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Abstract

People of Bangladesh face a serious problem of groundwater contamination by arsenic.  Millions of tube wells within the depth of 10 to 50 meters are contaminated with higher than permissible limit of arsenic. The pattern of distribution of arsenic in the ground water is related to the geology of the country. The tube wells in the Pleistocene Uplands, the hilly areas and the Tista Fan areas are not affected by the arsenic contamination, whereas the tube wells in the flood plain and deltaic plains of Holocene sediments are severely affected. The exact mechanism of the arsenic release and its movement in the sediment and groundwater is yet to be resolved. 

During the Pleistocene and Holocene time large volume of sediments were laid down in the Ganges-Brahmaputra-Meghna (GBM) Delta Complex by the mighty rivers that built up the delta and aquifer systems. The input of the sediments and their distribution was largely controlled by tectonic activities (rising Himalayas) and the climatic changes in the region. The unconsolidated sediments of the Late Pleistocene and Holocene unconformably lie over the Madhupur Clay Formation. The presence of Toba ash on top of the Madhupur Clay Formation of the Pleistocene Uplands indicates that these are older than 75,000 years. 

The sea-level changes influenced geologic processes of weathering, erosion and deposition of sedimentation in the Bengal delta. Late Pleistocene-Holocene sediments of the GMB Delta Complex are important for groundwater withdrawal.  It is proposed to divide these sediments into 3 major units based on changes in the nature of sedimentation due to sea level fluctuations. These divisions are i) Late Pleistocene–Early Holocene unit, ii) Middle Holocene unit and iii) Upper Holocene unit. 

During the lowest stand of sea level in Late Pleistocene (21-18 ka) sediments were exposed, weathered and was eroded and incised by the rivers. The basal sand and gravel bed and sand with scattered gravel found at different places of the GMB Delta Complex were formed during this time in the incised channels and flood plains of the proto Ganges-Brahmaputra rivers. Upper part of this sediment is oxidized which can be used to map this unit. 

The Middle Holocene (12/10ka-6ka) sediments are characterized by lenticular sand bodies with clay, silt and peat layers that were developed in a transgressive phase of the sea level. Carbon14 dating show that much of the peat layers were most probably deposited during a high stand of sea level (about 2 m above the present level) at around 6ka. The oxidized zone at the bottom and large-scale development of peat at the top may be used to map this unit. 

The Upper Holocene (6ka–0) sediments are recognized by the interlayered/interfingered silt, clay and fine sand which forms the upper most part of the sedimentary column of the delta and the recent flood plains of the GMB Delta Complex. Upper Holocene sediments are not found in the slightly uplifted parts of the delta such as the Chandina Formaion (Tippera Surface and equivalent). 

 Historically the Late Pleistocene-Holocene aquifers of the country have been conventionally divided into three divisions on the basis of depth. These three divisions can be summarized as; i) Upper Aquifer (normal range 10 to 100 m depth), ii) Main Aquifer ( normal range 100 to 200 m depth), and iii) Deep Aquifer. The Upper and Main aquifers are hydraulically connected. Major portion of drinking and irrigation water is withdrawn from the main aquifer. The Upper and Main aquifers are found to be severely affected by arsenic. Beneath the Main Aquifer lies the Deep Aquifer. Till now, water from this aquifer is not much affected by arsenic contamination.

The sedimentation rate and subsidence in the whole of the Bengal Basin were not uniform throughout the Quaternary. Sediments of very different nature or of different geological age can be found at similar depths. Considering the above fact, an attempt has been made to divide the aquifer systems in the GMB Delta Complex from a geological point of view, which seems to be comparatively more logical than the conventional divisions based only on depth. These divisions are i) Plio-Pleistocene aquifers, ii)Late Pleistocene – Early Holocene aquifers, iii) Middle Holocene aquifers and iv)Upper Holocene aquifers.  These divisions are matched with the sedimentary units of the Quaternary in the GMB Delta Complex. 

The Plio-Pleistocne Aquifer: The Plio-Pleistocene aquifers of the Dupitila Formation lies beneath the Pleistocene Madhupur Clay Formation. This aquifer is composed of light grey to yellowish brown, medium to coarse sand with pebble beds. All of the water for Dhaka City is withdrawn from this aquifer but the water is till now arsenic safe.

The Late Pleistocene-Early Holocene Aquifer: The Late Pleistocene-Early Holocene aquifers are not continuous all over the country.  This to some extent corresponds to the Deep Aquifer. The sediments of this aquifer to some extent correspond to the Late Pleistocene-Early Holocene Unit of the sediment section. Water within this aquifer is found to be arsenic safe but heavy withdrawal from this aquifer needs further study. 

Middle Holocene Aquifer: Above the Late Pleistocene-Early Holocene aquifer lies the fine sand which becomes coarser in the upper part This sandy sequence varies greatly both vertically and horizontally. The upper part also contains silt and peaty organic matters. Water from this aquifer has been dated  as about 3000 years old. Most of the ground water in Bangladesh is withdrawn from this aquifer and the water is severely affected by arsenic contamination. 

