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Preface 

1 have investigated geochemical features of As-contaminated groundwater in 

Bangladesh since my undergraduate year. This study is initiated by the suggestion of 

Prof. Harue Masuda， Os比a-cityUniversity， with a financial support of the grant 

15403017 from the Scientific Research Fund ofthe Japan Society for the Promotion of 

Science. 1 accompanied two field surveys in Bangladesh and performed some chemical 

analyses in Osaka-city University. After completing my BSc， 1 continued this research 

in Institute for Study of the Earth's Interior， Okayama University， for two years under 

supervision by Prof. Minoru Kusakabe. In this period， 1 accompanied one field survey 

in Bangladesh， and performed chemical and isotopic analyses. The results of these 

studies have been reported as my bachelor and master theses. Following these studies， 

this PhD thesis describes developed parts of my continuous research for last three years 

in Hiroshima University supervised by Dr. Yoshio Takahashi. 

In chapter 1， 1 firstly reviewed the background studies dealing with mechanism of 

natural occurrence of As-contaminated groundwater. Because ofthe great environmental 

significance， numerous studies have been conducted， not only by field surveys， but also 

by experimental studies in laboratory. Summarizing ofthese knowledges is necessary to 

converge the controversial issues. Because many superior reviews of 

geochemistry/environmental chemistry on this topic have been published since 2000s， 1 

particularly focused the new important studies to discuss the mechanism of naturally 

occurrence of As-contaminated groundwater in Bengal Basin. 

Chapter 2 entitled "Hydrological and geological background of As-contaminated 

aquifer in Sonargaon， middle east Bangladesh" describes hydrogeochemical 

characteristics of As-contaminated groundwater of the study area: Sonargaon， 

middle-east Bangladesh. Although many data were included in my master's thesis， it 

took a long time to summarize the findings from these data. In 2007， the result of this 

study is summalizingly reported at the intemational conference “Arsenic in 

groundwaters in south-east Asia with emphasis 01 Cambodia and Vietnam" at 

Manchester University.百lismeeting was a greatly meaningful opportunity to join the 

discussion about the advanced researches for the global As contamination. After the 
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meeting， the result of my hydrogeochemical study was published in “'Applied 

Geochemistry". One important result of this study is the finding of spatial variability of 

As concentration in groundwater. This intricate feature gave me another research 

interest. 

Parallel to the study of Chapter 2， another focus of my PhD study was 

establishment of speciation method of Fe and Mn in solid phases because of the 

importance of their secondary minerals controlling As behavior as 1 will emphasize in 

Chapter 1. Despite their relatively high abundances， speciation of Fe and Mn in 

secondly mineral using X-ray absorption spectroscopy has intrinsic analytical difficulザ，

iふ， strong signal interference from unwated primary minerals. In order to overcome this 

issue， 1 evaluated the applicability of surface sensitive X-ray method， namely 

conversion electron yield X-ray absorption fine structure (CEY-XAFS)， using some 

granite having different degree of weathering. 1 succeeded the selective detection of 

secondary Fe and Mn phases forming on the mineral surface using this method. Hence， 

1 applied this method to the sediment collected from As-contaminated aquifer in our 

study area (Chapter 4). Additionally， the availability ofthis new speciation method was 

reported in "Applied GeochemistryぺThedetail ofthis method is described in Chapter 3 

entitled “Developmentof selective speciation method for secondly Fe and Mn species at 

mineral surfaces by conversion electron yield X-ray absorption fine structure". 

The study described in Chapter 4 entitled “Adsorption properties of 

As-contaminated sediment: Implication for the factors controlling large variation of As 

concentration in groundwater" is the most important part of my PhD study. This chapter 

describes the controlling factor of large variation of As concentration in groundwater. 

Firstly， 1 tried speciation of As which has been believed as the key factor controlling 

mobility of As in subsurface environment. 1 succeeded to determine the oxidation sはta瓜te

of As using X-ray absorption spectrosc∞opy，払， and this valuable r悶es叩ul比twas immediately 

reported in the journal 

spatial distribution of As in groundwater， particularly in vertical direction， can not be 

explained solely by the change in oxidation state of As. 1 have seeked another 

controlling factors of the spatial distribution of As， and focused on the 

adsorption-desorption reaction of As in contaminated sediment. Combination of X-ray 
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absorption study and laboratory adsorption experiment gave me a new insight on the 

partitioning of As between sediment and groundwater. 

Summarizing my PhD studies described in Chapters 2・4and common scientific 

issues regarding to the global groundwater contamination of As mentioned in Chapter 1， 

1 would like to discuss several controversial issues about natural occurrence of 

As-contamination in Chapter 5. 

Aside企ommy 1 st authored papers， two papers， Mitamura et al. (2008) and 

Seddique et al. (2008)， give very helpful information to develop my research. Mitamura 

et al. (2008) described geological features of the Sonargaon area based on the survey of 

8 drilling cores. Seddique et al. (2008) described mineralogical characteristics of 

As-contaminated aquifer. 
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Abstract 

1n this thesis， geochemical investigations which aim to clarifシthefonnation process of natural 

occurrence of As-contaminated groundwater in Sonargaon， middle-east Bangladesh訂 eorganized 

into 6 Chapter.τbe overview of background studies (Chapter 1)， hydrogeochemical approach 

(Chapter 2)， speciation approaches (Chapter 3 and Chapter 4)， total discussion (Chapter 5) and 

conclusion (Chapter 6).官民 interrelationshipof each study is summarized in Fig. A-l. 

Background 

1n Chapter 1， background studies dealing with natural occurrence of As-contaminated 

groundwater is overviewed.百lisChapter is classified凶 o也氏eparts: (i) geochemical perspectives 

of As-contamination血 BengalBasin， (ii) basic chemical reactions of As in near surface environment， 

(iii) previous hypo曲目白 for出ecause of As-contamination. The objectives and approaches of the 

PhD studies are summarized in the end ofthis Chapter. 

Hydrogeochemical approach 

1n Chapter 2， geochemical and hydrological features of As contaminated groundwater in 

Sonargaon， middle-eastem Bangladesh are described. Samples of groundwater are collected仕omca.

230ωbe-wells泊 rainyand也γseasons.Arsenic-contaminated groundwater was found in the 

Holocene unconfmed aquifer (5 -30 m) but not in the Pleistocene aquifer (> 60 m). Concentration 

of As is varied fromく1to 1200μダLin Holocene aquifer.百1巴 spatialdis仕ibutionof As 

concentration in groundwater is extremely patchy despite the small sωdy area (3 x 3 km2).百le

aqueous As concen仕ationwas low丘omsurface to 15 m， whereas it becomes high合om15 to 30 m. 

百lisvertical distribution corresponds to出etypical bell-shaped profile which commonly observed 

仕omvarious p訂tsof Bangladesh. Groundwater in the Holocene aquifer gives Ca・Mg-HC03-type 

chemistry. Groundwater with a high degree of As contamination is generally characterized by high 

2-Fe"T and NHt T， whereas N03-and SO{-were low， suggesting that As-contaminated groundwater 

prevails under highly reducing condition.百leresults of H and 0 stable isotope ratios and tritium 

indicated the small scaled circulation of Holocene groundwater with typical residence time being 

く50years. This study r巴vealed白atreducing environment is clearly favored for白eAs mobilization. 

However， the controlling factors of large spatial variation of As concentration is remained as a 

matter. 

Speciation approach 

百四 objectiveof two studies classified into this approach are to clarifシtheunderlying 

mechanisms to fonn (i) bell-shaped depth profile and (ii) patchy spatial dis仕ibutionof As 
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concentration in groundwater， based on白especiation of As and relevant solid phases: Fe and Mn 

oxyhydroxides/oxides. 

In Chapter 3， an experimental study to establish the new analytical method using X-ray 

absorption fme structure 収AFS)is introduced.百lissωdy is aimed to establish the selective 

speciation method of secondly Fe and Mn phases which strongly control the partitioning of As in 

solid-water system. Generally， XAFS measurement targeting to the speciation of Fe or Mn in bulk 

sediment is affected interference by strong signal derived合omunwanted primary minerals， such as 

biotite and homblende. The conversion electron yield XAFS (CEY-XAFS) employed this study 

ref1ects information of the species at sub-micrometer scale合omparticle surface due to limit巴d

escape depth of inelasticAuger electron.百lisfeature is potentially advantageous to the selective 

detection of the signal derived企omminor secondly minerals.百四 surfacesensitivity of this method 

was assessed by the experiments for two samples of granite having different degrees of weathering. 

百leXANES spectra of Fe-K and Mn-K edge gave clearly different information between CEY and 

f1uorescence (FL) modes.百leseXANES spectra of Fe and Mn show a good fit upon application of 

the least-squares fitting using ferrihydrite/Mn02 and biotite出 theend members. The XANES 

spec位acollected by CEY mod巴providedmore selective information on the secondary phases which 

are probably present at mineral surfaces. This study demonstrated that combination of CEY and 

FL-XAFS will help to identi命impo巾 ntminor phases that form at the mineral suぽaces.

In Chapter 4，出efactors controlling血e1紅gespatial variation of As・contaminatedgroundwater 

is focused. We hypothesized that the concentration of As in household well waters紅巳 controlledby 

an adsorption-desorption equilibrium between sediment and groundwater. To veri命thehypothesis， 

two factors are focused upon in this study: (i) speciation of As and Fe in the solid phase， and (ii) the 

adsorption prop出 iesof As(III) and As(V) to sediment.百leoxidation states of As and Fe in the 

sediments as determined by FL-and CEY-XANES showed a distinct redox boundary below 5 m 

合omthe ground surface， whereas the peak of dissolved As is observed below 15 m.百leapparent 

distribution coefficient (Kd = Csolid/C叫 ltion)of As(V) is always larger than白紙 ofAs(III) at all the 

dep出s.A simulated concen甘ationsof As in the groundwater obtained by multiplying th巴amountof 

exchangeable As (extracted by 0.1 M P04
3・solution)and Kdー1with considering the oxidation state of 

As is consistent with depth profile of As in groundwater. This suggests that the concentration of 

dissolved As is strongly controlled by an adsorption-desorption equilibrium between sediment and 

groundwater. Variation in Kd is con回 lledby the amount of Fe oxyhydroxides for As(V)， whereas 

surface area is important for As(III).百lediscrepancy between the depth of the redox boundary and 

the peak of dissolved As is at仕ibutedto出edifference in abundance of exchangeable As (mass 

effect) rather出anto a variation of Kd(partition effect). Using these two effects，出emechanism to 
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fonn great variation in aqueous As concentration in groundwater can be quantitatively evaluated. 

Conclusion 

百lemost important fmding throughout the PhD studies are that aqueous As concentration 

in groundwater is consistent wi出 adsorption-desorptionequilibrium. This conclusion indicated that 

relative contribution of two factors:“mass effect" and “partition effect"， must be clarified to discuss 

出espatial variation of As concentration. Speciation of As and Fe is the key approach to quanti命the

relative contribution of these effects. Through this study， factors controlling large spatial variation of 

aqueous As concen凶 tionin groundwater are much better understood. 
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Chapter 1 

A review of As-contamination in groundwater 

1. Chapter introduction 

Degradation of groundwater quality has attracted worldwide attention particularly 

because of increasing dependence on groundwater as a source of water securing for the 

quality of life. Being different from surface wate巳remediationof polluted groundwater 

is quite difficult. ln many developing countries， the groundwater problem is particularly 

serious due to the difficulザ toconstruct the centralized water supply system by 

economlc reasons. 

Among various inorganic contaminants， As is recently focused because of its high 

toxicity and complex geochemical behavior. Arsenic poisoning associating with the 

consumption of local groundwater and the consequent serious health ailment have been 

reported from various parts of the world， particularly from Asian countries since late 

1980's， e.g. Bangladesh， and West Bengal in lndia (Garai et al.， 1984; Chakraborty and 

Saha， 1987; Nickson et al.， 1998; Chowdhury et al.， 1999; Acharyya et al.， 2000; 

Harvey et al.， 2002; van Geen et al.， 2003)， China (Smedley et al.， 2003; Gong et al.， 

2006; Guo et al.， 2008)， Taiwan (Chen et al.， 1994; Lin et al.， 2006; Wang et al.， 2007; 

Nath et al.， 2008b)， Pakistan (Nickson et al.， 2005; Farooqi et al.， 2007a， 2007b)， Nepal 

(Gurung et al.， 2005， 2007)， Cambodia (Polya et al.， 2005; Rowland et al.， 2005， 2007， 

2008; Buschmann et al.， 2007) and Vietnam (Berg et al.， 2001; Agusa et al.， 2006; 

Postma et al.， 2007). Despite such a serious situation， the cause of this global pollution 

is unclear at present due to the lack of any clear sources of As around the polluted 

region. Although it is generally believed that As in groundwater is geogenic， the 

mechanism to form As rich groundwater is still extensively debating. 

The most serious As-contamination has been repoはedfrom Bangladesh and West 

Bengal since 1980s. ln Bangladesh， surface water used to be the main source of 

drinking water before 1940s. However， surface water sources in Bangladesh have been 

contaminated with microorganisms， causing a disease and mortality. lnfants and 

children suffered from serious gastrointestinal disease resulting from bacterial 



contamination of stagnant pond water (Smith et al.， 2000). In the 1970's， intemational 

organizations such as UNICEF and nongovemmental organization (NGOs) initially set 

the example by installing and promoting the use of tube wells in order to avoid 

microbial pathogens found in surface waters. In 1980s， the vast majority oftube wells in 

Bangladesh were installed privately by individual households with the recommendation 

ofthe govemment ofBangladesh (van Geen et al.， 2002). At present， ca. 97% ofpeople 

living in Bangladesh rely on the groundwater as the source of drinking water (Yu et al.， 

2003). This switching strategy of drinking water was initially succeeded， and patients of 

gastroenteritis drastically decreased. However， extensive use of groundwater brought 

the other serious problem. In the mid-1980s， the initial discovery of arsenicosis were 

attributed to the drinking of elevated As groundwater in West Bengal， India 

(Chakraborty and Saha， 1987). Unfortunately， As was not listed as an items which was 

routinely analyzed to check the water quality. Hence， extremely serious situation of 

As-contamination had been overIooked until 1990s. It is now recognized that the 

a宜民tedarea in Bangladesh is vast. Approximately 46 % of wells in Bangladesh have 

As in excess of the drinking standard recommended by WHO (World Health 

Organization， 2004; As > 10μglL)， and 27% contain more than the national standard of 

Bangladesh (As >50μglL) (BGS & DPHE， 2001). 

The observed health effects of exposure to groundwater As are skin abnormalities 

and lesions: typically pigmentation changes (e.g.， hyperpigmentation) on the upper 

chest， arms and legs， and keratoses of the palms and soles. Long-term exposure can 

result in skin cancer and in various types of intemal cancer， predominantly cancer ofthe 

lung， bladder， and Iiver (Smith et al.， 2000; Karim， 2000; Yu et al.， 2003). Yu et al. 

(2003) predicted that long-term exposure to present As concentrations will result in 

approximately 1，200，000 cases of hyperpigmentation， 600，000 cases of keratosis， 

125，000 cases ofskin cance巳and3000 fatalities per year from intemal cancers based on 

the statistical analysis using the comprehensive dataset of regional distribution of 

As-contaminated groundwater (BGS and DPHE， 2001) and dose response functions 

(Mazumder et al.， 1998). 

It is generally agreed that the As is geogenic， originated from the sediments from 

the upland Himalayan catchments (e.g.， McArthur et al.， 2001; Nickson et al.， 2000; 
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Harvey et al.， 2002). These studies also indicated that the aquifers in Bangladesh do not 

contain high levels of solid As， and the prevailing of certain chemical condition， which 

is favorable to mobiIize As， is rather important to lead to anomalously high As in 

groundwater. However， the specific geologic， hydrologic， and geochemical conditions to 

form As-contaminated groundwater are still unclear. 

In order to clari命 themechanism of natural occurrence of As-contaminated 

groundwater， background for the geochemical behavior of As in near surface 

environment is needed.官官 aimof this review chapter is to strengthen the existing 

knowledge about the geochemical characteristics of As-contaminated groundwater， 

basic chemistry of As， and various hypothesis about formation process of 

As-contaminated groundwater. This chapter is divided into 3 parts. In the first part 

(section 2 to 6)， a distribution and circulation of As in Bengal Basin is briefly reviewed， 

then the common geochemical features of As-contaminated groundwater are described. 

In the second part (section 7 to 10)， laboratory studies and theoretical modeling which 

focus basic reaction of As in water-rock system are reviewed. Because numerous 

laboratory and modeling studies have conducted since 1990s， 1 highlighted a variety of 

new report since 2000. In the third part (section 11 to 13)， some hypotheses of the 

mechanism of natural occurrence of As in groundwater are introduced to clariぢthe

controversial point of this global problem. 1 did not mention the studies focusing on the 

mitigation strategy， and human health effect， although these studies have also been 

emphasized as well as mechanism of the contamination. Finally， 1 would like to pick up 

some commonly discussed issues， and introduce the approaches of my PhD studies. 

Part 1: Geochemical perspective of As・contaminationin Bengal Basin 

2. Distribution 01 As-contaminated groundwater in Bengal Basin 

After 1990s， many hydrogeochemical surveys have been performed to investigate 

the distribution of As-contaminated groundwater.百lebiggest survey was initiated by 

British Geological Survey and Department of Public Health and Engeneering for entire 

part of Bangladesh. In this survey， groundwaters had been collected合omca. 3500 

house hold tube-wells from 1998 to 1999 (BGS and DPHE， 2001).百1Issurvey gives 
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clear regional distribution of As-contaminated groundwater (Fig.lー1).The highest 

concentration is observed in the south and south-east and the lowest concentrations in 

the north and north-west. Comparison of regional variation of As-contaminated 

groundwater and geology of Bengal Basin (Fig. 1-2)， low-As groundwater is clearly 

linked to the relatively oxic， uplifted Pleistocene aquifers， whereas high groundwater As 

concentrations is in reducing Holocene aquifers. The BGS study has shown that water 

from shallow aquifers with recent alluvial sediments carries distinctly higher As than 

the groundwater from deeper aquifers with pre・Holocenesediments: only 1 % of wells 

in the depth range of 150-200 m have aqueous As above 50μglL (0.7 mM; BGS and 

DPHE， 2001). The BGS study reveals relationships between the occurrence of aqueous 

As， the geology， geomorphology and hydrogeology of the area， as well as land and 

water use. These observations demonstrate that As concentrations in groundwater are 

controlled by a complex processes. 

Although the extent is smaller than Bangladesh， serious contamination is also 

問 po巾 dfrom West Bengal， lndia.百leextent of As-contaminated region has been 

updated， not only in the West Bengal， but also other provinces， e.g.， Bihar (Chakraborty 

et al.， 2003)， Uttar Pladesh (Ahamed et al.， 2006). Many surveys have performed by the 

group of Jadavpur University， lndia， headed by Dr. Chakraborti who has been greatly 

contributed to inform the serious As-contamination in West Bengal and Bangladesh to 

the world since 1980s. The map ofthe distribution of As-contaminated groundwater can 

be found from following web site (htto:/ /www.soesiu.or!!(). 

3. Geological and hydrological settings of Bengal Basin 

Tectonic processes have played a major role in the development of the 

Ganges-Brahmaputra-Meghna (GBM) delta system. The Bengal Basin， at the junction 

of the Tibetan， lndian and Burmese continental plate， formed after the separation of the 

lndian plate丘omthe southem continent of Gondwana (Curray and Moore， 1974). 

lnitially， marine sediments were deposited within the basin during Cretaceous times. 

During the Eocene， the lndian Plate collided with the Burmese Plate， and sediments 

eroded from the uplifted Burmese Hills were deposited within the basin. The lndian 

Plate further collided with the Tibetan and Burmese Plates during Miocene times， 
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causing a large inf1ux of sediment into the basin south of the Himalayas and west of the 

Burmese Hills. 

Quartemary sediments of the GBM system were deposited in two 

geomorphologically distinct environments to the north and to the south of the Ganges 

and lower Meghna rivers. To the north， continental f1uviatile sediments were deposited 

within mountain front fan deltas and f100d plains of the major rivers (Fig. 1-2). To the 

south， thinly bedded alluvial sediments were deposited within an estuarine delta 

envlronment. 

During the Quartemary， pattems of river incision and sediment deposition in the 

GBM system were mainly controlled by climatic change and sea-Ievel oscillations 

related to periods of glaciation (Umitsu， 1993). Sediments derived from erosion of the 

Himalayas and the Indo-Burman Hills were deposited in this area by major river 

systems. Changes in the courses of the Brahmaputra， Tista， Ganges and other rivers of 

the GBM system have been caused by tectonic activity. The main geomorphorogy and 

near surface geology ofthe Bengal Basin can be classified as following (see Fig. 1-2). 

(i) Mountain仕ontfan deltas ofthe Tista and Brahmaputra. 

(ii) Fluvial f100dplains ofthe Ganges， Brahmaputra， Tista and Meghna rivers. 

(iii) 百ledelta plain of the lower GBM system south of the Ganges-Meghna 

vaUeys， including the moribund Ganges delta and the Chadina Plain. 

(iv) Pleistocene terraces of the Barind and Madhupur Tracts and associated 

fault systems. 

(v) Subsiding basins within the eastem Ganges tidal delta and Sylhet basin 

adjacent to the Dauki Fault. 

The large amounts of detrital are annually transported from Himalaya to 

Ganges-Brahmaputra rivers (GBR). The drainage area of the GBR is -2x106 km2 

但oleman，1968; Coleman， 1969)， and its f100dplain in Bangladesh and India is 

estimated to be 2.5 x 105 km2 (modified from Morgan and McIntire， 1959).百四

discharge of the GBR to the Bay of Bengal varies considerably over the year; 

Subramanian (1979) reported a total yearly discharge of 1.0土 0.1x 1012 m3
• 

The Ganges River f10ws through highly weathered sediments， resulting in a heavy 
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clay load， whereas the Brahmaputra River drains very young and unweathered 

sedimentary rocks， producing a silty and sandy bedload (Coleman， 1969). Galy and 

France-Lanord (2001) repo此edthat the GBR sediment load is composed of quartz， clays， 

primary micas， and.carbonates. Within the GBR floodplain， the Bengal Basin consists of 

mostly quatemary deltaic sediments of the GBR and the alluvial deposits from the 

weathering ofthe Himalayas. 

The hydrology of the Bengal Basin is complex because of the complicated 

interfingerings of coarse and fine-grained sediments from the numerous regressions and 

transgressions. Silts and sands dominate the upper valley deposits， whereas in the lower 

delta， there are silts， clays， and peats (Coleman，1969). Figure 3 indicates the geological 

sections derived from the boreholes data by the study of BGS & DPHE (2001). At the 

northem end of the section， subsidence occurs along the Himalayan Main Boundary 

Fault， accommodating a wedge of coarse sediments deposited as course grained sand. 

百lIslayer becomes thinner to the south of the Rangpur Saddle uplift zone. Within this 

zone， there has been incision of the main Brahmaputra valley along which basal 

fan・delta sediments were deposited between uplifted Pleistocene Tracts. 百lese

coarse-grained sediments become thinner and pinch out south of the Hinge Zone and 

pass laterally into sandy deltaic deposits within the subsiding Faridpur Trough. Several 

fining-upward sequences have been deposited on the Faridpur Trough during a 

glacial/interglacial cycle. In the coastal zone， this sandstones and silts contains saline 

water above fresh water in a series of discrete aquifers. Away from the coastal zone of 

saline intrusion， these aquifers tend to form a single body offresh water (Fig. 1-3). 

4. Source 01 As 

百lereare several hypothesis about the primary source and origin of As. 

General1y， As-contaminated groundwater occurs in the Holocene basins developed 

along the large river， such as Ganges， Brahmaputra， Megkong， and Indus rivers (Berg et 

al.， 2001; Polya et al.， 2005; Nickson et al.， 2005). Because most of these rivers 

originated from Himalaya， many researchers believe that the source material of As is 

derived from certain rocks in Himalaya. 

Although various minerals have been proposed as a source， one important solid is 
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sulfides， because (i) some sulfide potentially can contain high concentration of As， and 

(ii) sulfide is easily weathered under oxic environment. Acharyya et al. (1999) 

suggested some possible origin of As in GBM delta as following by summarizing 

previous researches: (i) the Gondwana coal seams in Rajmahal basin contain up to 200 

mg/kg of As (the overlying basaltic volcanics are not enriched in As)， (ii) the As mineral 

lollingite and pyrite， which occur sporadically in association with pegmatites in the 

mica-belt of Bihar， have an As content in mineralized rocks that ranges from 0.12 to 

0.018%， (iii) pyrite-bearing shale from the Proterozoic Vindhyan range， with its 

Amjhore mine， contains 0.26% As， (iv) the gold belt ofthe Son Valley has an As content 

in the bedrock that locally reaches 2.8% to 1000 mglkg， (v) isolated outcrops of sulfides 

contain up to 0.8% As in the Darjeeling Himalayas， and (vi) in outcrops in the upper 

reaches ofthe Ganges River system. 

Possible sources other than sulfide have also been proposed. Guillot and Charlet 

(2007) proposed that the Indus-Tsangpo suture zone dominated by arc-related rocks and 

more particularly by large volume of serpentinites enriched in arsenic could be one of 

the primary source of arsenic. Seddique etα1. (2008) found that biotite buried in 

Holocene aquifer contains relatively high concentration of As (up to up to 49 mglkg). 

They suggested that primary source of As is biotite， and weathering of this mineral can 

be the principal cause of As-contamination. 

Although it is no wonder that to speci命 thesource mineral of As around the 

Himalaya is important to prove that As is ultimately derived from Himalayan rocks， 

estimation of the flux of As合omHimalaya to Bengal delta through the large river flow 

should firstly be evaluated. Concentrations of As as dissolved and particulate forms in 

river have been poorly reported despite great importance of this estimation. Stummeyer 

et al. (2002) reported the concentration of various trace elements in particulate matters 

collected仕omoff-shore of the Bay of Bengal， and assessed their chemical forms using 

selective chemical extraction. The average concentration of As in particulate matter was 

15士 1.5mglkg， and >90% of As was the constituent of chemically recalcitrant phases， 

such as crystalline Fe oxides and silicates.百lisAs concentration is higher than the 

average value in world rivers (ca. 5 mglkg， Martin and Meybeck， 1979). Because 

Stummeyer et al. (2002) was conducted during dry season， similar study in rainy season 
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is needed to estimate the annual flux of As from Himalaya to GBM delta. Sampling of 

particulate matters should also be conducted from inland regions because greatIy 

different water composition between river and estuary waters must differentiate the 

speciation of As. A research group of Hiroshima University including me recentIy 

conducted a comprehensive sampling of particulate matter along the Ganges river 

during rainy season. Speciation of As in these samples will be important to discuss the 

flux of As from Himalaya to GBM delta. 

Although the ultimate source of As is almost universally believed to be Himalayan 

source， seawater was also proposed as the ultimate source because of the precipitation 

of the iron oxides and organic matter due to transgression/regression cycle during the 

Terminal Pleistocene-Holocene (Chatterjee et al.， 2005). This hypothesis is consistent 

with the increase ofAs-contamination toward the coastal region. Additionally， they 

pointed out that the lower As content of bed load sediment samples from Ganga (1.2 to 

2.6 mg/kg)， Brahmaputra (1.4 to 5.9 mg/kg) and Meghna (1.3 to 5.6 mg/kg) than from 

BDP bore hole samples (-8 to 18 mg/kg， Datta and Subramanian 1998) is inconsistent 

with inland source hypothesis. Although geochemical data supporting marine origin 

hypothesis is still poo巳itis valuable hypothesis to be tested. 

5. 命。tialand temporal variations 01 As in groundwater 

5.1.争atialvariation 

Recent intensive studies at various areas in Bangladesh and West Bengal have 

revealed that spatial distribution of As-contaminated groundwater is far more complex 

in 10caIized scale relative to the global trend of As distribution in national scale. Van 

Geen et al. (2003) measured As concentration in groundwater pumped from 6000 wells 

within a 25 km2 area of Araihazar upazilla， Narayanganj district， middle east 

Bangladesh. The range of concentration was く5to 900μg/L in the study area. The 

proportion of wells that exceed the Bangladesh standard for drinking water of 50μglL 

As increases with depth from 25% between 8 and 10 m to 75% between 15 and 30 m， 

then declines gradually to less than 10% at 90 m. Some villages within the study area do 

not have a single well that meets the standard， while others have wells that are nearly all 

acceptable. This contrastive distribution is， at least in part， related to the age of the 
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sediments. Holocene (く10ka) alluvial and deltaic deposits generally contain 

groundwater elevated in As; while concentrations are rarely elevated in older 

Pleistocene sediments (<40 ka). They suggested that this is indicated by the very high 

fraction (99%) of wells deeper than 150 m containing >50μglL As (Department of 

Public Health Engineering (DPHE)， Mott MacDonald Ltd (1品1D)，and British 

Geological Survey (BGS) (DPHEIMMDIBGS)， 1999). Even shallow tube wells that 

reach these older deposits in uplifted terraces (e.g. Barind and Madhupur tracts) yield 

groundwater that is systematically low in As. 

Similar feature was also reported from other researchers. Mitamura et al. (2008) 

reported the complex spatial variation of groundwater from ca. 230 wells within a 10 

km2 area of Sonargaon upazilla， Narayanganj district. The range of dissolved As 

concentrations are varied from <1 to 1200μgIL in Holocene aquifer， whereas that are 

<4.3μglL iI1 Pleistocene aquifer. To clari骨 thefactor controlling this contrast is of 

primarily importance to seek the most effective mitigation strategy. This result is also 

reported in detail in Chapter 2 of this thesis. 

Vertical distribution of As concentration is also investigated at various regions. 

One of the most important features of As concentrations is distinct change between 

shallow and deep wells. BGS and DPHE (2001) reported that wells deeper than 

150-200 m show a sharp reduction in average As concentration， whereas contamination 

is significant in shallow wells with maximum concentration being found in the 15-30 m. 

This “bell-shape" profile is most clearly visualized by the report of BGS and DPHE 

(2001)， and is commonly observed among intensive study areas， e.g.， Araihazar (van 

Geen et al.， 2003)， Sonargaon (Mitamura et al.， 2008)， and Munshiganji (Harvey et al.， 

2002). To clari命theformation process of this distinct profile is important to reveal the 

mechanism of natural occurrence of As-contaminated groundwater. 1 would like to 

further discuss about the formation process ofthe“bell-shape" profile in Chapter 4. 

5.2. Temporal variation 

Temporal variation of As concentration is very important information to predict 

the change in scale of global contamination with time. However， there is a paucity of 

systematic information about the variation of As concentration with time. Recent 
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discussion among Cheng et al. (2005， 2006)， Ravenscroft et al. (2006)， and Sengupta et 

al. (2006) on the joumal ofEnvironmental Science & Technology focused on the degree 

of temporal variation of As in groundwater. Cheng et al. (2005) reported a limited 

temporal variation within 15% at Araihazar， based on the continuous monitoring of As 

in ten shallow wells above 20 m over three years， although two of the shallowest wells 

about 8 m deep showed a significant seasonal variation of21-63%. They concluded that 

groundwater As concentrations typically do not vary over time. However， Ravenscroft 

et α1. (2006) and Sengupta et al. (2006) cast some doubt for this conclusion， particularly 

for the generalization of limited temporal variation for entire part of Bangladesh. They 

proposed several cases showing the change in As concentration with time， and argued 

that limited temporal variation of As concentration can not be generalized. Cheng et al. 

(2006) summarized the available monitoring data as much as possible in the response to 

comments (Table 1ー 1).Although As level changes with time in some places and not in 

other places， one important point is to compare the credible data only. 

There are several reports of significant changes in As concentrations in 

groundwater over time. A striking example was the case of a highly-contaminated 

private well ofunreported depth at Ramnagar in West Bengal， lndia， that was monitored 

biweekly between July 1992 and June 1993 and showed occasional variations of -30% 

around an average of -2700問止 (Chatterjeeet al.， 1995). The same group observed a 

long term rise in groundwater As concentration in a number of private wells in 23 

villages out of 100 villages of West Bengal where initially water with low As (く50

陀 IL)exceeded 50 陀 ILover time， although the data were not reported (Chakraborti et 

al.， 2002). There is more convincing evidence that As concentration declined between 

September to December， 1999， and during May 2000 in many ofthe 68 wells sampled 

twice in four districts ofthe Red River delta， Vietnam (Berg et al.， 2001). 

6. Chemical features of As-contaminated aquifer 

The typical chemical features of the high-As groundwaters of the Bengal Basin 

are high Fe， Mn， HC03-， NH/， and often pol・， and low cr， sol・， N03-and F， with a 

typical range of pH企om6.5 to 8.0. Such reducing features are consistent with the 

commonly low redox potential (Ehく100mV; BGS and DPHE， 2001). Typical range of 
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Fe， Mn， HC03-， NRt + and pol・are>0.2 mg江， >0.5 mg!L， >500 mg!L， 1 mg!L and 

>0.5 mg!L， respectively. However， the correlations between As and redox sensitive 

elements are usually not good. One commonly observed relationship is a negative 

correlation between As and sol・ concentrations(e.g.， BGS and DPHE， 2001; Ahmed et 

al.， 2004;恥1cArthuret al.， 2004; Itai et al.， 2008b). This anticorrelation suggests that As 

mobilization occurs under the most strongly reducing conditions， coincident with sol・

reduction. Some of the groundwaters of Bangladesh are su伍cientlyreducing to 

generate CRt (Harvey et al.， 2002). In contrast to the As-rich aquifer， As丘eedeeper 

aquifers generally show Na・HC03type chemistry， with relatively little dissolved NRt+， 

Fe， and乱1n(Zheng et al.， 2005; Itai et al.， 2008b; Chapter 2 of this thesis) suggesting 

the oxic nature ofthis aquifer. 

Saturation states of several secondary minerals are calculated by various research 

groups. Generally， As-contaminated groundwater is often equilibrated with calcite and 

dolomite. Because of reducing nature， some groundwater saturated with siderite 

(FeC03) and vivianite (Fe3(P04)2・8H20)(Ahmed et al.， 2004; McArthur et al.， 2004; 

Itai et al.， 2008b; Chapter 3 ofthis thesis). 

