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Foreword

Every spring, the University of Massachusetts — Amherst welcomes all
“Soils Conference” Scientific Advisory Board members with open arms as
we begin the planning process responsible for bringing you quality
conferences year after year. With this “homecoming” of sorts comes the
promise of reaching across the table and interacting with a wide spectrum of
stakeholders, each of them bringing their unique perspective in support of a
successful Conference in the fall.

This year marks the 20" anniversary of what started as a couple of
thoughtful scientists interested in developing partnerships that together could
fuel the environmental cleanup dialogue. Since the passage of the Superfund
Law, regulators, academia and industry have come to realize that models that
depend exclusively on “command and control” mandates as the operative
underpinning limit our collective ability to bring hazardous waste sites to
productive re-use. It is with this concern in mind that the Massachusetts
Department of Environmental Protection privatized its cleanup program in
1993, spurring the close-out of over 20,000 sites and spills across the
Commonwealth to date, in a manner that is both protective of human health
and the environment while also flexible and responsive to varied site uses
and redevelopment goals.

So we gather together again, this year, to hear our collective stories and
share success and challenges just as we share stories at a family gathering.
Take a read through the stories contained in these proceedings, Volume 10
of the Contaminated Soils, Sediments and Water. This jewel of a volume
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contains a valuable collection of successes (and challenges) in the areas of
environmental fate, heavy metals, modeling, MtBE and oxygenates,
regulatory, remediation, risk assessment, site assessment and sampling
methodology. As you can see, there is something for everybody. Most
importantly, in our minds at least, is the embodiment of how, as a
community, we have worked together toward the optimization of established
approaches as well as embracing departures from traditional regulatory
models in order to address the challenges posed by emerging unregulated
constituents that threaten our natural resources.

It is with great joy and pride that we write this Foreword, an affirmation
of our commitment to this international, one-of-a-kind conference. A
conference that over the last 20 years has taken into account where we all
have been — public and private sector alike — so we can responsibly chart
where we need to go as stewards of the environment.

Millie Garcia-Surette, MPH and Janine Commerford, LSP
Massachusetts Department of Environmental Protection
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CHAPTER 1

SLOW DESORPTION OF PHENANTHRENE
FROM SILICA PARTICLES: INFLUENCE OF
PORE SIZE, PORE WATER, AND AGING TIME
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Christopher J. Thompson', Zheming Wang', Michael J. Truex', and Brent
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Abstract: When micro-porous and meso -porous silica particles were exposed to aqueous
phenanthrene sol utions for various durations it was observed that sorbed -phase
phenanthrene concentrations increased with aging time only for meso -porous
but not micro-porous silicas. Desorption equilibrium was reached almost
instantaneously for the micro -porous particles while both the rate and extent of
desorption decreased with increasing aging time for the meso -porous silicas.
These findings indicate that phenanthrene can be sequestered within the
internal pore-space of meso-porous silicas while the internal surfaces o f
micro-porous silicas are not accessible to phenanthrene sorption, possibly due
to the presence of physi - or chemi-sorbed water that may sterically hinder the
diffusion of phenanthrene inside water -filled micro-pores. By contrast, the
internal surfaces of these micro-porous silicas are accessible to phenanthrene
when incorporation methods are employed which assure that pores are devoid
of physi-sorbed water. Consequently, when phenanthrene was incorporated
into these particles using either supercritical CO , or via solvent soaking, the
aqueous desorption kinetics were extremely slow indicating effective
sequestration of phenanthrene inside micro -porous particles. Finally, a two -



2 Contaminated Soils- Environmental Fate

compartment conceptual model is used to interpret the experimental findings
and the implications for contaminant fate and transport are discussed.

Key words: Contaminant Fate and Transport, Contaminant Sequestration, Desorption
Kinetics, Aging Methodology, Porous Silica, Phenanthrene, Two-
Compartment Model.

1. INTRODUCTION

The remediation of aged hydrophobic contaminants in soils and
sediments has in many cases been complicated by the extremely slow or
incomplete release of these compounds from the mineral particles. It has
been postulated that the slow desorption and related sequestration of these
hydrophobic contaminants is most likely caused by several mechanisms such
as the slow diffusion within either hard or soft organic matter domains or by
sorption-retarded and sterically hindered diffusion in small mineral pores
(Alexander, 1995; Huesemann, 1997; Hatzinger and Alexander, 1997; Luthy
et al., 1997; Pignatello, 1990; Pignatello and Xing, 1996; Steinberg et al.,
1987; Weber and Huang, 1996; Weber et al., 1998; Xing and Pignatello,
1997).

