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SOURCES AND MECHANISMS OF GROUNDWATER CONTAMINATION DUE TO
ARSENIC: A CASE STUDY IN HANOIL CITY

S. Takizawa*, T. T. V. Nga** and M. Inoue***
* Department of Urban Engineering, The University of Tokyo

ABSTRACT

To identify the source and mechanism of arsenic contamination, groundwater and sediment samples
were taken from the well fields for municipal water supply in Hanoi City. Groundwaters in the
south zone were anaerobic and contained high levels of arsenic, ammonia, organic matter and iron.
DOC, ammonia and phosphorus showed better correlations with arsenic in groundwaters than iron
with arsenic. The iron contents in the sediment samples collected from four boreholes fell in a
narrow range between 2.5 and 5.0 percent, whereas the arsenic contents varied significantly
between <1ug/g and 22 pg/g. All but two soil samples with high arsenic contents (>10 pg-As/g-dry
soil) were obtained from the peat layers. Sediments taken from the contaminated aquifer contained
higher arsenic than the sediments obtained from the clean aquifer. Although solid-phase arsenic
bound to ferric oxyhydroxide was more abundant than organic-bound arsenic, most of the arsenic in
groundwaters was estimated to be leached from peat organic matter based on batch As-leaching
experiments and the As/N ratios in the sediments and in groundwaters. Detection of pollens of
arsenic-hyperaccumulating fern species and mangrove species suggested that arsenic was
concentrated by the ancient fern species and mangrove ecosystems and subsequently buried in the
sediment.
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INTRODUCTION

Since the findings of widespread arsenic contamination in groundwaters in West Bengal,
Bangladesh and Vietnam, arsenic is one of the major concerns in water supply in tropical Asian
countries (BGS/MML, 1999; Berg et al., 2001). Numerous minerals containing arsenic have been
reported, which could be sources of arsenic contamination in groundwaters (Huang, 1994). It is well
known, however, that the major source of arsenic from old mines is arsenopyrite, which is oxidized
when exposed to air and releases iron, sulphate and arsenic according to Eq. (1) (Bhumbla et al.,
1994).

4FeAsS (arsenopyrite) + 130, + 6H,0 — 4FeSO4 + 4H3A504 ey

Williams (2001) contended that in the cases of mine tailings control of oxidation processes of
arsenopyrite (FeAsS) is crucial to avoid groundwater contamination due to arsenic. They reported
two pathways of arsenopyrite oxidation; (1) oxidation to scordite (FeAsO4 2H,0) or ferric arsenate
coatings, which are less soluble to water and thus minimizes arsenic contamination, and (2)
oxidation to arsenolite (As,O3) that is highly soluble into water. In Bangladesh a similar mechanism
of arsenic leaching was considered to be playing an important role until mid-1990s (BGS/MML,
1999).
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Recently it has been well documented that the predominant reactions of arsenic leaching in
Bangladesh is taking place under anacrobic condition. Nickson e al. (2000) considered that arsenic
is bound to ferric oxyhydroxide (FOOH) and is leached into groundwaters when ferric
oxyhydroxide is reduced by peat organic matter. They proposed the following equation.

4FOOH (limonite) + CH,0 + 7H,CO; —> 4Fe*" + 8HCOs + 6H,0 )

This equation was supported by the good correlation between diagenetically available iron and
arsenic in soils, but the amount of bicarbonate found in groundwaters was significantly greater than
what is predicted by Eq. (2). Nickson et al. (2000) estimated that this is due to dissolution of
calcium bicarbonate. McAuthor et al. (2001) supported this mechanism, contending that arsenic is
released by microbes from ferric oxyhydroxide, but not due to pyrite oxidation or exchange with
fertilizer phosphate. Abul Fazal et al. (2001) examined these two arsenic leaching models expressed
by Egs. (1) and (2), and concluded that, though the evidences given by water quality reports support
Eq. (2), the pyrite oxidation model should not be completely abandoned because data varied in time
and space. Harvey et al (2002) presented the results of carbon isotope analysis for soil organic
matter and inorganic carbon in pore waters, and suggested that the organic matter that caused
arsenic leaching came from surface water infiltration.