The sediments collected from As-contaminated aquifers in the Bengal Basin 

typically have total As concentrations in the range fromく2to 20 mg/kg. Permeable 

layers consisting of sandy sediments generally have Asく10mglkg. This is not 

exceptional by reported world-average values: 1.5 -5.7 mglkg (Taylor and McLennan， 

1995; Gao et al.， 1998; Rudnick and Gao， 2003; Hu et α1.， 2008). These sediments are 

derived from the drainage systems of 3 major rivers (Ganges， Brahmaputra， and 

Meghna) which are originated from a wide area of the Himalaya. Therefore， it is 

commonly believed that the majority of As in. the Bengal Basin sediments is derived 

from specific mineralized areas in the source region in the Himalaya. 

The mineralogy ofHolocene sediments is Generally dominated by quartz， feldspar， 

mica， chlorite and amphibole (BGS and DPHE， 2001; Akai et al.， 2004). The clays are 

dominated by a smectite-illite-chlorite clay mineral assemblage with minor amounts of 

kaolinite and contain variable amounts of fine grained calcite. The sediments contain 

variable amounts of organic matte巳oftenless than 0.5%， although concentrations are 

sometimes much greater due to presence ofpeat horizon (BGS & DPHE， 2001). 
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スやeciation01 As的 contaminatedaquifer 

Speciation of As is a basic information to understand the chemical behavior of As 

in natural environment. Arsenic can take various species in near surface environment， 

and show different chemical behavior depending on the speciation. Some results of the 

speciation analysis are brief1y introduced here with analytical method and cautions for 

inte叩retation.

Speciation of certain element in solution can be estimated by the thermodynamic 

calculation if the solution composition is known. In the case of As， concentrations of 

both As(III) and As(V) must be individually determined. Species specific anal戸ical

method has been extensively developed. 百lemost commonly used speciation 

techniques are combination of chromatographic separation with spectrometric detection. 

Among them， HPLC combined with ICP-AESIMS is the most widely used speciation 

method for organic and inorganic As species (Gong et al.， 2002). Hydride generation 

(HG) technique is another useful choice. HG coupled with atomic absorption (AAS)， 

atomic emission， atomic f1uorescence， and mass spectrometry (MS) have applied for the 

determination and speciation oftrace levels of As. Because these methods are quite well 

established， the point of geochemically meaningful speciation analysis for natural 

sample is preservation method of As speciation after sampling rather than the choice of 

the analytical methods. On site separation using anion exchange column is the best way 

to avoid alteration after sampling. Alternatively， anodic or cathodic voltammetries (ASV 

and CSV) are a potential on site analytical method (Hung et al.， 2004 and reference 

therein). Even if these methods are difficult to be applied， suitable preservation 

procedures of aqueous As species are proposed form various researchers (Table 1-2). 

However， it seems that there is no universally agreed way. Optimum filtration 

immediately after the sampling followed by the addition of some acids with some 

complexing agent is a general procedure. A method proposed by Gault et al. (2005b) 

assuming the nearest composition of As-contaminated groundwater in Bengal Basin， 

recommended that simple acidification by hydrochloric acid is the best way to preserve 

oxidation state of As for Fe rich reducing groundwater. 

Here， most reliable speciation results obtained by on-site separation using anion 
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exchange kit or on-site voltammetric analysis are highlighted. Bhattacharya et al. (2002) 

reported base on ground water chemistry from 9 districts {Rajshahi， Ishwardi， Meherpur， 

Faridpur， Munshiganj， Magura， Brahman Baria Sadar， Satkhira， and Laksmipur (Fig. 

1-4)}， that As(III) is the dominant species representing about 67 to 99% of total As. 

Zheng et al. (2004) collected the water sample from 6 sampling sites (Sripur， Dhaka， 

Araihazar， Sonargaon， Ramganj， and Senbag) and reported that fraction of As (III) was 

mostly 50 to 90 %. Swartz et al. (2004) collected water samples from various depths at 

their field site in Munshiganji district， and reported that 80 to 97% is As(III) where 

aqueous As concentration is more than 100μgIL (18 to 61 m)， whereas fractions of 

As(III) were 35 to 90% where aqueous As is less than 100μglL (く18m and >61 m). van 

Geen et al. (2006b) employed CSV to determine the As(III)/ As(V)， and reported出at

total dissolved As concentrations measured by high resolution (HR) ICP-MS was very 

good agreed with dissolved As(III) concentrations measured by CSV over the entire 

range of concentrations (up to -600μglL). All reports indicated that As(III) is the 

dominant species in As contaminated groundwater. 

Speciation of As in sediment is generally more difficult than that of solution due 

to the variability of host phase of As in sediment. Additionally， the As concentrations in 

sediments are generally too low to apply the spectroscopic techniques such as XAFS. 

Hence， selective chemical extraction techniques have been most widely used. 

Despite the well-known defects of selective chemical extractions， e.g.， 

re-adsorption， poor reproducibility， and lack of selectivity， many workers have 

developed both single and sequential extraction chemical procedures for As in soils and 

sediments (e.g.， van Herreweghe et al.， 2003; Hudson-Edward et al.， 2004; Jung et al.， 

2006). There is no universally agreed standard method for single or sequential 

extractions of As in sediments， and various methods have been applied to the sediment 

企omBengal Basin (Table 1-3). 

The results of these extraction studies show large variation. Some researchers 

reported that amorphous Fe-oxyhydroxide fraction is the major host phase of As (e.g， 

BGS & DPHE， 2001; Akai et al.， 2004; Nath et al.， 2008a)， whereas some reported that 

contribution of As in residual phase is high (e.g.， Anawar et al.， 2003; Swartz et al.， 

2004; Seddique et al.， 2008). When discuss the water-rock interaction in relatively short 
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time scale (day to week order)， only concentrations of As in labile phases (e.g.， 

exchangeable， amorphous Fe oxyhydroxide) are important. However， in a long time 

scale (>10 years)， As in residual phase (e.g.， crystalline oxides， sulfides and silicates) 

can release and move to laible phases. To identi命thehost of As in the residual phase is 

an important issue for the speciation of As in solid phase. This issue is白rtherdiscussed 

in Chapter 5. 

XAFS is the superior speciation method in terms of its non-destructivity. 

Generally low concentration of As in sediment disables us to directly determine the host 

phase by EXAFS， whereas some studies applied XANES to determine the oxidation 

state of As (Takahashi et al.， 2003; Smith et al.， 2005). Itai et al. (2006， and Chapter 4 in 

this thesis) determined depth profile of oxidation state of As in cored sediment using 

XAFS， and revealed that As in sediment is mostly arsenate and arsenite. Arsenate is 

dominant near the surface， while arsenite is dominant in the depth where high As 

groundwater is prevailing. Redox boundary between arsenate and arsenite exists around 

the depth ofwater table. Polizzotto et al. (2005， 2006) reported similar results based on 

the ~-XANES technique for the soil. They also found the presence of micro-meter 

ordered As-bearing sulfide from Holocene aquifer. Lowers et al. (2007) also proposed 

that authigenic framboidal and massive pyrite (median values 1500 and 3200 mg/kg As， 

respectively)， is the principal host phase of As in sediments collected企omRajoir and 

Srirampur districts. 

Part 11: Basic reactions of As in near surface environment 

: Laboratory experiment and modeling studies 

In this part， basic chemical reactions controlling mobility of As in natural aquifer 

are introduced based on the recently published laboratory based studies. Despite the 

wealth of recent studies， there remain considerable gaps between fundamental aspects of 

As chemistry and behavior of As in natural system. 1 classified numerous studies into 

three groups. First group investigates the molecular structure of As in solution， solid 

phase， and solid-solution interface. These studies mainly apply the spectroscopic 

methods， particularly infrared， X-ray absorption， and X-ray photoelectron spectroscopy 

to investigate the molecular structure. Another main approach is quantum calculation. 

14 



Although this type of study is very important to determine the chemical reaction 

occurring in nature， 1 do not focus this approach in this thesis， and some fundamental 

structural information is included in the next section. Second group investigates the 

solid-water interactions， such as precipitation-dissolution， adsorption-deso叩tion，and 

coprecipitation in simple system. Simple batch experiments are most common approach. 

Development of surface complexation modeling is also classified into this group. 

Adsorption experiments and possible effect on ionic competition are particularly 

focused. Although there are other important reactions， i.e.， surface precipitation and 

coprecipitation， 1 do not mention in this thesis. The third group is conducted under most 

complex system. The studies using contaminated sediment are classified into this group， 

e.g.， incubation experiment and adsorption experiment. Before highlight the new 

experimental result， basic chemistry of As in low temperature environment is introduced 

in next section. 

8. Fundamental aspects 01 geochemical behavior 01 As的 nearsuゆce

environment 

8.1 Aqueous chemistry 

Speciation of dissolved As is important to determine the extent of reaction with 

the solid phase， and hence the mobility of As in groundwater. Because of the high ionic 

potential of As(III) and As(V)， these are dissolved as various oxyanions. Under 

oxidizing conditions， H2As04 is dominant at low pH (less than about pH 6.9)， whereas 

at higher pH， HAsOl・becomesdominant. Under reducing conditions at pH less than 

about pH 9.2， the uncharged arsenite species H3As03
o will predominate (Fig. 1-5). 

Although inorganic As is likely dominant in most groundwater， some organic As， such 

as dimethylarsenic acid (DMAA; (CH3)2AsO(OH)) and monometylarsonic acid 

例MAA;CH3AsO(OH)2) can form after catalyzed by microbial activities (Smedley and 

Kinniburgh， 2002; O'Day et al.， 2006). 

The molecular structure of aqueous As has been investigated by vibration 

spectroscopy (e.g.， Myneni et al.， 1998) and quan加mcalculation (e.g.， Tossel， 1997). 

The tetrahedral structure of arsenate is similar to the phosphate. The first coordination 
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sphere is composed of 4 oxygen atoms forming a pyramid， and the symmetry of the 

molecule is affected by the protonation， hydration， and metal complexation (Fig. 1-6). 

Structure of aquo-complex of arsenite is rather asymmetric. The first coordination 

sphere ofarsenite is composed of3 oxygen atoms forming a pyramid (Fig. 1-6). 

Complexation of arsenate and arsenite with various metals are generally limited in 

surface and groundwater. Only some water having high salinity， however， 

metal-arsenate (or arsenite) complex can be important. Marini and Accomero (2007) 

re-investigated standard thermodynamic properties of arsenate and arsenite using 

revised Helgeson-Kirkham-Flowers (HKF) equations， and evaluated stability constants 

with various metals. Using the data， they ca1culated speciation of As in seawater. Main 

species of dissolved arsenate is the NaAsOl・(55%oftotal dissolved arsenate) aqueous 

complex followed by HAsOl・(14%)，MgAs04・(14%)，MgHAs04
0 (9%)， with minor 

contributions ofNaHAs04・， CaAs04-，CaHAs04
o， and KAsOl-. 

Thioarsenic species are recently wel1 investigated to clariかthebehavior of As 

under sulfate reducing condition. There has been some debate about the identity of the 

aqueous As species in sulfidic solution. Previously， it has been be1ieved that thioanions 

produced at saturation with AS2S3 were best represented as trimers: HxAsIII3S/・3(x = 

1-3)， and monometric thioanions (HxAsIIIS3n-3， HxAs
IIIS2

n・3)would be more likely for 

solutions undersaturated with AS2S3 (Heltz et α1.， 1995). However， Heltz and Tossell 

(2008) recently argued that the chemistry of As in sulfidic waters is much more complex 

than those previously believed， and suggested that all earlier thermodynamic data on 

stabilities of As thioanions require revision. Following this situation， molecular 

structure is intensively studied by molecular qu如何m ca1culation (Tossell and 

Zimmermann， 2008) and XAFS (Beak et al. 2008). 

Formation of As(III)-carbonate complex has been proposed by Kim et al. (2000) 

and Lee and Nriagu (2003). Kim et al. (2000) suggested that (AsC03t， AS(C03)2・， and 

As(OHhC03-might be the most stable inorganic As species in the aquatic environment. 

They suggested the several facts as the evidence of As(III)・carbonatecomplex: (a) high 

concentrations ofHC03-(0.02 to 0.6 M) promote leaching of As from aquifer materials 

(this is also mentioned by Anawar et al.， 2004， using sediment collected from 

Bangladesh)， (b) ion exchange chromatograms of solutions containing CO2 saturated 
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arsenite show anomalous features compared to solutions containing only arsenite， (c) 

extrapolation of stability constants for lanthanide carbonate complexes vs. ionic radius 

suggests th瓜 carbonatecomplexes of As3+ would have large stability constants and (d) 

formation of extremely stable As(III)・carbonatecomplexes can explain As(III) leaching 

from sulfide minerals in anaerobic aquifers. Neuberger et al. (2005) evaluated the 

importance of this complexation reaction by measuring the solubility of AS203 in 

concentrated (up to 0.72 M) bicarbonate solutions at near-neutral pH under 25 oC. They 

observed a small， but statistically significant solubility enhancement in NaHC03 

containing solutions compared to 1、JaClsolutions of essentially the same ionic strength. 

They concluded that As(III)-carbonate complexes can form under extremely carbonate 

rich condition， but is likely negligible at carbonate concentrations found in most natural 

waters. 

There are some repo此sdealing with complexation of As with dissolved organic 

matter. Buschmann et al. (2006) reported distribution coefficient for As(II1) and As(V) 

binding onto Suwannee River humic acid and Aldrich humic acid using dialysis analysis. 

They found th剖 As(V)was more strongly bound than As(III) from pH 4.6 to 8.4. 

Maximum binding was observed around pH 7. As a result， they estimated that about 

10% of total As(V) may be bound to dissolved organic matter (DOM) under 

environmentally relevant conditions， whereas > 1 0% of As(III) is bound to DOM at only 

very low AslDOM ratios. Lin et al. (2004) examined the complexation of As(V) with 

humic substance by dialysis and ion exchange techniques. From 30% to 51 % of added 

As何 reactedwith organic substance in water extract of compost to form an 

As-metal-organic complex. This was verified as a hydrophobic organic fraction after 

separation of As-metal-organic complex fraction from the hydrophilic fraction by 

XAD・8resin. The separated material was also identified as humic substances by the 

method of proton binding formation function determination. They suggested that cations， 

such as Ca and Mg， and especially Fe， AI， and Mn act in cation bridging in the 

complexation of As何 with humic substance. Formation of aquatic 

arsenate-Fe(III)-DOM is also confirmed by Ritter et al. (2006) using dialysis 

experiment for natural organic matters. They also pointed out that 

arsenate-F e(III)・DOMassociations are at least partially colloidal in nature. 
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8.2 Arsenic in minerals 

There are more than 200 kinds of As mineral， including native As， sulfides， oxides， 

arsenates and arsenites. Most are ore minerals or their alteration products. Except for 

some sulfides， solubility product of these As minerals are generally very high. Tables 

1-4 and 1-5 show the formation free energies and solubility product of major arsenate 

and arsenite minerals. This feature indicates that concentration of As in groundwater is 

not controlled by the solubility of As mineral. 

Arsenic can be inco叩oratedinto various rock forming minerals as a minor 

component (Fig. 1-6). Because of chemical similarity of S to As， sulfides can 

incorporate As up to percent order. Concentrations in pyrite， chalcopyrite， galena and 

marcasite can be very variable， even within a given grain， but in some cases exceed 10 

wt% (Smedley and Kinniburgh， 2002). Arsenic is present in the crystal structure of 

many sulfide minerals as a substitute for S (Foster， 2003). High As concentrations are 

also found in many oxide minerals and hydrous metal oxides， either as part of the 

mineral structure or as sorbed species. These type of As is most important in 

sedimentary environment like As-contaminated groundwater， and is described more 

detail in next section. 

8.3 Solid-water interface 

Arsenic concentrations observed in most groundwaters are orders of magnitude 

less than the solubilities of most As-bearing minerals. Hence， adsorption reactions 

between As and mineral surfaces are generally the most important factor controlling the 

dissolved As concentration. Adsorption of As is a complex function of the relationship 

between the properties of the solid surface， pH， As concentration， competing ions， and 

As speciation. Many studies that investigated the effects of different geochemical 

parameters on adsorption of As species used laboratory experiments to evaluate 

adsorption of As by pure mineral phases， e.g.， Fe， Al， and Mn (hydr)oxides， and clay 

minerals. The distribution coefficient (ん~ of As and these solid phases at circum-neutral 

pH are listed in an excellent review paper by Smedley and Kinniburgh (2002). This 

indicates that amorphous Fe hydroxides (often named hydrous ferric oxide: HFO) have 
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the highest Kd for both arsenate and arsenite. Manganese oxides， Al oxides， and clay 

minerals can also adsorb significant amount of As， but the role of these phases are not 

primarily important (Smedley and Kinniburgh， 2002; Table 1-6). Manganese oxides are 

important as not only adsorbent， but also as the strong oxidant of arsenite. Rapid 

oxidation of arsenite on the surface of manganese oxides has been reported (Chiu et al.， 

2000; Manning et al.， 2002; Tournassat et al.， 2002; Mitsunobu et al.， 2006). 

Structures of surface complex of arsenate and arsenite have been investigated 

using various spectroscopic techniques. For HFO and several Fe oxyhydroxides， both 

arsenate and arsenite form inner sphere complex， probably dominantly bidentate， 

binuclear surface complex (Farquhar et al.， 2002; Foster， 2003; Sherman and Randall， 

2003; Ona-Nguema et al.， 2005; Zhang et al.， 2005). The ratios of outer sphere/inner 

sphere complexes depend on the solution composition. Generally， contribution of outer 

sphere complex is significant for arsenite， particularly at low concentration of As 

(Sverj郎防 andFukushi， 2006). Arsenate tends to form inner sphere complex for HFO. 

Similar to HFO， both XAFS and surface complexation modeling proved that arsenite 

can form outer sphere and inner sphere complex on the surface of hydrous aluminum 

oxides (AIO) depending on the solution composition， whereas arsenate forms inner 

sphere complex (Arai et al.， 2001; Fukushi and Sverjens勾， 2007).

Because of highest affinity of HFO for both arsenite and arsenate， adso叩tion

behavior of these species was intensively studied under various conditions (Piers and 

Moore， 1982; Wilkie and Hering， 1996; Raven et al.， 1998; Jain et al.， 1999; Dixit and 

Hering， 2003). The relative affinity of arsenate and arsenite to Fe oxyhydroxides is 

dependent on the pH， crystalliny， and total As in system. Generally， As(V) sorption is 

more favorable than As(III)瓜 lowerpH values， but the opposite is true at higher pH 

values (Dixit and Hering， 2003). Despite higher mobility of arsenite in natural 

environment， this is not always supported by the adsorption experiment (Manning et al.， 

1998; Dixit and Hering， 2003; Harbel et al.， 2006). Higher mobility of arsenite than 

arsenate in natural environment is often explained as the result of difference of 

adsorption structure: arsenite forms a larger fraction of outer-sphere complex including 

hydrogen bonding， which is weaker adsorption mode than inner-sphere complexation 

(Sun and Doner， 1996; Sverjens匂 andFukushi， 2006). 
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9. Experiment，α1 studies on adsorption and competition 

9.1 Adsorption experiment 

Various laboratory experiments conducted before 2000s have evidenced that Fe 

oxyhydroxide is the most important solid controlling adsorption behavior of As in soil 

and aquifer systems. This general understanding has not changed despite various 

laboratory studies being conducted after 2000 (Table 1-6). Oneimportant recent trend 

is to investigate the adsorption behavior of As to secondly minerals which are only 

stable under reducing condition， because HFO is not stable under reducing condition. 

According to the Eh-pH diagram of Fe， various secondly minerals can form depending 

on the Eh σig. 1-7). As noted， siderite is often supersaturated in the As-contaminated 

groundwater in Bengal Basin (Chapter 1 section 5). Some researchers pointed out the 

importance of authigenic magnetite in contaminated aquifer (Homeman et al.， 2004; 

Seddique et al.， 2008). Green rusts (GR) are a group of Fe(lI， 111) hydroxyl compounds 

characterized by a layered structure， and highly reactive mineral phase found in 

moderately reducing condition. Johnson and Sherman (2008) investigated the 

adsorption mechanism of arsenate and arsenite to carbonate GR (fougerite)， magnetite， 

and siderite by batch adsorption experiment coupled with XAFS. They found that 

arsenate sorbs to fougerite， magnetite， and siderite by forming inner-sphere surface 

complexes resulting from comer sharing between AS04 groups and Fe06 octahedra 

without reduction of訂 senate.Arsenite also forms inner-sphere surface complexes on 

magnetite and fougerite but only a (presumably) weak outer-sphere complex on siderite. 

Arsenate desorbs from magnetite， fougerite and siderite at pH>8， however， arsenite 

sorption to all three phases is enhanced with increasing pH. They argued that reduction 

of iron oxides followed by precipitation of fougerite， magnetite or siderite will released 

dissolved arsenate at pH>8. However， if arsenate is also reduced to arsenite， sorption of 

As will be enhanced. 

Whereas adsorption onto HFO and various secondly Fe minerals are the most 

important reactions under oxic condition， adsorption onto sulfide becomes important 

under strongly reducing condition. Adsorption of arsenite onto sphalerite， galena， troilite， 
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and pyrite were investigated by batch adsorption experiments coupled with X-ray 

absorption fine structure (Bostick et al.， 2003; Bostick and Fendorf， 2003). For all 

sulfides， amount of adsorbed As tends to increase with increasing pH. This is opposite 

trend to the typical adsorption envelope of As to Fe oxyhydroxides. They concluded that 

adsorption of arsenite is controlled by formation of polymerized complex， e.g.， 

AS3S3(SH)3， and surface precipitate rather than ligand exchange with OI-f or SH・based

on the XAFS results. According to this report， adsorption of arsenite onto sulfide is not 

a reversible reaction， and cannot be controlled by adsorption-desorption equilibrium. 

Calcite is ubiquitous mineral in aquifer system. Many As-contaminated 

groundwaters in Bengal Basin are equilibrated or oversaturated with calcite (Ahmed et 

al.， 2004; McArthur et al.， 2004; Itai et α1.， 2008b). Some previous studies suggest that 

calcite could be important in controlling the aqueous concentrations of As， especially at 

higher pH (Stollenwerk et al.， 2003 and reference therein). The reaction between 

arsenite and calcite is particularly important because calcite can be stable under 

reducing condition where Fe oxyhydroxides are unstable. There are two completely 

different idea about this reaction. Cheng et al. (1999) allowed a solution of As(III) to 

react with calcite. Using data from X-ray standing wave diffraction， they concluded that 

As(III) was removed from solution and occupied the carbonate sites on the calcite 

surface. Roman-Ross et al. (2006) examined the arsenite sorption on calcite by 

conventional batch experiment. They also confirmed that arsenite can adsorb on or 

co-precipitate with calcite. Contrastingly， So et al. (2008) found that arsenate can adsorb 

on the surface of calcite， whereas adsorption of arsenite is almost negligible from pH7.5 

to 8.1. This argument is consistent with Yokoyama et al. (in prep) who performed 

coprecipitation experiment of arsenate and arsenite to calcite coupled with XAFS. 

9.2 Ionic competition 

Many inorganic and organic aqueous species have influences on As adsorption. 

The following researches deal with those elements that are commonly found in 

groundwater. Solutes can directly compete with As for available surface binding sites 

and can indirectly influence adsorption by alteration of the electrostatic charge at the 

solid surface. Both processes are influenced by pH， solute concentration， and the 
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intrinsic binding affinity of the solid. Effect of competition is generally evaluated by 

batch experiment under dual or multiple ion system. Additionally， various surface 

complexation models are also important to describe the mechanism of competition. 

Because ofthe chemical similarity， phosphate is the most important competitor for 

adsorption of arsenate and arsenite to various solid phases in solid-water system. Jain 

and Loeppert (2000) show the influence of phosphate on adsorption of arsenate and 

arsenite to ferrihydrite as a function of pH.百leP/As ratios (1:1 and 10:1) used in these 

experiments are within the range reported for many groundwaters. Adsorption of both 

arsenate and arsenite decreased with increasing phosphate concentration. For arsenate， 

the decrease was significant over the entire pH range， and the greatest effect on arsenite 

adsorption observed at lower pH values. For arsenite， adsorption of arsenite decreased 

by only a few percent at pH 9， even at the highest phosphate concentration， suggesting 

that the neutral H3As030 was better to compete for surface complexation sites with 

HPol・athigher pH. 

Silicic acid CH4Si040) has also been shown to effectively compete with As for 

adsorption sites. Meng et al. (2000) evaluated the effect of Si for arsenite and arsenate 

adsorption to ferrihydrite. Adsorption of arsenite (300μglL) and arsenate (500μglL) at 

pH 6.8 start to decrease in the presence of 1 mglL of Si， and adsorption decreased by 

70% for As(V) and 80% for As(1II)瓜 10mgIL of Si. Swedlund and Webster (1999) 

suggested that the decrease in As adsorption at high Si concentration is attributed to the 

combination of competition for surface sites and polymerization of Si resulting in an 

increase in negative surface charge. 

Competition by carbonate recently collected attention because some reports 

suggested the possible enhancement of mobility of As under the carbonate rich solution 

(e.g.， Appelo et al.， 2002; Anawar et al.， 2003). Radu et al. (2005) evaluated the 

competition of carbonate for arsenate and arsenite adsorption to ferrihydrite using by 

column experiment. They found that increasing carbonate concentrations had relatively 

little effect on arsenate adsorption to the iron oxide coated sand surface at pH 7. The 

adsorption of arsenate decreased only marginally when the CO2(g) partial pressure 

increased from 10・3.5to 1σ1.8 atm， despite a 50・foldincrease in total dissolved carbonate 

(0.072 to 3.58 mM). Increasing the C02(g) partial pressure to 10・1.0atm resulted in only 
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a slight decrease in arsenate adsorption， despite a >300・foldincrease in total dissolved 

carbonate (to 22.7 mM). Minor competition effect by carbonate is also found for the 

arsenite to ferrihydrite. They conc1uded that when compared to phosphate， carbonate 

mobilized adsorbed arsenate to a lesser degree than phosphate， even when present in 

much higher concentrations than phosphate. 

Competition with dissolved organic matter has also been investigated. Simeoni et 

al. (2003) conducted adsorption experiment of arsenate to ferrihydrite and gibbsite in the 

presence of fulvic acid at pH 4， 6 and 8. Arsenate adsorption on both gibbsite and 

ferrihydrite decreases with increasing concentrations of fulvic acid. The effect was 

highest at pH 4， and decreased at pH 6 and 8. Bauer et al. (2006) evaluated effect and 

mechanism of competition by DOM for adsorption of As to goethite， natural soils， and 

sediments using batch experiment. 1n goethite suspensions with pre-sorbed As， 

dissolved concentrations increased up to 6 times in the presence of 25 mglL DOM 

compared to samples without DOM. They suggested that the primary mechanism for the 

As release from solid phases is competition between As and organic anions for sorption 

sites， whereas redox reaction promoting by the presence of DOM were probably of 

minor importance. 

Finally， a modeling study conducted by Stachowicz et al. (2008) is introduced. 

They employed charge distribution (CD) model for the adsorption of arsenite and 

arsenate in the presence of Ca2+， Mg2+， pol-， and col-. Although this study does not 

consider the silicic acid， the following summary is almost consistent with the laboratory 

experiments shown above. 

(i) Both Ca2+ and Mg2+ ions promote the adsorption ofpol・.This promotion is of 

an electrostatic nature. Since Asol・ischemically comparable with pol・and

has a very similar interfacial charge distribution， the same type of electrostatic 

effect is expected for the interaction of Ca2+ and Mg2+ with Asol-. 1n natural 

systems， such interactions should be taken into account. 

(ii) 百四 presenceof Ca2+ ions has a minor effect on the As(III) adsorption in 

Ca・As(III)systems， only occurring at very high pH. 1n the pH range， relevant 

for natural groundwater (pH 6 to 9)， no significant effect is observed. For Mg2+ 

ions， no significant effect on the arsenite binding is found over a very large pH 
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range. 

(iii) Adsorbed phosphate ions have a strong ability of competition with both 

As(OH)30 and Asol・ andtherefore pol・ isof critical importance in 

groundwater systems. 1nteraction between pol・andAsol・isstronger than the 

interaction of pol・ andAs(O町3.百ledifference is related to the amount of 

charge that is introduced by the adsorbed As(III) and As(V) ions in the 

electrostatic l-plane. The sensitivity of As(III) oxyanion for changes in the 

phosphate concentrations is smaller than the sensitivity of As(V) oxyanion for 

phosphate at pH 7. Therefore， the release of As from a sediment due to 

biogeochemical reduction of AsれT)to As(III) will depend on the phosphate 

level. 

(iv) 1n 3・componentexperiments with As(OH)3， pol・， and divalent cations， the 

arsenite concentration is dominantly regulated by phosphate. The phosphate 

concentration is regulated by arsenite with influences of Ca2+ and Mg2+.百四

Ca2+ and Mg2+ concentrations are mainly regulated by the adsorption of the 

pol・ions.

(v) Bicarbonate is a very weak competitor in a 3・componentgoethite system with 

Asol--pol--HC03-. Therefore， the presence of carbonate ions is not relevant 

for the competitive release of As from iron oxides under natural groundwater 

conditions. 

10 Laboratoη， studies in complex reaction systems 

10.1. Incubation experiment using contaminated sediment 

Because the important roles of microbial activi旬 forredox reaction of As have 

been demonstrated (e.g.， Jones et al.， 2000; Zobrist et al.， 2000; Stolz and Oremland， 

1999; Oremland and Stolz， 2003， 2005)， incubation experiment， which aims to clari命

the role of biotic reaction for As mobilization， have been conducted by various groups 

(Table 1ー7).1slam et al. (2004) used sandy sediment collected from As-affected region 

iri West Bengal. They prepared four types ofbatches: (a) aerobically; (b) anaerobically; 

(c)， anaerobically with 4 glL sodium acetate as a proxy for organic matter， (d)‘abiotic' 

control sediments autoclaved before incubation with added acetate. They reported that 
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high level of As dissolution occurred only batches (b) and (c). Particularly， maximum 

aqueous As concentration (ca. 110μglL) was observed in the batch (c).百lisreport 

confirmed that microbial mediation can enhance the mobility of As under anaerobic 

condition. Interestingly， they also reported that As does not mobilize at the same time of 

mobilization ofFe2+， and which starts to mobilize several days after the Fe2+ release. 

Van Geen et al. (2004) conducted incubation experiment for several sediment 

having different features in terms of lithology， color (as redox indicator)， and collected 

depth. They reported that 30 ~ 80% of hot HCl extractable As was mobilized under the 

acetate added batch， whereas release of As was not significant or almost negligible 

under the antibiotic batch containing Guillard reagent， suggesting the impact of 

microbial mediation in As desorption. Radloff et al. (2007) used sediment collected 

from same site to the van Geen's s加dy.They employed needle sampler and carefully 

preserved sample to maintain the anaerobic condition followed by the 11 month 

incubation. This study also supports the importance of microbial mediation to form 

reducing condition. 

Akai et al. (2004) used glucose， polypepton， and N rich urea and fertilizer to test 

the availability of various nutrients for bacterium. Arsenic was released with decreasing 

Eh as well as other incubation studies， and only glucose and polypepton were effective 

to decrease Eh and mobilization of As. 

Polizzotto et al. (2006) proposed different conclusion from the researches shown 

above. They used a sandy sediment collected from the depth where maximum dissolved 

As was observed. They reported that more than 10% of As in sediment is leached from 

both sterilized and non-sterilized samples. They found that Fe oxyhydroxides are not 

contained in the sediment based on the XAFS results. They consequently concluded that 

aqueous As concentration in aquifer is not controlled by the amount of Fe 

oxyhydroxides. 

10.2. Adsorption experiment using contaminated sediment 

Adsorption-desorption reaction may be the most important reaction to control 

large variation of aqueous As in contaminated aquifer due to rapid kinetics relative to 
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precipitation-dissolution and oxidation-reduction reactions. Some researchers focused 

on the apparent partitioning ratio of As between sediment and water. There are roughly 

two approaches: (i) batch adsorption experiment to determine the apparent distribution 

coefficient， and (ii) comparison of labile As in both sediment and water phases based on 

the analysis of natural samples. Although both approaches are important， laboratory 

experiments are highlighted in this section. 

Itai et al. (in revision， Chapter 4 in this thesis) determined the apparent 

distribution coefficient of arsenate and arsenite at pH 7.3 using sediments collected 

from various depths in aquifer hosted by Holocene sediments. The range of Kd were 7 to 

84 Llkg for arsenite and 15 to 560 Llkg for arsenate. They also suggested that the 

controlling factor of apparent Kd is amount of Fe oxyhydroxide and surface area based 

on the correlation between Kd and redox state of Fe in sediment. The profile of 

simulated concentration of aqueous As in aquifer was consistent with the actual profile 

with the assumption of adsorption equilibrium. They proposed that aqueous As 

concentration is controlled by adsorption-desorption equilibrium. 

Stollenwerk et al. (2007) conducted adsorption experiment to the oxic sediment 

collected from Pleistrocene aquifer. They intended to assess the ability of attenuation of 

aqueous As level when contaminated groundwater f10w into the Pleistocene aquifer. 

According to the adsorption isotherm， the apparent ん atconcentration of aqueous 

arsenite being 600μglL was ca. 10 Llkg. This value is not higher than the apparent Kd 

value for Holocene aquifer determined by Itai et al. (in revision). Hence， capacity of 

adso中tionof arsenite to Pleistocene sediment is not necessary high. The apparent Kd of 

arsenate was， contrastively， ca. 100 Llkg when aqueous arsenate is 600μglL. This resu1t 

indicates that the reason of low As concentration in Pleistocene aquifer is not attributed 

to the high adsorption capacity of oxic sediment. Oxidation state of As can be a more 

important factor. 

10.3. Relative importance ofFe andAs reduction 

The field observation and laboratory studies shown above indicated that one 

important question to answer the factor contro11ing mobi1ity of As is relative importance 

of Fe and As reduction for As mobilization. The research group of Stanford University 
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have perfonned a series of column experiment to emphasize the relative importance of 

these reductive reactions and role of specific bacteria. 

Harbel et al. (2006) compared relative mobility of arsenite and arsenate through 

the column filled by synthetic ferrihydrite coated sand. They used active cultures of the 

Fe(III) and As(V) respiring bacterium Sulfospirillium barnesii (an Fe and As respiring 

organism )， As(V) respiring Bacillus benzoevorans (an organism capable of As(V) but 

incapable of dissimilatory Fe(III) reduction) to compare the relative importance of As 

and Fe reduction. They found that although reductive dissolution of ferrihydrite induces 

the mobilization of As due to reduction of available surface area， biotically generated 

Fe(II) appears to induce As sequestration within the ferrihydrite coated sand matrix. 