Considering that most naturally occurring soils and sediments contain
significant amounts of organic matter, it is not surprising that most research
has focused on elucidating the nature of contaminant sequestration in the
various organic matter (OM) phases. In fact, it has been suggested by
Cornellissen et al. (1998) that the presence of OM is more important for
slow desorption than mineral micropores in soils and sediments with more
than 0.1-0.5% OM. As a result, comparatively little contaminant
sequestration research has been carried out to evaluate the role of mineral
micropores in the absence of OM (Nam and Alexander, 1998; Huang et al.,
1996; Farrell and Reinhard, 1994a, 1994b; Alvarez-Cohen et al., 1993;
Werth and Reinhard, 1997a, 1997b; McMillan and Werth, 1999).

Huang et al. (1996) studied the aqueous sorption and desorption of
phenanthrene in meso-porous silica gels (404, 100A, and 150A) and found
that little or no phenanthrene sorption occurred on internal pore-surfaces.
These investigators hypothesized that the presence of physi-sorbed water in
silica pores results in the size-exclusion of phenanthrene from the interior
pore space. They therefore concluded that the use of models that invoke
solute diffusion in meso- and micro-porous mineral structures as a
significant rate-limiting factor for sorption by soils and sediments is highly
questionable. Nam and Alexander (1998) measured the biodegradation
kinetics of phenanthrene that had been incorporated onto non-porous and



SLOW DESORPTION OF PHENANTHRENE FROM SILICA... 3

meso-porous (254, 60A, and 150A) silica particles via aqueous sorption.
Since no significant difference in biodegradation rates between non-porous
and porous silicas was observed, these investigators also concluded that the
internal surfaces of these porous beads sorb little or no phenanthrene.

It is the objective of this research to further elucidate the various factors
that affect slow desorption and sequestration of hydrophobic contaminants in
mineral micro- and meso-pores in the absence of organic matter.
Specifically, we are interested in how the pore-diameter, the presence (or
absence) of water during the phenanthrene incorporation process, and the

aging time influence the aqueous desorption kinetics of phenanthrene from
silica particles.

2, MATERIAL AND METHODS
2.1 Silica Particles

The types of silica particles used in this study are listed in Table 1. Four
batches of meso-porous silica particles ranging in size from 1 -10y and
median pore diameter (based on pore-volume) from 18A to 76A were
synthesized using techniques similar to those described by Bruinsma et al.
(1998) and Beck et al. (1992). Cetyltrimethylammonium chloride was used
in combination with tetracthoxysilane to prepare the particles in batches 1
and 2. A cetyltrimethylammonium hydroxide/cetyltrimethylammonium
chloride mixture in combination with sodium aluminate and mesitylene was
employed to prepare the silicas in batches 3 and 4. The synthesized particles
were calcined by heating using a temperature ramp from 20°C to 540°C
under a nitrogen purge. Prior to use in the experiments, the cooled particles
were ground lightly with a mortar and pestle to break up large aggregates.

Table 1. Physical and Chemical Properties of Silica Particles

Batch #1 1-10 18 825 0.0031

Batch #2 1-10 21 755 0.0096
Batch #3 1-10 76 858 0.0047
Batch #4 1-10 66 845 0.0068
Davisil 250 —500 202 314 0.0078
Spheriglass 2 NA 2 ND

NA = Not Applicable, ND = Not D etermiined

Davisil silica gel with a median pore diameter of 202A and a particle size
range of 250-500u was purchased from Supelco, Bellefonte, PA. Finally,
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non-porous silica beads (i.e., spheriglass solid spheres) with a mean particle
size of 2 were purchased from Potters Industries, Inc., Carlstadt, NJ.

The total organic carbon (TOC) content of the silica particles was
determined by placing an aliquot into a platinum crucible and heating it at
550°C for 16.5 hours. The carbon dioxide that was released as a result of this
oxidation process was catalytically converted to methane which was
subsequently analyzed by gas chromatography. The BET surface area and
the pore-diameter distribution (based on pore-volume) of the silica particles
was determined using a Micrometrics Surface Area Analyzer (Model 2010
Micrometrics Instrument Corp., Norcross, GA) according to procedures
given in the operating manual (Micrometrics, 1995).