In order to elucidate the sources and mechanism of arsenic contamination in Hanoi City,
groundwater and soil-core samples were taken from the well fields of Hanoi Water Business
Company. The contents of ammonia, organic carbon, iron and arsenic were analyzed along with
other water quality parameters. Correlations between water quality parameters were examined in
order to estimate the source and mechanisms of arsenic leaching. In addition the contents of these
contaminants in sediment samples were analyzed, and based on the As/N and As/Fe ratios in
groundwaters and in sediments the major source of arsenic in groundwaters was estimated. The
solid forms of arsenic were classified into five groups by serial extraction, and pollen species was
analyzed to estimate the origin of arsenic-rich peat layers.

MATERIALS AND METHODS

Sample collection and analysis. In the years 2000 and 2001 groundwater samples were taken three
times from 35 wells out of a total of 98 wells that belong to HWBS. Temperature, pH, dissolved
oxygen (DQO), oxidation-reduction potential (ORP), alkalinity, hydrogen sulfide, ferrous iron
(Fe(Il)) were analyzed at the sampling sites. Temperature, pH, and DO were measured by potable
electrodes, and ORP was measured by a platinum electrode (Yokogawa K8229YL, Tokyo, Japan).
Alkalinity was measured by acid titration method (Standard Method 19th Ed., 1995). Hydrogen
sulfide was measured by gas phase H,S monitor (Inspection Tube 4L T, Gastec Co., Japan) after
bringing pH down to less than 2 by adding an aliquot of conc. HCI. Fe(Il) was measured by
calorimetric method using Hach DR-890.

Each of groundwater samples were stored in three 100-mL serum bottles and sealed with Teflon
caps, and brought to the Environmental Engineering Laboratory, the University of Tokyo.
Groundwater samples acidified by HNO; were used for the analyses of major cations and arsenic
species. Samples acidified with HCI were used to determine ammonia, total nitrogen (TN) and
dissolved organic carbon (DOC). Major anions were analyzed for the non-acidified samples. Major
cations and metals were analyzed by ICP-AES (Perkin-Elmer Model Optima 3000), and trace
metals and arsenic were measured by ICP-MS (Yokogawa Model 4500). Arsenic species were
analyzed by a high-performance liquid chromatograph (HPLC, Shimadzu LC-10A) with a polymer-

—213—



based anion exchange column (Gelpack GL-LC-A1S5, L. 75mm, D. 4.6mm), coupled with ICP-MS.
The mobile phase was 3mM phosphate buffer at pH 6.0.

Sediment samples were collected from four bore-holes dug in the water treatment plants(WTPs) I,
V, VII and VIIL Sediment sample I represents a clean aquifer, II represents the aquifer influenced
by the Red River, and VII and VIII were taken from contaminated aquifers in the south zone.
Sediment samples were air-dried before analyses of carbon, nitrogen, iron and arsenic contents.
There are several procedures proposed for sequential arsenic extraction from sediments(Ahmann et
al., 1997; Pongratz et al., 1998; Turpeinen et al., 1999; Keon et al., Welzel et al., 2001). Following
Ahmann et al. (1997) and Welzel et al. (2001) solid-phase arsenic was sequentially extracted.
Analysis of pollen found in the sediment was performed in Hanoi University of Science. No
crystalline forms of arsenic were detected by X-ray diffraction technique.