They also pointed out that arsenite is more easily mobilized than arsenate under 

dynamic f10w condition despite greater amount of arsenite was adsorbed than arsenate 

at pH 7.4 in batch experiment. They concluded that the greatest threats to environmental 

quality within Fe-rich environments appears from either (1) having arsenite retained on 

Fe hydroxides under advective f10w or (2) prevailing the moderately reducing 

conditions. Continued production of high Fe(II) levels within ferrihydrite dominated 

systems actually results in a suppression of As release to the aqueous phase. Kocar et al. 

(2006) combined the similar column experiment with XAFS to characterize the 

transfonnation of Fe in column. They also concluded that reduction of arsenate most 

importantly contributes to the mobilization of As. The mechanism of arsenite 

sequestration under high Fe(II) condition is still debating. Presently， Stanford group 

proposed that although reductive dissolution of Fe(III) phases such as goethite and 

hematite can lead to secondary precipitation of ferrous phases such as siderite or green 

rust， fonnation of these phases does not appear to retain appreciable quantities of As. 

Arsenic retention is rather dependent on recrystallization of ferrihydrite to goethite and， 

particularly， magnetite (Tufano and Fendorf， 2008; Tufano et al. 2008). 

Pedersen et al. (2006) investigated the behavior of trace amounts of arsenate 

coprecipitated with ferrihydrite， lepidocrocite and goethite during reductive dissolution 

and phase transfonnation ofthe iron oxides using [55Fe]_ and (3 As]・labellediron oxides. 

For ferrihydrite and lepidocrocite， all the arsenate remained associated with the surface; 

whereas for goethite only 30% of the arsenate was desorbable. During reductive 
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dissolution of the iron oxides， arsenate was released incongruently with Fe2+ for all the 

iron oxides. For ferrihydrite and goethite， the arsenate remained adsorbed to the surface 

and was not released until the surface area became too small to adsorb all the arsenate. 

In contrast， arsenate preferentially desorbs from the surface of lepidocrocite. Their 

findings suggested that during Fe2+ catalyzed transformation of fen世lydriteand 

lepidocrocite， arsenate became bound more strongly to the product phases. 

Bumol et al. (2007) conducted the incubation experiments using synthesized 

2・lineferrihydrite， with which arsenate was preliminarily coprecipitated， in the presence 

of phosphate-rich growth medium and a community of Fe(III)-reducing bacteria under 

strict anoxic conditions for two months. Their conclusions are (1) As(V) is not reduced 

during the first incubation month with high Eh values， but rather re-adsorbed onto the 

ferrihydrite surface， and this state remains until arsenic reduction is energetically more 

favorable than iron reduction， and (2) the release of As during the second month is due 

to its reduction to the more weakly adsorbed As(III) which cannot compete against 

carbonate ions for so中tiononto ferrihydrite. 

To assess the relative importance of Fe and As reduction is important to 

understand the scattered relationship of aqueous Fe and As in As-contaminated 

groundwater (Chapter 2 ofthis thesis). 

Part 111 : Previous hypotheses about the cause of As・contamination

11. Biogeochemical trigger for As mobilization 

Two major hypotheses have been proposed as the biogeochemical trigger of 

global As-contamination: pyrite oxidation hypothesis and Fe oxyhydroxides reduction 

hypothesis. Although latter hypothesis is broadly agreed as the main mechanism of As 

mobilization， other hypotheses are also reviewed to discuss the mechanism from various 

points ofviews. 

11.1. Pyrite oxidation hypothesis 

The pyrite oxidation was a firstly proposed hypothesis as the mechanism of 
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As-contamination by West Bengal scientists (Chatterjee et al.， 1995; Das et al.， 1996; 

Mallick and Rajagopal， 1996; Mandal et al.， 1996; Chowdhury et al.， 1999).百ley

proposed that arsenopyrite， or As-rich pyrite， was initially present in the sediments and 

has been at least partially oxidized as a result of the recent seasonal lowering of the 

water table. This lowering has been attributed to the use of groundwater for irrigation. 

This hypothesis therefore supports the notion that the release of As to the groundwater 

is a recent phenomenon induced by human activities. Because of the vulnerability of 

sulfides， which are certainly present in at least some part of contaminated aquifer under 

oxic condition， the pyrite oxidation is possible in principle. However， the following 

evidences are strongly against such a hypothesis. 

(i) Although presence of pyrite is confirmed at least some of the sediments， the 

amounts are usually small and difficult to be observed. 

(ii) Oxidation of pyrite releases large amounts of sulfate. However， sulfate 

concentration reported from various contaminated regions are consistently low， 

oftenく1mglL. 

(iii) Sulfide oxidation involves release of proton and induces the decrease of pH. 

However， highly contaminated groundwater generally shows circum neutral or 

slightly alkaline pH. 

(iv) The pyrite oxidation hypothesis would predict that As concentrations would be 

greatest in the shallowest groundwaters close to the water table since this is 

where the inf1uence of oxidation would be greatest. However， as noted in 

Chapter 4， high-As groundwater is generally observed significantly lower depth 

from surface. 

Pyrite oxidation hypothesis is consequently not believed as the major mechanism of As 

contamination. However， chemistry of sulfide in aquifer is being addressed due to the 

possibility of As fixation coupled with sulfide formation under reducing condition 

(O'Day et al.， 2004b; Polizzotto et al.， 2005; Lowers et al.， 2007). 

11.2. Iron oxyhydroxide reduction hypothesis 

The Fe oxyhydroxide reduction hypothesis， As released with the microbial 
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reductive dissolution of Fe oxyhydroxides， is now widely accepted as the principal 

mechanism of As mobilization in the groundwaters of the alluvial aquifers of the GBM 

Delta. (Bhattacharya et al.， 1997; Nickson et al.， 1998， 2000; Ravenscro立etal.， 2001; 

McArthur et al.， 2001; Dowling et al.， 2002; Harvey et al.， 2002， and Anawar et al.， 

2003).百1Ishypothesis is supported by an observed elevated concentration of Fe in 

As-contaminated groundwater， and enrichment of As in Fe oxyhydroxide fractions in 

sediments (Nickson et al.， 2000; BGS and DPHE 2001; Swartz et al.， 2004). 

Despite a common title， the hypothesis has many variations and various 

researchers have interpreted it in significantly different ways. One important and 

controversial point is the timing of As release during various reductive reactions. 

Generally， dissolved As and Fe are poorly correlated. If As is released coupled with the 

reductive dissolution of Fe， positive correlation is expected. Because of this complex 

situation， relative importance of reductive “desorption" of As and reductive 

“dissolution" of Fe oxyhydroxides are under debating. A1though reducing condition is 

favorable for As mobilization， sulfate reduction can induce the sequestration of As with 

sulfide precipitates. Role of secondly formed Fe(II) minerals is also under debating. 

Another controversial point is the source of redox driver. The Fe oxyhydroxides 

reduction hypothesis is based on the assumption that the contaminated aquifer was 

initially under an oxidizing condition and this was followed by a change to a reducing 

state. The source of the reducing agent necessary for changing the redox condition 

remains a matter of debate. To the best of my knowledge， there are four kinds of 

hypotheses about the source of organic matter: (i) surface origin hypothesis (Harvey et 

al.， 2002)， (ii) co-deposition hypothesis (Smedley and Kinniburgh， 2002; Meharg et al.， 

2006)， (iii) peat origin hypothesis (McArthur et al.， 2001， 2004; Ravenscroft et al.， 

2001)， and (iv) petroleum origin hypothesis (Rowland et al.， 2006; van Dongen et al.， 

2008). Discussion about the source of organic matter is further considered in Chapter 5. 

11.3. Anion exchange h)少othesis

Aside from the two major hypotheses， there are some other potential processes to 

induce As mobilization. Anion exchange is an important process affecting the 

adsorption-desorption equilibrium of As. Achanγa et al.， (1999) pointed out that 
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leaching of phosphate fertilizers as the primary source of high P groundwaters and 

indirectly to As-rich groundwaters through the competitive desorption of As from the 

sediments. This mechanism does not seem to be the primary cause of the global 

contamination， because there are As-rich groundwaters th剖 arenot P-rich (and vice 

versa). However， the e百ectof phosphate for mobility of As in aquifer should be 

considered. 

Effect of carbonate species are also examined from various perspectives. Appelo 

et al. (2002) hypothesized that displacement of As by dissolved carbonate is an 

altemative mechanism for the natural occurrence of high As groundwater. They 

re-evaluated the surface complexation constant of col-and Fe2+ on ferrihydrite in 

Dzombak and Morel's database. Using the updated constant， they concluded that 

sorption of carbonate at groundwater level significantly reduces the so中tioncapacity of 

As on ferrihydrite. Kim et al. (2000) have shown that HC03-is effective in increasing 

the As concentration in dissolution experiments with pyrite containing rock， under both 

aerobic and anaerobic conditions. They suggested that formation of aqueous As・HC03

complexes solubilize As. Because carbonate species are ubiquitous in aquifer， the 

mobility of As is valuable to be tested. 

12. Cause 01 patchy distribution 01 As-contaminated groundwater 

The patchy spatial distribution of As-contaminated groundwater is a crucial 

f切れlreof naturally occurring As-contamination. Many researchers have carefully 

considered the process of formation of this distribution. Both biogeochemical reaction 

and transport of As in aquifer need to be considered in order to understand the process 

of formation of patchy spatial variation. The hypotheses shown in the previous section 

are basically focused on the biogeochemical reactions under subsurface system， and the 

relation to local hydrology has been poorly understood. There are some interesting 

repo此sabout the relationship between As distribution and local hydrology. 

In earlier studies， age of groundwater has been estimated by measuring 3H 

(Aggawal et al.， 2000; Zheng et al.， 2004). However， precise dating by 3H analyses is 

recently difficult due to lowering of background concentration of 3H. The first study 

applied 3H13He dating to the As-contaminated groundwater is Klump et al. (2006) at 
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Munshiganji district. They reported that the age of groundwater increased from <5 to 70 

years with the increase in the depth. Such dating. is very important to constrain the 

timing of As release from aquifer materials. Stute et al. (2007) found that groundwater 

having longer residence time (determined by 3HPHe) shows higher As concentration. 

They proposed two kinds of interpretations: variation of As concentration in 

groundwater is controlled by (i) the kinetics of As mobilization or (ii) the removal of As 

by groundwater f1ushing. If As has been released仕omcertain solid in aquife巳amount

of As in aquifer must decrease with time. van Geen et al. (2008) estimated the rate of 

decrease of As concentration in groundwater according to the analytical solution of the 

advection-dispersion transpoはmodeland suggested that local patterns of dissolved As 

in shallow groundwater could primarily ref1ect the different f1ushing histories of sand 

formations deposited in the region over the past several thousand years. 

Some researchers focused on the relationship between As-rich water and physical 

property of subsurface sediment or soil (van Geen et al.， 2006b; Hoque et al.， 2008; 

Aziz et al.， 2008; Mitamura et al.， 2008; Nath et al.， 2008c; Pal et al.， 2009). Hoque et 

al. (2008) applied electromagnetic method to shallow subsurface sediment from a small 

area in the southeastern Bangladesh. They suggested that the variations in As 

concentration within the very shallow Holocene aquifers are constrained by the 

heterogeneiザ innear surface sediments that seems to control recharge and rate of 

aquifer f1ushing at shallow depths. They observed that low-As aquifers are located 

underneath the areas with relatively thinner top-silt layer or sandy surface materials with 

higher permeability and hydraulic conductivity at slightly elevated topography. Possibly， 

finer materials on the surface act as potential barriers to downward percolation and 

infiltration of oxygenated water from precipitation and runoff into the shallow aquifers 

and thus control groundwater As mobilization in the very shallow aquifers. 

In order to clari命 thecontrolling白ctorof patchy As distribution， both 

biogeochemical and hydrological factors should be considered in the same study area. 1 

will mention about the factors controlling variation of As concentration in Chapter 4. 

13. From the other Asian regions 

Natural occurrence of As-contaminated groundwater is not limited in the Bengal 
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Basin， but also in other p訂 tsof Asian countries (Fig. 1-8). Vulnerable areas for arsenic 

contamination are typically young Quaternary deltaic and alluvial sediments comprising 

highly reducing aquifers (Charlet and Polya， 2006). The EAWAG (Swiss Federal 

Institute of Aquatic Science and Technology) research group has studied 

As-contamination in Red river delta and Mekong delta in Vietnam since 2001 (Berg et 

al.， 2001， 2006， and 2008)， and Manchester group has conducted various field surveys 

in Cambodia since 2005 (Polya et al.， 2005; Rowland et al.， 2005， 2007， 2008). Berg et 

al. (2006) overviewed As pollution in the Mekong delta: As concentrations ranged from 

ト1610μglLin Cambodia (average 217μglL) and 1-845問 ILin southem Vietnam 

(average 39μgIL)， respectively. They also evaluated the situation in Red River delta: As 

concentrations in groundwater vary from 1-3050μglL (average 159μglL). The 

sediments of 12-40 m deep cores合omthe Red River delta contain arsenic levels of 

2-33 mglkg (average 7 mglkg) and show a remarkable correlation with the 

concentration of Fe bound to sediments. The situations of Mekong and Red River delta 

are similar to the case in Bengal Basin in terms of geology and chemistry of As-affected 

aquifer. One difference is the short history of groundwater use， i.e.， tube-well water is 

only used over the past 11 to 14 years in Mekong delta (Hug et al.， 2008). 

Because of the less developed groundwater use， Mekong delta is the suitable site 

to discuss the mechanism of natural occurrence of As contaminated groundwater 

without considering the anthropogenic perturbation. A research group of Stanford 

University conducted hydrogeological study in Cambodia， and proposed that As is 

released from near-surface， river-derived sediments， and transported through the 

underlying aquifer (Polizzotto et al.， 2008). They also proposed that the 

As-contaminated groundwater is finally back to the river in a hundreds years timescale. 

Their finding can give great implication for the future prospect of As contamination. If 

the f1ux of As from river to sur白cewet land is identical to that from aquifer to river as 

they proposed， the As level in contaminated groundwater will not decrease for long time， 

at least for the next several tens years. 

Serious As contamination is also reported from some inland regions. Arsenic 

problems have been recognized in groundwater used for potable supplies in a number of 

areas of mainland China over the last few decades. The first As problems were 
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identified during the 1980s in groundwater from deep boreholes in a rural area of 

Xinjiang Province in north-westem China (Wang， 1984 cited by Smedley et al.， 2003). 

Smedley et al. (2003) conducted a geochemical study at Huhhot Basin， Inner Mongolia. 

The As-contaminated aquifer in Huhhot Basin show many similarities to other As 

atfected aquifer in Asia. High As concentrations occur in anaerobic groundwaters from 

low-lying area and are associated with moderately high dissolved Fe as well as high Mn， 

NHt +， DOC， HC03-and P concentrations.百leobserved range of total As concentrations 

in sediments is 3 -29 mg/kg (n=12) and the concentrations correlate positively with 

total Fe. Up to 30% of the As is oxalate-extractable and taken to be associated largely 

with Fe oxides. 

Inland type contamination is also reported from Nepal， although amount of 

published data is still poor. In lowland Nepal， known as Terai， where almost half (12 

million) ofthe Nepalese population resides， the people have been using groundwater for 

all domestic pu叩osesincluding drinking since 1990s (Shrestha et al.， 2003). It was 

reported that 29% of more than 20，000 tube wells had As concentrations exceeding the 

WHO standard. Approximately 0.5 million people in Terai were at risk of consuming 

water with the As concentration >50μg/L. 

Systematic prediction of As-affected regions is also attempted. Winkel et al. 

(2008) produced maps pinpointing areas at risk of groundwater arsenic concentrations 

exceeding 10μglL by combining geological and surface soil parameters in a logistic 

regression model， calibrated with 1756 aggregated and geo・児島rencedgroundwater data 

points from the Bengal， Red River and Mekong deltas. They showed that Holocene 

deltaic and organic-rich surface sediments are key indicators for arsenic risk areas. Their 

predictions are in good agreement with the known spatial distribution of arsenic 

contamination， and further indicate elevated risks in Sumatra and Myanmar， where no 

groundwater studies exist. 

14. The approaches 01 this stu砂

In this Chapter， I have overviewed the geochemical characteristics of 
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As-contaminated groundwater in Bengal Basin coupled with the basic chemistry of As 

in subsurface environment. Based on the numerous studies， there are several common 

controversial issues. Following questions are the key to make clear the mechanism . 

. 

. 

. 

. 

. 

. 

. 

. 

What is the primary source of As? (Section 4) 

What factors are controlling the spatial distribution of As? (Section 5) 

Why is the bell-shaped depth profile common in Bangladesh? (Section 5) 

What is the reason of different trend of temporal variation of As in well water? 

(Section 5) 

Why are Pleistocene aquifers generally not contaminated by As? (Section 5， 6) 

What is the speciation of As in aquifer? Particularly for so1id phase. (Section 7) 

Why is arsenite more mobile than arsenate in the aquifer? (Section 8) 

What amount of Fe oxyhydroxides is available in contaminated aquifer? 

(Section 12) 

What is the origin of organic matter? (Section 12) 

Why is natural occurrence of As contamination remarkable in Asia? (Section 

Although the problems shown above are associated each other， to focus the al1 

issue is difficult. 1 decided to focus the speciation of As and Fe in aquifer in my PhD 

study， because this information is obviously lacking， and it should be important to 

interpret the factors controlling complex spatial variation of As rich groundwater. 

Continuous approach of my PhD study is summarized as follows. 

This study started企omthe hydrogeochemical survey in the Sonargaon area， 

middle east Bangladesh to clarifシthegeochemical features of As-contaminated 

groundwater， and its relevance with aquifer structure. According to the geology of 

Bangladesh， we expected that both contaminated and uncontaminated aquifers exist in 

relatively shallow depth (-100 m). Hence， this site is suitable to discuss the specific 

geochemical condition where As tends to mobilize. 1 have conducted chemical and 

isotopic analyses for more than ca. 230 groundwaters. We collected groundwaters in 

both rainy and dry seasons to evaluate the seasonal change in water and isotopic 

compositions. Residence time of groundwater is roughly estimated by 3H analyses. 
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Aquifer structure is clarified by geological survey summarized by Mitamura et al. 

(2008). Combining the aquifer structure and water chemistry， the geochemical and 

hydrological characteristics ofthe study area is revealed. 

Parallel to the above approaches， 1 have tried to estab1ish the speciation method of 

As and Fe in solid phase. As mentioned in this Chapter， speciation of As and Fe is 

critically important to discuss the water-rock interaction in aquifer. 1 attempted various 

XAFS method for the speciation. One succeeded approach， conversion electron yield 

XAFS (CEY-XAFS)， is app1ied to the sediment form contaminated aquifer. The surface 

sensitivity ofthis method brought us a new insight about the speciation ofFe in aquifer. 

Detail methodology and app1icability ofthis method is described in Chapter 3. 

Following the hydrogeochemical characteristics of As-polluted region， 1 initiated 

the speciation study of As and Fe using the cored sediment collected from Sonargaon 

area. XAFS techniques were employed to determine the redox state of As and Fe with 

depth. Additionally， formation process of“bell-shape" vertical profile is discussed based 

on the XAFS results. Adsorption experiment and chemical extraction were also 

conducted to discuss the adsorption properties of As coupled with the characterization 

of redox states of Fe and As in sediment. This approach， which might be an orthodox 

way in chemical point of view but nobody has attempted， brought us important 

constraints to discuss the contro11ing factor of spatial distribution of As. 

The datasets of this study coupled with the geological and mineralogical studies 

小，fitamuraet al.， 2008; Seddique et al.， 2008) are sufficient to constrain the answer of 

questions shown above. In Chapter 5， 1 would like to discuss the controversial issues 

listed above including some implications for mitigation and 白tureprospects for the 

problem of As-contaminated groundwater. 
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Fig. 1-1. Regional distribution of As contaminated groundwater in 

Bangladesh and West Bengal. 
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INDIA 

(West Bengal) 

..... ・E ・---4

o 60 km 

INDIA 

(Assam) 

Fig.l・3.Distrlct map of Bangladesh. Numbers indicated intensive study 

areas by this and previous surveys: 1. Nawabganj (BGS and DPHE 2001)，2. 

Samta， Jessore (AAN， 2001)，3. Faridpur， (BGS and DPHE， 2001)， 
4.Mani凶くganj(Stollenwerk， 2007) 5. Araihaz出・， Narayaganj (e.g.， van Geen 

et aL.， 2003) 6. Sonargaon， Narayaganj， (this s同dy)，7. Munshiganj (e.g.， 

HaJvey et al.， 2002)，8. Laksmipur (BGS and DPHE， 2002) 
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Fig.l・4.The Eh-pH diagram of As under As・O2・H20system， 25 degree， 1剖m.
Activity of total As is 10・9M.
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respectively. 
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1 Kurdistan， IRAN 
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Fig. 1-8. The map of the distribution of As-contarrunated groundwater in Asia. 
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Table 1・1.Summ主yof reported As monitoring data for Bangladesh， Inda， and Vie卸 値n

reference 
fonnof 

type ofdata 
analytical data 

main concIusion 
data 

pubIication method quiIity shown? 

indirect evidence over decades 

AggawaI et al. 
repoは

3H and As in 1 1 Eight samples wi也significantIyelevated As 

(2000) samples levels do not contain any detectable 3H 
yes 

"The finding of very low tritium concentrations 

BGS-DPHE 3H and As in 31 
(<1 TU)atdep出.•. while at the same time 

(2001) 
report 

samples 
自ndinghigh concentrations of As (in 8 wells).. yes 
is a strong indication白atthe As release rodates 

出e1960s." 

Zheng etaI. 
(2004)釦 d AppI. 3H and As in 40 high As levels of As without dectable 3H (<1 

Stute et Geochem. samples TU; indicates very old water) in 7 wells 
yes 

al.(2007) 

weIl age vs As HG・ICP・AES
H .，for the first ten years of existence， the 

~fcArthurr et aI. AppI. 
relationship for orHG-1CP-

adeauate exceed釦 cefor most threshold values of As 

(2004) Geochem. E日quate increasesぉ well-ageincreases， irrespective of yes 

>2000 weIls AFS region or threshold. H 

van Geen et aI. Water 
weIl age vs As 

(2003) Resour. Res. 
relationship for GFAAS adeauate increase of 16土2μダLper decade. yes 

>5971 weIls 

weIl age vs As 
" ... older wells have a higher chnace of 

Rosenboom ad EXCEEdlng the PErmsSINe As lEVEl(75%for 

(2004) 
民 port relationship for field kits equate WElls oldEr thm25yEMS，against 65%for all yes 

-300000 weIls wells)." 

Direct measurements over > 2years 

SOES-DCH 
山首mown ・・・deepwells that were once As-free are now 

cited by BGS・ report unspecified unspecified no 
As・contamianted." 

DPHE (2000) 

Chakraborti et ∞nference 31 weIls sampled FI-HG-AAS 
"Out of 3 1 tube wells in 18 we found increased 

aI. (2001) 
high As concentration. Rest 13 either remained cIose yes 

volume in 1995 and 2000 
to previous va1ue (土 15%)or decreased." 

山lSpecifiednumber 

ofwelIs from 9 
" ... some viIIages in the 9 As-affected districts 

Sengupta et al. conference arsenic.affected 

(2004) abs甘act districts of、，vest
日-HG-AAS high 。fWestBenga1 where safe or very less yes 

Bengal sampled in 
contaminated， got contamination with time..." 

1997 and 2003 

Cheng et aI. Environ. Sci. 20wells for 3 
HR・ICP-MS high 

"Significant change in As concentration was 

(2006) TechnoI. years only observed from very sha1low depth " 
yes 

"AI血oughm勾orityof deep well did not show 

¥'an Geen et aI. J. Environ. 51 deep wells for 5 
significant increase， 4 out of 51 wells provides 

HR-ICP-MS high a cIear 'waming: concentrations of As wiII yes 
(2008) Sci. Health A years 

inevitably 口氏 ina (hopefully sma1l) fraction of 

deeper wells. " 

" As and P concentrations generally varied by 

Dharet aI. J. Contam. 
37 welIs for 2・3 <30%， ¥¥七ereasconcentrations of the m勾orIOns 

(2008) H)・合。I.
years ¥¥1出24 HR・1CP-MS (Na. K. Mg， Ca and CI)釦 d白eredox-sensitive yes 

weeks inten'a1. elements (Fe， Mn， and S) varied over time by up 

to%90%. " 

Direct measuremeots o¥'Cr<2 year宮
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Table 1・1.Sumrr哩 ofreportedAs monito巾 gdata for Bangladesh， Inda， and Vietnam (Continu叫

reference 
formof 

ザpeofdata 
analytical data 

main ∞ncIusion 
data 

publication me白od quility shown? 

Burren， cited by 
unb1own 1.data strongly slIEZESt a trend ofinermSIIIE 

Ravenscroft et thesis unspecified unspecified 
As concentration over time" 

no 

al. 

CGWB cited by 
"Monitoring in West Bengal has indicated that 

book unspecified unspecified m曲 10wn As concentrations in tube wells are lowest no 
BGS-DPHE during the months August ・September." 

Asia Arsenic 
5 observation 

wells at different AAS or fiels kit unknown "... the. concentrati.on is generally higher in the 
Network 

report 
ramy season白anm出e也yseason..." 

yes 

depths 

¥very slight increase in As toward the end of 
DPHE， cited by eight hour pumping tests， though the 
PHED pumping report unspecified unspecified unknown significance ofthese very slight increases is yes 

test unclear. However， the general short-teffil trend 
indicates little change." 

DPHE， cited 市 fthesix wells rancomly selected... only one 

data from 18 6 randomly 
or two appear to show a consistent increase with 

report unspecified unknown time， and they are still well below the yes 
district Towns selected wells Bangladesh standard. The other wells appear to 

project show no overall trend to increase or reduce." 

Environ. Sci. 68. wells. sampled "The highest As concentrations occurred at the 

Berg et al. ron. ~c 也氏etimes in HG・AAS adequate rainy season to dry season and the lowest at血E yes 
Technol. 1999・2000 end ofth巴dryseason." 

32 wells sampled HG・ICP・AES " Arsenic cncentrations show litt1e notable 

BGS-DPHE report biweekly over 1 orHG-ICP- adequate temporal variation in most of th巴monitored yes 

year AFS wells" 

6 wells sampled 
"The six currently safe wells that were sampled 

van Geen et al. Bull. W.H.O. monthly for 1 HR-ICP-MS high 
more frequently over a year showd no indication 

yes 
of signifiant seasonal fluctuations in As 

year concentrations... " 

74 selected 

tubewells 
¥As concentration in water show白巴目linimum

Savarimuthu et J. Health ranl!inl! in d 血 FI-HG-AAS high 
average concentration in the summer season 

al. (2006) 
rangmgmoep 

(694ドダL)and the maximum in the monsoon 
yes 

Popul. Nutr. 合om40 to 500 

feet for 1 yeaar. 
season (906μgIL)... " 

7 deepwells 

sampled 
HR-ICP-MS high 

" ... There were no noticeable seasonal variations 
van Geen et al. Bull. W.H.O. biw~~kcl;for I in As concentrations." 

yes 

year 

Environ. Sci. 344 wells "No systematic temporal trend can be inferred Geen et al. cnvlron. ~Cl. samoled ・ 2001 HR-ICP-MS high van ¥.Jeen elー Technol. sampleo m from the data." 
yes 

cnnol. ~d 2003 
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Table 1-2. Recornrnended preservation method ofinorganic As. 

references 

Daus et a1. (2002) 

McCleskey (2004) 

Gault et al. (2005) 

Samanta (2005) 

recornrnendation 

Arsenite was stable with in 9 days with 0.01 M phosphoric acid under 6 oC after 

filtration. Freezing should be avoided. HCI， NTA， HAc were not suitable. 
Addition ofhydrochloric or sulfuric acid with EDTA to prevent the oxidation by Fe3+. 

Preserve in the dark is recornrnended. 
Irnrnediate filtration and acidification with HCI followed by refrigerated storage was 

found to be the most effective strategy for minimizing the oxidation of inorganic As(III) 

during storage. To use EDTA is not simply better choise and even problematic for Ca 

nad Mg rich groundwater. 

EDTA・HAccould preserve the inorganic As(III/V) species efficient¥y for more than 30 

days. This method is better than the use ofH2S04 or H3P04. 
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chloride-sodium 
citrate-tetrasodium 

E
D
T
 A
・bicarbonate

at pH.
7

 for 2
 hours. 

generally higher in shallow part than deep part. 
(5) coprecipitatedwith silicate: 

10 M
 H
F
 for 2

4
 hours. 

A
k
ai et al. 

(2004) 

(6) coprecipiω
t
e
d
w
帥

pyritic
p
h
a
s
e
 ;

 concentrated nitric acid for 2
 hours. 

(7) crystal1in
e
 sulfides a

n
d
 other recalcitant p

h
a
s
e
 :

 
hot concentrated nitric acid and 3

0
%
 

hydrogen peroxide .
 

(1) carbonate p
h
a
s
e
 :

 
0.1 

M
 acetic acid at p

H
 5.0 for 5

 hours. 

S
a
m
t
a
 village. Jessore 

(2) F
e
 a
n
d
 M
n
 oxyhydroxide phases: 0.2 M

 N
H2 0

H
'
H
C
I
 at 96 o

C
 for 12 hours. 

district，
 

Bangladesh 
(3) organic matter p

h
a
s
e
:
 0.1 

M
 s
o
d
i
u
m
 pyrophosphate at p

H
 10 for 12 hours. 

(4) sulfide a
n
d
 silicate phases: mixture of concentrated H

C
I
 and pottasium chloratc. 

Araihazar，
 

Z
h
e
n
g
 et 

al. 
(2005) 

Narayangonji district，
 (1) P-extractable A

s
・
1
M

 N
a
H2 P

0
4

 at p
H
5
 for 16 hours 

Bangladesh 

D
o
m
i
n
a
n
t
 A

s
 forms 

in 
the m

o
s
t
 samples are Fe-

an
d/or M

n-oxides，
 

organic matter and sulfides，
 

although relative abundances diffcr a
m
o
n
g
 thc 

samples. 
Li
ttle A

s
 is 

adsorbed to minerals and 

flXed in carbonates. 

Avcragc o
f
P
・Cλtractcd

A
s
 is 

1. 7
土
1
.
2
and 1.

4
土

2.0 m
g!k

g
 in Holocene sediment，

 
while 0.2

土
0
.3

andO.1
土
0.1

m
g!k

g
 in Pleistocen aquifer. 

r
e
f
e
r
e
n
c
e
s
 o

f
 

e
x
t
r
a
c
t
i
o
n
 m
e
t
h
o
d
s
.
 

Raiswell et al. 
(1
994) 

Tcssicr ct 
a l. 

(1
978) 

T
h
o
m
a
s
 et a l. 

(1
994) 

modified 

K
e
o
n
 ct 

a l. 
(2001) 

TIlomas et a l. 
(1
994) 

modified 

K
e
o
n
 et al. 

(2001) 

。。て
f
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l
e
 1-3. 

S
u
r
n
r
n
a
r
y
 o
f
 c
h
e
m
i
c
a
l
 e
x
t
r
a
c
t
i
o
n
 u
s
i
n
g
 t
h
e
 s
e
d
i
m
e
n
t
 f
r
o
m
 B
a
n
g
l
a
d
e
s
h
 o
r
 W
e
s
t
 B
e
n
g
a
l
 (
C
o
n
t
i
n
u
e
d
)
 

r
e
f
e
r
e
n
c
e
s
 

N
a
t
h
 et a l. 

(2007) 

Seddique et a l. 

(2008) 

s
a
m
p
l
e
 

N
a
d
i
a
 district ，

 
W
e
s
t
 

8engal ，
 

In
dia 

Sonarg 

l
e
a
c
h
i
n
g
 s
t
e
p
s
 

(1) weakely adsorbed: 1
 M
 M
g
C
I2

 at 
p
H
8
 for 2

 hours. 

(2) ~trongly adsorbed: 1
 M
 N
a
2
H
P
0
4
 at p

H
 4-5 for 2

4
 h
o
町
s.

(3) coprecipitated with carbonate. A
V
S，

 Mn
 oxides，

 an
d
 very a

m
o
uψ

hous F
e
 oxide :

 1
 M
 

H
C
I
I
 h
o
ぽ

.

(4) coprecipitated with a
m
o
r
p
h
o
凶

Feo.砂
hydroxides:

O. J
 M
 ascorbic acid，

 0.2 M
 trisodium 

citrate，
 0.6 M

 s
o
d
i
u
m
 hydrogen carbonate a

t
p
H
8
f
o
r
 2
4
 hours. 

ρ
~
 coprecipitated with crystalline F

e
 0.砂

hydrooxides:
0.3 M

 sodiurn dithionite，
 

0
.3
5

 M
 

sodiurn acetate，
 

0.2 M
 s
o
d
i
u
m
 citrate at p

H
4
.4 
under 60 o

C
 for 5

 hours 

(6) 
0
中
iment

and reca1c
i位
ant

A
s
 minerals: 3

5
%
 hydrogenperoxide at 

p
H
2
 under 85 o

C
 for e

 

h
o
ぽ
s.

(1) carbonate p
h
a
s
e
:
 0
.1 
M

 acetic acid at p
H
 5.0 for 5

 hours. 

(2) F
e
 a
n
d
 M
n
 0.其
yhydroxide

phases: 0.2 M
 N

H
2 0
H
'
H
C
I
 at 9

6
 O
C
 for 12 hours. 

Narayangonji district 
;;~~de;-'-" 

(3) or~:~icm~tte:. p~ase: 0.1 
M

 s
o
d
i
u
m
 pyro~h~~~~at: .~:!:H 10 for 12 hours. 

(4) suljide a
n
d
 silicate phases :

 
mixture of concentrated H

C
I
 and pottasium chlorate. 

results 

T
h
e
 total 

ex
甘
acted

A
s
 concentration w

a
s
 7.0 

and 8.9 m
g/k

g
 for the silt fraction and 2.7 and 3.2 

m
g
l
k
g
 for the sand fraction. 

