intermediate depth aquifers, the composition of
Ca*" and Na* become homogeneous and the concentra-
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tions of dissolved Ca** (37.25 mg/L) and Na* (46.66 mg/L)
are low (Figure 7a, b). Going downward, it is found that
Ca* concentrations remain unchanged (Figure 7a), while
Na* concentrations become high in deep aquifers (Figure
7b). It implies that the Na* concentration in groundwater
increases in the deep aquifers in response to ion exchange
of Na* for Ca?* and this phenomenon is also supported
by the presence of clay minerals in the deep aquifer
materials*®. Appelo and Postma® explain that mineral
dissolution and precipitation is a well-known category of
chemical reactions that can have an important impact on
solute concentrations.
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Figure 9. Distribution of chemical species in groundwater
at different depths along cross-section lines (a) A-B, (b) C-D
and (c) E-F shown in Figure 1.

In present study area, according to the hydrochemi-
cal cross-sections (Figure 9), the observed groundwater
samples show significant change in major cation (Ca®
and Na*) concentrations. The shallow wells with Ca-
Mg-HCO, type groundwater situated in the northern,
west-central and eastern site of the study area correspond
to the beginning of the shallow flow system and thus ulti-
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mately feeds both the intermediate and deep groundwater
systems (Figure 9a, b, ¢). Meanwhile, deep groundwater
recharges in the northern (Figure 9a, b), central (Figure
9a, b) and eastern (Figure 9c¢) sites of the study area with
Ca-Mg-HCO, water.

Above-mentioned arguments comply with the state-
ment of Kinniburgh and Smedley'? and they state that
there has been incision of the main Brahmaputra valley
along with basal fan-delta sediments, which are deposited
between uplifted Pleistocene Residual deposits (Figure
1). These coarse-grained sediments thin and pinch out
south (Figure 2) of the Continental Slope (Hinge Zone)
(Figure 2) and pass laterally into sandy deltaic deposits
within the subsiding Faridpur Trough (Bengal Foredeep)
(Figure 2). This coarse-grained layer would be the pos-
sible source of recharge through which low mineralized
Ca-Mg-HCO, type water enters in to the deep aquifer
system. Furthermore, deep groundwater moves towards
south (Figure 9a, b) or south-west (Figure 9¢) and mixes
with Na-Cl type connate water with excess Na*. The deep
Na-HCO, type water along the coastal belt (Figure 9a, b)
probably reflects an incomplete flushing in a buried estu-
ary?.

In the recharge area, the Ca** concentration is
decreasing from the shallow to the deep layers along
the flow paths (Figure 9a, b, ¢). In infiltrating water, the
source of Ca?* is the dissolution of carbonate minerals,
which is controlled by local partial pressure of CO, and
the CO, originates from the transformation of organics.
In shallow groundwater, differences in concentrations of
Ca* reflect different local partial pressures of CO,. As
groundwater moving downward, CO, partial pressure
becomes homogeneous. In the discharge areas, changing
of Na* is the mirror image of Ca** due to ion exchange.
The excess Na* in the deep flow system at the end of
the flow path indicates an additional Na* source, which
is attributed to weathering of Na* feldspars. As per the
hydrochemical sections (Figure 9a, b, ¢), the possible geo-
chemical processes involved within Bengal Delta aquifers
are silicate weathering with partial carbonate dissolution
in the shallow aquifers giving rise to Ca-Mg-HCO, and
Na-Ca-Mg-HCO, type waters; Na* for Ca’*ion exchange
and finally mixing with deep Na-Cl type connate water
possibly originated from the diffusion of marine clay®.
The Na-Cl rich deep saline waters are probably trapped
within lower-permeability sediments reflecting incom-
plete mixing and flushing®. Furthermore, DPHE?? states
that the shallow aquifer in the west-central region (Figure
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1) is very thick where there is no deep aquifer up to about
250m depth. Kinniburgh and Smedley* also affirm that
the south-central region (Figure 1) of Bangladesh is
underlain by stacked sequences of coarse sands and grav-
els between 50-240m below the ground surface. These
coarse sediments appear to have been deposited in the
former main channel of the Ganges River. It is evident
that the coarse grained thick aquifers in the west-central
region of Bangladesh facilitate recharge in to the deep
aquifers having similar groundwater type (Ca-Mg-HCO,)
both in shallow and deep groundwater (Figure 9a) and it
is a clear indication of deep groundwater recharge in the
west-central region of Bangladesh.