Upper Holocene Aquifer: The Upper Holocene aquifers are developed all over the deltaic and flood plain areas. This aquifer somewhat corresponds to the Upper aquifer of the conventional system. Water from this aquifer has been dated as about 100 years old and also affected by the arsenic contamination. Each of the Holocene aquifer contains a number of sand layers/lenses that are stacked and interconnected which makes them of leaky type from which the contamination spread vertically from one place to another.

Detailed mapping of the aquifer systems from the geological point of view can help in the planning for systematic withdraw of arsenic free groundwater.  This new approach need coordinated and integrated works of detailed lithofacies analysis, age dating of the sediments and water along with shallow geophysical surveys and palynofacies analysis.

Introduction

After independence, the Government of Bangladesh undertook a massive program to provide bacteriologicaly safe drinking water for the people of the country. This resulted in installation of millions of shallow tube wells (hand pumps) in the delta plain without proper investigation of the aquifer parameters to extract safe drinking water. Except in some limited areas these shallow manually operated tube wells are extracting water from depths of less than 50 m. 

In the last few years the magnitude of the arsenic contamination of the ground water used for drinking and cooking purpose has been well established. Abundant groundwater occurs in the sandy sequences of the Holocene sediments, which was thought to be safe for drinking and domestic use. Many wells of 61 out of 64 districts of the country are producing arsenic contaminated water with higher than the Bangladesh standard of 0.05 mg/L.  Millions of tube wells within the depth of 10 to 50 meters are contaminated with higher than permissible limit of arsenic. 

Bangladesh belong to South Asia and lies between 20034´ and 26038´ N, and 88001´ and 92041´ E. The area of the country is 147,570 square km with more than 700 km long coastlines. About 80% of the land is flat, intersected by numerous rivers and their distributaries. The land area has a general slope of 10-20 from north to south. 
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Four geomorphic and morphostratigraphic units e.g. the Tertiary Hills, the Pleistocene Uplands, the Tippera Surface and the Young Flood Plains and the Delta Surface have been identified by Morgan and McIntire (1959). Later on Alam et.al (1990) divided delta surface in to 7 units (Fig. 1) in Bangladesh. Later, substantial amount of subsurface data have accumulated as a by-product of drilling for ground water and oil and gas (Coulson, 1940; Sengupta, 1966; Deshmukh et al 1973). Tertiary subsurface record has been analysed in detail by geologists engaged in oil exploration and a dependable model of tectonics and sedimentation has emerged (Shamsuddin & Abdullah 1997; Sengupta 1966).

                                                         Fig. 1. Geomorphic divisions of GBM delta, Bangladesh, 

                                                                     (Alam et al, 1990).

But the Quaternary sequence has been subjected to sedimentological analysis only in very restricted areas (Biswas & Roy 1976), and the regional framework of sedimentation has not been worked out. Paleontological researches on the Quaternary of the Bengal Basin are limited in extent. Palynological studies of Chanda and Mukherjee (1969), Mallick (1969), Visnu & Gupta (1972) and Mukherjee 1972) on Kolkata peat and Islam and Tooley (1999) on Khulna peat have thrown some light on the Holocene ecology and vegetation history.

Bangladesh contain thick sediment (up to 20 km in the southern part) sequences of Permian to Holocene (Fig. 2). The sediment thickness is shallowest in northern Bangladesh (114 m). Major part of the sediment is deposited by the Ganges-Brahmaputra-Meghna river systems during Miocene to Holocene time.
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Fig. 2. Correlation of Stratigraphic Sections From the Himalayan Foredeep Across the Bengal Basin (Alam, et al., 1990)

Quaternary of the GBM Delta Complex,  Bangladesh

Quaternary sediments cover approximately 82% of the country and rocks from Paleocene to the Pleistocene are exposed in 18% of the area in the hilly region. The largest submarine fan in the world lies in offshore Bangladesh. Curry and Moore (1971, 1974) has included the Tertiary and the Quaternary areas of Bangladesh and West Bengal, India along with the Bengal Submarine fan as the Bengal Basin.

Rapid subsidence of the foredeep of the Bengal Basin was compensated by the influx of huge amounts of detritus originating from the nearby sources of the basin. Shallow water conditions and deltaic environment persisted. In addition to the Western and Northern foreland shelves, which were source areas earlier, the rising chains of the Himalayas and the Indo-Burman Ranges were increasingly subjected to erosion and supplied much of the sediments since the Mid-Miocene in the basinal area (Shamsuddin and Abdullah, 1997).

During the Pleistocene and Holocene time large volume of sediments were laid down in the Ganges-Brahmaputra-Meghna (GBM) Delta Complex by the mighty rivers that built up the delta and aquifer systems. The input of the sediments and their distribution was largely controlled by tectonic activities (rising Himalayas) and the climatic changes in the region. The unconsolidated sediments of the Late Pleistocene and Holocene unconformably lie over the Madhupur Clay Formation. The presence of Toba ash on top of the Madhupur Clay Formation of the Pleistocene Uplands indicates that these are older than 75,000 years. 