O
f
 the different 

extractant pools ，
 

the
む
norphous

Fe-oxyhydroxide 

(34 :1: 
1
0
%
 of total 

extracted 
As; 

step 4) is 
a

 

major sink for As. 

M
o
r
e
出
an

8
0
%
 oftotal A

s
 is 

extracted after step 3. 

ln Holocene aquifer，
 

4
0
 to 5

6
%
 o
f
 A
s
 are in 

insoluble phase ，
 

and 35 to 5
0
%
 are in organic 

phase. 
Majority o

f
 insoluble A

s
 is 
attributed to the 

A
s
 in biotite. 

r
e
f
e
r
e
n
c
e
s
 o

f
 

巴
x
t
r
a
c
t
i
o
n
m
e
t
h
o
d
s
.
 

K
e
o
n
 et a l. 

(2001) 

Kotska and Luther (1
994) 

Tessier (1
979) 

T
h
o
m
a
s
 et al. 

(1
994) 

modified 

。、てr
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material 
As/mineral ratio 

K
J
 (Llkg) 

L
og

K
 J
 (Llkg) 

ionic strength 
p
H
 

reference 
remarks 

(問
nollg)

c
o
m
m
e
n
t
s
 

arsenite 

H
F
O
 

3
3
0
0
 

2
7
0
0
0
 

4
.4 

0.01 M
 N
a
C
I
0
4

 
7

 
Fig.2 

Dixit a
n
d
 Hering (2003) 

H
F
O
 

1700 
5
7
0
0
0
 

4.8 
0.01 M

 N
a
C
I
0
4

 
7

 
Fig.2 

Dixit and Hering (2003) 

H
F
O
 

8
3
0
 

8
6
0
0
0
 

4.9 
0.01 M

 N
a
C
I
0
4

 
7

 
Fig.2 

Dixit a
n
d
 Hering (2003) 

H
F
O
 

3
3
0
 

3
0
0
0
0
0
 

5.5 
0.01 M

 N
a
C
1
0
4

 
7

 
Fig.2 

Dixit and Hering (2003) 

F
e
 hydroxide (am) 

4
0
 

7
8
0
0
0
 

4.9 
0.01 M

N
a
C
1
 

7
 

Fig.2 
Go1dberg (2002) 

goethite 
2
0
0
 

3
3
0
0
 

3.5 
0.01 M

 N
a
C
1
0
4

 
7

 
Fig.2 

Dixit and Hering (2003) 

goethite 
100 

8
0
0
0
 

3.9 
0.01 M

 N
a
C
1
0
4

 
7

 
Fig.2 

Dixit and Hering (2003) 

goethite 
5
0
 

18000 
4
.3 

0.01 M
 N
a
C
I
0
4

 
7

 
Fig.2 

Dixit and Hering (2003) 

goethite 
2
0
 

3
8
0
0
0
 

4.6 
0.01 M

 N
a
C
I
0
4

 
7

 
Fig.2 

Dixit and Hering (2003) 

siderite 
190 

8
3
0
 

2.9 
0.01 M

 F
e
C
1
0
.
 

7
 

Fig.l0 
Jonsson a

n
d
 S
h
e
r
m
a
n
 (2008) 

Sideite w
a
s
 partially dissoluted b

e
l
o
w
 p
H
7
.
 

o
 

siderite 
19 

2
5
0
 

2.4 
0.01 M

 F
e
C
I
0
4

 
7

 
Fig.IO 

Jonsson and S
h
e
r
m
a
n
 (2008) 

Sideitc w
a
s
 partially dissolutcd b

c
l
o
w
 p
1l
7. 

"岡、

Fig.2 
G
R
 wa
s
 partially dissoluted b

e
l
o
w
 p
H
8
.
 A
m
o
u
n
t
 of sorbed 

green rust 
1300 

11000 
4.0 

。目
01

M
F
e
C
1
0
.
 

7
 

fougerite 
Jonsson and S

h
e
r
m
a
n
 (2008) 

A
s
(
lII) 

is 
renormalized to the a

m
o
u
n
t
 of remaining 

fougerite. 

m
a
g
n
e
u
t
e
 

3
0
0
 

1800 
3.2 

0.01 M
 N
a
C
I
O
.
 

7
 

Fig.2 
Dixit and Hering (2003) 

m
a
g
n
e
U
t
e
 

2
0
0
 

2
7
0
0
 

3.4 
0.01 M

 N
a
C
I
0
4

 
7

 
Fig.2 

Dixit and Hering (2003) 

m
a
g
n
e
U
t
e
 

100 
6
0
0
0
 

3.8 
0.01 M

 N
a
C
I
0
4

 
7

 
Fig.2 

Dixit and Hering (2003) 

m
a
g
n
e
U
t
e
 

1700 
6
0
0
0
 

3.8 
0.01 M

 F
e
C
I
O
.
 

7
 

Fig.8 
J 品
nsson

and S
h
e
r
m
a
n
 (2008) 

Magnetite w
a
s
 partially dissoluted b

e
l
o
w
 p
H
8
.
 

calcite 
0.073 M

 K
C
I
 or 

7.53 
rarely 

S
o
 et al. 

(2008) 
LiC1 

adsorbed 

galena 
50 

13000 
4
.1 

Fig.4 
Bostic et al. 

(2003) 

sphalerite 
5
0
 

4
0
0
0
 

3.6 
Fig.4 

Bostic et al. 
(2003) 

pynte 
55 

2
1
0
0
 

3.3 
0.001 M

N
a
C
I
 

7
 

Fig.6 
Bostick and Fendorf(2003) 
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Solid-solution distribution coefficients (
K
 a) calculated f

r
o
m
 experimental data at or near p

H
 7. 

(Continued) 

material 

住
oilite

hiotite 

muscovlte 

kaolinite 

kaolinite 

montrnorillonite 

m
o
n
伽
lorillonite

illite 

iII
ite 

A
I
 hydroxide (倒的

A
1
 hydroxide (am) 

arsenate 

H
F
O
 

H
F
O
 

H
F
O
 

H
F
O
 

F
e
 hydroxide (am) 

goethite 

goethite 

goethite 

I:c>
clhilc 

As/mineral ratio 

(凶
n
o
V
g
)

55 

3.2 

3.2 

0.50 

0.016 

0 .5
0

 

0.016 

0.50 

0.016 

20.0 

0.16 

3
3
0
0
 

1700 

1200 

3
3
0
 

4
0
 

2
0
0
 

100 

50 

20 

K
a
 (Llkg) 

1600 

5
5
0
 

2
2
0
 

11 

2
2
 

7.9 

68 

17 

2
7
 

2
3
0
0
 

1800 

16000 

3
9
0
0
0
 

7
3
0
0
0
 

3
3
0
0
0
0
0
 

7
8
0
0
0
 

2
0
0
0
 

11000 

N
/
A
 

N
/
A
 

L
og

K
a

 (ν
k
g
)
 

ionic strength 
p
H
 

c
o
m
m
e
n
t
s
 

reference 

3
.2 

0.001 M
 N
a
C
I
 

7
 

Fig. 6
 

Bostick a
n
d
 F

 endorf (2003) 

2.7 
0.001 M

 N
a
N
O
]
 

7
 

Fig.4 
Chakraborti et al. 

(2007) 

2
.3 

0.001 M
 N
a
N
O
]
 

7
 

Fig.2 
Chakraborti et 

al. 
(2008) 

1.
0

 
0.01 M

N
a
C
I
 

7
 

Fig.3 
Goldberg (1

999) 

1.
3

 
0
.
0
5
M
N
a
C
I
 

7
 

Fig.1 
M
a
n
n
i
n
g
 and Goldberg ，

 
(1997) 

0.9 
0.01 M

N
a
C
I
 

7
 

Fig.5 
Goldberg (2002) 

1.
8

 
0
.
0
0
5
M
N
a
C
I
 

7
 

Fig.1 
M
a
n
n
i
n
g
 a
n
d
 Goldberg ，

 
(1
997) 

1.
2

 
0.01 M

N
a
C
I
 

7
 

Fig.4 
Go1dberg (2002) 

1.
4

 
0.015 M

N
a
C
l
 

7
 

Fig.1 
M
a
n
n
i
n
g
 a
n
d
 Goldberg ，

 
(1997) 

3.4 
0.01 M

N
a
C
I
 

7
 

Fig.1 
Go1dberg (2002) 

3
.3 

0
.
0
2
M
N
a
C
1
 

7
 

Fig.1 
M
a
n
n
i
n
g
 and Go1dberg，

 
(1
997) 

4.2 
0.01 M

 N
a
C
1
0 ，

 
7

 
Fig.1 

Dixit a
n
d
 Hering (2003) 

4.6 
0.01 M

 N
a
C
I
O，

 
7

 
Fig.1 

Dixit and IIering (2003) 

4.9 
0.01 M

 N
a
C
I
O ，

 
7

 
Fig.1 

Dixit and Hering (2003) 

6.5 
0.01 M

 N
a
C
1
0，

 
7

 
Fig.1 

Dixit and Hering (2003) 

4.9 
0.01 M

N
a
C
l
 

7
 

Fig.2 
Goldberg (2002) 

3
.3 

0.01 M
 N
a
C
I
O
.
 

7
 

Fig.1 
Dixit and Hering (2003) 

4.1 
0.01 M

 N
a
C
I
O
.
 

7
 

Fig.1 
Dixit and Hering (2003) 

N
/
A
 

0.01 M
 N
a
C
I
O
.
 

7
 

Fig.1 
Dixit a

n
d
 Hering (2003) 

N
/
A
 

0.01 
M

 N
a
C
I
O
.
 

7
 

Fi&.1 
Dixit a

n
d
 lI

ering (2003) 

remarks 

M
a
x
i
m
u
m
 adsorption observed around p

H
 5. 

M
a
x
i
m
u
m
 adsorption observed around p

H
 5. 

.... 司

町、

almost all adsorbed 

almost a l¥ 
adsorbed 
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coefficients (
K
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r
o
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H
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(Continued) 

material 
A
sJmineral ratio 

K
d
 (L

/
kg) 

L
Og

K
d

 (
ν
k
g
)
 

ionic strength 
p
H
 

reference 
remarks 

(仰
n
o
V
g
)

c
o
m
m
e
n
t
s
 

siderite 
190 

11000 
4.1 

0.01 M
 F
e
C
1
0
.
 

7
 

Fig.10 
Jonsson and S

h
e
r
m
a
n
 (2008) 

G
R
 wa
s
 partially dissoluted b

e
l
o
w
 p
H
7
.
 

siderite 
19 

2
2
0
0
 

3
.3 

0.01 M
 F
e
C
I
O
.
 

7
 

Fig.10 
Jonsson and S

h
e
r
m
a
n
 (2008) 

G
R
 wa
s
 partially dissoluted b

e
l
o
w
 p
H
7
.
 

green rust 
1400 

2
8
0
0
0
0
0
 

6.4 
0.01 M

 F
e
C
I
O
.
 

7
 

Fig.2 
Jonsson and S

h
e
r
m
a
n
 (2008) 

A
s
(
V
)
 is 

completely sorbed b
e
l
o
w
 p
H
8
.
 

fougerite 

green rust 
7
0
0
 

140
000

0 
6.1 

0.01 M
 F
e
C
I
O
.
 

7
 

Fig.2 
Jonsson and S

h
e
r
m
a
n
 (2008) 

A
s
(
V
)
 is 

completely sorbed below p
H
8
 

foug
町
ite

green rust 
140 

2
8
0
0
0
0
 

5
.4 

0.01 M
 F
e
C
I
O
.
 

7
 

Fig.2 
Jonsson and S

h
e
r
m
a
n
 (2008) 

A
s
(
V
)
 is 

completely sorbed b
e
l
o
w
 p
1l
8. 

fougerite 

magnetlte 
1700 

3
4
0
0
0
0
0
 

6.5 
0.01 M

 F
e
C
1
0
.
 

7
 

Fig.8 
Jonsson and S

h
e
r
m
a
n
 (2008) 

Magnetite w
a
s
 pa

凶
叫
Iy

dissolutcd b
e
l
o
w
 p
1l
8. 

biotite 
3.2 

1800 
3.3 

0.001 M
 N
a
N
O
)
 

7
 

Fig.3 
Chakraborti et al. 

(2008) 
M
a
x
i
m
u
m
 adsorption observed around p

H
 5. 

muscovlte 
3.2 

2
2
0
 

2.3 
0.001 M

 N
a
N
O
)
 

7
 

Fig.2 
Chakraborti et a l. 

(2008) 
M
a
x
i
m
u
m
 adsorption observed around p

H
 5. 

N
 

lI"¥ 

kaolinite 
0.50 

N
/
A
 

N
/
A
 

0.01 M
N
a
C
I
 

7
 

Fig.3 
Goldberg (2002) 

almost all 
adsorbed 

montrnorillonite 
0.50 

17 
1.
2

 
0.01 M

N
a
C
I
 

7
 

Fig.5 
Goldberg (2002) 

illite 
0.50 

180 
2.3 

0.01 M
N
a
C
I
 

7
 

Fig.4 
Goldberg (2002) 

A
l
 hydroxide (am) 

20.0 
N
/
A
 

N
/
A
 

0.01 M
N
a
C
I
 

7
 

Fig.1 
Goldberg (2002) 

almost all 
adsorbed 



o 
Table 1・5.Reported IlGt value at standard states for the minerals. 

Arsenic minerals IlGf
o (kcaUmol) References 

FeAs04・2H20 ・305.96 Robins， 1990 
FeAs04 -184.66 Sadiq and Lindsay， 1981 

AIAs04・2H20 -408.4 Naumov et al.， 1974 

AIAs04 -306.13 Sadiq and Lindsay， 1981 

Mn3(As04h -518.03 Sadiq and Lindsay， 1981 

~ln3(As04h.8H20 -969.2 Naumov et al.， 1974 

Mg3(As04h -663.3 Itagaki and Nishimura， 1986 

~lg3(As04h.l OH20 -1230.2 Nishimura et al.， 1981 

恥19HAs04 -283.8 Itagaki and Nishimura， 1986 

MgHAs04・7H20 -680.6 Nishimura et al.， 1981 

Ca3(As04)2 -731.5 Nishimura et al.， 1981 

Ca(H2As04h -490.9 Nishimura et al.， 1981 

Ca5H2(As04)4 -1347.2 Nishimura et al.， 1981 

Ca2As040H -475.1 Nishimura. et al.， 1981 

AS2S2 -36.22 Naumov et al.， 1974; Wagman et al.， 1968 

AS2S3 -23.06 Webster， 1990 

:..U data are cited from Ryu et al. (2002) Geochim. Cosmochim. Acta 

53 



Table 1・6.Reported LogK valu巴sof some dissolution reactions of As minerals. 

Arsεnic minerals Log K 

FeAs04・2H20+ H+ = Fe3+ + HAsO/・+2H20 ・13.02
3+ . '1'"""'" _ 2. 

FeAs04・2H20+ W = Fe" + HAsO/' -8.59 
3+ . "I'T... ，.....". 2-AIAs04・2H20+ W = AIF + HAs04 ・13.47

AIAs04 + H+ = Ae+ + HAs04
2・・4.7

Mn3(As04h+ 2H+ = 3恥1n2++ 2HAsO/" 8.51 
2+ . ~TT' ~ 2， ~ln3(As04)2・8H20+2H+ = 3Mnl
+ + 2HAsOt +8H20 ・7.66

ME3(A504)2+2H+=3MgZ++2HAs042・ 3.26

~lg3(As04)2・lOH20+2H+ = 3Mg
2+ 
+ 2HAsOt + 10H20 3 

~fgHAs04 + H+ = Mg2
+ 
+ H2As04 3.62 

~lgHAs04.7H20 + H+ = Mg2
+ + HAsO什 7H20 3.6 

Ca3(As04h +2H+ = 3Ca2
+ 
+ 2HAsO/

・

5.2

Ca(H2As04h = Ca
2+ 
+ 2H2AsO/" 1.1 

2+ . AI"I'T... ，..... 2・
CasHiAs04)4 + 2H' = 5Ca~T + 4HAs04 ・1.8

Ca2As040H + H+ = 2Ca2
+ 
+ AsO/・+H20 0.88 

AS2S2 + 16H20 = 2HAsO/・+2S0/
・+11ピ+15H+ 

Q.5j.~S~+ JH20 = l:!3~SQ3 0 
j" 1.5!IS~ 

-180.42 

・23.11

百listable is cited from Ryu et a1. (2002) Geochim. Cosmochim. Acta 
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Chapter 2 

Hydrological and geological background of As-contaminated aquifer in 

Sonargaon， middle east Bangladesh 

1. Ch呼フterintroduction 

There have been many hydrogeochemical studies carried out in Bangladesh and 

West Bengal. Early research on the occurrences of local scale As contaminated 

groundwater had been carried out in mid to late 1990's (summarized in Smedley and 

Kinniburgh， 2002; Chapter 1 ofthis thesis). A nation-wide field survey was first carried 

out by BGS & DPHE (2001) to document the spatial distribution of As contaminated 

groundwater; i.e.， 3534 wells were collected with a sampling density of approximately 

one per 37 km2 or an average about 6 km distance among each wells for the entire 

landmass of the country. As results， the As contaminated groundwater exists in the 

aquifers within the Holocene delta and the flood plains of Ganges， Brahmaputra， and 

Meghna (GBM) rivers. Aquifers in the Pleistocene terrace deposits were not 

contaminated (Chapter 1， Fig. 1ー1).The level of As contamination varies in the local 

scale; e.g.， van Geen et al. (2003) analyzed about 6000 tube wells within a 25 km
2 area， 

and found the contaminated and uncontaminated groundwaters in adjacent wells 10m 

apa此 inthe Holocene aquifers. Many authors noticed the similar occurrences of As 

contaminated groundwaters in the different areas of that country (Harvey et al.， 2002; 

McArthur et al.， 2004; Zheng et al.， 2005). 

Reductive dissolution of Fe oxyhydroxide is almost the consensus to explain the 

mechanism of mobilization of As into the groundwater in the GBM delta (Nickson et al. 

1998; Harvey et al. 2002; McArthur et al. 2004). According to this hypothesis， As is 

released via reduction and decomposition of Fe oxyhydroxides associated with 

biodegradation of organic matter in the aquifer. However， this process has not been fully 

supported in terms of several controversial points; e.g.， source of organic matter 

(Harvey et al. 2002， McArthur et al. 2004; Rowland et al. 2006)， chemical form of 

reduced Fe oxyhydroxides/oxides (Horneman et al. 2004; van Geen et al. 2004)， and 

transportation process of As (Harvey et al. 2005; Polizzotto et al. 2005). 
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In order to document the formation mechanism of the As contaminated 

groundwater in the Holocene aquifer， 1 and co-investigators drilled into the Holocene 

and underlying Pleistocene aquifers in Sonargaon， located at the edge of Pleistocene 

terrace in central Bangladesh. Lithology and mineralogy in the study area are reported 

in Mitamura et al. (2008) and Seddique et al. (2008). Prior to the drilling， well waters 

were geochemically studied to document the spatial distribution of As groundwater. In 

this report， first， chemical and stable isotopic characteristics of the groundwaters are 

described in detail. Then， 1 interpret the process of releasing As into the aquifer in 

relation to the hydrogeology and mineralogy of the studied area， and explain the 

principal mechanism of formation of As contaminated groundwater in the GBM delta. 

2. Geologicα1 settings 

The Bengal Basin， located downstream of the GBM river system， is one of the 

most active de1taic plains (GBM delta) in the world. A large volume of detritus eroded 

from the Himalayas has been transported to form the GBM delta. Goodbred and Kuehl 

(1999) estimated that a long-term total annual sediment load of 1012 kg/year， ofwhich 

approximately one third has been deposited in the subaerial delta and f100d plain. 

Erosion of the ultramafic rocks of the northem parts of the Himalayas and granitic and 

high grade metamo中hicrocks of the central and southem parts， have produced these 

sediments and provided the dominant mineral assemblage of quartz， biotite， and 

feldspar (BGS and DPHE， 2001). More detail geological background of GBM delta is 

described in Chapter 1 (section 3). 

Fig. 2-1 shows the surface geology of Bangladesh (Goodbred et al.， 2003). The 

coun仕yis geologically divided into four parts， i.e.， modem delta plain in the south， 

alluvial f100d plain in the central， Pleistocene terraces in the north-west (Barind Tract) 

and central (Madhupur Tract)， and a subsided basin (Sylhet Basin) in the upstream 

Meghna river. 

Our study area， located at the southeastem edge ofthe Pleistocene terrace deposit， 

Madhupur Tract， is approximately 3 x 3 km2 in the Sonargaon thana (sub-district). A 

geographic map of the study訂 eais presented in Fig. 2-2a， in which the meandering 

Old Brahmaputra River is running. This river was the main channel of the Brahmaputra 
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river presently f10wing several hundred km westward as Meghna River (Goodbred and 

Kuehl.， 2000). Dissected terraces， where reddish brown oxidized mud and sand layers 

are exposed， occur in the westem part of the study area separated by the Line A from 

the alluvial f100dplain in the eastem part. Natural banks， where settlements commonly 

exist， are located along the present and abandoned channels. Except for such banks， the 

f100d plain is mostly covered with water during the rainy season (June to September). In 

the dry season， the channel of the Old Brahmaputra river is almost dry， and the land is 

used for cultivation. 

Observation ofthe drill core revealed the underlying geology and aquifer structure 

in this area (Mitamura et al.， 2008). Simplified geological cross section is shown in Fig. 

2-2b.τ'he results can be summarized as given below. 

(i) Quatemary strata in the study area above the depth of 100 m is divided into three 

formations; lower sand， middle mud， and upper sand layers. 

(ii) The age of middle mud formation was determined to be >54 Ka by 14C dating. 

The sedimentation ages of the three formations are estimated to be 

Plio-Pleistocene (the lower sand layer)， Middle-Upper Pleistocene (the middle 

mud layer)， and Holocene (the upper sand layer). 

(iii) At the westem teηace， which was uplifted due to fault movement， the lower 

sand layer is exposed on the ground surface. 

(iv) 百lemiddle mud layer works as the aquitard dividing the upper and lower 

aquifers. Surface of this layer is mostly f1at in E-W direction， while undulating 

irregularly in N-S direction with various depressions of sizes. 

(v) Two aquifers can be identified in the study area; an unconfined aquifer 

shallower than ca. 30 m deep hosted by upper Holocene sand layer， and a 

confined aquifer beyond the depth of 40 m hosted by lower Pleistocene sand 

Iayer. In the northeastem part ofthe study area， in which Pleistocene sediment is 

directly exposed， groundwater in Pleistocene aquifer exists in even shallower 

(く30m) depth. 

(vi) Lower half of the upper Holocene sand layer generally consists of middle to 

coarse grained sand， suggesting high permeability. Majori守 ofthe tube wells 

draw groundwater from this Iayer. 
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3. Methods 

3.1. Sampling and in situ analyses 

Tube wells installed in shaIlow aquifers of -30 m depth locaIly caIled “hand tube 

weIl"， are densely distributed in the settlements to satis命 thedaily use of water. 

Groundwaters from 232 tube weIls were coIlected at the end of rainy season in 

September 2003 along with waters from 228 wells previously sampled at the end of dry 

season in February 2004. Because hand tube well is general1y not ful1y screened， and 

only 3-6 m length screen is attached on the end of the installed pipe， length of well 

pipes can be regarded as depth of taking groundwater. Location of the sampling wells 

was positioned using a portable GPS receiver (eTrex Vista， GARMIN) with an error 

limit ofく10m. 

Oxidation reduction potential (ORP)， pH， and electrical conductivity (EC) were 

measured in situ using portable instruments (D・55，Horiba Techno Service， Ltd. and 

SC82， Yokogawa electric coふ百lepH was measured by glass electrode. ORP was 

measured as the potential difference between platinum electrode and Ag/ AgCl reference 

electrode， and the measured ORP values were converted to Eh (vs. standard hydrogen 

electrode) using the foIlowing equation recommended by Horiba Techno Service， Ltd. 

Ehのう=ORPれワ+0.206・0.007x (T・25)

where T is the water tempera旬rein oC. Groundwater was sampled during continuous 

pumping after the readings of pH， ORP， EC， and water temperature became stable. 

Alkalinity was analyzed in situ by titration with 0.1 N (or 0.16 N) HCl using the 

mixture ofbromcresol green and methyl red (BCG-MR) as the indicator at pH 4.8. 

Each groundwater sample was split and stored in four bottles and treated in the 

field as follows. (り Acidifiedwith HCl to 0.06 N HCl solution for determination oftotal 

As including particulate and dissolved As; (ii) filtered with 0.45μm membrane-filter for 

analysis of major anions， dissolved organic acids (formate， acetate and oxalate ions)， oD， 

and 0180; (iii) filtered with 0.45μm membrane-filter and acidified to 0.06 N HCl 

solution for analysis of major cations and N~ +， dissolved As and Fe， and 034SS04 and 
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dissolved organic carbon (DOC); and (iv) filtered with 0.45μm membrane-filter and 

acidified to 0.09 N H2S04 solution for analysis of As
III and 815NNH4・恥1cCleskeyet al. 

(2004) suggest that acidification by H2S04 is a suitable way to avoid AsIII oxidation 

during preservation. Samples (i)， (ii)， and (iii) were preserved in polyethylene bottles， 

and samples (iv) were kept in air-tight glass vials. In addition to those samples， one liter 

of groundwater was also collected from each ofthe 7 wells， i.e.， [LDD3 (60 m; Ledemi)， 

BKB6 (75 m; Bara Khater Bhulua)， NKD5 (90 m; Darikandi)， GLG3 (26 m; Gulnagar)， 

DRK35 (18 m Darikandi)， and MCC22 (23 m; Mucharchar)， DLD6 (21 m; Daulaudi) in 

December 2004 for tritium analysis. The samples were selected based on the following 

concepts; (i) to collect企omboth Holocene and Pleistocene aquifer， and (ii) the samples 

having typical water chemistry and 8180 within the regions based on the analytical data 

of groundwaters in the rainy season. Riverwater and rainwater were collected monthly 

仕omMarch to December 2004. The sampling location of riverwater is shown in Fig. 

2-2a. Rainwater was taken a立erthe first shower at Dhaka-Mirpur or sampling site. The 

sampling procedure ofthem was same as sampling of groundwater. Chemical fertilizers， 

i.e.， urea， Thiobit， ZnS， (NH4hS04， and MgS04 were purchased in Darikandi village to 

analyze N and S isotopes. 

3.2. Analytical methods 

Major anions and dissolved organic acids were determined by ion 

chromatography (DX・120，Dionex for the anion analyses). Ca and Mg were determined 

with EDTA titration， and Na and K were quantified with atomic absorption 

spectrophotometer (SAS7000， Seiko Instruments). Detection limits ofthese compounds 

were -0.1 mglL. Dissolved organic carbonρOC) was measured by TOC analyzer 

(TOC-5000， SHIMADZU). Since the sample water is evaporated during the 

pretreatment， the above dissolved organic acids are excluded from the concentration of 

DOC. Saturation index of secondary minerals， e.g.， calcite， dolomite， siderite， 

ferrihydrite， etc.， were calculated using MINTEQA2 ver. 2.30 (Allison et al. 1991) for 

the groundwaters collected in February 2004， 14 samples from the Pleistocene aquifer 

and 143 samples from the Holocene aquifer. 

Total dissolved arsenic was determined by a hydride generation atomic absorption 
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spectrophotometer (SAS7000， Seiko Instruments). AsIII was determined with the 

cathode stripping voltammetry但olak，1980) after filtration in the laboratory with a 

solid-phase extraction disk (Milli-pore) to remove the dissolved organic matters which 

interfere with the accurate determination of AsJII using a potentiostatlgalvanostat 

(AUTOLAB model PG-STAT 10， Eco chemie) interfaced with the multi-mode 

electrode (V A 663， Metrohm). The AsIlI analysis was completed within 3 months of 

sampling. NHt + concentration was determined with colorimetric Indo-phenol method 

within 3 weeks after sampling. Dissolved Fe concentration was determined by 

colorimetric 0・phenanthrolinemethod. 

Hydrogen and oxygen isotope ratios ofwater were determined合omhydrogen gas 

produced by the on-line Cr reduction method (Itai and Kusakabe， 2004) and a 

conventional H20・CO2 isotopic equilibration method (Epstein and Mayeda， 1953)， 

respectively， using a mass spectrometers (SIRAI0， VG・Micromass，and PRISM， Fison). 

The hydrogen and oxygen isotopic compositions are expressed in terms of uD and U180 

(%0) relative to the VSMOW (Vienna Standard Mean Ocean Water). Precision of the 

analytical data was within土 0.5%0 (uD) and土 0.1%0 (UI80) respectively (1σ). For 

tritium analysis， one liter of sampled groundwater was distilled to remove dissolved 

matters， and then condensed electrically to 50 mL using Solid Polymer Electrolysis for 

tritium enrichment (TriPure， Permelec Electrode ltdよbeforemeasuring of the tritium 

content using a liquid scintillation analyzer (Aloka model LB3). 

3.3.ff匂tertable monitoring 

Three observation wells (Wl， W2 and W3) were drilled at southem end of 

Darikandi village (specified as“M" in Fig. 2-2a) within 10 m in diameters to monitor 

the seasonal variation of groundwater table during January to December in 2005. The 

depths of screens are←12 m for Wl， 18-27 m for W2， and 45-54 m for W3. 

4. Results 

In order to constrain the relationship between geology and the occurrence of As 
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contamination， the investigated groundwaters are classified into two groups based on 

the localiザ andthe depth of the wells installed. One group comprises most of the 

groundwaters drawn from the wells shallower than 36 m located in the alluvial plain， 

where the Holocene sediments host the unconfined aquifer. The other group comprises 

groundwater drawn from depths greater than 50 m from the wells installed in the 

Pleistocene sediments beneath the alluvial plain and all groundwaters collected from the 

westem Pleistocene terrace (Gulnagar village)， which is a recharge zone of the studied 

groundwater in the Pleistocene aquifer. According to this classification， number of 

groundwaters in the Holocene and Pleistocene aquifers were 178 and 23 samples， 

respectively. The groundwaters drawn from the wells of 36 -50 m depth are excluded 

from these two categories， since the aquifer cannot be specified without information of 

subsurface geology. Thus， these groundwaters are tentatively classified into the third 

groups named “unspecified". Because groundwaters drawn企omthe wells > 100 m 

depth is too deep to know hydrological relationship to those in the shallower aquifers， 

those are used only as reference data. 

4.1. Major chemical composition ofgroundwater 

All the 178 groundwaters collected from the Holocene aquifer have pH within the 

range 6.5 to 7.4. The studied groundwaters are dominantly Ca・Mg-HC03typeσig.2-3)， 

similar to those previously reported for other areas in Bangladesh (e.g.， Zheng et al.， 

2004， Ahmed et al.， 2004). The key diagram of cations shows more than 90% of the 

groundwaters plotted in the region where Ca， Mg， and Na+K企actionsare >0.4， 0.2 -

0.4 andく0.3， respectively. With increasing Ca concentration， Ca刈19ratio approaches 

7 : 2 -7 : 3. Less than 10% of groundwater from the Holocene aquifer， mostly found in 

Daulaudi and Temdi， have Ca fractionく0.4， and Na+K increases with decreasing Ca 

fraction. Most dominant anion is HC03-， where equivalent fraction among total anion is 

up to 0.99 with mean value of 0.82. Some waters， mostly collected合omMammudi and 

Daulaudi， contain HCU3-fraction of <0.60 and concentration of cr (up to 5.1 meqlL)， 

plausibly derived from anthropogenic sources， increases instead of HC03-. Fraction of 

sulfate in a total anion is generallyく0.1.Among the 17 samples collected from 

Mammudi village， however， 7 samples in rainy season and 6 samples in dry season 
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show a exceptionally high sulfate仕actionof >0.1 with a maximum value of 0.14. 

sol・/crratio ranged from 0.0 to 580μM/mM. In Bangladesh， surface waters show 

sol・/crratios ranging企omhundreds to 3000μMlmM  (Galy and France-Lanord， 

1999). Based on the U34SS04 analysis， Zheng et al. (2004) suggested that very low 

sol・/crratio (く10μM/m恥1)in some regions of Bangladesh is primarily a result of 

sulfate reduction and not due to recharge of low sulfate water. Thirty-three samples of 

our studied groundwaters give sol・lcrratioく10IlM/mM， and most of them are 

distributed in the southern part ofHarihardi， Darikandi， and Bara Khater Bhulua. 

Groundwaters of the Pleistocene aquifer comprises 10 samples from the shallow 

wells in the western terrace， and 13 from the wells of >50 m depth beneath the alluvial 

plain. The former groundwaters have pH ranging 6.9 to 7.1， and the latter have a range 

of 6.8 to 7.0. Despite the two different depths ofthe installed wells， the major chemical 

composition of these groundwaters is similar and distinct from most of the 

groundwaters from the Holocene aquifer. Equivalent fraction ofHC03-in total anion of 

the shallow well waters from the terrace is up to 0.93 with a mean value of 0.75， and 

that of Ca2+ in total cation was <0.46 with a mean value of 0.40. Those fractions are 

similar to those of HC03-and Ca
2
+ of the deep groundwaters beneath the alluvial plain， 

which are 0.71 and 0.43 respectively. Na+K fraction increases with decreasing Ca 

fraction. sol・lcrratio ofthe groundwater in Pleistocene aquifer ranged from 10 to 453 

μMlmM. No sample show lower sol・lcrratio than 10μM/mM， indicating limited 

occurrence of sulfate reduction. 

Groundwater from the Holocene aquifer show N~ + concentrations >0.1 mg/L in 

139 samples of rainy season and 136 samples of dry seasons with the maximum values 

being 7.3 and 8.6 mg/L， respectively. ~+ rich groundwaters mostly occur in the 

southern p訂 tof Harihardi， Darikandi and Bara Khater Bhulua. Most of the 

groundwaters do not contain detectable N03-(く0.1mglL)， while the groundwaters 

collected in the rainy season occasionally contain high amounts of N03->2 mg/L and 

the maximum concentration is about 16 mgι. This observation suggests that oxic water 

contaminated with nitrate infiltrates the aquifer in the rainy season， while that such an 

infiltration rarely occurs in the dry seぉon.More than 0.1 mglL ofpol・wasdetected in 

61 groundwaters in the rainy season and 52 in the dry season with the maximum value 
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of 12 and 4 mglL， respectively. 