2.2 Hydration of Silica Particles

Preliminary aqueous sorption experiments involving dry silica particles
from batches 1 and 2 indicated that phenanthrene sorption processes are
significantly affected by changes in the silica surface chemistry that occur
slowly when dry silica is exposed to water. In order to eliminate this
confounding factor, all silica particles used in aqueous sorption experiments
were pre-wetted in de-ionized water for one week. After the wetting period,
the supernatant was carefully removed, and the sorption experiments were
initiated by adding aqueous phenanthrene solution as described in more
detail below.

In addition, all silica particles that were loaded with phenanthrene using
non-aqueous methods (see details below) were also hydrated prior to
phenanthrene loading to avoid the unusual aqueous desorption kinetics that
are due to changes in silica surface chemistry. Five to ten grams of silica
particles were equilibrated with 150 mL of de-ionized water over a period of
3 to 4 days at room temperature. The equilibrated particles were then filtered
and dried under house vacuum in a dessicator containing Drierite for 5 to 6
days. The loss of water was monitored during the drying process. Drying
was terminated when the weight of silica closely approximated its original
starting weight. Additional water was then removed by subjecting the silica
particles to high vacuum (4 to 5 X107 torr) for a period of 5 to 6 days. This
procedure is known to remove all physi-sorbed water while chemi-sorbed
water remains on the silica surfaces (Young, 1958).
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23 Phenanthrene Sorption
2.3.1 Preparation of Phenanthrene Stock Solution

The phenanthrene stock solution was prepared as follows. 100 mg of
ultrapure (99.5%+) phenanthrene (Aldrich Chemical Company) was placed
into a small polyethylene bag (1.5” X 1.5”, 4 mil). After the addition of 10
mL hexane (95% pure, Burdick and Jackson Chemical Company), the
polyethylene bag was heat-sealed. The bag was slowly inverted until all
phenanthrene crystals were dissolved. The hexane was evaporated by
placing the bag into a hood for 2-3 days.

The bag was then transferred to an amber glass bottle (ca. 3.8 L) filled
with a buffered (pH 7) solution containing 5 mg/L sodium bicarbonate
(NaHCO:s) and 100 mg/L sodium azide (NaN;) dissolved in de-ionized water
(Huang et al., 1996). The bottle was sparged with nitrogen, capped, and then
placed on a magnetic stirrer. The submerged polyethylene bag was mixed
within the bottle until the aqueous phenanthrene concentration reached after
9 days equilibrium levels at 874 ug/L, which is close to the maximum
reported solubility of this compound (Mackay et al., 1992). Aliquots of this
phenanthrene stock solution were used in all sorption experiments.

This particular procedure was developed to assure that the aqueous
solution is truly free of phenanthrene crystals that have been known to
negatively affect the reproducibility of sorption and desorption experiments.
In addition, in this method the use of solvents (e.g., methanol) that are
commonly used to dissolve phenanthrene prior to the spiking of water was
also avoided, thereby eliminating any potential negative influences that a co-
solvent may have on sorption kinetics or equilibria.

2.3.2 Sorption Experiments

All sorption experiments were carried out in 30 mL amber centrifuge
glass tubes with screw caps and Teflon-lined silicone septa. Prior to use, the
glass tubes were ashed at 450°C for 4 hours to remove any potential organic
materials that may interfere with phenanthrene sorption to silica particles. To
initiate sorption experiments, 20 mL of the phenanthrene stock solution (874
ug/L) was added to 0.2 grams of silica particles (18A, 76A, and 202A) that
had been placed inside the glass tube. Thus, the water-to-solids ratio was
equal to 100 in all sorption experiments.