RESULTS AND DISCUSSION

Sediment analyses. Figures 1 () to (d) show the results of soil core analyses. Figure 1(a) shows the
correlation between soil iron and total arsenic contents in the sediments. The maximum content of
arsenic in the sediment was 22 pg/g, and most of the iron contents fell between 2.5 to 5 wt. percent.
The average arsenic content in the world soils is reported to be between 5 to 6 pg/g (Bhumbla and
Keefer, 1994; Huang Y. C., 1994; Matera and Le Hecho, 2001). Sedimentary rock contains 20 to 30
ng/g of arsenic (Huang 1994), and coal contains arsenic between 1 to 90 pg/g (Bhumbla and Keefer,
1994). As it can be seen in Figure 6(a) there is no correlation between iron and arsenic contents. It
can be said that most of the soils that have high arsenic contents are peat, but some of the peat
sediments have lower arsenic contents. Berg et al. (2001) constructed a similar graph between iron
and arsenic contents in sediments collected from five bore-holes in Hanoi Province, and reported
that they observed an increasing trend of arsenic contents when the iron contents increased. They
found many sediments with very low iron (< 20 pg/g) and arsenic (<3 pg/g) contents. This was the
reason why it looked like that arsenic contents in sediments increased as iron contents became
higher. However, the arsenic contents of sediments with higher iron contents were mostly less than
10 pg/g in their study, which is only slightly higher than the aforementioned average arsenic
content in soils. They reported that the peat sediments that contain very high arsenic (>15 pg/g) are
outliers. Because we obtained peat samples with high As contents only from the aquifers in the As-
contaminated south zone, it can be said that those peat sediments are not outliers, but can be the
source of arsenic contamination in groundwaters. Figure 1(b) shows the correlation between the soil
iron contents and soil arsenic bound to Fe and Al. This graph shows a similar results as Figure 1(a),
having a peak of arsenic contents for the soil samples with iron contents between 3 to 4 wt. percent.
These high As-content samples are peat sediments and there is no correlation between iron and
arsenic contents.

Figure 1(c) shows the correlation between soil carbon and total arsenic contents. Except for the peat
sediments, most of the other sediments had total arsenic contents between 0.1 to 10 ug/g. As for the
peat sediments, there are two types; namely the sediments obtained from WF-I and V, which
contain total arsenic between 4 to 7 ug/g, and do not have any correlation between soil carbon
contents and arsenic contents; and the other type of peat sediments obtained from WF-VII and VIII,
which exibited an increasing trend between carbon contents and total arsenic contents. Figure 1(d)
shows the correlation between carbon contents and arsenic bound to organic matter. Although the
data is slightly scattered they show a positive correlation between the carbon contents and the
arsenic contents. The lower boundary is given by the data obtained from WF-I and V, and the upper

—214—



boundary is given by the data obtained from WE- VII and VIIL The regression ranges corresponds
to an arsenic/carbon ratio between 50 and 100 pg-As/g-C.
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FIGURE 1. Correlation between elements in soils: a) total arsenic and total iron, b) arsenic
bound to Fe and Al oxides and total iron, c) total arsenic and carbon content, d) arsenic bound
to organic matter and carbon content, ¢) total arsenic and nitrogen content, and f) arsenic
bound to organic matter and nitrogen content.