Analysis of dissolved Organic Carbon (DOC) was conducted on 40 samples 

collected in the dry season. Three samples collected from Pleistocene aquifer ranged in 

values from 1.2 to 2.2 mglL， while 37 samples from Holocene aquifer showed a range 

1.1 to 7.9 mglL. Among Holocene aquifer， high DOC (>4 mglL) tend to be observed in 

the southem parts (e.g.， Darikandi and Bara Khater Bhulua)， while low DOC (<2 mglL) 

were in the northem part of study area (e.g.， Harihardi and Mammudi). Acetate ion is 

ubiquitous in both Holocene and Pleistocene aquifers. In the Holocene aquif民

concentration of acetate varied between 1.4 to 11.4 and 1.4 to 14.4 mglL in rainy and 

dry seasons， respectively. Low-acetate groundwater (<4 mglL) was often observed in 

northem part of Harihardi， Temdi， and Mammudi， while the acetate was generally high 

(>8 mglL) in Darikandi and Bara Khater Bhulua. 

4.2. Relationsh伊s01 major chemistry and As and redox components 

Concentrations of total As， including particulate and dissolved forms， was almost 

the same as that of dissolved As within analytical precision for more than 80% of 

samples， and hereafter the concentration of dissolved As is used as total As for 

discussion. Horizontally spatial distribution of As concentration of the groundwaters 

企omthe wells shallower than 36 m is shown in Fig. 2-4a. Concentration of As of all 

groundwaters from westem terrace (Gulnagar village) is within the limit of WHO 

standard 0.01 mg/L. Arsenic concentration varies widely in groundwaters from the 

Holocene aquifer. Highly As contaminated groundwater occasionally occurs as an island 

which is a few tens meters ofwide and a few hundred meters long (sometimes called As 

hotspot). Kumarchar， middle to southem part of Harihardi， and Darikandi are such areas. 

On the other hand， groundwaters仕eefrom or low in As occur in three areas， i. e.， 

Daulaudi， south-eastem part of Mucharchar， and northem part of Harihardi. In these 

areas， As仕切 groundwateris occasionally fou!1d from the wells which are within a few 

tens of meters away from the highly contaminated well. 

In order to trace the process of evolution of As contaminated groundwater 

chemistry， Ca， Mg and redox components (total Fe， NH/， and As) of groundwaters 

丘omthe Holocene aquifer are plotted against alkalinity (given as HCOn in Fig. 2-5. 
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百legroundwaters are grouped according to each villages in this figure to observe the 

local scale variation ofthe chemistry. Relationships between HC03-and Ca2+ and Mg2+ 

show good Iinear correlation， indicating that those components are mostly dissolved 

along the chemical weathering process of silicates， which is a hydration reaction 

promoted by mainly W produced from the dissociation of dissolved soil C02 due to the 

respiration of soil organisms. 

Alkalinity also increases in the groundwater in association with the 

biodegradation of organic matters. Fe (>5 mglL) and NHt + (>2 mglL) rich groundwaters 

mostIy occur in the southern part of Harihardi， Darikandi， and Bara Khater Bhulua 

villages， and tend to contain high HC03-(>3 mM). However， HC03-(>3 mM) rich 

groundwater does not always contain high Fe and NHt+. Arsenic (>400μgIL) rich 

groundwaters mainly occur in northem and southern paはofHarihardi， Darikandi， and 

Kumarchar villages. SlightIy different distribution of As and Fe and/or NHt + implies 

di宜erentmobilization process of these components via decomposition of organic matter 

in aquifer. 

Major chemical compositions do not change very much in the groundwater 

collected from the same well in different seasons， although seasonal changes in Eh are 

significant.百四 Ehof the groundwater collected in the rainy season is with a narrow 

range ofO.165 to 0.226 V， while that in the dry season is highly variable (0.037 to 0.383 

V). As shown in Fig. 2-4b， most of the groundwaters show negative sEh [Eh( dry 

season)ー Eh(rainyseason)]; (i. e.， the Eh is higher in the rainy season than the dry 

season)， especially for the groundwaters collected from southern paは ofthe study area， 

such as Darikandi， Bari Khater Bhulua， and Kumarchar villages. However， some of the 

studied groundwaters， especially in the northem area， i.e.， northem part of Harihardi， 

Mammudi， and Daulaudi， becomes noticeably more oxic in the dry season than in the 

ramy season. 

Fig. 2-6 shows the relationships between redox components and Eh.百四 Ehdoes 

not vary significantIy in the rainy season， and the relationships between Eh and 

concentrations of As， Fe and NHt + are not c1ear. On the other hand， in dry season， 

concentration of As， Fe， and NHt + generally increase with decreasing Eh. However， 

NH4 + and As concentrations occasionally high in the groundwaters giving high Eh 
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values of 0.25 ~ 0.35 V. Comparably high amount of As and NHt + containing 

groundwater with high Eh among the sample would indicate that those components are 

dissolved via different process from the reduction. Change in As [dAs (%) = 

(ASdry圃 ASrainy)/Asmeanxl00]content ofthe groundwaters collected from the same well in 

different seasons are mostlyく 20%(Fig. 2-6)， while changes in the concentration of 

NH/ and Fe were significant. lncrease of Fe concentration in the dry season was 

obvious in southern part of Harihardi. Variable Fe concentration in relation to the Eh 

implies dissolution and precipitation of secondary Fe minerals such as Fe oxyhydroxide， 

siderite and vivianite. Precipitation ofFe sulfide such as mackinawite is also possible as 

a fixing mechanism of F e in reducing condition. Concentration of NHt + also increases 

in the dry season in the southern part of Harihardi， but the extent of change is smaller 

than that of Fe. Small seasonal changes in As and NHt + concentrations might be 

attributed to their slower redox reaction rates than that ofFe. 

Fig. 2ー7shows the relationships of redox components of the groundwaters 

sampled in the dry season. Arsenic concentration increases with increasing NH4 + and 

decreasing sol・， implying that dissolution of As and NHt + increases with the 

intensification of the reducing environment as reported previously in other regions of 

Bangladesh (Anawar et al.， 2003; McArthur et al.， 2001; Zheng et al.， 2004; Ahmed et 

al.， 2004). Arsenic is believed to be released from Fe oxyhydroxide undergoing 

decomposition in reducing condition (e.g.， De Vitre et al. 1991). However， it is known 

that As does not always behave in tandem with Fe (BGS and DPHE.， 2001; McArthur et 

al.， 2001; 2004; Ahmed et al.， 2004)， i.e.， As rich groundwater is not always rich in Fe. 

百1Iserratic behavior is noticeable in our studied groundwaters. For example， Fe 

concentration is low when the As concentration is high in the groundwater from in the 

northern part ofHarihardi. 

Groundwaters in Holocene aquifer were often saturated with calcite (・1.33く Slcal

く0.64)and dolomite (-2.66くSIω く1.04)as suggested by previous researches (e.g.， 

Ahmed et al. 2004; McArthur et al. 2004)， indicating that elevated concentration of 

HCU3-in Holocene groundwater was not attributed to dissolution of carbonate minerals. 

More than half of the groundwaters (55 %) including all samples containing > 0.1 

meqlL of Fe are saturated or oversaturated with siderite σig. 2-8). Saturation index of 

66 



siderite was up to 1.3.百leseoversaturation implies that siderite is precipitated in the 

aquifer when groundwater alkalinity and Fe concentration increase. Stable Fe mineral in 

studied groundwater condition was estimated by Eh-pH diagram (Fig. 2-8). If ignore 

the precipitation of siderite， Fe oxyhydroxides are stable in measured Eh and pH region. 

Considering precipitation of siderite， stability field of both Fe oxyhydroxides becomes 

decrease. Although goethite is still stable under this condition， ferrihydrite (Fe(OH)3) 

becomes unstable toward lower Eh and pH. Groundwaters collected from Darikandi 

which were generally reducing and slightly alkaline were plotted close to the boundary 

of Fe(0H)iFeC03， while Fe(OH)3 was stable in groundwaters from the other regions; 

i.e.， northern part of Harihardi (oxic and slightly alkaline) and Daulaudi (oxic and 

slightlyacidic). 

4.3. H and 0 isotopic character 01 waters 

Fig. 2-9 shows the relationship between 8D and 8180 of the groundwaters. All 

groundwaters are plotted around the global meteoric water line (MWL: 8D = 88180 + 10， 

Craig， 1961)， indicating that all groundwaters originate from meteoric water. Variation 

of isotopes ranged from・46.3to・5.7%0in 8D and ・7.2to・2.0%0in 8180. This range of 

8180 is similar to， and 8D slightly higher， than those of groundwaters in Bangladesh 

reported by Aggarwal et al. (2000) (8D =・50to・12%0，8180=・7.2to・2.4%0).

Isotopic composition of riverwater reflects most recent rainfall (overland-flow) 

and discharge of unconfined groundwater (base-f1ow) (Criss， 1999). Fig. 2-10a shows 

the monthly record of 8180 of Old Brahmaputra riverwater during the period April to 

December 2004， when the values varied from・7.6to・1.1%o(Fig. 2-1 Ob). 8180 value 

gradually increases during dry season due to discharging of unconfined groundwater to 

stream (Harvey et al.， 2005) and evaporation. The 8180 of rain were・9.1， -3.7，・10.6，

and ・3.5%0，in middle of June， July， August and September， respectively. 8180 of the 

rainwater largely vary， and no systematic variation with the sampling months. It is 

known that the stable isotope ratios of rain changes with the variation of volume and 

duration of precipitation and sampling timing during raining. Thus， those values do not 

ref1ect the average of rain at each month. 

The isotope ratios of the groundwaters of the Pleistocene aquifers show a large 
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variation， i.e.， 8180 between ・7.1-・4.2%0 and 8D between ・47and ・25%0， respectively. 

The oxygen isotope ratios are consistent with those of riverwater during June to 

September. Thus， the groundwater in this aquifer must be recharged during the peak of 

rainy season without much contamination of surface water.官官 isotoperatios of 

groundwaters from the Holocene aquifer range between ・6.2to・2.0%0 for 818
0 and ・40

and ・8%0 for 8D， much higher than those of the Pleistocene aquife巳implyingthat the 

surface water remained in the flood plain (mostly in ponds and channel) is contaminated 

into the aquifer after finishing the rainy season. 

Table 2-} shows the seasonal variation of 8180 value of groundwaters collected in 

September-2003， end of rainy season; February・2004，end of dry season; and 

December-2004， middle of dry season. The 8180 value of groundwaters in Pleistocene 

aquifers collected at different times do not show any change except for 3 groundwaters， 

where8180 varies by >0.5%0， and those collected from the shallow depths at the westem 

terrace. This result indicates that residence time of these groundwaters is long enough to 

homogenize 8180.百四 8180of groundwaters from Holocene aquifers have similar 

values for samples collected in September-2003 and February-2004， except for only 

four groundwaters that show a change in 818
0 by >0.2%0・However，52% of 

groundwaters from Holocene aquifers (13 out of 25) show in 8180 value >0.2%。

difference between the samples collected in February and December， 2004. The 8180 of 

the groundwaters taken in the February is higher than those in the December (10 out of 

13)， indicating the contamination of 180 enriched water into the aquifer in the February. 

Change in water table level clearly responded to the amount of precipitation (Fig. 

2ー10b).Since the groundwater table ofHolocene aquifer is consistent with the level of 

surface water， the lowest water table in May is attributed to the drying up the surface 

water and also may be due to excessive drawing of groundwater during dry season. 

Sharp rising water table from May to July reflects recharge of rainwater. Change in 

water table becomes small from July to September due to saturation of aquifer. 

A rough estimation of the residence time of the groundwaters can be made based 

on the 3H data. Tritium was not detected (く0.5TU) in the four groundwaters collected 

from the Pleistocene aquifer [60 m depth at Harihardi (LDD 3)， 75 m Bara Khater 

Bhulua (BKB 6)， 90 m Darikandi (NKD5)， and 26 m Gulnagar (GLG3)] and one sample 
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from the Holocene aquifer [21 m at Daulaudi (DLDの].On the other hand， measurable 

3H was detected in the two groundwaters collected from the Holocene aquifer; one from 

a 18 m deep well in Darikandi (DRK35， 1.49土0.38TU) and the other from a 23 m deep 

well in the south of Mucharchar (MCC22， 2.84土 0.37TU). Thus， the groundwaters 

collected from the Pleistocene aquifer have a longer residence time of more than at least 

50 years， while the Holocene aquifer hosts groundwater recharged after 1953.百lose

results are consistent with the fact that large contribution of freshly recharged surface 

water in Holocene aquifer and less contribution in Pleistocene aquifer. Moreover， my 

results are roughly consistent with the estimation of residence time of unconfined 

groundwaters in the Munshiganji district by Klump et α1. (2006)， who suggested that 

residence time of groundwater in Holocene aquifer is gradually increased with depth， 

and varied企omca. 35 -80 years from 10 to 40 m based on the 3HPHe measurements. 

5. Discussions 

5.1. Redox reaction in H%cene groundwater 

The groundwaters in the sturdy area have the same geochemical characteristics 

with the previously reported As contaminated groundwaters; i.e.， they contains low 

sol・andhigh NHt +， implying that As rich groundwater is formed under reducing 

condition. However， the concentrations of As are occasionally high in the groundwaters 

that have less or are even free from dissolved Fe， which is sensitive to ambient redox 

condition. Similar relationship between As and Fe has been observed by previous 

researchers who have studied several areas of Bangladesh; e.g.， BGS&DPHE (2001)， 

McArthur et al.， (2001) and Ahmed et al. (2004). Harvey et a/. (2005) argued in detail 

about the relationship between Fe 0勾rhydroxideand As， and they noticed that the As 

rich groundwaters were mostly found in reducing grey Holocene sediments from not 

only their own 則 dy(Harvey et a/.， 2002) but also in other 則 dies(e.g.， BGS and 

DPHE， 2001; van Geen et a/.， 2003; McArthur et a/.， 2004). However， since only a 

small amount of Fe oxyhydroxide is needed to explain the As concentration in the 

groundwater (Swartz et al.， 2004)， Harvey et al. (2005) concluded that the aquifer 

sediments must be poised in a geochemical state where the inventory of Fe 
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oxyhydroxides was nearly (or recently) exhausted， yet As had not been flushed away by 

the flowing groundwater. Thus， the controversial observation has been neglected for 

hypothesizing the mechanism. 

Concentration of N03-， one of the strongest oxidants among major anions in the 

natural waters， of the groundwaters widely varies in the rainy season with the high 

values reaching 16 mg!L， while it is mostly <2 mg!L in the dry season even when the Eh 

is high. Reported values of N03-in several regions of Bangladesh are generally lower 

than the values observed in this study， e.g.，く0.22mgIL (Bhattacharya et al. 2002)， 

く1.32mgIL小1cArthuret al. 2004). N03-produced企omnitrification of soil organic 

matters does not commonly increase by >2 mg!L in the groundwater that is in close 

association with the natural biological process in common soil and sediments (Mueller 

and Helsel， 1996). Hence， seasonal variation of N03- likely reflects impact of 

anthropogenic pollutants from surface during rainy season. Reduction of the 

groundwater occurs in the aquifer when the recharge stops after the rainy season. 

However， in some areas such as Daulaudi， Mammudi and northem Harihardi， where the 

Eh of groundwater increases in dry season， contribution of oxic water becomes more 

prominent. Lithology of the sediment column in Daulaudi and Mammudi demonstrate 

the absence of a siltlfine sand layer in the aquifer sediments， indicating higher 

permeability of the aquifer of those villages in comparison to the other villages in the 

studied area例 itamuraet al.， 2008). Thus， the vertical infiltration affects the permeable 

part of the aquifer more than the other parts. Such spatial variation of permeability 

related on the lithology of subsurface is reported from other studied sites (e.g.， Metral et 

al. 2008). However， even if permeability is high， observed seasonal variation is very 

astonishing. Infiltrating water is very unlikely to reach greater depths in a couple of 

weeks or months in the environment formed by completely natural process. 1 suppose 

that presence of permeable flow path along well pipe or abandoned well causes this 

phenomenon. 

Based on the hydraulic head data during pumping test and the O18
0 values of 

groundwaters at Munshiganji， 30 km south of Dhaka， Harvey et al. (2005) mentioned 

that there was convergent vertical flow that mixes water at a depth of about 30 m， and 

the circulation cell of groundwater flow scales within lO's and 100's of meters. They 

70 



also indicated that the aquifer was recharged in June when monsoon f100ding began. 

Geochemical features of studied groundwaters are concordant with their results. 8180 

values of different seasons show only minor changes but chemical components， 

especially those derived from anthropogenic pollution such as cr， show large variation， 

which indicate that the convergent f10w is affected by the local source of chemicals. 

Reduction of the groundwater occurs in the aquifer when the recharge stops after the 

rainy season. However， in some areas such as Daulaudi， Mammudi and northem 

Harihardi， where the Eh of groundwater increases in dry season， contribution of oxic 

water becomes more prominent. Lithology of the sediment column in Daulaudi and 

Mammudi demonstrate the absence of a siltlfine sand layer in the aquifer sediments， 

indicating higher permeability ofthe aquifer ofthose villages in comparison to the other 

villages in the studied area ゆ1itamuraet al.， 2008). Thus， the vertical infiltration affects 

the permeable part ofthe aquifer more than the other parts. 

Dissolved Fe concentration is likely to be controlled by the solubility of Fe 

containing mineral(s) at a given redox condition. Ferrihydrite and goethite are stable in 

Holocene groundwater as shown in Fig. 2-8. Actually， brown patches believed to be Fe 

oxyhydroxides were occasionally found in the grey aquifer sediment (Mitamura et al.， 

2008)， and goethite was identified as an alteration product of magnetite in the Holocene 

aquifer sediment by XRD analysis (Seddique et al.， 2008). IfFe oxyhydroxide is stable 

in Holocene aquifer， it is wonder that where dissolved Fe coming from? According to 

the thermodynamic prediction， Fe can be dissolved in reducing groundwater in study 

area; e.g.， groundwaters from Darikandi village σig. 2-8). Both Fe and HC03-rich 

groundwaters， appeared in southem part of Harihardi， Darikandi， Bara Khater Bhulua 

villages， were supersaturated with siderite. If precipitation of siderite occurred in 

groundwaters giving high alkalinity， decomposition of Fe hydroxide is promoted by 

following reactions. 

Fe2+ + col-= FeC03(c) 

Fe(O町3+3W=F♂ +3H20

Progressing this reaction， Fe2+ released from Fe hydroxide is finally fixed as siderite. 
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Because rate of inorganic precipitation of siderite is 8 orders lower than calcite in same 

印刷rationstate (Concepcion and Christopher， 2004)， high saturation state needs to 

precipitate siderite. In Fig. 2-8， increase in Fe2+ plateaus when SIsid becomes 1， 

implying that precipitation of siderite occurred SIsid > 1. Once formed siderite can 

decompose again via intrusion of oxygenic water. Hence， relatively large change in Fe 

over the season likely reflects various redox transformation processes in response to 

water circulation. In addition to the redox transformation process， release of Fe via 

chemical weathering ofbiotite should be considered as noted in latter section (5.3). 

Unlike dissolved Fe， As concentration does not change much in the groundwaters 

(mostlyく20%)collected in different seasons. Groundwaters showing considerable 

change in the concentration of As， e.g.， DLD19， DRK36， GLK3， and TMD8 (Table 2-1) 

also show relatively large change in 8180， i.e.， -2.7 to・4.1， -3.9 to・3.3，・3.5to・3.6，and 

-4.3 to・7.2%0during rainy and dry seasons， respectively. The observed large variation 

of 8
18
0 indicates a large variation of influx of surface water into the aquifer. ArsenIc 

concentration is obviously higher in rainy season in DLD19， DRK36， and TMD8， when 

the Eh is higher. The Fe concentration drastically increased (く0.1mg/L to 8.6 mg/L) in 

DRK36 in the dry season despite a considerable decline in As concentration (314 to 40 

μg/L). Those are notable examples of different change in As and Fe corresponding to 

different redox condition. 

Ionic valence controls mobility of As in groundwater. Dissolved As in 

groundwater are mostly inorganic oxyanions， such as trivalent arsenite and pentavalent 

arsenate (Smedley and Kinniburgh， 2002). Because mobility of arsenite is higher than 

arsenate， reduction of arsenate can be a trigger for As mobilization (e.g.， Zobrist et al. 

2000; Takahashi et al. 2004; Islam et al. 2004). AsIII/total As ratio was determined only 

for the groundwaters collected in the dry season. The AsIII/total As ratio does not 

correspond well to the Eh， i.e.， it tends to be higher in the lower Eh groundwater， while 

being occasionally comparable in value to the higher Eh ones. Many researchers have 

reported that Asl1I is dominant in the As rich groundwaters of GMB delta， e.g.， 

Bhattacharya et al.， (2002) suggested that 67 -99% of As was Asl1I in nine As affected 

districts in Bangladesh. Long storage time until the analysis (-3 months at the 

maximum) is not the only reason for this discrepancy. AsIII is high in the groundwaters 
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仕omthe northem part of Harihardi and Mammudi， where As/Fe ratio and Eh is higher 

in the dry season than the rainy season. Some researchers have suggested that reduction 

of arsenate to arsenite is a dominant白ctorto mobilize As rather than the reduction ofFe 

oxyhydroxide based on field observation (Mitsunobu et al. 2006) and laboratory studies 

(Harbel and Fendorf， 2006; Kocar et α1. 2006). In the study area， highest concentration 

of As is observed under moderately reducing condition (northem part of Harihardi) 

rather than more reducing condition (e.g.， Darikandi and Bara Khater Bhulua). Low 

concentration of dissolved Fe in northem part of Harihardi indicates that Fe 

oxyhydroxides likely precipitate in the region. Our result suggests that As can mobilize 

regardless of stability ofFe oxyhydroxides. 

5.2. Chemical weathering as controlling factor of groundwater chemistry 

Groundwater chemistry in the study area indicates degree of chemical weathering. 

Ca2+-HC03-type major compositions of groundwaters from the Holocene aquifer 

indicate that Ca2+ is dissolved via chemical weathering of plagioclase， which is one of 

the primary controlling factors of the major chemical compositions of natural waters 

(Drever， 2002). Mg2+ has a weak positive relationship with HC03-indicating that 

concentrations of Mg2+ is also attributed to the chemical weathering of basic minerals 

such as biotite and homblende. Because concentrations ofthese cation in groundwater is 

obviously higher than riverwater， chemical weathering of minerals after recharging must 

be a primary factor to control chemical composition of groundwater. Additionally， 

Seddique et al. (2008) pointed out that plagioclase and biotite have higher 

concentrations in the Holocene aquifer than the Pleistocene sediments that host the 

confined aquifer and the overlying aquitard mud layer based on the mineralogical and 

chemical composition ofthe sediments ofthe aquifer drilled at Darikandi，. 

Ifbiotite is weathered in the aquifer sediment， the following reaction would occur; 

2KMgFe2A1ShOIO(OH)2 + 14C02 + 15H20 = 

AhShOs(O町4+ 4Fe2+ + 2K+ + 2Mg2+ + 14HC03・ +4~Si04

When this reaction occurs in anoxic condition， Fe2+ can continue to exist in the 
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groundwater. High Fe and HC03-groundwaters occur in the southem part ofHarihardi， 

Darikandi， and Bara Khater Bhulua， that constitute an area which becomes reducing 

during the dry season. Ifthe reaction occurs in oxic condition， then iron oxyhydroxide is 

precipitated by the following reaction; 

2Fe2+ + O2 + 2H20::= 2FeOOH + 2W 

When s1ightly oxic environment， where N03-， sol・areavailable， Fe oxyhydroxide can 

be formed by consuming dissolved Fe present in the groundwater. Such an environment 

appears in the Holocene aquifer in the rainy season. Low Fe but high HC03-occurs in 

the areas (Daulaudi， Mammudi， northem part of Harihardi) where the groundwater is 

more oxic and slightly acidic. 

Detrital minerals are the likely primary source of As in GBM delta plain， although 

specific source mineral(s) and transport process of As from the river upstream has been 

rather neglected compared with explaining the As release from the secondary Fe 

oxyhydroxides. Sulfide minerals derived from granitic and metamo叩hicregions of the 

Himalaya is suggested as a source of As (Polizzotto et al. 2006). Some researchers 

suggested that As is highly concentrated in the silicate and/or sulfide phases of the 

sediments in GBM delta based on the selective chemical extraction (e.g.， Anawar et al. 

2003; Swartz et al. 2004). In the study area， however， As fixed in sulfide should be 

minor according to the low abundance of sulfide mineral (Seddique et al. 2008) and As 

K-edge XANES (Itai et al. 2006; Chapter 4 in this thesis). Most likely candidate of As 

fixing phase is biotite. Sengupta et al. (2004) measured As concentration in biotite， 

which is up to 9 mg/kg. In the studied area， the biotite from lower part of the Holocene 

aquifer contains more than 50 mg/kg of As at the maximum (Seddique et al. 2008). 

Because weathering rate of biotite is relatively白stamong detrital silicate minerals， 

release of As from biotite via chemical weathering should be tested. 

Combining the groundwater chemistry and the mineralogical evidence of the 

aquifer sediments， it is possible that the As is released仕omdetrital biotite and/or other 

basic minerals via chemical weathering. Since the rate ofweathering of detrital minerals 

is controlled by the solubility of Si02， the rate of weathering must increase with the 

increasing the f10w rate the groundwater. Harvey et al. (2005) mentioned that As was 
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mobilized by the infiltration of modem water into the aquifer. Our studied groundwater 

chemistry also support accelerated groundwater flow in the Holocene aquifer. 

6. Conc/usion 

In this chapter， 1 overviewed geochemical features on the As-contaminated 

groundwater in Sonargaon， in the mid-eastem Bangladesh. The range of dissolved As 

concentrations are varied from <1 to 1200μg/L in Holocene aquifer， whereas that are 

<4.3 μg/L in Pleistocene aquifer. Groundwater in the Holocene aquifer gives 

Ca・Mg-HC03-句'pechemistry to be formed via chemical weathering of detrital minerals 

such as plagioclase and biotite. General reducing features of As-contaminated 

groundwater is consistent with other part of Bangladesh. However， redox behavior 

between As and Fe is not straightforward. Concentration of dissolved Fe which likely 

originated from detrital biotite is controlled by precipitation/dissolution of Fe 

oxyhydroxide and siderite at a given redox condition. Reduction of arsenate to arsenite 

is also contributed to mobilize As. 

Patchy distribution of high-As groundwater in Holocene aquifer is marked in our 

study area as well as some previous studies. Large variation of 8180 indicates that 

shallow groundwater is circulated in spatially small scale. Accelerated vertical 

infiltration of surface water， which can be induced by lowering of water table due to 

excessive drawing of groundwater， plausibly promotes the water-sediment interaction in 

the Holocene aquifer， where relatively unaltered detrital minerals still exist. 1 believe the 

observed facts are app1icable for other As-contaminated modem aquifers. 
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Fig.2・2.(a) Enlarged topographic map ofthe study area. Plotted symbols cOITesponds to 
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chematic geological cross section of study area. 
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Fig. 2-3. Piper diagram plotted on the aqueous components of well waters. Shaded circle 

represents groundwater from Holocene aquifer. Square with cross represents groundwater 

om Pleistocene aquifer. 
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Chapter3 

Development of selective speciation method for secondly Fe and Mn 

species at mineral surfaces by conversion electron yield X-ray 

absorption fine structure 

1. Chαrpter introduction 

As mentioned in Chapter 1， mobility of As in sedimentary aquifer is mainly 

controlled by adsorption-desorption reaction to several secondary minerals. Iron and Mn 

hydroxides/oxides are particularly important compounds controlling geochemical 

behavior of As in surface environment. Secondary minerals of Fe(III) and Mn(IV) are 

readily produced due to their low solubilities (Stumm and Morgan， 1996， see Chapter 1， 

section 8.3). Chemical forms ofthese secondary minerals drastically change depending 

on the surrounding physico-chemical conditions， and reactivity of arsenite and arsenate 

to these secondary minerals can also be changed. Therefore， development of a 

speciation method for Fe and Mn in environmental samples is particularly important for 

my study. 

Among the同'0elements， Fe is initially present as a constituent of minerals in 

igneous rocks such as biotite， pyroxene， homblende， olivine， ilmenite， magnetite， and 

pyrite. Iron in these minerals alters its chemical form into oxides and hydroxides via 

weathering processes (Wilson， 2004). Although Mn is less abundant in crust relative to 

Fe， formation processes of secondary Mn oxides via weathering are similar to Feσost， 

1999). As a result， detrital phases containing Fe or Mn generally coexist with their 

secondary phases in soil and sediments. Hence， the investigations of speciation of Fe 

and Mn in solid materials can be difficult， particularly if selective detection of the minor 

phases in the samples is desired. However， it is considered that the behaviors of As can 

be controlled by the reactions with the secondary Fe and Mn (hydr)oxides formed at 

surfaces ofprimary minerals， even iftheir ratios to the total Fe and Mn abundances are 

small. Actually， we observed large abundance of Fe rich primary mineral， such as 

biotite and chlorite， in sediment collected from our study area (Seddique et al. 2008). 

Thus， surface sensitive method could play an important role to achieve the speciation of 
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Fe and Mn for the sediment collected from As-contaminated aquifer. 

X-ray absorption fine structure (XAFS) has been used for the speciation of 

various elements in solid materials (Brown and Sturchio， 2002). Among various 

techniques in XAFS， electron yield XAFS (EY・XAFS)can prove to be a useful surface 

sensitive method due to the shallow escape depth of Auger electrons from an atom 

irradiated by X-ray within a sample (Schroeder， 1996). This technique has been widely 

used for soft X-ray analysis， because probability for Auger electron emission is 

inversely proportional to the atomic number (Mcguire， 1970; Kostroun， 1971). For 

geochemical or environmental samples， EY・XAFShas been applied to speciation of 

light element in aerosol， e.g.， Si (Tohno et al.， 1998)， P (Tohno et al.， 2001)， and S 

(Kawai et al.， 1999; Takahashi et al.， 2006). Iron and Mn are also possible candidates 

for investigation by EY-XAFS because (i) their concentrations are generally high (0.01 

-1 wt. %) in soil and sediment and (ii) they have relatively small atomic number with 

fairly high probability of Auger electron emission. 1 hypothesized that conversion 

electron yield XAFS (CEY-XAFS) is applicable to speciation of Fe and Mn species at 

mineral surfaces. However， to the best of my knowledge， CEY-XAFS has not been 

applied for the speciation of Fe and Mn in natural geochemical samples. If the 

applicability of CEY -XANES for Fe and Mn speciation is confirmed， the technique can 

apply to the speciation of Fe or Mn secondary minerals， which are probably at low 

abundance， in the sediment from contaminated aquifer. 

In this study， 1 measured Fe and Mn K-edge XANES spectra of weathered and 

unweathered granite by both f1uorescenceσL) and CEY modes. Major minerals 

containing Fe and Mn in granite are biotite and hornblende， while secondary minerals， 

e.g.， Fe hydroxide and Mn oxide， are also common in this rock. Abundances of 

secondary minerals generally increase with the increase in the degree of weathering. 

百lUS，it is expected that the difference of weathered and unweathered granite can be 

assessed by the combination of FL-and CEY -XAFS by the determination of the 

chemical forms of Fe and Mn in bulk and at mineral surfaces， respectively. In order to 

validate the results， 1 also employed microscopic X-ray f1uorescence (XRF) with XAFS 

analyses and also selective chemical-extraction experiments to determine the amount of 

secondary minerals. 
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2. Methods 

2. J. Sample collection and preparation 

The granite samples used in this study were collected from surface outcrop of 

Tono area， central Japan. Sampling procedure is described in detail in Takahashi et al. 

(2002). 1 chose two granite samples， MLOl and ML03W， for the experiments in this 

study， because they were weathered to different degrees. According to the scheme of 

classification ofthe degree ofweathering proposed by Toyoda et al. (1999)， MLOl and 

ML03W are classified to class B (slightly weathered) and class E (disaggregated)， 

respectively.百leformer is classified as a hard rock indicated by metallic sound when 

the sample is hit by hammer， while the latter as totally crumbled clay. In terms of 

chemical index of alteration (CIA) proposed by Nesbitt and Young (1982)， CIAMLOl and 

CIAMLo3ware 61.3 and 53.6， respectively (calculated by the data shown in Table 2ー1).

The results also showed that ML03W is weathered to a greater extent than ML01， since 

a larger CIA value shows that the sample is more intensively weathered. For the XAFS 

analyses， both samples were pulverized into powder. Major element composition was 

measured by conventional X-ray f1uorescence spectrometry (philips PW1404) as 

reported in Takahashi et al. (2002). 

2.2. XANES data collection 

The measurement of macroscopic XAFS spectra of Fe-K edge and Mn-K edge 

was conducted at BLOIB1， SPring-8 (Hyogo， Japan) for Fe analyses and at BLI2C， 

Photon Factory (Tsukuba， Japan) for Mn analyses. For Fe， XANES spectra of 

ferrihydrite， goethite， hematite， magnetite， pyrite， fayalite， and biotite were measured as 

the reference materials. For Mn， O・Mn02，Mn203， MnS04， and biotite were used. 

Ferrihydrite and goethite were synthesized following the method by Schwertmann and 

Cornell (2000).百leO・Mn02was synthesized following the method by Murray (1974). 

Hematite and MnS04 were purchased from Wako Pure Chemical Industry， Ltd (Japan). 

Magnetite， biotite， fayalite， and pyrite were purchased仕omNichika Co中・(Japan).

Mn203 was purchased from Sigma-Aldrich Co中・ (USA). During FL-XAFS 

measurement， references and powdered granite were sealed in oxygen impermeable 

films. The XANES spectra of reference materials were measured by transmission mode， 
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while granite samples were measured by f1uorescence mode. Among the reference 

materials， only Mn-K edge spectrum of biotite was measured by f1uorescence mode. 

Samples were positioned at 450 to the incident beam in f1uorescence mode. Incident 

X-ray was tuned by Si(lll) monochromater. Energy calibration was performed by 

assigning a pre-edge position of hematite as 7.110 keV and that of 8・Mn02as 6.539 

keV for Fe and Mn， respectively. Incident and transmitted intensities were measured by 

ionization chambers in transmission mode， while f1uorescent X-rays by a Lytle detector 

equipped with SoIIer sIits and Mn or Cr fiIters for Fe or Mn analyses， respectively. 