Most of Bangladesh had low elevation throughout it's geological history that made it very much sensitive to the sea-level changes which influenced geological processes of weathering, erosion and deposition of sediments. The Brahmaputra and the Ganges river systems are draining the northern and southern slope of the rising Himalayas. The terrigenous sediments is reworked and redistributed by the strong current from the Bay of Bengal. These processes were in operation throughout the Plio-Pleistocene and Holocene periods towards the making of the large delta and one of the largest deep sea fan in the world. The modern delta is a complex combination of three deltas as well as a complex of fluvial cum tidal delta. Immense sedimentation took place in the GBM delta complex during the Cenozoic time and more than half of it was deposited during the Plio-Pleistocene and Holocene time leading to the southward growth and development of the GBM Delta Complex. Discharge of great volume of sediments from the Himalayas and subsidence of the Bengal basin floor are the major cause of this huge sedimentation  (Biswas, 1992).

Quaternary Stratigraphy

The Quaternary stratigraphy of the Bengal Basin has not been well studied. Main problem being paucity of marker beds that can be used as correlative datum for long distances as well as little availability of absolute ages. The base of the Quaternary is difficult to identify, but in many boreholes a sequence dominantly of clay and sand having saline formation water and locally containing microfossils have been assigned Upper Pleistocene age (Sengupta, 1966). In West Bengal two stratigraphic units capped by laterite or red-mottled soil profile have been established representing the basal units of the Quaternary column (Niogy and Mallick, 1973, Bhatacharya and Banerjee 1979). The magnetic polarity study by Mansur, (1995) indicates that the Madhupur and Barind Tracts sediments broadly correspond to Early Pleistocene age. The presence of Toba-Ash-Bed marker on top of the Pleistocene upland surfaces in West Bengal, India (Achryya and Basu 1993), Bangladesh (Abdullah and Hasan, 1991) and Bay of Bengal (Kudras et.al, 1999) indicates that these Pleistocene upland deposits are older than 75,000 years BP. 

In Bangladesh the Pleistocene red clay is deeply oxidized paleosol. It is red to brick red and yellow, massive, contains ferruginous nodules, laterite and small amount of sand. The clay becomes soft and muddy in contacts with water and unlike other clay dries quickly and becomes very hard. 

Plio-Pleistocene Dupi Tila sandstone underlies the Pleistocene Red Clay and the Late Pleistocene-Holocene alluvial deposits overlies the Pleistocene Red Clay. Top of the Dupi Tila Sandstone is very much undulated and marked by a prominent unconformity (Khan, 1991).

Late Pleistocene-Holocene in Bengal Basin

Unlike many parts of the world complete  picture of geological, climatic and ecological changes in the Bengal Basin since the last glacial stage is not available. Information of varying degree of credibility is scattered in the literature of diverse disciplines. Poddar et al. (!993) attempted to describe the changes in geography and climate of the Bengal Basin since the last glacial stage. He showed that the landmass of the GBM Delta Complex extended into the Bay of Bengal for more than 200 km during the last glacial maximum. Niyogi (1975) presented a model of paleogeographic changes due to shifts in shoreline. 

Sea-level changes during the Late Pleistocene-Holocene time influenced the geological processes of weathering, erosion and deposition of sediments. Various authors (Fairbridge, 1961;  Pirzzoli, 1991,  Acharyya, 1999)  presented  sea  level changes curves. 
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The Late Pleistocene includes the last glacial-interglacial periods between 128 to 10 ka. (Fig. 3). The last glacial maximal was marked between 21 to 18 ka when the sea level was in the lowest stand. During the lowest stand of sea level the Pleistocene sediments were exposed, weathered and was eroded and incised by rivers. The basal sand and gravel bed found at different places of the Bengal Basin was deposited during this time in the incised channels of the proto Ganges-Brahmaputra rivers and flood plains. The sea level continued to rise from 18 ka to 12 ka resulting in transgression and 

                                                        Fig. 3. Sea Level Changes During Last Interglacial   Transition (After Pirazzoli, 1991)                   

onlapping of sedimentation and filling up of the entranced valleys by fluvial and or fluvio-deltaic sand with scattered gravel. From 12 to 10 ka there was a regression (sea level fall) and as a result the upper surface of these sediments were exposed to aerial oxidation (Umitsu, 1993 and Acharyya, 2000) in different parts of the Bangladesh. BGS-DPHE (2001) mentions oxidized sediments from 45-70 meters depth in Faridpur and GSB (personal communication with Mr. Rashed Ekram Ali, 2002) indicates similar oxidized sediments from a number of drill holes at 45-50 meters in Bhola District.

From 10 to 6 ka, the sea level started rising again, and at ~6ka reached higher than 2 m than the present level. During this time there was an extensive development of marine and fresh water peat. After the postglacial optimum, the sea level dropped and initiated a phase of subdued marine regression and migration of shoreline to the present configuration. Islam and Tooley (1999) have recognized 5 transgressive phases in the Holocene sediments NW of Khulna City, each of which followed by a regressive phase.