During the sorption studies, the centrifuge tubes were tightly capped,
covered with paper towels to protect against potential photo-oxidation of
phenanthrene by fluorescent laboratory lights, and placed on a modified rock
roller (Model NF-1, Lortone Inc.) @100 to 250 rpm for mixing. At specified
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sampling times, the tubes were taken from the rollers and centrifuged at
4000 rpm (2960g) for 5 minutes. A supernatant sample (0.1mL) was taken
from each tube and analyzed for phenanthrene as outlined in the
Phenanthrene Analysis section. The glass tubes were again tightly capped
and placed back on the roller until the next sampling event. For the “time
zero” measurements, the glass tubes were briefly mixed manually (i.e., they
were not put on the roller) and placed immediately in the centrifuge. In this
case, the total time for mixing, centrifugation, and sampling took ca. 15
minutes.

A detailed mass balance calculation was carried out for each tube to
determine the sorbed-phase phenanthrene concentration at termination of the
sorption experiments. Thus, the mass of sorbed phenanthrene was computed
as the initial mass of phenanthrene added to each tube minus any
phenanthrene that was either removed via sampling or remained dissolved in
the supernatant. An acetonitrile extraction of tubes and septa used in sorption
experiments indicated that the mass of phenanthrene sorbed to glass walls or
septa is neglible (< 0.1 ug per tube, or equivalently <5% (wt) of the initial
mass of phenanthrene). In addition, control experiments carried out with
tubes containing no silica particles confirmed that the observed decreases in
aqueous phenanthrene concentrations are due to sorption and are not caused
by biodegradation, photo-oxidation, or volatilization.

2.4 Incorporation of Phenanthrene into Silica Particles
Using Non-Aqueous Methods

In the aqueous sorption methods outlined above, the pores of all silica
particles were filled with water. In order to determine whether the presence
of water has any significant effect on phenanthrene sequestration, we used
the following three different ‘“non-aqueous” methods to incorporate
phenanthrene into the internal pore space of the silica particles in the
absence of pore water. (Note: As outlined above, all silica particles were
subjected to a specific hydration procedure that assured the elimination of all
- physi-sorbed water from the pores.)

24.1 Incorporation of Phenanthrene into Silica Particles Using
Superecritical Carbon Dioxide

Phenanthrene (Aldrich, zone-refined) was used for all supercritical fluid
(SCF) loading experiments. The SCF system consisted of a Dionex model
SFE-703 supercritical extraction instrument that was modified to circulate
supercritical carbon dioxide in a closed loop (Riley et al., 2001). Included in
the closed loop system was a high-pressure stainless steel vessel (10 mL,



SLOW DESORPTION OF PHENANTHRENE FROM SILICA... 7

Keystone Scientific) used to dissolve the phenanthrene in supercritical
carbon dioxide. A second vessel (10 mL) in the system contained the silica
particles. An Eldex model B-100-S HPLC pump was used to circulate the
supercritical solution through the closed loop system and a Shimadzu UV-
2401PC spectrophotometer equipped with a custom-mounted high-pressure
flow cell (Shimadsu SPD-M6A) was employed to monitor real-time changes
in phenanthrene concentrations during loading.

The general procedure for the SCF incorporation of phenanthrene into
the silica particles was as follows. Before starting the experiment, the two
high-pressure vessels were removed from the system and loaded with
appropriate amounts of silica (substrate vessel) and phenanthrene (sorbate
vessel). After re-installing the vessels, the SFE-703 oven chamber was
maintained at 30°C and the system was pressurized at 300 atm (4409 psi)
with SFE-grade carbon dioxide. The supercritical carbon dioxide was then
pumped through the sorbate vessel until all phenanthrene had been dissolved
im CO, as indicated by a stabilized UV absorbance reading. Following
baseline stabilization, valves were switched to allow the phenanthrene
containing supercritical CO, to contact the silica particles in the substrate
vessel. The solution was pumped through the substrate vessel for four hours.
This contact time was long enough to ensure that phenanthrene in the
circulating supercritical CO, reached a steady-state concentration as
indicated by a stabilized UV absorbance measurement. The circulating pump
was then turned off, a valve was switched to depressurize the system, and
the loaded silica particles were removed for use in aqueous desorption
experiments. Using these procedures, rehydrated 21A, 66A and 202A silica
particles were loaded with phenanthrene resulting in final solid-phase
concentrations of 2.9 ug/g, 5.7 ug/g, and 2.0 ug/g, respectively.