Energy scans for XANES analysis were coIIected from 7.060 to 7.250 keV for Fe and 

企om6;438 to 6.740 keV for Mn. AIl measurements were carried out at room 

temperature under ambient air conditions. 

Measurement of CEY・XAFSwas conducted using a CEY detector unit (Teikoku 

Electric.， Japan). Configuration of the detector is il1ustrated in Fig. 3-1. The powdered 

sample was placed on electricaIly conductive carbon tape (DTM9101， JEOL， Japan) at 

the center of circular-shaped graphite carbon electrode connected to an amplifier. The 

detector was placed on an alignment stage (8・28type) and covered with a metal box to 

maint<lin He atmosphere. Purified He gas was aIlowed to f10w through the ceIl at 300 

mLlmin. The detector unit was canted 40 against the incident X-ray. Vertical position of 

the detector unit against the incident X-ray beam was optimized by scanning the 

position verticaIly with the detection of the electron yield. The high voltage power was 

fixed at 400 V during aIl measurements. 

Contribution of various Fe or Mn species to each sample was estimated by 

simulating the spectra of the samples by those of reference materials using the least 

squares fitting. Fitting was conducted in the energy ranges of 7.110 to 7.140 ke V and 

6.540 to 6.570 keV for Fe and Mn， respectively. The quality ofthe fit was given by the 

goodness-of-fit parameter R， defined by 

R=L{xobs(E)-Xcal(E)y 
L {xobs(E)y 

、，，，，，.
，
A
 

，，.‘、

where N!bs(E) andχ~(E) are experimental and calculated absorption coefficients at a 
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given energy (め， respectively. 

2.3. Micro XRF and XANES 

Micro XRF elemental mapping was performed at the BL4A，.PhotonFactory. The 

samples used for the micro-beam analysis were prepared as a thin section with thickness 

ofca.30凹n.Prior to the analyses， distributions ofminerals within the thin section were 

examined by optical microscopy. For the micro X-ray analyses， the thin section was 

positioned at an angle of 450 against the incident beam， and f1uorescence X-ray was 

recorded by a Si semiconductor. The size of incident X-ray beam was fixed at 5 x 5μm2， 

which becomes 7 (horizontal) x 5 (vertical) Jll1l2 on the sample due to the angle of the 

sample to the incident X-ray beam. The step ofthe scanning was fixed at 7 and 5μm for 

horizontal and vertical scans， respectively. Intensity of incident X-ray was fixed at 8.0 

keV. During the scanning， the intensities of f1uorescence X-rays of Fe-IGα， Fe-Kp， 

Mn-KIα， K-KIα， Si・Kα，Ca-IGα， and Ti-IGαwere monitored simultaneously using single 

channel analyzers tuned for the energy of each f1uorescence X-ray. 

The XANES spectra were collected for selected points of interest (POI) based on 

the results of XRF elemental mapping. The mIcro-XANES spectrum collected for each 

POI was measured by f1uorescence mode. Energy calibration was performed by the 

same procedure described in the previous section. Energy scans for XANES analysis 

were collected from 7.059 to 7.197 keV and 6.500 to 6.680 keV for Fe and Mn， 

respectively. The energy step was typically 0.33 for Fe and 0.50 for Mn in the XANES 

region. The XANES spectra of powdered reference materials were collected by 

transmission mode. Reference materials used in the micro-XANES analyses are the 

same as described in the previous section. 

2.4. Selective chemical-extraction ofFe and Mn伊 ecies

Secondary phases ofFe and Mn in the two samples of granites were extracted by 

wet chemical-extraction following the method proposed by Chao and Zhou (1983) and 

Koschinsky et al. (1995). For Fe， 0.2 g of each sample was reacted with 20 mL of 0.2 M 
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oxalate/ammonium oxalate (pH 3.0) at 250C for 4 hours with continuous shaking.百1Is

method targets amorphous Fe hydroxide. For Mn， 0.2 g of each sample was reacted with 

20 mL of 0.1 M hydroxylamine hydrochloride (pH 2.0) at 250C for 24 hours with 

continuous shaking. This method targets Mn oxide. Concentrations of F e and Mn 

extracted into the solution were determined by graphite-fumace atomic abso中tion

spectrophotometer (AA・6650，SHlMADZU). 

3. Resu/ts 

3.1. Comparison ofXANES伊 ectraobtained by FL and CEY modes 

Minerals in the two granite samples (unweathered and weathered) were quartz， 

plagioclase， feldspar， biotite， and lesser abundance ofhomblende and chlorite according 

to the observation by optical microscope. Yellowish secondary Fe mineral is仕equently

observed in grain boundaries and cracks of quartz， particularly in ML01. Normalized 

Fe-K edge XANES spectra ofMLOl and ML03W in FL and CEY modes show a good 

fit when subjected to least-squares fitting using the spectra of ferrihydrite and biotite as 

end members with goodness-of.・fitparameter R2
く0.04(Fig. 3-2a， Table 3-2). In 

f1uorescence mode， different fea加reswere clearly observed between MLO 1 and 

ML03W.百leXANES spectrum of MLO 1 in FL mode (MLO 1・FL)shows similar 

structure with that of ferrihydrite， and calculated contributions of ferrihydrite and biotite 

were 0.66 and 0.34， respectively. Dominance of ferrihydrite is consistent with the fact 

that MLOl was intensively weathered. The XANES spectrum ofML03W・FLexhibits a 

shoulder around 7.122 keV， whose characteristics are similar to those of biotite. 

Calculated contributions of ferrihydrite and biotite were 0.31 and 0.69， respectively. 

Although the XANES spectrum of ML03・FLshowed a good fit between ferrihydrite 

and biotite， height of the peak was slightly lower than that of the calculated spectrum. 

Because ML03W is a unweathered granite， other silicate minerals containing Fe such as 

homblende and chlorite might have contributed to the spectrum. By comparing XANES 

features between FL and CEY modes for each sample， attenuation of the shoulder 

around 7.122 ke V was notable in CEY mode， i.e.， contribution of ferrihydrite increased 

in the CEY mode.百四 simulationof the spectra showed that the contribution of 
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ferrihydrite increased企om0.66 in FL mode to 0.75 in CEY mode for MLOl and 0.31 to 

0.47 for ML03W.百lelarger contribution of ferrihydrite in the spectrum in CEY mode 

indicates the occurrence of ferrihydrite at mineral surfaces via weathering. 

Normalized Mn-K edge XANES spectra are shown in Fig. 3-2b. Because 

concentration of Mn is lower than that of Fe by a factor of 20 to 30， intensities of 

signals were weak， pa此icularlyin CEY mode. However， all spectra can show a good fit 

between 8・Mn02and biotite with R く0.08.Compared with Fe， more remarkable 

differences were observed for Mn-K edge XANES between MLOl and ML03W and 

also between the FL and CEY modes. The XANES spectrum of ML03W-FL is 

characterized by two distinct peaks at 6.550 and 6.554 keV， which completely overlaps 

the biotite spectrum， suggesting that the primary Mn bearing mineral in the unweathered 

granite is biotite. On the other hand， these two peaks were not clear in the MLO 1・FL

spectrum and slightly shifted to higher energy. Calculated contributions of 8・Mn02and 

biotite are 0.58 and 0.42， respectively， for the MLOl・FLspectrum. The XANES 

spectrum of MLO 1・CEYwas clearly different from that of MLOl・FL.Contribution of 

8・Mn02in the CEY mode (= 0.86) obviously increased relative to that for MLOI-FL. 

Difference of the XANES spectra between ML03・FLand CEY was also distinctive. The 

two peaks (6.549 and 6.554 keV) observed in the biotite spectrum completely 

disappeared in the CEY mode， suggesting that the contribution of 8・Mn02(= 0.91) 

precipitated in the sample is significant as Mn species at the mineral surfaces， even in 

the unweathered granite. 

3.2. Micro-XRF and XANES 

Micro-XRF elemental mapping were performed for several parts in ML03W to 

determine the spatial distribution ofFe and恥10，some ofwhich were shown in Fig. 3-3. 

According to the map A， Fe concentration was obviously high in biotite except for its 

cleavage (specified as spot 3) and margin of the grain (spot 4). Relatively high 

concentration of Fe was also observed at surface or in crack of the quartz (spot 5). 

Micro-XANES spectra of Fe K-edge from the points of interest (POI) are illustrated in 

Fig.3-3.百四 XANESspectra of biotite in reference sample and in ML03W (spots 1 

and 2) are similar but not identicaL The reason for this discrepancy is not clear at 
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present. It is possible that the difference is partly due to the self-absorption effect， since 

the spec仕aofbiotite in ML03W was obtained in FL mode irrespective oftheir high Fe 

concentrations， while that for the reference material was measured in transmission mode. 

The XANES spectra from spots 3 and 4 are similar to that of ferrihydrite rather than 

biotite suggesting that weathering of biotite， and subsequent precipitation of Fe 

hydroxide within the cleavage and at grain boundaries. The XANES spectrum for the 

spot 5 was also similar to that of ferrihydrite. Consequently， the micro-beam analysis 

showed that ferrihydrite is the main secondary phase ofFe formed during weathering. 

As was like Fe， Mn also accumulated in the biotite (Map B)， but its content is less 

in the cleavage and at the margin of the grain. The micro-XANES spectra of Mn from 

biotite regions (spots 6 -8) are characterized by two peaks at 6.547 and 6.553 keV. The 

positions of these peaks were identical to those found in the XANES spectrum of biotite 

(reference sample)， though the shape of the spectra was slightly different. XANES 

spectra similar to those of biotite were observed even from the cleavage and margin of 

the grain (spots 7 and 8). Unlike Fe， secondary phase ofMn was not observed even in 

the cleavage and margin of minerals. Although various points were analyzed in the thin 

section of ML03W， presence of Mn oxide was not confirmed by micro-XANES. 

Consequently， despite biotite is the main Fe and Mn bearing phase in ML03W， spatial 

distribution ofthe secondary phase was different between Fe and Mn. 

3.3. Comparison 01 macroscopic and microscopic XANES analyses 

As mentioned above， FL-and CEY・XANESgave different information. In the 

case ofFe， FL-XANES spectra indicate that ferrihydrite and biotite are the dominant Fe 

phase in恥1LOl and ML03W， respectively. On the other hand， contribution of 

ferrihydrite detected by CEY-XANES increased for both MLOl and ML03W. These 

results are consistent with the microscopic X-ray analyses， where Fe was mainly present 

in biotite and ferrihydrite in ML03W. Ferrihydrite was found within the cleavage of 

biotite and at grain boundaries， suggesting that the detection by CEY mode gives 

selective information for the secondary phase formed at the mineral surfaces. Difference 

of FL and CEY-XANES was more distinctive in the case of Mn.τbe FL-and 

CEY-XANES ofMn in ML03W showed contrasting results， where Mn oxide was not 
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found in the micro-XANES analyses but dominant in the spectra measured by CEY 

mode. As shown in the next section， signal detected by CEY・XANESwas mainly from 

Fe and Mn species formed at solid surfaces confined to a depth of 100 nm. This depth is 

much smaller in magnitude than the beam size ofmicro-XANES (5 x 5μm2) employed 

in this study. Possibly， Mn oxide was thinly coated on mineral surfaces in sub 

micro-meter scale， which cannot be identified by micro XANES.百leseresults showed 

that Mn oxide was selectively measured in the CEY mode. The present study clearly 

demonstrates the high potential of CEY・XANESas a selective detection method of thin 

coating of secondary minerals in sub micro-meter scale. 

The relative content of each Fe and Mn phase was also determined by selective 

chemical-extraction (Table 3-3). For Fe， extracted fractions were smaller than that of 

ferrihydrite determined by FL-XANES. Particularly， the extracted fraction was less than 

half of ferrihydrite fraction in恥1L01.Fe oxide/hydroxide in MLOl might have a more 

crystalline phase than that in ML03W， which can be resistant to the chemical-extraction. 

Similar results were reported in La Force and Fendorf (2000) showing that extraction by 

0.2 M ammonium oxalate may not remove all the Fe hydroxides企omsolid phase by 

comparison of selective chemical-extraction and Fe-K edge XANES. For Mn， extracted 

fractions were similar to or slightly smaller than that of Mn oxide determined by 

FL-XANES. The results of CEY・XANEShave higher values for the fractions of 

secondary phases for Fe and Mn than those determined by selective chemical-extraction. 

Although extracted Mn in ML03W was much smaller than unextracted Mn， the 

CEY・XANESspectrum for the sample indicates the presence of Mn oxide. Thus， the 

fraction ofthe secondary phases determined by CEY-XANES is much larger than those 

estimated by FL-XANES and selective chemical-extraction. This result also supports 

the possibiliザofselectivedetection ofsecondary phases by CEY-XANES. 

Coating of Mn oxides on mineral surfaces is common in surface environment 

(post， 1999). Because such coating is general1y fine-grained and poorly crystalline， 

characterization of Mn oxide is sometimes chal1enging. Micro-or submicro-scaled 

spectroscopic methods have been applied to characterization of Mn oxide， e.g.， X-ray 

micro f1uorescence， micro X-ray diffraction， and micro EXAFS by Manceau et al. 

(2003)， transmission electron microscopy (TEM) by Hochella et al. (2005)， and electron 
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energy loss spectroscopy in scanning transmission electron microscopy (STEM-EELS) 

by Loomer et al. (2007). These methods are normally app1ied to the samples which 

exhibit Mn-rich area within the samples. Compared with these methods， CEY・XAFS

can also be employed to rock samples at early stage of weathering， since this method 

can give the information of averaged Mn species on surface of minerals in the bulk rock 

sample， which cannot be characterized by other methods. Besides， sample preparation 

and analytical procedure of other micro-or submicro-scopic methods are complex and 

time-consuming relative to CEY-XAFS.百lUS，CEY・XAFShas many advantages for 

speciation of secondary mineral in natural samples. 

Although the cause of different spatial distribution of Fe and Mn is unclear， the 

difference possibly reflects their different redox behavior in nature. 

Precipitation-dissolution of Mn oxide may be cycled actively in surface environment. 

Manganese can be soluble due to the concomitant reduction of Mn(lV) with oxidation 

2+ • 
of metals on the surface of Mn oxide， while dissolved Mn"" is re-precipitated via both 

biotic and abiotic oxidation (Tebo et al. 2005). It is estimated that Mn can recycle 

100-300 times during organic matter decomposition in coastal sediments before it is 

ultimately buried (Canfield et al. 1993). On the other hand， since the ability of oxidation 

by Fe oxide/hydroxide is not intensive， precipitation-dissolution of Fe oxide/hydroxide 

is expected to be slower than Mn oxide. Thus， ubiquitous thin-coating of Mn oxide 

possibly reflects its higher mobi1ity coupled with its readily reducible nature of Mn 

compared to Fe. Separate spatial distributions ofFe hydroxide and Mn oxide is actually 

observed in natural sample by TEM (Hochella et al. 2005)， which is consistent with the 

present results. 

3.4. Calculation ofprobing depthfor various compounds 

Probing depths ofKLL Auger electron ofFe and Mn from selected minerals were 

estimated using the ‘universal curve' proposed by Schroeder (1996). Escape probabi1ity 

P(x) is assessed by Bethe range (RB) which is the average total path length of Auger 

electron before losing its initial kinetic energy by following equation. 

-2.7・x
P(x) = 0.76・(lーて一).exp(ーて一一)

a、B ‘B
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where x is the origination depth from surface. The RB is derived from modified Bethe 

law (Joy and Luo， 1989)， 

M rlOeV 

B = '7.  L dE 
785・p.z.¥>-4 In(J /[1.166・(E+t. J)]) 

(6) 

where Z is atomic number， p the mass density， M the molar mass， t an element-specific 

dimensionless constant (generally ca. 0.85)， and EA is the KLL electron energy. J is the 

mean ionization potential estimated using following equation. 

J=9.76・Z+58.5・Z--O.19 (7) 

By using the equations above， Bethe range ofvarious Fe and Mn compounds (i.e. 

metallic Fe， ferrihydrite， fayalite， pyrite， and biotite for Fe; metallic Mn， Mn oxide， and 

biotite for Mn) were calculated. 

Bethe range of Fe KLL Auger electron varied from 200 to 550 nm depending on 

the density of the compounds. Some studies using electron trajectory simulation 

demonstrated that half length of Bethe range (penetration depth; Rp) almost corresponds 

to the maximum probing depth of Auger electron (Erbil， 1988; Schroeder， 1996). 

Penetration depth ofFe KLL Auger electron was the lowest for metal1ic Fe (-100 nm)， 

and the highest for the biotite (-250 nm). Penetration depth of silicates was longer than 

oxides (-200 nm) due to lower density ofsilicates. Because escape probability of Auger 

electron becomes higher toward mineral surface， more than 90% of the signal comes 

from the depth less than 100 nm for metallic Fe and pyrite and <160 nm for oxides and 

silicates. The depth ofpenetration ofMn KLL Auger e1ectron is almost similar to that of 

Fe. Calculated penetration depths ofMn for Mn oxide and biotite were ca. 100 and 240 

nm， respectively. 

Penetration depth of fluorescence X-ray for Fe and Mn in various minerals was 

roughly estimated based on the absorption coefficients of these elements， and 

composition and density of minerals. As a result， the penetration depth is mineral 

dependent， and more than 90% of the signal comes from mineral sur白ce(10-80μm). 

This estimation is similar to the result by Dyar et al. (2002). Penetration depths ofFe-K 

edge fluorescence from biotite and ferrihydrite were ca. 50 -70μm， suggesting that 
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signal obtained by FL・XAFSwas derived from the depth range which can reflect bulk 

information for minerals. Penetration depths of Mn-K edge fluorescence were in a 

similar range to that of Fe. The results of calculation for Fe and Mn indicated that 

probing depth of CEY・XAFSis smaller than FL・XAFSby 2 to 3 orders of magnitude， 

demonstrating that the combination of both methods can enable us to compare the Fe 

and Mn species at the surface and in the body ofthe minerals. 

3.5. Possible application ofCEY-XAFSfor terrestrial samples 

1 confirmed that CEY・XAFSis applicable for the speciation of Fe and Mn at 

mineral surfaces in geological materials. Because Fe is the fourth most abundant 

element in earth's crust， relatively high-quality CEY-XANES spectra can be obtained 

for Fe. On the other hand， spectra of CEY-XANES for Mn in this study were not of 

high quality due to the low concentration of Mn in granitic rocks. 1 confirmed that this 

technique is likely applicable to the sediment sample collected from As-contaminated 

aquifer， at least for speciation of secondary Fe species on the mineral surface. 

Because Auger electron yield decreases with the increase in atomic number， it is 

difficult to apply this method to elements heavier than Fe， because their crustal 

abundance is generally less than 100 mg/kg， or lower than one tenth ofMn. Although Sr 

is a relatively abundant element， Auger electron yield of Sr is less than half of that of 

Mn when calculated by fluorescence yield data of various elements proposed by 

Kostroun (1971). Thus， application of CEY-XAFS for elements heavier than Fe is 

probably limited to terrestrial samples except for ore minerals. On the other hand， 

CEY・XAFSis applicable to some elements lighter than Mn such as K， Ca， and Ti， since 

their crustal abundances and Auger electron yields are sufficiently high. 

Combination of FL-and CEY-XAFS is useful to investigate their chemical 

behavior in various environmental settings. For example， it is important to assess the 

change in the chemical forms of these elements by weathering to explain the chemical 

processes. As 1 noted above， CEY -XAFS is a strong tool to investigate the formation 

process of secondary minerals in sub-micrometer scale at mineral surfaces. Hence， this 

method is applicable to evaluate the extent of weathering in the very early stage of the 

processes. 
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The selective detection ofFe and Mn oxides are particularly important in terms of 

the migration oftrace (and toxic) elements during water-rock interactions， since Fe and 

Mn oxides can be important host phases to various ions. CEY・XAFScan detect Fe and 

Mn oxides at low abundances which can be overlooked by other methods， such as Mn 

oxide in ML03W sample. However， it is possible that such a minor Mn oxide can act as 

a host to trace elements in weathered granites. Hence， CEY・XAFSmay play an 

important role to understand the migration of toxic metals and metalloids in surface 

envlronment. 

When we use CEY-XAFS， preparation ofthe sample must be carefully conducted， 

since the method cannot be applied to wet samples due to absorption of emitted 

electrons by water.τbus， when CEY・XAFSis applied to wet sediments or soils， care白l

drying processes (e.g. freeze-drying or air-drying under anaerobic condition) are 

necessary. Evaluation of change in the chemical state during drying processes is an 

important issue to develop this method for characterization of natural samples. 

4. Conc/usions 

ApplicabiIity of CEY・XANESas a speciation method ofFe and Mn in granite has 

been discussed based on the comparison of FL and CEY-XANES， micro-scale 

elemental distribution， micro-XANES， and selective chemical-extraction. These results 

indicate that CEY・XANEScan provide the selective information of Fe and Mn in 

secondary phases which can form on the surface of minerals or as smaII particles.百lIs

method would give valuable information about the speciation of secondary Fe mineral 

in the As-contaminated aquifer. 

1 found that CEY-XANES detected extremely small amount of Mn oxide formed 

at the surface， and it appears to be a powerful tool particularly for investigation of Mn. 

百lisresult suggests that combination of FL and CEY-XANES is useful for the 

speciation of Fe and Mn in geochemical material at mineral surfaces (mostlyく100nm) 

and for the comparison of surface-sensitive information with bulk. In particular， 

identification ofFe and Mn oxides at low abundances can be done only by such surface 
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sensitive methods. Success白1detection of such phases will enable us to understand the 

migration of As during water-rock interactions. 
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Fig.3-1・Configurationof electrode unit of CEY-XAFs. 
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Tolblc3・1.Major c1cment compositions (¥ .. 1. %) of the granites and the chemical index of a¥tcration (CIA)ωJculated 

::om major c1cment composition. 

Sample Si02 TiO、 Ah03 F~03 MnO Mbr() CaO Na句。 K20 P20S CIA 

MLOl 77.07 0.04 13.80 0.91 0.042 0.06 0.30 1.97 4.80 0.01 61.3 

~{L03、v 74.20 0.08 13.72 1.35 0.037 0.10 0.65 3.43 5.23 0.01 53.6 
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Table3・2.Conlribution of cnd mcmbcrs detcrmined by Icast squarc fit 

Fe 

Measurcment 
Sample Jbio附 frcrrih同 iic R 

mode 

お1LOl FL 34% 66号も 0.014 

CEY 25% 75号色 0.031 

ML03W FL 69% 31~も 0.037 

CEY 53% 47今ら 0.021 

i¥1n 

l¥itcasuremcnt 
Samplc .hiotit;: λIn02 R 

mode 

MLOl FL 42% 58% 0.024 

CEY 14号も 86ち色 0.067 

ML03、v FL 100% 。年も 0.053 

CEY 9'J!o 91号も 0.074 
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Table 3・3.Fraction of cxtractcd Fc (or Mn) in total Fc (or Mn)もysclcctivc extraction. 

Sample 

MLOl 

ML03W 

Extracted Fe 

Oxalate 

23% 

21% 
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Chapter4 

Adsorption prope吋iesof As-contaminated sediment: Implication for 

the factors controlling large variation of As concentration in 

groundwater 

1. Chαrpter introduction 

The cause of highly heterogeneous spatial distribution of As-contaminated 

groundwater in aquifer has been extensively debating. This intricate feature makes 

prediction of safe-well water difficult， thus it should be clarified. Two kinds of reaction 

should be considered in order to understand the controlling factor of great spatial 

variation of As concentration under subsurface: (i) dissolution-precipitation of the As 

host mineral; (ii) adsorption-desorption of As during groundwater f1ow. 

Among the first processes， the reduction of iron σe) oxyhydroxides via microbial 

reductive dissolution most plausibly produces high-As groundwater (Bhattacharya et al.， 

1997; Nickson et al.， 1998， 2000; Ravenscroft et al.， 2001; McArthur et al.， 2001; 

Dowling et al.， 2002; Harvey et al.， 2002， and Anawar et al.， 2003). This hypothesis is 

supported by an observed elevated concentration ofFe in As-contaminated groundwater， 

and enrichment of As in Fe 0勾 hydroxidefractions in sediments (Nickson et al.， 2000; 

BGS and DPHE 2001; Swartz et al.， 2004). The hypothesis is based on the assumption 

that the contaminated aquifer was initially in an oxidizing condition and this was 

followed by a change to a reducing state.百lesource ofthe reducing agent necessary for 

changing the redox condition remains a matter of debate. For example， Harvey et al. 

(2002) propose that natural organic matter supp1ied from surface due to recent excessive 

drawdown of groundwater is the cause of the redox change. McArthur et al. (2004) 

suggest that origin of the reducing agent is buried organic matter represented by 

interstratified peat. 

Once As is released from the host minerals， an adsorption~esorption reaction is 

the dominant process in controlling the solid-water distribution of As in groundwater 

(Smedley and Kinniburgh， 2002). Because of the rapid kinetics， the dissolved As 

concentration in well water is likely to be controlled by the adsorption equilibrium 
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between sediment and water at the depth of the well screen. The adsorption-desorption 

reaction can be quantitatively discussed using distribution coefficient (Kd) between soIid 

and water. The ~ of As for various soIid phases has been experimentally detennined 

(Smedley and Kinniburgh， 2002， and references therein). The most important adsorbents 

are amorphous Fe oxyhydroxides with Kd of 104-105 Llkg for both arsenite and arsenate 

at circumneutral pH (Dixit and Hering， 2003).百leKd values for various soIid phases 

generally show higher affinities for arsenate than arsenite around neutral pH. Although 

there are some opposing reports conceming hydrous 島町icoxides φ1anning et al.， 

1998; Dixit and Hering， 2003)， a higher mobiIity of arsenite than arsenate in the natural 

environment is the Iikely common view. This is possibly due to a weak bonding of the 

surface complex of arsenite onto Fe oxyhydroxides caused by a dominant outer-sphere 

(or H・bonded)complex (Sun and Doner， 1996; Sverjensky and Fukushi， 2006). When 

compared with adsorption experiments for various minerals， the apparent value of Kd in 

the sediment of As-contaminated aquifers is relatively poorIy reported， except for those 

studies on apparent Kd and retardation factors based on the comparison of labiIe (or 

adsorbed) As in sediment and dissolved As in groundwater (BGS and DPHE， 2001; 

Swartz et al.， 2004; van Geen et al.， 2008). 

To discuss the adsorption-desorption reaction of As， it is necessary to consider the 

speciation of As in the contaminated aquifer. Because of the differing affinities of 

arsenite and arsenate for solid phases， arsenate reduction to arsenite can be a trigger for 

the mobiIization of adsorbed As (Zobrist et al.， 2000; Takahashi et al.， 2004). This could 

be a more essential reaction for yielding an elevated concentration of As in groundwater 

rather than the reductive dissolution/transfonnation of Fe oxyhydroxides (Kocar et al.， 

2006;恥1itsunobuet al.， 2006， 2008). There is a consensus that As as arsenite is the 

dominant fonn dissolved in a contaminated aquifer (Bhattacharrya et al.， 1997; Swartz 

et al.， 2004; Homeman et al.， 2004; Stollenwerk et al.， 2007). However， an altemative 

issue is the speciation of As as a soIid phase. Because the m吋orityof As in the system 

occurs in the soIid phase， its role here should also be cIarified. 

百leX-ray absorption fine structure (XAFS) is a useful nondestructive method for 

the speciation of trace elements in the solid phase (Brown Jr. and Sturchio， 2002). 

However， Bangladesh sediment has not been extensively studied in this way， mainly due 
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to the low As concentrations (Gault et α1.， 2003; Rowland et al.， 2005). Some 

researchers point out the importance of As-bearing sulfide as a source or sink of As in 

an aquifer based on XAFS results (Polizzotto et al.， 2005; Lowers et al.， 2007). For 

example， Polizzotto et al. (2005) show that As-rich sulfide of likely detrital origin is 

present in an aquifer using a μ-XAFS technique. However， the contribution of As 

bearing sulfide to the total As in the bulk sediment has not been fully revealed. 

In this study， the speciation of As and Fe in cored sediment was first clarified 

using f1uorescence (FL) and conversion electron yield (CEY) X-ray absorption near the 

edge structure (XANES)， coupled with hot HCl extraction to consider the labile fraction 

of As and Fe. Secondly， the apparent distribution coefficient Kd of As between sediment 

and water was determined as a function of the depth using a batch experiment. The x1 

for both arsenate and arsenite was determined to evaluate the e百ectof arsenate 

reduction in As mobilization. Dependence of the Kd on the As concentration was 

assessed by adsorption isotherms for some samples. Thirdly， the concentration of As in 

interstitial water was simulated based on the concentration of As adsorbed on the 

sediment and the apparent Kd for sediment. The depth profile of the oxidation state 

determined by XANES was also taken into account. The simulation results. were 

compared with the actual As concentration profile in groundwater to investigate whether 

the concentration of aqueous As can be explained by the adsorption equilibrium model. 

Finally， factors controlling the As concentration variation in groundwater are discussed 

based on the adsorption equilibrium model. 

2. Site descr伊tion

Sediment cores 3.5 cm in diameter were taken by penetration dril1ing in the 

As-polluted groundwater aquifer in the Sonargaon Upazil1a subdistrict of central 

Bangladesh. The study site of approximately 3 km2 was located on the southeastem 

edge of the Madhupur Tract Pleistocene terrace deposit. There are three hydrological 

units distinguishable from surface to 100 m depth: an uppe巳 arenaceousaquifer; a 

middle， argil1ite aquitard; and a lower， arenaceous aquifer (Fig. 4-1).百四 middle，

impervious aquitard generally lies at a depth of 25-40 m beneath the surface. The 

sedimentation ages of the three units are estimated to be Plio・Pleistocenefor the lower 
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aquifer， Middle-Upper Pleistocene for the middle aquitard， and Holocene for the upper 

aquifer. Hereafter， the upper and lower aquifers are respectively called the Holocene and 

Pleistocene sand aquifers. 

The hydraulic conductivities are respectively 0.74 x 10-2 and 2.6 x 10-2 cm/sec in 

the upper 6-12 m and lower 18-27 m sections ofthe Holocene aquifer， and 1.6 x 10-2 

cm/sec in the Pleistocene aquifer at 45-55 m depth (Mitamura et al.， 2008). Because the 

lower Holocene aquifer generally consists of medium to coarse grained， uncemented 

sand (e.g.， SD22 and SD26 in Fig. 4-1) the hydraulic conductivity is higher than in the 

overlying part. For convenience， hereafter the sand layer between 18 m depth and the 

groundwater level is called the upper half (fine sand layer) of the Holocene aquifer， 

whereas the layer at 18-28 m is the lower half (coarse sand layer) (Fig. 4-1). The 

majority ofthe tube wells draw groundwater from the lower half. 

3. Mt.αteriαls and methods 

3.1. Sampling 

The sediment cores were recovered in December 2004 using a 60 cm length 

split-baηel sampler used down to 100 m depth. As the sediment was tightly packed in 

the barrel sampler during both the drilling and recovery phases， minimal contact with 

air occurred and therefore the original oxidation state of Fe and As in the samples 

should have been preserved. The sediment recovered was immediately packed in an 

oxygen impermeable film bag (Escal film， Mitsubishi Gas Chemical. Japan) together 

with oxygen absorbent to avoid oxidation. The samples were taken to Japan within two 

weeks of sampling， and were stored企ozenat・18OC. The lithology of the sediment 

deposit with regard to grain size， texture， color， and fossil content are described 

elsewhere in detail (Mitamura et al.， 2008). 

The names of the sediment samples are defined as a combination of the 

abbreviated lithology and depth. For example， SL2 means the silt sample from ca. 2 m 

depth. Groundwater was collected monthly仕omthree observation wells， Wl， W2， and 

W3， drilled within 7 m of the core-drilling site during the period企omJanuary to 
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December 2005. Procedures for sample collection were based upon Itai et al. (2008b). 

The depths of the well screens were in the range ι12 m， 18-27 m， and 45-54 m for Wl， 

W2， and W3， respectively. 

3.2. Analytical methods 

Sixteen sediments from the Holocene aquifer and two samples from the 

Pleistocene aquifer were selected based on the physical and chemical properties of 

samples listed in Tables 4-1 and 4-2. Prior to analysis， other than for XAFS， the 

samples were freeze-dried. The major element composition was determined by XRF 

(ZSX， Rigaku， Japan). Concentrations of C， H， N， and S were measured using a CHNS 

analyzer (CHNS/O 2400II， PerkinElmer Japan). Grain size distribution was determined 

by the laser scattering method (SALD3000S， Shimadzu， Japan) as described in 

Seddique et α1. (2008). Total As concentration was determined by hydride generation 

atomic absorption spectrophotometry (HG・AAS，SAS7000， Seiko Instruments， Japan) 

after the decomposition of sample by the alkaline fusion method. No loss of As by 

volatilization during alkaline fusion was preliminarily confirmed by measurement of 

certified standard sedimentary rock samples provided by the Geological Survey of 

Japan (Imai et al.， 1996). The surface areas of sediment samples were determined by the 

multipoint BET method by N2 adsorption using a BELSORP・mini11 surface area 

analyzer (Bell Japan). 

The concentrations of As， Fe， Mn， and phosphate dissolved in groundwater from 

Wl and W2 (8 samples for each) were measured for filtered (0.45μm) and acidified 

(O.06N HCI) samples collected from January to October， 2005. Inductively coupled 

plasma mass spectrometer (ICP・MS，Agilent 7500cs， Agilent Technologies， Japan) was 

used for the determination of As， Fe， and Mn concentrations. Interferences of 40 Ar35Cl 

and 40Ar1601H with 75 As and 57Fe peaks， respectively， were reduced using a hexapole 

collision cell under a He atmosphere (3.0 and 4.5 mLlmin， respectively). Phosphate was 

determined by spectrophotometry (BMP-20， Taitech， Japan) using the molybdenum blue 

method (Crouch and Malmstadt， 1967). 
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3.3.XAFS 

The measurement of XAFS spectra at As and Fe K-edges was conducted at the 

BL12C， Photon Factory (Tsukuba， Japan). For As， XANES spectra of KAS02 and 

KH2As04 were measured as the reference materials purchased from Wako Pure 

Chemical Industries， Japan Arsenite and arsenate solutions were also prepared as the 

reference material by dissolving KAS02 and KH2As04 in deionized water to be 2000 

rnglL of As. For Fe， XANES spectra of ferrihydrite， goethite， hernatite， magnetite， 

pyrite， fayalite， chlorite， i1lite， and biotite were measured as the reference rnaterials. 