Figure 1(e) shows the correlation between nitrogen content and total arsenic in sediments. As
discussed about the carbon contents, arsenic contents in the peat layers obtained in contaminated
south zone(WF-VII and VIII) were high, whereas arsenic contents in the peat obtained in the
northwest (WF-I) and the riverain(V) were low. Sediment nitrogen contents and organic-bound As
contents can be correlated as shown in Figure 1 (f). Organic-bound-As/T-N ratio in peat sediments
varied between 1.0x10™ and 2.5x107 g-As/g-N. Since ammonia nitrogen is a conservative species,
it can be used to estimate the amount of arsenic released from organic matter by assuming that the
As/N ratio is constant. This assumption is based on the fact that arsenic in plants is often found to
be combined with phytochelatines, which are systesized from gluthione (GSH, C;oH;7N306S). As
shown in Figure 5(c) the maximum concentration of ammonia nitrogen in groundwaters was 28
mg/l, which gives an estimated maximum arsenic concentration of 70 g/l in the groundwater. On
the contrary, the maximum ratio of iron-bound As/T-Fe in sediments was 0.5x10”g-As/g-Fe. Since
the maximum Fe concentration in groundwaters was 38mg/l, it gives a maximum arsenic
concentration of arsenic in groundwater as 19 pg/l. As discussed in the preceding section, direct
release of As(Ill) from iron-bound As('V) is thought to be a minor process(Langner et el., 2000).
Hence, the amount of As released into groundwater from ferric oxyhydroxide is much less when we
assume that arsenic can be released only after Fe(Ill) is reduced to Fe(Il). The maximum
concentration of Fe(Il) in groundwaters was 13 mg/l, which correspond to an estimated arsenic
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concentration of 6.5png/l in groundwaters. Since iron is not a conservative species it is possible that
dissolved ferrous iron was precipitated again. The most likely sink of Fe(II) is formation of pyrite
(FeS,) or marcasite (Hounslow, 1995). Sulfate concentration in the Red River was 5.4 mg/l to 7.8
mg/} during the sampling periods. Neither sulfate nor sulfide was detected in the groundwaters in
the contaminated south groundwaters. Assuming that the groundwater in the south zone was
recharged from the Red River, the maximum amount of Fe(Il) that could be precipitated as pyrite is
calculated to be 2.3 mg/l, which is only a minor portion of total Fe in contaminated groundwaters.
These estimates suggest that decomposition of organic matter is a more important process of arsenic
contamination in groundwaters than release of arsenic attached on or incorporated into ferric
oxyhydroxide.

TABLE 1. Arsenic leaching ig} batch tests. Samples were anacrobically transferred to 100-mL serum bottles, filled with 60mL Mili-Q
water, and autoclaved at 121 C for 20 minutes. Serum bottles were then gently shaken for two weeks before water quality analyses.
Duplicate tests were performed for each of sediment samples. N. D.: Not detected.

Sediment Sediment  Fe(ll) T-Fe DOC NHs&-N  POsP  As(Ill) As(V)  ZAs Est. Max. Est. Max.

Sample Sample As As

No. weight leaching  leaching
(Well (g) (mg/L) (mg/L) (mg/L) (mg/l) (mg/l) (ug/l) (ug/l) (ug/l) from T- from
Field ID) Fe NH4-N

(ng/L) (ng/L)

7 1\/(1\;;’1: 53 ND. 142 20 56 ND. 70 46 116 0.7 14.0
7'2‘%”' 5.3 ND. 309 260 50 ND. 107 60 167 L5 125
30'\1/, I(I}’;’F' 2.9 0.6 05 300 160 ND. 161 115 276 0.3 40.0
30’31%”: X 06 06 370 210 ND. 221 46 267 03 52.5
37‘\‘/ I(IB’F' 1.7 0.5 0.6 35 75 023 52 398 . 450 03 18.9
37-2 (WF- 1.5 0.5 0.4 2 63 020 183 508  69.1 02 15.8

VII)

In order to verify the hypothesis that arsenic can be directly released from sediment organic matter
without release of iron, batch organic degradation tests were performed. Two peat samples with
high arsenic contents were selected, and anaerobically transferred to 100-mL serum bottles. These
bottles were filled with 60 mL of de-oxygenated Mili-Q water, Duplicate samples were prepared for
each of the sediments. These serum bottles were then put into an autoclave, heated at 121 °C for 20
minutes in order to enhance organic degradation and to inactivate microbes so that microbial
reduction of As(V) bound to the surface of ferric-oxyhydroxide and subsequent reaching of As(Ii)
into water is inhibited. The concentrations of arsenic (arsenate and atsenite), ferrous and total iron,
DOC and ammonia were analyzed after gently shaking at 20 °C for 2 weeks. As shown in Table 1,
the amount of released iron into aquatic phasewas very small, whereas significant amount of DOC,
ammonia, arsenate and arsenite were released. By comparing the results of batch leaching tests with
the groundwater quality shown in Figure 2, we can conclude that, even without leaching from ferric
oxyhydroxide, arsenic (arsenite and arsenate) can be leached into groundwater by degradation of
peat organic matter. This result verifies our hypothesis that organic matter is one of the major
sources of arsenic in groundwaters. DOC/N ratios in the batch test samples were higher(1.8~4.1)
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than those of groundwaters(ca.0.5), which indicates that dissolved organic matter was subsequently
decomposed anaerobically in groundwaters. As(11I)/ZAs ratio was lower in batch samples than the
groundwater samples, which indicates that anaerobic As(V) reduction was not a major mechanism
of arsenic leaching in these batch tests. AS(V) released into groundwater was supposed to be slowly
reduced in groundwaters.