24.2 Incorporation of Phenanthrene into Silica Particles Using
Solvent Soaking

Approximately 0.8 grams of rehydrated 21A, 66A and 202A particles
were each fully submerged in 10 mL methylene chloride containing 20 ug,
40 ug and 14 ug dissolved phenanthrene, respectively. The resulting slurry
was mixed on a shaker table (@ 100 rpm) for four hours. A gentle stream of
nitrogen was then used to evaporate the solvent while stirring the slurry
periodically with a spatula until a constant weight was reached (ca. 3 hours).
A subsample of the phenanthrene loaded particles was taken and analyzed
for phenanthrene as outlined below. The solid-phase phenanthrene
concentrations for the 21A, 66A and 202A particles were 8.5 ug/g, 11.0
ug/g, and 1.1 ug/g, respectively (Note: g dry weight). All silica particles
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were placed into a freezer (-20 °C for 5 days) to immobilize the
phenanthrene until the initiation of desorption experiments.

243 Incorporation of Phenanthrene into Silica Particles Using
Solvent Spiking with Aging

This method involves the spiking of a small volume of solvent containing
phenanthrene onto silica particles and the subsequent addition of water for
moisture adjustment. It should be recognized that this phenanthrene
incorporation procedure is a hybrid between a non-aqueous spiking
procedure and an aqueous sorption experiment. It is most likely that
phenanthrene is deposited on the outside surfaces of the silica particles
during the spiking procedure while the subsequent addition of moisture will
not only fill the pores with water but cause the dissolution of phenanthrene
which in turn enables the diffusion along pores and aqueous sorption on
silica surfaces. Despite the mechanistic complexity of this phenanthrene
incorporation procedure, it was decided to evaluate this method because it is
the “aging” technique that is most commonly reported in the literature
(Chung and Alexander, 1998; Nam and Alexander, 1998; Hatzinger and
Alexander, 1995; Kelsey and Alexander; 1997).

Approximately 1 gram of rehydrated 21A, 66A and 202A particles were
each spiked with 10ulL methylene chloride containing 3 ug, 6 ug, and 2 ug
dissolved phenanthrene, respectively. In addition, ca. 1 gram of dry 18A
particles were spiked with 10ul. methylene chloride containing 110ug
dissolved phenanthrene. All spiked silica particles were mixed every 30
minutes with a spatula for a total duration of four hours. A gentle stream of
nitrogen was then used to evaporate the solvent while stirring the slurry
periodically until a constant weight was reached (ca. 30 minutes). At this
point, an aqueous solution containing 2% (wt) sodium azide was added to
the spiked silica particles in order to adjust the moisture content to ca. 80%
of the field capacity. The silica particles were subsequently mixed with a
spatula for ca. 15 minutes and then transferred to an amber glass jar. The jar
was tightly capped and stored in the dark at room temperature until the
initiation of desorption experiments. The 214, 66A and 202A particles were
aged in this manner for 61 days whereas the 18A particles were aged for 100
days.

At the end of the aging period, the solid-phase phenanthrene
concentrations were determined as outlined below. For the 184, 214, 66A
and 202A particles, the phenanthrene concentrations were found to be 89
ug/g, 1.0 ug/g, 2.8 ug/g, and 0.9 ug/g, respectively. The corresponding
moisture contents (g water/g moist silica) for these particles were 0.65, 0.66,
0.62, and 0.55, respectively. Finally, non-porous silica beads were spiked
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with phenanthrene in a manner similar to the procedures employed for the
18A particles (see above for details). However, these glass beads were not
aged prior to use in desorption experiments. The phenanthrene concentration
for these dry glass beads was 72 ug/g.

In order to determine the state of phenanthrene on the silica particles,
fluorescence excitation and emission spectra were measured as described
elsewhere (Wang et al., 2001). Results indicated that phenanthrene at these
low solid-phase concentrations is present as a monomer (i.e., not crystalline)
in all particles where phenanthrene was incorporated using non-aqueous
methods.

2.5 Phenanthrene Desorption

In all cases where phenanthrene had been incorporated into silica
particles via aqueous sorption, the glass tubes were centrifuged and most of
the supernatant was carefully removed. Desorption was initiated by adding a
known volume of buffered (pH 7) background solution containing 5 mg/L
sodium bicarbonate (NaHCO3) and 100 mg/L sodium azide (NaNj3) to each
tube. The initial liquid volume in all desorption tubes was ca. 21 mL which
translates into a water-to-solids ratio of 105 in all desorption experiments
involving particles aged by aqueous sorption.