Ferrihydrite and goethite were synthesized following the method developed by 

Schwertmann and Comell (2000). Sulfate green rust was synthesized following the 

rnethod of Mitsunobu et al. (2008). Magnetite， biotite， fayalite， and pyrite were 

purchased from the Nichika. Inc.， Japan. Chlorite (CCa・1)and illite (IMt・1)were 

purchased from the Clay Minerals Society， USA. All the reagents used above were of 

analytical grade. 

The XANES spectra of reference materials were measured by transmission rnode， 

whereas the sediment sarnples were rneasured by f1uorescence rnode (hereafter 

“FL・XANES").During the FL・XAFSrneasurernent， sediment sarnples were kept frozen 

and sealed in oxygen irnperrneable filrns. Each sarnple was positioned at 450C to the 

incident bearn in f1uorescence rnode. The incident X-ray wastuned by a Si (111) 

rnonochrometer. The energy calibration was perforrned for As and Fe K-edges by 

assigning a peak of AS203 in XANES as 11.865 keV and a second peak in the pre-edge 

region of hernatite as 7.1 096 ke V. Incident and transrnitted intensities were deterrnined 

using an ionization charnber in transrnission rnode， whereas f1uorescent X rays were 

rneasured by a Lytle detector equipped with Soller slits and Ge or Mn filters for As or 

Fe analyses， respectively. 

XANES in conversion electron yield rnode (hereafter“CEY・XANES")was 

rneasured using a CEY detector unit (Teikoku Electric， Japan).百leprinciples and 

rnerits of this method are described in detail elsewhere (Schroeder， 1996; Itai et al.， 

2008a). Prior to rneasurernent， the frozen sarnples were freeze-dried under vacuurn and 

kept in oxygen irnperrneable filrn under an Ar atrnosphere in a globe box (1ADB-3， 
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Miwa Seisakusho， Japan). The powdered sample was placed on electrically conductive 

carbon tape (DTM9101 ， JEOL， Japan) at the center of a circular graphite carbon 

electrode connected to an amμifier. Pure He gas was allowed to flow through the cell at 

300 mL/min. High voltage power was fixed at 400 V during all the measurements. 

Background-removed and normalized spectra were obtained for all the XANES 

spectra. The oxidation state of As in sediments was estimated by simulating the spectra 

of the samples by the linear combination of those of reference materials. Because better 

fit was achieved by the spectra of As(III) and As(V) solutions as the end-members， they 

were used in the simulation for all the samples. Fitting was conducted in the energy 

range 11.850ー11.880keV. 

The oxidation state ofFe was estimated by the shift ofthe centroid ofthe pre-edge 

position (Wilke et al.， 2001). The pre-edge peak was extracted by subtracting a cubic 

spline curve from the original spectra. The former was obtained by assuming the 

function using the data derived仕omseveral e V before and after the pre-edge feature in 

the range 7.100-7.117 keV. The energy shift of extracted pre-edge peak was assessed 

using the relative shift of centroid (RSC) defined as 

EOC..一一EOC.___..RSC= 山川 副叩日

EOChem - EOCbl 
、‘.，

J
---A 
f

・、

where EOChem and EOCbt are centroid positions (eV) of the spectra of hematite and 

biotite， respectively， whereas EOC叩 npleis that for samples. In this definition， the 

increase of RSC indicates an increase of ferrous species. 

3.4. Chemicα1 extraction 

Acid extraction ofFe in the sediments was conducted by the method proposed by 

Raiswell et al. (1994). A weighed sample of 150 mg was decomposed by 5 mL ofboiled 

12 N HCl for 1 min in a Teflon beaker. Reaction was quenched by the addition of 

distilled water. This method used pulverized hydroxides， oxides， carbonates， and poorly 

crystalline sheet silicates.百leconcentration of extracted Fe (hereafter， labile Fe) was 

determined by graphite白maqcatomic absorption spectroscopy(GF，AAS;AA・6650，
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Shimadzu， Japan). Concentration of extracted As (hereafter， labile As or ASHCl) was 

measured by ICP-乱1S.

3.5. Adsorption experiment 

Apparent distribution coefficients Kd of arsenite and arsenate were determined by 

a batch experiment under reducing conditions. To compare the partitioning ratio under 

identical conditions， a deoxidized buffer solution (10 mM MOPS: 

3・Morpholinopropanesulfonicacid) was bubbled by 99.99% N2 for 48 hours. The pH 

was adjusted to 7.3， a typical pH of ground water around the core drilling site， by 

addition of NaOH(aq)・A standard stock solution of arsenite or arsenate (As 

concentration: 1000 mglL) was spiked to the bu旺ersolution. The final concentration of 

As in solution was adjusted to ca. 400μgIL. Each sediment sample was put into a 

plastic bottle with 5 g of arsenite or arsenate standard solution， which was subsequently 

shaken at 200C白r12 hours by a 120中mreciprocating shaker under darkness and a N2 

atmosphere. Adsorption equilibrium was achieved during this period according to 

preliminary experiments using SD13， SD16， and SD26. After the reaction was complete， 

each solution was filtered through a 0.45μm membrane. The amount of As(III) or 

As(V) adsorbed was determined by the difference between the initial and final aqueous 

concentrations. According to the HPLC・ICP・MSanalyses， the oxidation state of As in 

solution did not change during the experiment. The apparent distribution coefficient Kd 

is defined as 

K.J = Cs 

c A 

(2) 

where Cs (mg/kg) and CA (mgIL) respectively denote the concentrations of adsorbed and 

aqueous As species. Because a significant amount of As was originally adsorbed in 

natural sediment other than the As added by the experiment， the contribution of the 

initially adsorbed As should be considered. 1he total mass of As (mAStota/g) active for 

the adsorption experiments was assumed to be the sum of initially adsorbed As 

(mASadslg) and addedAs (mAsadalg). 
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m~~_， = m~~_ + m 101al - ".ads I ""add (3) 

The amount of initially adsorbed As onto the sediment was determined by the phosphate 

extraction method (Keon et al.， 2001). Because the mass of aqueous As after reaction 

can be obtained by the experiment， the Cs can be determined using difference between 

masses of total and aqueous As. 

m~~_， -m~~ 
C_= 山山 叫

v L 

(4) 

where VL is the volume of standard solution used for each experiment. 

Adsorption isotherms for As(III) were determined in separate experiments for 

total concentrations of As in the range 10ー2000陪止 Asto assess the dependence of Kd 

on As concentration. After equilibrium， the concentration and oxidation state of As in 

the aqueous phase were determined for both standard and residual solutions. 

4. Results 

4. J. Chemical and physical characteristics 01 sediment and groundwater samples 

Among 18 samples listed in Tables 4ー1and 4-2， 15 samples SL2-SD26 were 

collected from the Holocene aquifer， SL29 came from the boundary between the 

Holocene aquifer and the aquitard， and SL39 and SD48 came from the Pleistocene 

aquifer. In the Holocene aquifer the Si02 content varied in the range 65.1-80.0 wt%， 

and the content ofく67wt% was clearly depleted in three silt samples SL2， SL7， and 

SL19. These samples showed a relatively high Ah03 content of > 15 v.屯%suggesting 

abundant clay minerals. Relatively high concentrations of Mg and K in these samples 

indicated much biotite or chlorite in these silt layers. Concentration of Fe203 was 

generally high at 6.24-6.48 wt% in the fine grained samples SL2-SLI9 except for SD9 

and SD11. A very high concentration of Fe (Fe203: 22.1 wt%) was observed in SL29. 

The red color of SL29 indicated Fe oxyhydroxides in the lowest part of the upper 

aquiferσig.4-1). 
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Total carbon (TC)， nitrogen (百ぜ)， and sulfur (TS) contents were low in the entire 

sections of the Holocene and Pleistocene aquifers (Table 4-2). The sum of these 

elements did not exceed 1 wt%. The TC was higher in the lenticular silt layers (SL 7 and 

SLI9) compared with sand layers， whereas relatively high TC was found from S013 

and S016 within the sand layers. Organic rich layers such as peat were not found in the 

core， nor did they occur in the other seven cores collected in the study areaφr1itamura et 

al.， 2008). TN was mostly 10刊 andrarely detected as <0.01 wt% below 7.2 m. TS was 

also low， in the range 0.01-0.06 wt%. 

The concentration of As in sediment was in the range 1.0-53 mg/kg in the upper 

aquifer. Most of the samples gave an As abundance below 10 mg/kg.百lese

concentrations are similar or slightly higher than the average value of As in the upper 

continental crust of 1.5 mg/kg (Taylor and McLennan， 1994). The concentration of As 

was generally high in the silt layers such as SL2， SL7， and SLI9. However， some 

coarser grained samples like SD22， S023， and SD26 also showed relatively high 

concentrations. An exceptionally high concentration of As of 53 mg/kg came from SL29 

found in the lowest part of the upper aquifer. The BET surface area of sediments 

collected from the Holocene aquifer was 0.57-2.9 m2/g in sand samples， whereas the 

value was 4.0-5.6 m2/g in silt samples. 

The average concentrations of dissolved As， phosphate， Fe， and Mn in 

groundwater from Wl (n = 8) were 23土 11μglL， 0.40土 0.12mglL， 26.7土 8.1mglL， 

and 0.96土 0.20mgIL， respectively， whereas these concentrations in W2 (n = 8) were 

119土 34μglL， 0.89土 0.24mglL， 4.1土 1.4mglL， and 0.08土 0.07mglL， respectively. 

Arsenic and phosphate concentration were higher in the lower halfthan in the upper half， 

whereas Fe and Mn were higher in the upper half. The molar ratio of P/As in Wl and 

W2 were 16.5土 8.1and 6.6士3.1，respectively. 

4.2. As K-edge XANES 

The XANES spectra of the As(III) and As(V) solutions show a clear energy shift 

ofthe main peak between As(III) (11.865 keV) and As(V) (11.868 keV). Takahashi et al. 

(2003) confirm that the As(III)/As(V) ratio in natural solid samples can be determined 
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by a simulation using nonnalized spectra of arsenite and arsenate when these are the 

dominant As species. In the simulation of As K-edge XANES spectra obtained in this 

study， the root mean square error (R・factor)was less than 0.080， suggesting that the 

dominant fonn of As in the sediment was either arsenate or arsenite. This also suggests 

that the contribution of As bearing sulfide is almost negligible within total As (Fig. 4-2). 

The XANES spectra of SL2 and SD3 are quite similar to that of As(V) solution， 

whereas the proportion of arsenite gradually increases in SD5 and SD8. The XANES 

spectra of SD13， SDI6， SD21， and SD26 are similar to that of As(III) solution， whereas 

the contribution of arsenate is significant in SD22 and SD23. The fraction of As(III) is 

greater than 0.65 below 5 m depth σig.4-3). 

4.3. Fe K-edge XANES 

The pre-edge structure of Fe K-edge XANES after the subtraction of the baseline 

is shown in Fig. 4-4.百ledotted vertical line corresponds to the POC of hematite and 

biotite. With an increasing proportion ofFe(III) compounds， the POC generally shifts to 

higher energy and the peak area becomes larger (Wilke et α1.，2001). The proportion of 

fe汀icspecies was high at 2 m， whereas ferrous species became increasingly important 

below 2 m. A higher proportion of ferric species was also observed below 14 m in 

SD 15-SD26. A change in oxidation state with depth was shown in Fig. 4-3 using the 

relative shift of centroid (RSC). The RSC above 4 m is ca. 0.5 whereas RSC becomes 

>0.6 below白atdepth. SD 13 and SD 16 gave particularly high RSC of >0.9 suggesting 

that the contribution of ferric species is lowest in these depths. 

Figure 4-5 shows the nonnalized and first derivative XANES spectra of Fe in 

samples and some reference minerals. The FL-XANES spectra of SD9-SD26 are 

similar， whereas the spectrum of SL2 is di百erent.The FL-XANES spectra of sediments 

below 9 m are characterized by shoulders appearing at 7.122 keV. The shoulder is more 

prominent as the local minimum point of the first derivative spectrum， which appears at 

7.122 keV. This peak is small in SL2 suggesting that a significant change ofFe species 

occurs between 2 and 9 m. Although the dominant Fe phase in the samples cannot be 

uniquely detennined by a comparison of FL-XANES with reference materials， the 

sample from 2 m is similar to ferrihydrite. This is consistent with the pre-edge 
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information shown above. At 9-26 m， the first derivative FL・XANESis characterized 

by the three peaks at 7.116， 7.119， and 7.124 ke V. They co汀espondto the three peaks 

found in the first derivative spectrum of biotite. This result indicates that most of Fe is 

present in detrital silicates as proposed by Polizzotto et al. (2006). lron sulfide should 

be minor in the sediments， because the XANESspectrum of pyrite is totally different 

from that ofFe oxide， as noted in O'Day et al. (2004a). 

The shape of CEY-XANES spectra， which are surface sensitive， is different from 

FL-XANES at all the depths. In particular， the shoulders found for biotite become 

smaller in CEY-XANES spectra from SD9-SD26. Such a difference is more distinct in 

the first derivative XANES spectra. Although both first derivative XANES spectra 

collected under FL and CEY modes gave the same peaks (7.116， 7.120， 7.124 ke V)， the 

peaks at 7.116 ke V were attenuated in CEY.・XANES.This change indicates an increase 

in the proportion of ferric compounds when measured in CEY mode. As noted above， 

the dominant phase of Fe at 9-26 m depth is as detrital silicate minerals， e.g.， biotite or 

homblende. The attenuation ofthe peak at 7.116 keV may reflect the alteration ofsuch 

silicates at the particle surfaces and/or the formation of secondary phases， possibly Fe 

oxyhydroxides. 

4.4. Chemical extraction 

百leconcentration of labile Fe was generally higher in the silt samples， >2.0 

mg/kg in SL2， SL7， SLI9， than in the sand samples of mostly <1.2 mg/kg except for 

SD13. The proportion of total Fe varied in the range 15-46% in the Holocene aquifer 

(Fig. 4-6). The concentration of inert Fe unextracted by hot HCl solution was 2.7-3.7 

mg/kg except for SL7 at 4.4 mg/kg. As noted， unextractable Fe may be mainly 

incorporated in crystalline silicates or sulfides. Because the concentration of S in the 

Holocene aquifer was very low <0.06% as noted in 3.1， the main phase ofFe should be 

as detrital silicate. According to optical ohservation and XRD analysis (Seddique et al.， 

2008)， the majority of inert Fe is likely to be contained in biotite， and chlorite， with 

minor contribution of smectite. 

Labile As concentration varied in the range 1.7-7.3 mg/kg in the Holocene aquife巳

whereas it wぉ1.4ー1.9mg/kg in the Pleistocene aquifer (Table 4-3). The highest 
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content of labile As was observed in SL2， which exhibits oxic characteristics. Similarly 

to Fe， labile As was generally more abundant in the silt layers than the sand layers. 

However， in the lower half of the upper aquifer， the abundance of labile As is high in 

both the silt and sand samples SLI9-SD26. The proportion of labile As as total As 

varied in the range 30-89%. This information is important to the inte叩retationof the 

results of the As K-edge XANES， which ref1ects bulk information. In the hot HCl(aq) 

extraction， inert As may have been incorporated in crystalline silicates or sulfides. 

However， the contribution of As sulfide should be very small based on the XANES 

analysis for the bulk sediment. Seddique et al. (2008) report that the majority of inert As 

is in biotite， which has an As content up to 49.6 mg/kg. The oxidation state of As in 

separated biotite from SD13 was mainly As(III) (ca. 65%) based on the As K-edge 

XANES. These results indicated that a major host phase of inert As is most likely 

biotite. 

4.5. Adsorption experiment 

The apparent distribution coefficient of As(V) and As(III) is listed in Table 4-4 

with the uncertainty in the range of each Kd value. In equation 3， only adsorbed As 

having the same oxidation state as added As should be considered as mASads. However， 

the oxidation state of initially adsorbed As is difficult to estimate. Hence， the 

uncertainty of apparent Kd value defined as equation 3 can be large when ASads is high. 

When all the initially adsorbed As formed a different species to added As， the apparent 

ん shouldbe minimum (1(.ιmin). Conversely， when all the As initially adsorbed was the 

same species as added As the apparent Kd should be maximum (Kt_max). 

The apparent distribution coefficient Kd for As(V) was always higher than that for 

As(III) for all the samples (Fig. 4-7). This result indicates that the reduction of arsenate 

can be a cause of As mobilization at all depths. In the Holocene aquifer， the Kd of 

As(III) [Kd-As(II1)] was 7.9土1.7-56土 11L/kg， whereas that of As(V) [Kd-As(V)] was 23土

2.4 -672土 111L/kg (Table 4-4). The Kt占 (IlI)tended to be high in silt samples rather 

than in sand samples such as SL2， SL7， and SLI9. Although ん'-As仰 wasalso high in silt 

samples， some sand such as SD3 and SD23， gave comparable or even higher Kd-As(V) 

than silt samples. Both ん~As仰 andKd州り tended to be high near the surface， probably 
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due to the oxic nature of the sediments. The largest difference between Kd.As何)and 

Kd-As(V) was observed for SL2. Below SL2 at 2.2 m， both Kd-As(III) and Kd-As仰 decreased

with depth increase. This is consistent with the reduction of Fe oxyhydroxides below 5 

m as noted in section 3.2. ln the Pleistocene aquifer， the Kd-As(lIJ) were 9.4土 0.8L/kg and 

88土4.3L/kg in SD48 and SL39， respectively. On the other hand， Kd-As(V) were 17土1.7

L/kg and 215土 10L/kg respectively. 

The concentration of phosphate-extractable As (hereafter Asads) was 0.08-2.1 

mg/kg in the Holocene aquifer， whereas it was less than 0.17 mg/kg in the Pleistocene 

aquifer (Table 4-3). In the Holocene aquifer， the Asads tended to be higher in silt rather 

than sand layers. Among the sand samples， the ASads was higher in the lower rather than 

in the upper half ofthe Holocene aquifer (Fig. 4-7). 

All the adsorption isotherms of As(I1I) for SD13， SDI6， and SD26 can be fitted by 

a Freundlich isotherm σig. 4-8) indicating that when the obtained Kd values are used 

for discussion， the nonlinearity of Kd over the wide range of As concentration should be 

considered. 

5. Discussion 

5.1. Speciation 01 As and Fe加sediments

To clariちrthe reactions promoting As mobilization under reducing conditions， 

speciation of Fe and As in the sediments is essential. In the study area， As(V) was 

reduced to As (III) near the surface， whereas As dissolution occurred significantly in a 

deeper layer at 15-30 m (Fig. 4-3). If the reduction of As(V) is the primary cause for 

the mobilization of As， the concentration of As in groundwater should be high near the 

surface accompanied by the As reduction. The disagreement in the depths of redox 

boundaries and the peak of dissolved As concentration indicates that other factors 

should be considered to explain the “bell-shaped" depth profile of dissolved As σig. 

4-3c). Breit et al. (2001) repo此 thatarsenate is dominant in shallow sediment above the 

water table， whereas arsenite becomes dominant in water-saturated sediment Polizzotto 

et al. (2006) report a dramatic change in the oxidation state of As in soil from the 
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surface to a depth of 36 cm. Both reports support the idea that reduction of As(V) near 

the surface is common in other parts ofBangladesh. Because the peak of dissolved As is 

commonly at a depth significantly beneath the surface such as at 15-20 m depth in 

Araihazar (van Geen et al.， 2003)， and 30-40 m depth in Munshiganji (Harvey et al.， 

2002)， as well as at 30 m depth in a district east ofDhaka (Stollenwerk et al.， 2007)， the 

cause of the disagreement between the depths of redox boundary and peak of dissolved 

As-concentration must be investigated to clarifシthemobilization process of As in a 

contaminated aquifer. 

In a manner similar to As， the oxidation state of Fe indicates a reduction of Fe 

oxyhydroxides near the surface. A decrease of labile Fe and an increase of RSC in the 

Fe K-edge XANES from SL2 to SD5 support the observed reduction of Fe 

oxyhydroxides.百leseresults indicate that the reduction of Fe oxyhydroxides occu汀ed

around the water table. This suggests that dissolved As concentration is not always high 

at the depth where Fe oxyhydroxides are unstable. Reduced Fe would be f1ushed out as 

dissolved Fe2+ or fixed as secondly minerals such as siderite， vivianite， mackinawite， 

magnetite， and green rust (Hansel et al.， 2003; Akai et al.， 2004; Ahmed et al.， 2004; 

McArthur et al.， 2004). A significant deficit of labile Fe at 2-5 m and a high 

concentration of dissolved Fe in Wl at←12 m indicate that reduced F e near the sur白ce

is mostly f1ushed away in the sand layer just below the water table. 

Ifthe secondary Fe(II) compounds are present below the water table， they can be 

detected in CEY-XANES due to the clearly differentiable feature ofFe K-edge XANES 

for carbonates， phosphates， sulfides from silicates and oxides (O'Day et al.， 2004a; 

Taylor et al.， 2008). O'Day et al. (2004a) suggest a practical detection limit for a 

mineral component by Fe K-edge XANES in a binary or temary mixture to be about 5%. 

However， even employing CEY-XANES， a contribution by Fe carbonates， phosphates， 

and sulfides was not confirmed， suggesting that the presence of these secondary phases 

was unlikely in the core samples. 

Compared to the upper half of the Holocene aquifer， the proportion of 島町ic

species is high in the lower half. A higher concentration of labile As in the lower rather 

than upper half is consistent with an increase of feηic compounds (Fig. 4-6). Although 

a large fixation capacity for As is predicted within this depth， dissolved As in 
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groundwater is highest at a depth of 20-30 m. Hence， apparent Kd should be 

experimentally determined for the sediments in both the upper and lower halves of the 

Holocene aquifer to clariちrwhether the depth profile is consistent with the profile 

predicted by the adsorption equilibrium model. Ifwe can explain the depth profile based 

on certain assumptions， the controlling factors of As transport in an aquifer can be 

specified from the consistency between the predicted and actual values in the As depth 

profile. 

5.2. Simulation 01 depth profile 01 aqueous As based on the As adsorption 

equilibrium 

One approach to confirm adsorption equilibrium is a comparison of measured As 

concentration in groundwater with the estimated concentration in an adsorption 

equilibrium model. For this pu叩ose，1 estimated dissolved As (Cw) in interstitial water 

at various depths assuming adsorption equilibrium by the following equation: 

Cw(mg/ L) = K~'(kg/ L)x As仙 (mg/kg) (5). 

Note that Kd-As{V) was used for the samples above 4 m， whereas Kd-As何 Iwas used below 

4 m based on the results ofthe As K-edge XANES. According to Fig. 4-9， the Cw from 

6-12 m depth matches well the range of As concentration in groundwater collected from 

Wl. Additionally， Cw values predicted白r13 and 15 m are also within the range. 

Because both SD13 and SD15 can also be classified into upper halfin terms oflithology 

(Table 4-1)， this result is consistent with the prediction. An increase of Cw below 15 m 

is also consistent with a “bell-shaped" profile of As in groundwater (Fig. 4-3c). 

Although Cw predicted by the model can explain qualitatively the high concentration of 

As in groundwater in the lower half， the Cw at 18-28 m (30ー90陀 ι)is somewhat 

lower than that measured As in groundwater from W2 (85-153μgIL). Considering the 

value of adsorbed As， the required range of Kd-As(IlIj values for SD22 and SD26 are ca. 

5-12 L/k:g to satis守therange of aqueous As concentration企omW2. Such a value is 

actually observed in SDI6， which can be classified into the lower half in terms of 

lithology (Table 4ー1).τbus，the difference between the predicted and measured values 

in the lower half can be ascribed to the spatial heterogeneity in sediment prope均r.As 
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shown in Fig. 4-3c， aqueous As concentration in wel1 waters企omthe entire 3 km2 

study area can vary from <1ー>1000μglLin the Holocene aquifer (Itai et al.， 2008b). 

Considering this large variation， the simulation result for the Cw value can explain the 

measured aqueous As concentration， suggesting that the adso中tionequilibrium 

primarily govems the aqueous As concentration in groundwater. 

5.3. Factors controlling Kd 

As discussed in the previous section， variation of apparent Kd can directly affect 

the variation of aqueous As concentration in groundwater. Hence， factors controlling Kd 

should be clarified to understand the cause of the large variation in aqueous As 

concentration. 

According to the depth profile of Kd， b刷O叫仙t出hKんιυd刷s
near the surface， i.e.， in an oxic environment. However， the apparent variation of Kd， is 

more marked for Kむ4s仰 andKd_As(/II)・Possiblefactors contro11ing Kd are (i) mineral 

composition， particularly the abundance of Fe oxyhydroxides， and (ii) surface area of 

sediments. To clariかthecontrolling factors of Kd， 1 compared the relationships of Kd 

with (i) RSC ofFe K-edge XANES， and (ii) BET surface area (Fig. 4-10). Both Kd_As(III) 

andKιAs(l1 for sand samples are negatively correlated to the RSC ofFe K-edge XANES. 

That is， both Kd values increase with increasing amount of Fe oxyhydroxides. In 

particular，K4J4smshows clearer correlation (r2=0.8572for sand，n=7)than kdjsρJ) 

(? = 0.6563 for sand， n = 7). The relationship between Kd_AS(I1I) and the BET surface area 

shows a linear relationship irrespective of the difference in the type of lithology σig. 

4-lOc).百四 dataare distributed along an empiricalline: K.ιAs(I/I;I(L/kg) = 8.4 SB/(m2/g) 

+ 4.8 [r2 = 0.9059， n = 10)， where SB is the BET surface area. 1n contrast， Kd_As(l1 does 

not show a distinctive relation with the surface area. Consequently，. a primary factor 

contro11ing Kd_As(IJI) is the surface area of sediment， whereas the amount of Fe 

oxyhydroxides strongly relates to Kd_As(V). 

Our results indicate that if Asのつ ispresent in an aquife巳thehost phase in the 

sediment is likely to be Fe oxyhydroxide. This is consistent with EXAFS results 

presented by Gault et al. (2003) showing that As(V) is adsorbed as bidentate arsenate 

tetrahedra on metal (Fe and/or Al) oxyhydroxide surfaces. Conversely， the host phase of 
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As(III) is not very clear in the sample. 

百lemost important solid phase as an adsorbent of As(III) is Fe oxyhydroxide 

according to the laboratory experiments (Smedley and Kinniburgh， 2002 and references 

therein). Because the concentration of As in a contaminated aquifer is not high， only 

small amounts of Fe oxyhydroxides can suppress aqueous As to the natural baseline 

level ofく10同 IL.Polizzotto et al. (2006) experimentally confirmed th瓜 theaddition of 

0.04 wt% of Fe (as Fe oxyhydroxide) to sediment， which was collected from an 

As-contaminated aquifer in Bangladesh， could reduce 88% of dissolved As in coexisting 

water at ca. 100μglL before the addition.百lIsamount of Fe oxyhydroxide is at least 10 

times lower than that of labile Fe in the sediments determined in this study. Such a small 

amount ofFe oxyhydroxide is possibly available below 16 m based on the decrease of 

RSC in this depth and increase ofthe contribution ofFe(lII) in CEY-XANES rather than 

in FL-XANES. Nevertheless， Kd_Asρ'll) does not show any distinct difference between the 

upper half (reducing environment) and lower half (less reducing environment). 

Consequently， (i) a clear positive correlation between As(III) and the BET surface area， 

and (ii) less sensitive change in Kd_Asρ砂 tothe redox state of Fe compounds both 

indicate that Kd_AポJ/)is not solely controlled by the amount of Fe oxyhydroxides， but 

also that the surface area is important. 

5.4. Prima.η怜ctorcontrolling depth profile of aqueous As concentration 

As suggested in 5.1， aqueous As in groundwater is not always high where arsenite 

is stable and Fe oxyhydroxides are unstable. Other factors should be considered in 

explaining the depth profile of aqueous As concentration. Because the affinity of As(III) 

to sediment (i.e.， KUs仰)does not show a systematic difference between the upper and 

lower halves of the Holocene aquifer， a primary factor controlling the contrast of 

aqueous As concentration can be the amount of As adsorbed in the sediment. When Kd 

values are similar over the depth， the difference found in the amount of adsorbed As 

ref1ects that of As supplied to each sediment in the past. Conversely， the amount of As 

accumulated so far by the groundwater f10w can be discussed from the difference of 

adsorbed As. 

For example， SD13 and SD22 have an apparently similar Kd_As(/lI)， but the amount 
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of As adsorbed to SD13 is almost halfthat ofSD22. There are two possible explanations 

for such a difference. One process is the selective f10w of high-As groundwater into the 

18-30 m interval. Conversely， As initially adsorbed in the 5ー18m stratum由athas been 

f1ushed out due to the f10w of low-As groundwater presents another possible process. 

A1though both are in-principle possibi1ities， the former process is likely to have been 

dominant in the study area， because the permeability coefficient of the lower half is 3.5 

times higher than the upper half. Either increase or decrease of adsorbed As should be 

more noticeable in the lower half rather than the upper. However， the amount of 

adsorbed As is significantly greater in the lower half， suggesting that groundwater f10ws 

in the upper and lower sections are hydrologically separated， and a large amount of As 

should be released企omthe host mineral in a hydrological up gradient of groundwater 

f10w in the upper half. 

An opposite example is sample SD48 collected from the Pleistocene aquifer. It is 

well known that this aquifer is generally not contaminated by As (e.g.， BGS and DPHE. 

2001; Zhang et al.， 2005) as was also found in the study area (Mitamura et al.， 2008). 

Despite the oxic nature of SD48， the apparent K，ιAsρ砂 isnot high relative to the samples 

from the Holocene aquifer (Table 4-4)， suggesting that ifthe amount oflabile As in the 

Pleistocene aquifer is comparable to that in the Holocene aquifer， aqueous As 

concentration could be high. It is obvious that a low aqueous As concentration in the 

Pleistocene aquifer is caused by a low concentration of adsorbed As (Table 4-4). 

Flushing is the most plausible explanation for this depletion of adsorbed As. 

The two examples above suggest that groundwater f10w in the past has caused a 

large variation in aqueous As concentration， not only by the decrease of As following 

f1ushing， but also through accumulation of As following high-As groundwater f1ow. 

5.5. Physico・chemicalfactors controlling variation ofαqueous As concentration 

According to the adsorption equilibrium model， aqueous As concentration is 

basically controlled by the three factors of: the oxidation state of As; the affinity of As 

to sediment (ん~; and the amount of As adsorbed in sediment. In the study area the 

concentration of As was in the rangeく1μgιー>1000μglLin the Holocene aquifer (ltai 

et al.， 2008b). We can give some constraints for the causes of the large variation in As 
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concentration in groundwater using the three parameters shown above. 

Figure 4ー11 shows the chemical conditions required to form aqueous As 

concentration under adsorption equilibrium. According to Fig. 4-11， and the factors 

controlling the /.([ value discussed in 5.3， the physico-chemical conditions needed to 

form various aqueous As concentrations can be summarized as follows. 

(1) <1μg/L region. Both As(V) and Fe oxyhydroxides arestable， when adsorbed 

As is very low (<0.5 mg/kg as in SD48). 

(11) 1-10陀 ιregion:As(V) is stable. If As(III) is dominant， the amount of 

adsorbed As(III) should be low (く1mg/kg). 

(III) 10-100問 ILregion. As(III) is stable. The amount of adsorbed As(III) is 

more than 0.5 mg/kg. 

(lV) 100-1000関正region.As(III) is stable. The apparent Kd should be low due 

to the dominance of coarse-grained sediments and/or the competition effect. 

(V) >1000μglL region. As(III) is stable. Coarse-grained sediment is dominant 

and considerable competition effect is needed. 

The ranges of Kd values and amount of adsorbed As were obtained from only one 

drill core， it is therefore conceivable that the んvaluevariation could be larger across 

the entire study area. As an illustration the reported apparent Kd values based on the 

simultaneous measurement of As in both sediment and coexisting water are ca. 4 L/kg 

and 2-6 L/kg in van Geen et al. (2008) and BGS and DPHE (2001) respectively， and 

these are lower than Kd_As(1JJ) determined in this study (Fig. 4-11). As discussed in 5.3 

the primary factors controlling Kd_As(lIJ) are surface area and the amouht of Fe 

oxyhydroxide. If the coarse-grained sediment is dominant and the amount of Fe 

oxyhydroxide is very small 1(.ιAs(J勾 cantake a smaller value as reported in other studies. 

百lesample collected from the most reducing environment， SDI6， actually shows the 

lowest Kd_As(lIl) value of 6.2-10 L/kg. Ifthe apparent Kdis as low as 2 L/kg ref1ecting the 

variation of these controlling factors， it is possible to explain the formation of an 

aqueous As concentration of more than 1000μglL. 

The adsorption equilibrium model permits implications for the temporal variation 

of aqueous As in well waters. Because the majority of As is adsorbed onto the solid 
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phase， the concentration of aqueous As is buffered when water having a different 

composition meets the water-rock system at the tube well screen placement.百lIs

buffering effect prevents a drastic change in concentration of aqueous As over time. In 

the study area， the change in concentration of aqueous As was rriostly within 20% for ca. 

230 tube wells during one and a half years despite a large spatial variation of As 

concentration amongst the different wells (Itai et al.， 2008b). Cheng et al. (2005) also 

reported a limited temporal variation within 15% at Araihazar， based on the continuous 

monitoring of As in ten shallow wells <20 m over three years， although two of the 

shallowest wells about 8 m deep showed a significant seasonal variation of 21-63%. 

The adsorption equilibrium model has the potential to explain not only the spatial 

variation of aqueous As concentration， but also the limited temporal variation of As 

concentration in groundwater in Bangladesh. 