Sources and mechanisms of arsenic leaching. The results of pollen analysis for the arsenic-rich peat
layers suggested that these peat layers were derived from plio- to mid-Holocene estuarine sediments,
represented by fern species, e.g., Preris sp. and Polypodium sp., and mangrove ecosystems, such as
Aegiceras sp. and Excoecaria sp. Recent study by Meharg et al. (2002) revealed that a number of
plants can hyperaccumulate arsenic. Fern species is well known to hyperaccumulate arsenic, Pteris
vittata hyperaccumulated arsenic up to 22,630 pg/g (Ma et al., 2001) and the arsenic concentration
in fronds of Pteris vittata increased up to 7600 pg/g as the concentration of arsenic in soil increased
(Zhao et al. 2002). A native Thai fern species, Pityrogramma calomelanos, also hyperaccumulated
arsenic up to 6380 pg/g (Visoottivisech et al., 2002). While the latter was not found in the Hanoi
peat layers, pollens of Pferis sp. was found only in the peat layers with high arsenic contents. To
date it is not known if there is any mangrove species that can accumulate arsenic (Micaela and Cox,
2002). Kirby et al. (2002) also reported that mangrove trees, main roots, leaves and bark have low
arsenic concentration. However, they demonstrated that mangrove ecosystem can concentrate
arsenic in their fine root zone by three ways; firstly by oxygenating the fine root zone facilitating
dissolution of arsenic sulfides; secondly accumulating iron oxides in the root zone; and thirdly by
attaching the epiphytic algae/fungi on fine roots. Arsenic is also concentrated by detritivores, which
feed on mangrove detritus. The root zone of mangrove is maintained aerobic for respiration; hence
ferrous iron is oxidized on root surfaces to ferric iron. In this process arsenic is being incorporated
into iron oxide structure and/or adsorbed on the surface of iron oxides. Our experimental results,
along with the above mentioned literature review, suggest that arsenic was hyperaccumulated by
ancient fern species together with mangrove ecosystems, which were subsequently buried under
Hanoi City. There are two processes of As leaching into groundwaters: As released by degradation
of peat organic matter, and As released from ferric oxyhydroxide. The high concentration of
ammonia in groundwaters, along with the As/N ratio in sediments, indicated that As released from
peat organic matter was more significant than As released from ferric oxyhydroxide. Phosphorus
released in the degradation of peat organic matter can facilitate organic leaching from iron
oxyhydroxide. Although no in-depth analysis on the relationship between arsenic and phosphorus
concentration in groundwaters were carried out in this study, on of the aquifers with high arsenic
concentration showed a higher As/P ratio in groundwaters than other aquifers.

CONCLUSIONS

Although solid-phase arsenic bound to ferric oxyhydroxide was more abundant than organic-bound
arsenic, most of the arsenic in groundwaters was estimated to be leached from peat organic matter
based on batch As-leaching experiments and the As/N ratios in the sediments and in groundwaters.
Detection of pollens of arsenic-hyperaccumulating fern species and mangrove species suggested
that arsenic was concentrated by the ancient fern species and mangrove ecosystems and
subsequently buried in the sediment.
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