Late Pleistocene-Holocene Stratigraphy 
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The red clay of the Early Pleistocene is overlain by the Late Pleistocene-Holocene alluvium deposits. In the Ganges-Brahmaputra-Meghna Delta complex, vertical and horizontal variations of the lithofacies in the Late Pleistocene-Holocene is very high (Fig. 4). It is difficult to correlate individual sediment layers from one place to another even at short 

Fig. 4. Geological Cross Section Across the Coastal Area (E-W), (Source Aggarwal With Others, 2000)
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distances (Fig. 5). Inter fingering of the sediments are common.  The stratigraphy of the Late Pleistocene-Holocene sediments beneath the present Delta Surface has been mainly inferred from limited subsurface data. The subsurface sediments beneath the Younger Delta Plain 

Fig. 5.  N-S lithological cross section of Debidwar Thana, showing the vertical & horinzonatal variation of lithofacies at shorter distances (the bore holes are  approx. one km apart)

from the northern and southern arsenic affected areas in Bhagirathi-Ganga flood-delta plains, West Bengal, have been tentatively classified into three broad stratigraphic zones (Fig. 6A) (Deshmukh, et al., 1973; Biswas and Roy, 1976; Acharyya 1999). Most arseniferous tube wells generally tap the aquifers in Unit 2, which is dominantly made up of fine sand and clay, whereas, Unit 1 is coarse and sandy. A similar homotaxial sequence of five Holocene units has been established in Bangladesh from the Brahmaputra-Jamuna braided river floodplain and southern parts of the present Delta Plain (Umitsu, 1993) (Fig. 6B). Organic matter from the uppermost part of Unit 1 at a depth of 48 m (46 m b.s.l.) from Khulna area, has yielded 12,300 BP. At Khulna, the thickness of the oxidized sediments at the top of Unit 1 is about 15 m. The top sandy section of Unit 1 is also oxidised at places in West Bengal (Poddar et al., 1993). Clay beds inter bedded with gravel and overlying a 6+ m medium grained sand bed from Digha, West Bengal located at the western boundary of Bengal Basin and on the present coast line has yielded an age of 22,360 BP (Hait et al., 1996). Likewise a similar sand bed with calcrets, silt and clay layers from Diamond Harbour in West Bengal  has yielded an age of 14,460 BP (Hait et al., 1996). These beds may also be correlated to Unit 1 of Acharyya et al. (2000) (Fig. 6A).

[image: image6.png]


These ages broadly corroborate that the basal sand with gravel unit, recorded from Brahmaputra-Jamuna floodplain and those in the present Active Delta, was deposited as entrenched valley fill/fan during the latest Pleistocene and earliest Holocene under prevailing low stand of sea level. On the other hand, Unit 3 (7000 BP., and younger in age, from the Active Delta in Bangladesh and West Bengal part are lithologically similar and comparable. The uppermost unit

Fig. 6. Profiles of Holocene Sediments. A) Section A-B Across the Ganges Delta in West Bengal, (Acharyya, et al, 2000)B) Section C-D Across Jamuna Floodplains and Ganges Delta in Bangladesh(Umitsu, 1993) I-III and 1-3 are Broad Stratigraphic Units

often has extensive development of  peat layers in the basal part in southern parts of the Active Delta in Bangladesh and West Bengal (Acharyya, 1999). The presence of typical estuarine sediments ranging from swampy mangrove to tidal mangrove in brackish

 to fresh water mixed sediments is recorded by Banerjee and Sen (1987) from Bhagirathi delta, West Bengal. These sediments occur at 7 m to 2 m b.s.l. depth and are located in areas 80 to 120 km inward from the present sea shore. Based on C14 dates these high stand sea-level sediments are tentatively dated 7,000 to 6,000 BP.  There was widespread development of marine and fresh water peat layers around Kolkata during 6,500 to 2,000 BP (Banerjee & Sen, 1987). Islam and Tooley (1999) also mention such peat developments around Khulna in Bangladesh. Aquifers in this unit are also arsenic contaminated.

Thus the middle unit that contains most of the arsenic contaminated aquifers from Bangladesh and West Bengal is also broadly correlated. Based on C14 ages (Table-1) from organic matters from various levels of Unit 2 and base of Unit 3, the age of Unit 2 has been broadly inferred to be 10,000 - 7,000 BP (Umitsu, 1993; Hait et al., 1996). This is also supported by  Nelson and Bray (1970). From the cores at Khulna, fossil mollusks and marine planktonic diatoms recorded from depths ranges of 20 - 30 m from Unit 2 nearly covering the entire unit indicate relatively strong marine influence. Thus the coastline of the delta was located to the north of Khulna and Kolkata during deposition of the highly arsenic contaminated Unit 2. 