6. Conclusions 

In Chapter 4， 1 focused on the speciation of As and Fe in the solid phase， and the 

adsorption properties of As(V) and As(III) in sediment to confirm the adsorption 

equilibrium in an As-contaminated aquifer. Although the variation of As concentration 

in groundwater is very large (く1to >1200μglL)， a most important factor in the 

generation of high-As groundwater of > 1 00μglL is the oxidation state of As. According 

to the adso中tionequilibrium model， the aqueous As concentration can easily exceed the 

WHO provisional guide value for drinking water of 10 μglL when the As(III) is stable 

irrespective of the mineralogy of the sediment. Although many studies have considered 

As-contaminated aquifers in Asia， there have been few experimental approaches dealing 

with the adsorption-desorption reaction taking into account the As oxidation state. It is 

difficult to design a mitigation strategy for a great spatial variation in the As 

contamination of groundwater. The adsorption equilibrium model has the potential to 

account for the inhomogeneity of spatial variation and limited temporal variation in the 

As concentration of tube well waters. A quantitative evaluation based on the 

adsorption-desorption reaction at a local scale is needed to identi命 thefactors 

controlling the present As distribution， together with hydrogeochemical modeling that 
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considers a complex regional groundwater f1ow. 
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Fig.4・8.Adsorption isotherm of As(III) at pH 7.3 for three sediments. 0，ム，
and 0 are SD13， SD16， and SD26， respectively. The dashed line shows a 

fitted curve using the Freundlich equation. 
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Table 1. Lithological characteristics of sediment samples 

middle medium 
BET 

clay Silt fine sand 
course 

surface a本

~71ple depth Lithology sand sand 
(%) (%) (%) area (redness) 

(m) (%) (%) 
但注i

SL2 2.20 Silt 10.1 75.5 14.4 0.0 0.0 5.6 -0.7 

SD3 3.40 silty fine sand ・finesand 0.7 32.2 58.6 6.6 0.2 2.7 0.9 

S8 4.90 silty fine sand ・finesand 1.4 34.1 60.1 4.2 0.2 0.80 -1.4 

SL7 6.80 Silt 8.9 75.6 15.5 0.0 0.0 4.1 -1.5 

S08 7.50 silty fine sand -fine sand 0.9 36.9 55.0 7.4 0.2 0.57 -1.4 

S09 9.30 vary fine -fine sand 0.0 13.4 79.4 6.9 0.3 N/A -1.4 

SOl1 11.10 very fine・finesand 0.0 13.2 79.7 5.6 1.5 N/A ー1.3

5013 12.90 very fine ・finesand 0.3 28.6 67.0 4.1 0.1 1.2 -1.9 

5015 14.50 very fine・finesand 0.1 14.6 71.6 7.8 5.2 N/A -1.5 

5016 16.45 silty fine sand・finesand 0.1 38.8 56.0 4.4 0.8 1.0 -1.8 

5Ll9 18.70 Silt 3.7 64.1 32.1 0.1 0.0 4.0 -1.3 

5021 20.70 medium -course sand 0.2 3.90 19.3 65.6 9.8 N/A -1.4 

5022 21.90 fine -medium sand 0.0 21.8 58.6 18.6 1.1 0.89 -1.8 

5023 23.15 日ne-midium sand 0.5 25.8 54.2 18.0 1.5 N/A -1.8 

5026 26.10 fine -medium sand 0.0 15.2 60.1 22.5 2.2 0.67 -1.7 

5L29 28.55 fine -medium sand 0.9 16.7 50.5 26.4 5.3 N/A 3.4 

5L39 38.95 Clay 23.6 72.2 4.2 0.0 0.0 N/A -2.6 

5048 48.25 medium -course sand 0.0 0.0 59.2 39.1 1.7 N/A 7.3 
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:-lble 2. Chemical composition of sediment samples 

middle 
二:nple depth 

但i

Si02 

(%) 
Ti02 Ah03 Fe203 MnO MgO 
(%) (%) (%) (%) (%) 

CaO Na20 
(%) (%) 

K20 As TC 
(%) (mglkg) (%) 

TN 
(%) 

TS 
(%) 

SL2 2.20 65.13 0.85 15.28 6.24 0.1 0 2.46 2.18 1.69 2.81 7.3 0.18 0.025 0.04 

5D3 3.40 74.30 0.66 11.66 4.36 0.07 1.65 2.30 2.32 2.33 2.9 0.095 0.065 0.06 

58 4.90 74.78 0.71 11.10 4.23 0.07 1.62 2.46 1.91 2.15 1.7 0.06 0.07 0.05 

SL7 6.80 66.28 0.87 15.77 6.43 0.11 2.72 1.99 1.66 3.03 5.0 0.55 0.025 0.03 

SD8 7.50 73.46 0.82 11.13 4.82 0.09 1.78 2.75 1.83 2.10 1.8 0.085 く0.01 0.01 

SD9 9.30 78.89 0.32 10.68 2.36 0.03 0.96 1.56 2.15 2.43 1.0 0.08 <0.01 0.05 

5Dll 11.10 79.97 0.37 9.44 2.44 0.04 1.05 1.98 1.97 1.88 1.6 N/A N/A N/A 

SD13 12.90 73.31 0.56 12.29 4.68 0.07 1.73 1.73 2.01 2.77 2.4 0.24 0.01 0.05 

SDl5 14.50 73.86 0.85 10.72 4.74 0.10 1.63 3.17 1.95 1.90 2.3 0.15 <0.01 0.05 

SDl6 16.45 74.56 0.74 10.56 4.36 0.09 1.58 3.04 1.87 1.95 2.8 0.51 く0.01 0.03 

SLl9 18.70 66.40 0.89 15.81 6.48 0.10 2.65 2.03 1.78 3.00 5.4 0.75 0.01 0.06 

5D21 20.70 76.44 0.47 10.98 3.83 0.06 1.20 1.62 1.89 2.64 2.0 N/A N/A N/A 

5D22 21.90 79.35 0.44 9.43 3.15 0.06 0.88 1.76 1.70 2.23 5.7 0.065 く0.01 0.03 

5D23 23.15 75.69 0.39 11.80 3.89 0.06 1.26 1.24 1.94 3.04 8.2 N/A N/A N/A 

5D26 26.10 76.86 0.51 10.32 3.49 0.07 1.31 2.51 2.15 2.08 4.8 0.065 く0.01 0.01 

5L29 28.55 57.96 0.76 14.19 22.06 0.15 1.07 0.64 0.63 2.41 53 N/A N/A N/A 

5L39 38.95 70.31 1.03 15.85 6.42 0.11 1.22 0.45 0.72 2.43 1.9 0.45 0.035 0.065 

SD48 48.25 89.07 0.28 5.09 1.37 0.03 0.33 0.75 0.76 1.45 3.3 0.055 く0.01 0.005 
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Table 3. Result of chemical extraction 

Sample FeHCI (%) 
Inert Fe FeHCllLFe ASHC1 Inert As AsHclLAs Asads 

ASad/AsHCI (%) (%) (mg/kg) (mg/kg) (%) (m凶cg)

SL2 2.9 3.4 46 7.3 2.8 62 0.71 10 

SD3 l.l 3.1 27 2.9 0.3 89 0.32 11 

S05 0.74 3.5 18 1.7 l.l 35 0.08 4 

SL7 2.0 4.4 32 5.0 3.5 30 1.0 20 

SOS 1.2 3.6 26 1.8 0.8 57 0.22 12 

SD13 1.9 2.7 41 2.4 0.5 78 0.33 14 

SD15 0.91 3.5 21 2.3 0.8 67 0.36 15 

SD16 1.2 2.9 30 2.8 l.l 60 0.63 22 

SL19 1.9 3.7 34 5.4 2.3 58 2.1 39 

S022 0.71 3.1 19 5.7 3.4 40 0.75 13 

S026 0.51 2.9 15 4.8 2.1 56 1.0 21 

SL39 2.4 4.1 37 1.9 1.0 44 0.17 9 

SD48 0.27 l.l 20 1.4 0.4 70 U.D. N/A 
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Table 4. Result ofthe adsorption experiment 

Pr官viously
Aqueous 

Newly 
AZF dJ4113 a KιAsρ71) 

b Aqueous 
Newly 

ιZF dJsm C Kιdsmd 
adsorbed adsorbed adsorbed 

Sampl巴 As 
As(III) 

As(III) 
mm ロlax As(V) 

As(v) 
mm max 

(mglkg) (ugIL) (mglkg) (Ukg) (Ukg) (mglkg) (mglkg) (Ukg) (Llkg) 

SL2 0.71 33.4 1.53 46 67 3.19 1.79 561 783 

S03 0.32 69.9 1.64 23 28 10.1 1.73 171 203 

SL7 1.0 60.2 1.39 23 40 18.4 1.64 89 144 

S08 0.22 147 1.07 7.3 8.8 31.8 1.66 52 59 

5013 0.33 102 1.30 13 16 69.7 1.44 21 25 

5015 0.36 69.7 1.63 23 29 13.4 1.71 128 155 

5016 0.63 189 1.17 6.2 10 50.2 1.58 31 44 

5L19 2.1 59.0 1.43 24 60 21.5 1.71 79 178 

5022 0.75 123 1.41 11 18 24.4 1.68 69 100 

5026 1.0 99.3 1.26 13 23 24.2 1.68 69 112 

5L39 0.17 19.4 1.64 84 93 8.20 1.68 205 225 

5048 U.D. 128 1.19 8.6 10 80.0 1.39 15 19 

~otes 

1 Assuming that all initially adsorbed As was not As(lII). 

; Assuming that all initially adsorbed As was As(lII). 

二Assumingthat all initially adsorbed As was not As(V). 

; Assuming that all initially adsorbed As was As(V). 
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Chapter 5 Discussion 

In the Chapter 5， 1 will discuss some common controversial issues in this 

research field. As mentioned in Chapter 1， there are many common scientific issues， e.g.， 

trigger of As release from sediment， cause of patchy spatial variation and bell shaped 

depth profile of aqueous As concentration， temporal change in As concentration， source 

of organic matter， and ultimate source of As. Although the data shown in this study are 

still not enough to clari命allthe issues， my data could give many important constraints. 

1 also mention implications for the mitigation policy， and future prospects of the 

research about natural occurrence of As-contamination. 

1 Cause 01 bell-shaped profile 

Throughout this thesis， particularly in Chapter 4， formation process of bell-shaped 

profile which commonly observed from various contaminated regions has been 

discussed. One important assumption based on this study is that aqueous As 

concentration is consistent with the adsorption equilibrium. Under this assumption， we 

should consider two types of the effects which are tentatively named as“mass effect" 

and “partition effect" (Fig. 5-1). The basis of mass effect is that aqueous As 

concentration is proportional to the amount of As (= sum of As in solid and solution) in 

the system. If apparentん isconstant at all the depths， the mass e百ectis the dominant 

cause to form difference in As concentration with depth. On the other hand， the partition 

e能 ctis derived企omvariation of apparentん ineach depth. Although the variation of 

appare叫ん iscontrolled by various factors (Chapter 4)， most important factors are the 

concentration ofFe oxyhydroxide and the oxidation state of As at least in my research 

訂 ea，Bangladesh. If the amount of As in the system is constant at all the depths， the 

partition effect should be the dominant factor. 

In our study area， the sediment core can be classified into three parts according to 

the above reasoning (Fig. 5-2).百leshallowest layer， named as layer A， is oxic 

environment where both Fe oxyhydroxide and arsenate are stable. Low aqueous 

concentration of As is predicted in this layer despite its higher concentration of adsorbed 

As than the layer below (Fig. 4-7). This is the typical situation where the partition 
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effect dominantly alters the aqueous As concentration. Below the layer A， both Fe 

oxyhydroxide and arsenate become unstable. Apparent Kd of arsenite are almost similar 

at all the depths below layer A. Nevertheless， aqueous concentration of As is higher in 

the lower part (layer C) than the upper part (layer B). Hence， this difference can be 

attributed to the mass effect. Using this approach， 1 can conclude that the difference in 

amount of As should be attributed to the different mass flux of As for each layer. 

Is the process shown above able to extend to the entire part ofBengal Basin? As 1 

noted， bell shaped profile are common in Bangladesh (Chapter 1). In order to generalize 

my idea， the variation of apparent Kd needs to be known at various study areas. 

Unfortunately， this information is unavailable in most of intensive study areas. However， 

several reports confirmed that redox boundary of Fe and As appears around the water 

table (Breit et al.， 2001; Homeman et al.， 2004; Polizzotto et al.， 2006)， indicating that 

contaminated depth is significantly lower than the redox boundary in several 

contaminated regions as well as our study area. Under reducing condition where both Fe 

oxyhydroxide and arsenate are unstable， the variation of apparent KI is likely small 

(Chapter 4). Therefore， 1 suppose that the formation of bell-shaped profile from various 

parts of Bangladesh is mainly attributed to the mass effect. 

2 Cause 01 patchy distribution 01 aqueous As in aquifer 

Controlling factors of lateral distribution of As in groundwater seems more 

complex than that for vertical direction. Similar to the discussions above， both mass 

effect and partitioning effect should control the present distribution. Figure 4-11 is 

helpful to constrain the process of formation of large spatial variation of As 

concentration.百四 conditionwhere concentration of aqueous As is very high (> 1000 

μg/L) or very low (く1Ilg/L) can be constrained. For the regions showing low aqueous 

As， such as spot A (Fig. 5-3)， the predominance of arsenate is a necessary factor. 

Additionally， relatively low adsorbed As (く0.3mg/kg) is also needed. Such a low 

concentration of arsenate in solid phase is only formed by the flushing of As by the 

continuous flowing of low As groundwater. On the other hand， for the regions showing 

high aqueous As， such as spot B， the prevalence of arsenite and very high adsorbed As 

(>5 mg/kg) are needed. 
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According to the above assumption， spot A and spot B should hydrologically 

separated.官官 oxygenisotope data supports this scenario. Very low As groundwater 

coincides with the low O180 (mostly -5 to・3%0)，whereas very high As groundwater 

show the high O180 (mostly -3 to・2%0， Fig. 2-4). Such contrast indicates limited 

mixing of two water bodies. Additionally， as 1 mentioned in Chapter 2， total dissolved 

components of the groundwater flowing spot A (HHD-N) is significantly smaller than 

the spot B (DRK) implying the smaller residence time of the groundwater beneath the 

spot A. If this interpretation is correct， depletion of labile As due to flushing should be 

more marked beneath the spot A than spot B. Therefore， the regions showing very low 

concentration of As plausibly corresponds to the highly permeable region. 

Being different仕omthe case of spot A，同roprocesses should be considered for 

the reason of very high concentration of aqueous As beneath the spot B. One process is 

selective flowing of As-rich water. Another process is the release of As in the depth 

where As-rich groundwater exists with dissolution of host mineral， possibly Fe 

oxyhydroxide. If the As is dominantly released from surface as some researchers 

suggested (Harvey et al.， 2006; Polizzotto et al.， 2008)， former process is reasonable. 

However， it is necessary to accumulate >5 mglkg of As as adsorbed phase， to form 

> 1 000 ~glL of As in groundwater σig. 4-11). It is quite difficult to supply such a large 

amount of As solely企omthe surface sediment. Therefore， reductive dissolution of Fe 

oxyhydroxide is， at least some parts， occurring in the aquifer far from surface. 

Summarizing the above， the spots showing very low concentration of As is likely 

co汀espondto the highly permeable regions， whereas the spots showing very high 

concentration， so called “hot spot"， should be corresponded to the regions where 

reductive dissolution of Fe oxyhydroxide is intensively occurring. The reason of highly 

heterogeneous occurrence of the hot spots is unclear. According to the Fig. 4-11， even if 

the reductive dissolution is occurring in aquifer，白rthereffects to decrease the apparent 

ん"e.g.， presence of large amount of competitive ions， are necessary to form more than 

1000μgIL ofAs. 
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3. Cause 01 reductive dissolution 01 Fe oxyhydroxides -Source 01 

organic matters-

The Fe oxyhydroxides reduction hypothesis has been widely believed as the 

trigger of As release. High concentration of dissolved Fe strongly indicated that aquifer 

is sufficiently reducing to mobilize Fe2+ (Chapter 2). However， there are still some 

questions (Chapter 1). FirstIy， in previous studies， amount and speciation oflabile Fe in 

Holocene aqu汀eris still not very clear despite the necessity of this basic information. 

This is attributed to the low concentration of secondly Fe mineral and the unavoidable 

analyticallimitation of extraction methods. Secondly， the timing of reductive dissolution 

since recharge is unclear. Although some experiments demonstrated that dissolution of 

Fe oxyhydroxide can occur at the contaminated depth (Harvey et al.， 2002; Islam et al.， 

2004; and studies shown in Table 1ー7)，clear redox boundary is found around water 

table as 1 proposed in Chapter 4. If majority of dissolved Fe in aquifer is transported 

from the redox boundary， it gives strong constraint for the interpretation of spatial 

distribution of As. Thirdly， the rate of reductive dissolution a立ersedimentation is 

unclear.百四 amountof labile Fe in aquifer must have decreased since sedimentation. 

The history ofthe decrease is important to interpret the history of As contamination. 

Our data provides an important example for the first question.百四 resultof 

CEY-XAFS indicated that Fe oxyhydroxide is clearly unstable just below the water 

table. Majority of reduced Fe is as aqueous Fe2+， and reduced secondly Fe(II) minerals， 

such as siderite， magnetite， and green rust， should be minor. However， the result of 

CEY-XAFS suggested that Fe oxyhydroxide is partially remaining in the aquifer. 

Because the amount ofHCI extractable As is enough to form As concentration observed 

in this study， both reductive dissolution of Fe oxyhydroxides and reductive desorption 

of arsenite can be a cause of As release in aquifer. 

For second and third questions， source of reducing agent， possibly labile organic 

matte巳 isnecessary to be clarified. As mentioned in Chapter 1， there are several 

hypotheses about the source of organic matter: (i) surface origin hypothesis (Harvey et 

al. 2002)， (ii) co-deposition hypothesis (Smedley and Kinniburgh， 2002; Meharg et al. 

2006)， (iii) peat origin hypothesis (McArthur et al. 2001， 2004; Ravenscroft et al. 2001)， 
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and (iv) petroleum origin hypothesis (Rowland et al. 2006; van Dongen etal. 2008). ln 

my opinion， 4 hypotheses shown above can be classified into two groups: intemal 

source and extemal source hypotheses.百lesurface origin hypothesis is classified into 

extemal source hypothesis， whereas co-deposition hypothesis and peat origin hypothesis 

are into intemal source hypothesis because these organic matters have likely been 

present since sedimentation of Holocene aquifer. Petroleum origin hypothesis is not 

simply classifiable but tentatively classified into extemal source hypothesis. 

According to the assumption of intemal source hypothesis， organic matter 

decomposition should have continued since the deposition of the sediments. The rate of 

organic matter degradation should be higher in the past than the present day because 

lability of organic matter in sediment decreases with increasing age of sediment (Appelo 

and Postoma， 2005). Hence， the rate ofreductive dissolution ofFe oxyhydroxide should 

be higher in the past than that at present. According to this process， formation of 

reducing condition and subsequent As release seem very common processes during 

early sedimentation， and thus this is plausible contamination processes. One point that 

should be considered is the rate off1ushing ofFe and As from aquifer. As 1 pointed out， 

rate of reduction of Fe oxyhydroxide and consequent As release were plausibly higher 

in the past than at present. lf these processes have continued since the initiation of 

sediment deposition， it is somewhat strange that why Fe oxyhydroxide is still survived， 

and As contamination is still significant. Rate of f1ushing of As from aquifer is the 

function of N and residence time of groundwater. Determination of apparent Kd is 

eventually important in terms ofthe estimation ofthe rate off1ushing. 

百lenotable di能 renceof intemal and extemal source hypotheses is the constraint 

for the mass balance of Fe and As in aquifer. Different from intemal source hypothesis， 

As can be transported from the outside of aquifer according to the extemal source 

hypothesis. Polizzotto et al. (2008)印刷allyproposed that influx of As to surface 

wetland is identical to the outflux from aquifer to adjacent river， although this study is 

conducted in Cambodia. In my study area， some evidences are consistent with the 

surface origin hypothesis: (i) redox boundaries of Fe and As clearly exist near the 

surface， and (ii) the concentration ofburied organic matter in the lower part ofHolocene 

aquifer is Iow (<0.3%出 TC).The observation against this hypothesis is the vertical 
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profile of aqueous As concentration. The bell-shaped profile which has been confinned 

in various parts of contaminated regions in Bangladesh is not consistent with the surface 

origin hypothesis. Even if labile organic matter is originated from the surface， 

decomposition ofFe oxyhydroxide and concomitant mobilization of As is likely marked 

in aquifer. 

With the situation described above， the rate of reductive dissolution and mass 

balance of Fe and As in aquifer should be further investigated. Intensively detail field 

survey and characterization of organic matter are needed to clari命thisissue. 

4 Buffering effect 01 aqueous As concentration 01 tube-well water 

Prediction of temporal change in aqueous As of well water is very important. 

There have been two opposite arguments about the temporal variation of aqueous As of 

well water (Chapter 1， section 5.2). In my study area， change in aqueous As 

concentration with time was limited， although monitoring period is only one half years 

(Chapter 2). 1 think this 1imited temporal variation is reasonable result according to the 

adsorption equi1ibrium model. 

According to the adsorption experiments perfonned in Chapter 4， more than 80% 

of As in the aquifer system is partitioned into the solid phase as exchangeable phase. 

Because As in groundwater has likely reached adsorption equilibrium， chemical 

buffering effect contributes to keep the level of aqueous As constant even if water 

having higher or lower concentration of As f10ws in. Temporal change in aqueous As 

concentration should consequently be limited. 

Although strong bu宜eringeffect likely prevents drastic change in aqueous As 

concentration with time， there are several reports showing significant temporal variation 

ofaqueous As by continuous monitoring (Chapter 1， Section 5.2). The cause ofthis fact 

should be explained according to the principle of adsorption equilibrium. Some artifacts 

during sampling and chemical analysis are one possibility as suggested by McArthur et 

al. (2004). Other possibi1ity is saturation of surface site of adsorbents. In my experiment， 

adsorption isotherm of arsenite and arsenate to sediment show the Freundrich type 

isotherm (Chapter 4， Fig. 4-8). The isothenn becomes convex with increasing the 

amount of adsorbed As indicating that the buffering becomes less effective with 
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increasing adsorbed As. If the adsorption isotherm becomes Langmuir type (Harvey et 

al.， 2002)， attenuation of buffering capacity is more prominent when adsorbed As 

beyond the adsorption maxima. It is suggested that groundwater showing relatively 

large temporal change possibly reflect the high saturation state of adsorption site due to 

continuous flowing of As rich groundwater. Hence， the important parameters to predict 

the change in aqueous concentration in future is adsorption capacity of sediment and 

amount of adsorbed As. It may be important to evaluate the saturation state of the 

surface of sediment relative to the amount of adsorbed As before further developing the 

use of tube-well. 

5 防unerabilityollow-As aquifers -policy implications 

Here， an implication for the mitigation policy of this serious contamination is 

highlighted. Presently， majority of tube-well water in south west Bangladesh is 

contaminated by As. Following policies are effective for mitigation ofhealth hazard. 

(i) Use other water resources， such as rain water. 

(ii) Use groundwater after removing the As. 

(iii) Use groundwater from As free aquifer. 

Actually， policies (i) and (ii) have been applied with the great help of various 

NGOs， e.g.， construction of rain water reservoir， inexpensive filtration unit， and 

attaching the specific adsorbent to tube-well.百le policy (iii) is also useful. 

Well-switching policy has been employed as low cost remediation method (van Geen et 

al.. 2003， 2004). It is well known that deep groundwater is generally less contaminated. 

In our s旬dyarea， groundwater from Pleistocene aquifer (>60 m)， consisting of brown 

colored sand， is not contaminated. Hence， installing the deep well water is one useful 

policy to obtain the safe water. However， there is one wariness that increasing use of 

deep groundwater can promote downward movement of As-contaminated shallow water. 

Assessing the vulnerability of Pleistocene aquifer against the penetration of As-rich 

groundwater is thus very important. 

Previously， two factors are considered as the cause of low aqueous As in 

Pleistocene aquifer. Firstly， adsorption capacity of sediment is likely high in Pleistocene 

aquifer because of the oxic nature. Secondly， concentration of labile As is possibly low 
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due to the long time f1ushing of groundwater. According to the result of my s加dy，

however， apparent distribution coefficient (Kd) is not higher in Pleistocene aquifer than 

in Holocene aquifer. Hence， if large volume of As-rich groundwater f10ws in企om

Holocene aquifer， expansion of As contamination to Pleistocene aquifer is possible. 

Although only one sample was measured， adsorbed As is still very low in Pleistocene 

aquifer suggesting that the adsorption site in this aquifer has been unsaturated so白r.

Stable form of As is plausibly less-mobile arsenate due to oxic feature of Pleistocene 

aquife工 Verylow apparent Kd_As(V) (Chapter 4， Table 4-4) for Pleistocene aquife巳

however， implies high vulnerability of Pleistocene aquifer to the inf10w of 

As-contaminated groundwater σig. 4-11). Because data of adsorption capacity of 

Pleistocene aquifer is still poo巳 experimentalevaluation should be more focused to 

assess the vulnerability of low As aquifer to the inf10w of As rich water. 

6 A consideration for the primary source 

As mentioned in Chapter 1， it has been most widely believed that As in Bengal 

Basin is originated企omHimalaya. Although As-rich sulfide is a plausible candidate as 

the specific mineral source， other minerals are also proposed. Seddique et al. (2008) 

reported As concentration in biotite separated from same sediment core used in my 

study， and suggested that majority of As in residual phase in sequential extraction is 

derived from biotite. Biotite is ubiquitous mineral， and is relatively easy to weather in 

the surface environment (Wilson et al.， 2004). 

1 would point out the importance to assess the rate of releasing of As仕ominert 

phases to labi1e phase after sedimentation. Many repo巾 suggestedthe high contribution 

of As in inert phases， which can not be decomposed by weak acids， in bulk As (Chapter 

1， Table 1-3). However， the identity of the As in the inert phases has been unclear. 

According to the target phase of sequential extraction procedure， possible inert phases 

are sulfides and si1icates. As mentioned above， Seddique et al. (2008) argued that host 

phase of As in residual is biotite. The XAFS result of this study partly supports this 

finding， because no contribution of sulfides was confirmed in Chapter 4. However， there 

are some contradict reports. Polizzotto et al. (2006) suggested that ca. 60% of As would 

be associated with sulfide in aquifer based on the J.l-XANES analysis. Lowers et al. 
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(2007) was also claimed that authigenic sulfide act as the sink of As in aquifer based on 

the bulk and 廿XANESanalyses. 

If sulfides are the host of inert As， these As can be extremely insoluble under 

reducing condition. Actually， As-rich groundwater show very low concentration of 

sulfate ions indicating that As in sulfides should not be released in aquifer (Chapter 1). 

If As bearing sulfide present in the aquifer， it is plausibly authigenic， and may be act as 

sink of As. Although our data are企omonly one drilling site， contribution of As-bearing 

sulfide must be low in our study area based on the bulk XANES result. 

Being different from sulfide， incongruent dissolution of silicate mineral is 

irreversible reaction.百lerefore，if certain silicate is the host of inert As， it should 

contribute as the source of As. In my study area， silicate is the most plausible host 

mineral of inert As. Actually， Seddique et al. (2008) reported ca. 10 times higher 

concentration of As in biotite relative to bulk. Because weathering rate ofbiotite is high 

under oxic condition， this reaction might be important when the sediment was freshly 

deposited with exposure to air.百四 Asreleased from biotite would be adsorbed onto Fe 

oxyhydroxide followed by the remobilization by further sedimentation. Additionally， it 

is well known that content of mica is high in the detritus derived from Himalaya. 

Therefore， weathering of biotite is valuable hypothesis to be tested as the primary 

mechanism of extraordinarily global As-contamination in Bengal Basin. 

7 Whyおnaturaloccurrence 01 As contamination remarkable in Asia? 

1 have two ideas for this question. One reason is the large supply of source 

materials from Himalaya， whereas the other is the tropical climate. Many As-polluted 

regions， such as Bengal Delta (Bangladesh and West Bengal)， Mekong Delta (North 

Vietnam)， Red River Delta (South Vietnam and Cambodia)， and Terai Basin (Nepal)， are 

located on the down stream of large rivers derived from Himalaya. Huge amount of 

detritus from Himalaya would transport As to the young sediments in these regions. 

However， it should be noted that natural occurrences of As・contaminationsare not 

limited in the downstream of Himalaya. For example， As rich groundwaters (>1000 

μダL)are reported from Inner Mongolia and Taiwan.百leAs rich groundwaters in these 

regions are observed in Holocene aquifer， but the sediment is not derived from 
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Himalaya. Cause of As release in these regions may be similar to the deltaic regions， 

because of common feature of groundwater quality. This fact indicates that the large 

supply of detritus from Himalaya is not always necessary to form high As groundwater. 

Tropical climate of south-east Asia is another potential cause of As・contamination.

Drastic change in the amount of precipitation between rainy and dry seasons can be a 

cause of large variation of redox condition near the surface. Such condition likely 

promotes the cycle of As accumulation/release from soil. Actually， 1 found the clear 

redox boundary of As and Fe near the water table (Chapter 4). Oscillation ofwater table 

between rainy and dry season should promote annual redox change followed by the 

mobilization of F e and As. In addition， high rate of chemical weathering in tropical 

climate would cause the transport of As from primary minerals to secondary minerals. If 

those factors are really promoting the As-contamination， other tropical regions in the 

world， e.g.， south America and Oceania， may have potential to be being exposed by 

serious contamination. Same to the factor of Himalaya， tropical climate is also not the 

necessary condition， because there are some exceptionally contaminated regions other 

than tropical region， such as Nepal and Inner Mongolia. 

With this situation， comparative study among various contaminated regions 

should be important to evaluate the relative contribution of the factors shown above for 

the mechanism of natural occurrence of As-contaminated groundwater. 

156 



“Partition effect" 
dominant system 

“Mass effect" 
dominant system 

water 

⑧ 

@ 

@
@
¥
ヲ

@
⑧
ふ
て

water 

@

@

 

⑧

⑧

一

⑥¢⑥ 

ZHaω

。

Aqueous As 

Fig.5・1.A schematic of the concepts of mass and partition effects. 

157 



Sediment Fe Sediment As Water 

Layer A: oxic ∞ndition 
Aqueous As is low. 

Adsorbed As is moderat(;l~ hJ91l . 

Layer 8: reducing condition 
Less permeable. 

Aqueous As is low. 
Adsorbed As ，is low. 

Layer C: reducing condition 
Highly permeable 

Aqueous As is high. 
Adsorbed As is high. 

開 )I闘翻|③ }伽印刷i岬

BZZLi|・11・effecI 

• • • I I・
~}がe. 

e. • 部 alt- .e 

• • • • • • • 
Fig. 5-2. A schematic of the c1assification of three layers in the drilling core. 

158 



As(μg/L) 
• <10 ・10-50 

50 -200 ・200-500 ・500-1200 

-・'
• • 

Fig. 5-3. A map of the distribution of As concentration in groundwater. In 

spot A， low-As water is predominant， whereas high-As water is predominant 

in spot B. 
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Chapter 6 Conclusions 

Throughout my PhD work， 1 have attempted two approaches to clari命the白ctor

controlling variation of aqueous concentration in groundwater (Fig. A・1).

Hydrogeological study described in Chapter 1 revealed following things. 

(i) Arsenic-rich groundwater is only present in Holocene. aquifer， whereas 

Pleistocene aquifer is not contaminated 

(ii) Concentration of As in groundwater is low near the surface (<15 m)， and 

gradually increased from middle to deep part of Holocene aquifer (15 -30 m). 

(so・calledbell shaped profile) 

(iii) Arsenic-rich groundwaters show high concentration ofNH/， whereas N03-and 

sol・arerarely detected， suggesting that these groundwaters are under strongly 

reducing condition. 

(iv) Arsenite is the dominant species of dissolved As. 

(v) The residence time of groundwater in Holocene aquifer is mostly <50 years， 

whereas that in Pleistocene aquifer is >50 years. 

(vi) Recharge/discharge cycle of groundwater in Holocene aquifer is occurring in 

localized spatial scale， proved by large spatial variation of 8180. 

(vii) Decomposition of As-rich biotite can be important to increase amount of labile 

As in aquifer. 

With above findings， 1 then focused on the controlling factors of variation of 

aqueous As concentration in Holocene aquifer. Particular1y， speciation of As and Fe in 

solid phase is the key point of this approach. The following conclusions were extracted 

from the approaches introduced in Chapter 3 and 4. 

(i) Oxidation states of As in sediment change around the water table， and hence 

arsenite is dominant in the depth where As-rich groundwater prevails. 

(ii) Oxidation states ofFe in sediment also change around the water table. Reduced 

Fe would be f1ushed as Fe2+， and formation of secondly Fe(II) mineral is likely 

negligible according to the result of CEY.・XAFS.

(iii) Fraction of HCl extractable As is generally lower than unextractable fraction. 

The unextractable As is likely associated with inert silicates， such as biotite. 
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(iv) Apparent distribution coefficient of arsenate is always larger than arsenite， 

suggesting that arsenate reduction always enhances the mobility of As. 

(v) Amount of adsorbed As determined by phosphate extraction is larger in lower 

part than upper part of Holocene aquifer， and that is very low in Pleistocene 

aquifer. 

(vi) Apparent Kd of As(V) is proportional to the amount of Fe oxyhydroxide， 

whereas that of As(III) is less sensitive to Fe oxyhydroxide. 

(vii) The simulated concentration of aqueous As under adsorption equilibrium is 

consistent with the measured As concentration in the monitoring wells. 

The findings in this study from Chapter 2 to 4 provide some constraints for 

various controversial issues， such as redox chemistry of Fe in aquifer， cause of 

bell-shaped profile， and controlling factor of temporal variation of As concentration 

(Chapter 5). 

The most important finding throughout my studies is that aqueous As 

concentration in groundwater is regulated by the adsorption-desorption equilibrium. 1 

claim that two factors:“mass effect" and “partition effect"， must be considered to 

discuss the spatial variation of As concentration (Fig. 5-1). Particularly， the contribution 

of “partition effect" has been rather overlooked. The difficulty to assess the contribution 

ofthis effect is in the variable speciation of As and Fe in natural sample. 1 succeeded to 

overcome this di伍cultyby the adsorption experiment coupled with the speciation of As 

and Fe using XAFS technique. According to the result of this study， large variation of 

aqueous As concentration in groundwater can not be explained by the single factor. 

Both “mass e民 ct"and “partition effect" need to be combined to explain very high 

(>100μダL)and very low (く100μg止)concentration of Asσig. 4-11). Additionally， 1 

revealed that oxidation state of As is the most important factor to generate high-As 

groundwater of > 1 00μglL (Fig. 4-11). 1 believe these finding should contribute to 

predict the spatial and temporal variation of As-contaminated groundwater in Bengal 

Basin and other As affected countries. 
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