Fining-upward sequences of gravels and coarse to
medium sands with basal conglomerate occur within
the Residual deposits (Figure 1) of the Brahmaputra
main channel beneath the central region of Bangladesh
(Figure 9b), which pinch out south of the Continental
Slope (Hinge Zone) (Figure 2) and pass laterally (Figure
2) into the sandy deltaic deposits. In the central region
of Bangladesh (Figure 1), recharge to the deep aquifers
(Figure 9b) is due to the presence of aforementioned
coarse grained sequence with Ca-Mg-HCO, type low
mineralized water. Meanwhile, the deep aquifers may
recharge from the overlying shallow aquifers through
stratigraphic short-cut®.

5.1 Conceptual Groundwater Flow Model

In present study, a conceptual groundwater flow model
has been constructed for the Bengal Delta aquifers,
Bangladesh considering all observed observations.
The source and recharge processes of different types of
groundwater with their chemical compositions are used
to delineate the groundwater flow dynamics to represent
a conceptual groundwater flow model for the Bengal
Delta aquifers (Figure 10). The model takes into account
the following observations: (a) basement structure and
boundary condition, (b) lithology as revealed through a
generalized hydrogeological cross-section, (c) surface geo-
logic variations, and (d) change in groundwater chemical
types. Rainfall or floodwater infiltrating in to the Bengal
Delta shallow aquifer through the ground, it dissolves
carbon dioxide and the acidic solution (H,CO,) formed
reacts with carbonates in the sediments giving solutions
of Ca*, Mg** and HCO,. Silicate weathering also gives
rise to Ca** and Mg** ions in solution. These hydrogeo-
chemical reactions are responsible for the formation of
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Ca-Mg-HCO, type water. The initial Ca-Mg-HCO, type
water tends to change in to Na-Ca-Mg-HCO, type water
due to preferentially silicate weathering, which helps to
add Na* within the solution in increase with the length of
the flow path. At great depths, where the residence time is
long due to extremely slow flow, groundwater tends to be
Na-Cl type diluted water due to cation exchange of Na*
for Ca*". The excess Na* comes from silicate weathering
giving rise to high pH.
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Figure 10. Conceptual groundwater flow model for Bengal
delta aquifers (modified after'?).

As per conceptual flow model (Figure 10), rainfall
and/or floodwater infiltrating in the ground recharge the
shallow groundwater. The shallow groundwater recharges
the intermediate depth aquifers to some extend with-
out changing its chemical facies (Figure 9b). It indicates
short residence time within the intermediate depth aqui-
fers. Thus, low water-rock interaction, which may not
give rise to diluted water chemistry. Deep aquifers are
recharged from the peripheral part of the study area and
the recharge is possibly influenced by basement structure,
surface geology and subsurface hydrogeological systems.
The deep groundwater becomes chemically diluted along
the flow paths to form Na-Cl type water due to cation
exchange and/or diffusion from marine clay lying within
the aquifer systems. The deep groundwater aquifers of
Bengal Delta are characterized by layered zones'. In
Bengal Delta aquifers, as the thickness of the confining
clay layers increasing down gradient (Figure 10), the deep
groundwater may be squeezed out of compacting clay and
the pressure of the confined water it contain increases.
As a result deep groundwater discharges from confined
aquifers by slow upward seepage through the overlying

Indian Journal of Science and Technology



Ratan Kumar Majumder and Jun Shimada

clays. Finally, deep groundwater discharges in to the Bay
of Bengal as submarine groundwater discharge and this
argument is supported by enriched 60O values and long
residence time!? as well as the upward heat flow in the
coastal aquifers®.

6. Conclusions

Present study has clearly demonstrated the wide spatial
and depth dependence variations of the hydrochemical
composition of groundwater in the Bengal Delta aqui-
fers, Bangladesh illustrating different flow systems and
aquifers. Groundwater chemistry data constrain a com-
plex flow generally from north to south following the
basement structure, topographic gradient as well the
boundary conditions. By Converging all evidences based
on groundwater depth of circulation, generalized hydro-
geological section and hydrochemistry, three groundwater
flow systems can be conceptualized with depth.

[a] A shallow flow system is observed in the west-central
and southern coastal regions of the study area, where
shallow groundwater shows Ca-Mg-HCO, type low
mineralized water.

[b] Intermediate flow system is less dominant, which acts
as a transition zone between the shallow and deep
aquifers and gets vertical recharge from the shallow
flow system. In this system, groundwater is of less
diluted due to low water-rock interactions because of
short residence time.

[c] The deep groundwater flow system is enriched in
chemically diluted Na-Cl type water along the flow
paths due to cation exchange and/or diffusion from
marine clay lying within the aquifer systems. It pos-
sibly emerges in to the Bay of Bengal in the form of
Submarine Groundwater Discharge (SGD). But the
stagnant deep fresh groundwater (Na-HCO, type)
along the coastal region is completely different from
the above mentioned three groundwater flow systems
and it seems to be remnant of paleo-groundwater flow
system persisted during past regression era.
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