Table 1 Showing Some Absolute Age Dates From Different Parts of Bengal Basin

	Name of the place
	Type sample and depth
	Age of the sample
	Remarks

	Kharampur; Near Akhaura Railway station (91013/E & 23052/N)
	Peat (Top bed); 

Peat (Bottm bed) 

1-2 m below surface
	5580+/- 75BP

5620+/-75 BP
	Hasan, 1986 

Chandina deltaic plain; 

	Kachpur (near Dhaka city) (90030/ & 23041/)
	Peat (top layer), 0.5 m below surface

Peat (lower layer)

Peat (lower layer), 2.5 -3.0 m below the surface
	3670+/-60 BP

6060+/-75 BP

6460+/-80 Bp
	Two dipping beds on the top of red clay

	Near Kachpur (Dhaka)


	Peat (at the top of red clay)  ~4m below suface
	6390+/-80BP
	Hasan 1986

	Eastern Dhaka
	Peat layers from Bashabo Formation
	4040 +/-70 to 1278 ?+/-140 BP
	Monsur,1994

	Sirajganj
	Wood
	28,300 BP
	JICA (1976)



	Brahmaputra-Jamuna Floodplain
	Fossil wood from basal part of unit 1
	48,500 and 28,300 BP
	Umitsu, 1999

	Khulna area; southern part of Ganges delta
	Organic matter from uppermost part of unit -1 at 48 m.
	12,300 BP
	Do

	Dighia, western boundary of Bengal Basin
	Clay beds interbedded with gravel. Top 6 m medium sand
	22,360 BP
	Hait, et al 1996

	Diamond harbour
	Sand beds with calcrets silt  and clay
	14, 460 BP 
	Hait etal 1996

	In between Madhupur and Barind tracts
	Upper Unit  coarse sand to micaceous silt 

26 m

32 m

lower unit 62 m
	6,400 BP

6290 BP

>48,500 BP
	Davies and Exley, 1992

	Faridpur DPHE/BGS Test bore hole
	6.2 m   Micaceous silt    9.2m     and fine sand

9.8m

10.2m

44.5m  Peaty clay

55.2m  Med. F. sand

73.2m  basal coarse sand

91.4m  & gravel

125m  c. sand & gravel
	106.6+/-.58

3085+/-50

960+/-45

855+/-45

8260+/-75

11890+/-80

18560+/-130

22690+/-190

9925+/-70
	BGS-DPHE, 2001

Brown med. to fine sand at 134 to 155 m

	Laxmipur Test bore hole (LPW-6)


	10.7 m Intertidal thin micaceous silt

            with v. fine sands with peat

35 m Fluvial M - fine & M. sand

38.7 m          Do

46.3 m          Do

73.2 m          Do

91.7  m         Do

116.10 m    Micaceous clay & silt

                  aquiclude 

137.5 m Silty fine to M. sand inter 

          bedded with med. to coarse sand
	110+/-0.58

6920+/-50

10020+/-85

9155+/-70

8855+/70

11320+/-75

6525+/60

12585+/-95 


	BGS-DPHE (2001)




Proposed Divisions of the late Pleistocene-Holocene in Bangladesh

A proposal to map the Late Pleistocene-Holocene sediments based on their deposition during their transgressive and regressive phases of the sea level changes is presented in this report. Umitsu (1993) divided the Late Pleistocene-Holocene sediments in the Brahmaputra-Jamuna floodplain and the southwestern part of the Active Delta Plain in Bangladesh into 5 members on the basis upward coarsening or fining of grain size. These five members have been broadly divided into Lower, Middle and Upper members by Acharrya et.al (2000) in West Bengal and southern part of Bangladesh.(Fig. 6A).  BGS-DPHE (2001) also divided these sediments into 3 major units. Considering all the above, three major divisions of the Late Pleistocene-Holocene sediments are proposed in this paper and a proposal to map the Late Pleistocene-Holocene sediments based on their deposition during the transgressive and regressive phases of the sea level changes is presented below.  These suggested divisions have been shown in Table 2.

Table 2.  Comparative Divisions of the Late Pleistocene-Holocene Sediments in Bangladesh and West Bengal

	Proposed divisions
	West Bengal & Southern Bangladesh (Acharyya et al, 2000)
	Bangladesh (Umitsu, 1993)
	BGS-DPHE report 

Bangladesh (2001)

	Upper Holocene


	Unit I : fine sand clay, peaty material
	Upper most Unit: (5/6-0 ka); fine silt and clay, peaty material
	

	Middle Holocene

Wide spread peat layers at the upper part.
	
	Upper Unit: (10/8-5/6 ka); fine sand and  silt at bottom and upper, coarser at middle
	18-5ka: Rapid base level rise; Upward finings; Coarse sediments at the bottom and fine upwards.

	
	Unit II (10-7k); fine to medium sand with clay intercalations
	Middle Unit: (12-10ka); coarse sand, silt in the upper, fine sand, silt and clay at the bottom
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    Older   Late-Pleistocene-Early Holocene

                   Gravel Bed at the  bottom, upper 

                       Part oxidized.          
	
	Lower Unit:(12-18ka); Sand with scattered gravel; upper part oxidized
	

	
	Unit III (23.37 ka*); Sand with scattered gravel


	Lower most Unit:( ~18 ka); gravel bed, ~ 10 m thick
	21-18ka; Lowest strand of sea level; Coarse material deposition

	
	
	
	

	
	
	
	28-21 ka: Rapid fall in base level; Rapid valley incision. Coarse sediment deposition.

	
	
	
	128-28 ka: steady decline of sea level. Slow erosion


· Hait & others, 1996

Following is a brief description of the proposed divisions of the Late Pleistocene-Holocene sediments in the floodplain and the deltaic regions of Bangladesh. It must be remembered that these divisions are made on the basis of lithological variations in the almost continuous cyclic deposits of fluvio-deltaic sediments with occasional shallow marine and or tidal deposits. Each individual sand, silt or clay layer may not continue for long distances (even for kilometers) but the divisions are made on the basis of depositional nature of a zone in the sediment column. The boundaries among the divisions are not easily recognizable. Though some sedimentological studies have been done in West Bengal, India such studies are rare in Bangladesh. Bio-stratigraphic work based on palynofacies studies is also rare.  Scarcity of absolute age dates has already been mentioned earlier. Number of workers both in Bangladesh and West Bengal, India have recognized the sediments of the transgressive and the regressive phases of the thick Late Pleistocene-Holocene sediment column. Most workers have also acknowledged the three divisions of the Late Pleistocene-Holocene sediments.

Late Pleistocene –Early Holocene (18 –10 ka) is recognized by the basal gravel bed with an average thickness of 10 meter. This gravel bed has a gradient of 3/10,000 towards south. This bed was deposited in valleys/fan during the lowest strand of sea level during the Late Pleistocene-Early Holocene. During this time the sea level decreased to ~ 135 m at approximately 18000 years BP (after that there was a sea level rise up to 12 ka and again declined up to 10 ka.). At that time (18 ka) the shoreline was at the outer margin of the continental shelf and Pleistocene and Tertiary sediments were subjected to aerial erosion (Acharrya, et.al. 2000). The basal gravel and sand was not uniformly developed as it was developed in the valleys/fan. The depth of gravel bed varies from place to place. (Generally it is within 18m to 100m). A regression of the sea occurred between 12,000 and 10,000 years BP. The Upper part (lower member of Umitsu) is composed of coarse sand with scattered gravels. The coarser sediments are more in the upper reaches. The top of the upper part is weathered and oxidized up to a depth of 15 meters which implies that the sea level was at least 10 meter lower during this time (10-12 ka). 

The basal gravel bed mark the bottom surface of the Late Pleistocene-Early Holocene and the upper surface is formed of the oxidized sediment layer.

Middle Holocene (10-6 ka): The period beginning with 10,000 years marked an important change in the sedimentation in the Ganges Delta. Rapid sea level rise marked the initiation and growth of deltaic sedimentation. After that there was a transgression (rise in sea level occurred from 10,000 –6000 ka). Early-Mid Holocene transgressions led to back flooding and over-topping of the entrenched alluvial channels that were formed during low-stand setting. High sediment load from the rapidly eroding Himalayas and intense precipitation competed with rapid sea-level rise to continue sluggish deltaic sedimentation over entrenched valley fills and adjacent floodplains, marshes, lagoons and estuaries. The Middle Holocene sediments are characterized by lenticular sand bodies with clay, silt and peat layers that were developed in a transgressive phase of the sea level. Carbon14 dating show that much of the peat layers were most probably deposited during a high stand of sea level (about 2 meters above the present level) at around 6 ka. The Middle Holocene sediments can be correlated with the Upper and Middle Unit of Umitsu (1993). It may be possible to map the boundary between the Middle and Upper Holocene by widespread peat layers (6000 years BP) developed at that time. The oxidized zone at the bottom and large-scale development of peat at the top may be used to map this unit. 

The Upper Holocene started from the 6 ka and continues till the present time. The Upper Holocene sediments are recognized by the interlayered/interfingered silt, clay and fine sand which forms the upper most part of the sedimentary column of the delta and the recent flood plains of the GBM Delta Complex. Upper Holocene sediments are not found in the slightly uplifted parts of the delta such as the Chandina Formaion (Tippera Surface and equivalent). The sea level started to fall from ~6000 years BP and is continuing to fall. 

Aquifer Systems of Bangladesh

In Bangladesh thick semi-consolidated to unconsolidated fluvio-deltaic sediments of Miocene to the present have many aquifers. But except the Dupi Tila Sandstone Formation of the Plio-Pleistocene age, others are too deep to consider for ground water extraction except in the Hilly Region of the country (18% of Bangladesh). Most of the ground water withdrawn for domestic or agricultural purposes in the Barind and Madhupur Uplands areas are from the Dupi Tila Sandstone. Parts of the Tista Fan area in Northern Bangladesh (Himalyan Foredeep and the Rangpur Platform) in Fig. 1 and the Piedmont area along a narrow strip of the hills of the greater Mymensingh and Sylhet districts also withdraw all water from sediments older than Late Pleistocene. Water withdrawn from these formations is not yet contaminated by arsenic. 

Major aquifer systems of the GBM delta belongs to the Late Pleistocene to Holocene sediments (30 to 130 m depth). These sediments are cyclic deposits of mostly medium to fine sand, silt and clay. The individual layers cannot be traced for long distances both horizontally or vertically. All the sand or silt layers can be considered as aquifers of limited extent. In such cases, instead of individual layers a zone with identifiable characteristics are generally taken for classification of sediments as well as aquifers. 

In all the groundwater studies undertaken in Bangladesh, the aquifer systems have not been divided stratigraphically. Conceptual models of hydro-geological conditions, based on simple lithology and depth rather than stratigraphic units, have been used to assess the engineering and hydraulic properties of aquifers and deep tube well designs to depths of 150 m.  The reason being that very little work has been done on the sedimentation history of Late Pleistocene-Holocene in Bangladesh.   

UNDP (1982) study classified the aquifers into three zones. These are the 1) Upper Shallower or the Composite Aquifer, 2) Main Aquifer, and 3) Deep Aquifer. Greater part of the country except Dhaka and the coastal area generally was divided into these three zones from a study of the lithologic section up to a depth of 137 m from the existing tube well logs: Upper clay and silt; Silty to fine sand; and Medium to coarse grained sand and gravel. This study also divided the country into 15 hydrogeological zones on the basis of the geological factors, aquifer characteristics and development constrains. These 15 zones have different potentialities for the development of groundwater. The extensive geological analysis presented in Technical Report 4, MPO (1987) classified the main aquifer into 36 units. A more flexible two-tier classification was presented by MMP (1983). Aggarwal et al.   (2000) (Fig. 7) on the basis of isotopic studies classified the water at different depths in four types and made a three-tier division of the aquifers. BGS-DPHE (2001) (Fig. 8), with slight adjustments of the UNDP (1982) study also made a three-tier classification of the aquifers zones. A comparative picture showing these divisions is presented in the table 3.

Table 3. A comparative picture of the divisions of Aquifers in Bangladesh

	UNDP, 1982
	BGS-DFID, 2001
	Aggarwal & Others, 2001

	i) Upper aquifer (composite aquifers)

ii) Main aquifer

iii) Deep aquifer
	i) Upper Shallow

ii) Lower Shallow

iii) Deep Aqifer


	i) 1st aquifer (Type 1 & 2)

ii) 2nd aquifer (Type 3)

iii) 3rd aquifer (Type 4)


The upper (shallower) or the composite aquifer

Below the upper clay and silt unit of depth ranging from less than a meters to several hundred meters, very fine to fine sand, in places inter bedded or mixed with medium sand of very thin layers are commonly encountered. Discontinuous thin clay layers often separate these sand layers.  The thickness of this zone ranges from a few meters in the northwest to a maximum of 60 m in the south. Over most of the country it represents the uppermost water bearing zone. In the coastal region water in this aquifer zone is saline with occasional fresh water pockets.
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The main aquifer 

This is the main water bearing zone and occurs at depths ranging from less than 5 m in the north-west to more than 75 m in the south and most of the country. It is either semi-confined and leaky or consists of stratified interconnected, unconfined water bearing zones. This aquifer is comprised of medium and coarse grained sediments, in places inter bedded with gravel. These sediments occur to depths

Fig. 7. Revised Hydrogeological Model Based on Isotopic and Hydrochemical Data (Aggarwal, 2000)

 of about 140 m below ground surface. Presently, groundwater is drawn predominantly from this aquifer zone.
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The deeper aquifer

The deeper unit is separated from the overlying main aquifer by one or more clay layers of varied thickness and extent. Deep aquifers are generally based on depth and in some areas include those aquifers whose waters have no access vertically upward and downward but flow very slowly along the dips and slopes of the aquifers. This water bearing zone

        Fig. 8. Hydrogeological Cross Section From North to South Across Bangladesh. Particularly Shown are the Geological Structures and Groundwater Flow Patterns Within Mid-Upper Quaternary Sediments (BGS-DPHE, 2001).

comprises of medium to coarse sand, in places inter-bedded with fine sand, silt and clay. At present water bearing formation deeper than 150-200 m are being exploited on limited quantity in the coastal zone to cater the need of municipal water supply and in the rural areas for drinking purpose. Large scale extraction has not been encouraged in the coastal areas due to possibility of sea-water intrusion or leakage from the upper aquifer.

Unfortunately all the above classifications do not take into account the sedimentological parameters or the depositional history of the aquifer sediments. Till now the aquifers of the delta plain and the flood plains of the GBM Delta Complex have been divided on the basis of depth. But it is a well established fact that the sedimentation rate and subsidence in the whole of the Bengal Basin were not uniform throughout the Quaternary. Due to neo-tectonic activity the delta was segmented into several blocks that subsided or uplifted at different rates in relation to one another. As such, sediments of very different nature or of different geological age can be found at similar depths. The JICA (2002) study states that, "the definition of shallow aquifer and deep aquifer is not clear due to the difference of hydrogeological conditions by place to place. It is said that the shallow aquifer and deep aquifer is bounded by an aquitard at a depth of 150m in central Bangladesh, but the boundary is located more deep portion in the southern coastal districts".  Considering the above facts, an attempt has been made to divide the aquifer systems in the GBM Delta Complex from a geological point of view i.e. in line with the proposed divisions of the Late Pleistocene-Holocene sediments (Fig. 9). This seems to be comparatively more logical than the conventional divisions based only on depth. The major divisions in this classification will be:

1) Plio-Pleistocene  Aquifers

2) Late Pleistocene-Holocene Aquifers

a) Late Pleistocene-Early Holocene Aquifers

b) Middle Holocene Aquifers

c) [image: image10.jpg]
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Fig. 10 Schematic Diagram of The Aquifers on Geological Point of View. (Islam And Uddin, 2002)

The Plio-Pleistocne Aquifers

The Plio-Pleistocene Aquifers of the Dupi Tila Formation lies beneath the Pleistocene Madhupur Clay Formation. This aquifer is composed of light gray to yellowish brown, medium to coarse sand with pebble beds. All of the water for Dhaka City is withdrawn from this aquifer but the water is as yet arsenic safe. This aquifer is confined to semi-confined.

The Late Pleistocene-Early Holocene Aquifers

The Late Pleistocene-Early Holocene Aquifers are not continuous all over the country.  This to some extent corresponds to the Deep Aquifer of UNDP study (1982), lower part of the Deep Aquifer of the BGS-DPHE study (2001) and the Third Aquifer of Aggarwal et. al. (2000). Aggarwal et al. has dated water from this aquifer as about 20,000 years old. The sediments of this aquifer to some extent correspond to the Late Pleistocene-Early Holocene Unit of the sediment section. Water within this aquifer is found to be arsenic safe but heavy withdrawal from this aquifer needs further study.

Middle Holocene Aquifers

Above the Late Pleistocene-Early Holocene Aquifer lies the fine sand which becomes coarser in the upper part. This sandy sequence varies greatly both vertically and horizontally. The upper part also contains silt and peaty organic matters. These Mid- Holocene Aquifers may be considered as in a similar position in the geological section as the Main Aquifer (UNDP, 1982), the Second Aquifer (Aggarwal et. al., 2000) or the Lower Shallow Aquifer (BGS-DPHE, 2001) in the floodplain and deltaic areas of Bangladesh. Aggarwal et al. (2000) dated water from this aquifer as about 3000 years old. Most of the ground water in Bangladesh is withdrawn from this aquifer and the water is severely affected by arsenic contamination.

The sediment from the surface samples in the Chandina Formation areas (Tippera Surface) dates around 6,000 ka. In this area the Middle Holocene aquifer will be encountered nearest to the surface, but in most of the river basin and the delta plain areas this will be at different depths. 

Upper Holocene Aquifers

The Upper Holocene Aquifers are developed all over the deltaic and flood plain areas. This does not occur in the Chandina Formation areas (Tippera Surface). The lower part is composed of silt and clay at the bottom, and fine sand at the top. The upper part is composed of silt and clay, and is commonly found to be inter-bedded or mixed with medium sand. In UNDP (1982) classification this aquifer is mentioned as Upper Composite Aquifer, in BGS-DPHE (2001) report it is considered as Upper Shallow Aquifers and Aggarwal et al. mentions it as the First Aquifer. Aggarwal et al. dated water from this aquifer as about 100 years old. Water of this Upper Aquifer is also affected by arsenic contamination. 

Each of the Holocene aquifers contains a number of sand layers/lenses that are stacked and interconnected, which makes them of leaky type from which the contamination spread vertically from one place to another (Fig. 9).

Geographic distribution of arsenic in the ground water in Bangladesh

 In Bangladesh post glacial sedimentation is important because of arsenic concentration in it. Arsenic contamination is not uniform in all areas of Bangladesh. It is seen that the broad surface geological divisions have a good correlation with the arsenic distribution in the country (Fig.10). Arsenic bearing aquifers has no uniformity with depth and thickness. The contamination of aquifers are generally found within 7 to 159 m depths. 


Fig. 10. Showing the relationship between Arsenic distribution (left;BGS-DPHE, 2001) and Geology of  Bangladesh (right, Alam et al. 1990) 

Aquifers belonging to the Dupi Tila formation of Plio-Pleistocene age or older rock formations are not contaminated by arsenic. Arsenic contamination has not been reported from the Hill areas or the Pleistocene Uplands areas of the country. Also there is no reported arsenic contamination from the Himalayan Foredeep areas of the country. Dhaka City can be cited as an example where 238 tubewells withdraw about 2.4 billion litres of water per day but no arsenic contamination has been reported as yet.

Conclusions

Bangladesh face the greatest environment problem in the history because of arsenic contamination of its vast ground water resources. A relationship between the arsenic contamination and the geological history of the sediments are gradually becoming clear.  This make it essential that geologists in Bangladesh must give all their efforts for detailed sedimentological, mineralogical, biological including trace fossils studies backed by absolute age dating by C 14 and all other isotopic studies to describe the boundaries of these divisions for easy recognition by all concerned engaged in ground water studies or development. We must keep in mind that the Bengal Basin is one of the fastest subsiding regions of the world. The high rate of subsidence along with similar high rate of sediment deposition makes mapping of these units quite difficult. 

The Late Pleistocene-Holocene sediments of the Bengal Basin are divided into Late Pleistocene-Early Holocene, Middle Holocene and Upper Holocene. These stratigraphic divisions correspond to the proposed aquifers systems of the Bengal delta. 

Developing standardized composite sections of the above divisions of the Late Pleistocene-Holocene sediments is a great challenge for the geologists working in the GBM delta complex. But with the development of modern dating techniques (C14 and other isotopic) available, we expect that this work can be done in less than a decade. It is important to initiate the work of detailed systematic mapping of these Late Pleistocene-Holocene sediments of the country. 
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