For the 21A, 66A and 2024 silica particles where phenanthrene had been
incorporated using supercritical carbon dioxide, solvent soaking, or solvent
spiking with long-term aging, all desorption experiments were initiated by
adding 20 mL of buffered background solution to 0.3 grams of silica
particles (Note: As outlined earlier, the particles loaded via SCF CO, and
solvent soaking were dry while the long-term aged particles were moist). For
the 100-day aged 18A silica particles and spiked non-porous glass beads,
desorption experiments were initiated by adding 20 mL of buffered
background solution to 0.1 grams of (moist) silica particles or (dry) glass
beads.

In all desorption experiments, the procedures for mixing, centrifugation,
sampling, and analyses were similar to those described for the sorption
studies (see details above). Relative phenanthrene concentrations were
calculated by dividing the measured aqueous-phase phenanthrene
concentration by the maximum achievable phenanthrene concentration that
would result if all phenanthrene present in the tube at the beginning of the
desorption experiment were to be dissolved in the aqueous phase.

In order to check the phenanthrene mass balance at termination of the
desorption experiments, the contents of the glass tube were filtered using is
porous glass frit to recover all of the silica particles which were then
subsequently extracted and analyzed for phenanthrene according to the
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methods outlined in the Phenanthrene Analysis Section. A subsample of the
wet silica particles was dried at 105°C for 24 hours and the dry weight of
silica (Mgq) was determined gravimetrically. The volume of interstitial water
(Viw) was calculated using the difference in the dry and wet weight masses
of the silica. The concentration of phenanthrene (Cgy) on dry silica was then
calculated according to:

M -C,, -V
Cow="" ()
sd

where M, is the total mass of phenanthrene extracted from the subsample
and C,, 1s the aqueous phenanthrene concentration in the last supernatant
sample (i.e., it is assumed that the phenanthrene concentration in this sample
is similar to the one in the interstitial water). For most desorption
experiments, the mass balance was greater than 90%.

2.6 Phenanthrene Analysis

For the analysis of aqueous-phase phenanthrene, a 0.5 mL sample of the
supernatant is diluted with 0.5 mL. HPLC grade acetonitrile (ACN). For the
analysis of sorbed-phase phenanthrene, ca. 50 mg of silica is extracted via
sonication for 40 minutes in 10 mL. ACN. A 0.5 mL aliquot of the extract is
then forced through a 0.2 ym Teflon syringe filter and diluted with 0.5 mL
deionized water. For both types of analyses, a 100 uL aliquot of the resulting
50:50 ACN:H,O mixture is injected using an autosampler (Spectra Physics
AS 3000 HPLC Autosampler) for subsequent HPLC analysis. The HPLC
instrumentation consisted of a Perkin-Elmer biocompatible Model 250
binary HPLC pump, a Perkin-Elmer Model LC-101 column oven, a Supelco
Supelcosil LC-PAH HPLC column, and a Waters Model 474 fluorescence
detector.

The HPLC was operated using a 75:25 ACN:H,0 solvent at a flow rate
of 1.5 mL/min. The column temperature was set at 30 °C. Under these
conditions, the retention time of phenanthrene was approximately 6 minutes.
The fluorescence detector’s excitation wavelength was set at 260 nm and the
resulting signal was measured at an emission wavelength of 380 nm. Based
on calibration results using known phenanthrene standards in 50:50
ACN:H,O, this method yields a linear response for phenanthrene
concentrations ranging from 0.4 ppb to 500 ppb. For aqueous samples
containing phenanthrene concentrations greater than 500 ppb, the sample
was further diluted with ACN to assure that phenanthrene quantification
occurred within the linear range of the detector response.
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3. RESULTS
31 Aqueous Sorption of Phenanthrene on Silica
Particles

As shown in Figure 1, the sorbed-phase phenanthrene concentration in
the 202A silica particles increases with the length of exposure to the aqueous
phenanthrene solution. Thus, the sorbed-phase phenanthrene concentration
was approximately 5- and 10-times greater in the 24-day and 48-day
exposed particles, respectively, than in the silica particles that were
subjected to aqueous sorption for only 1 hour. Similarly, 48-day-long
sorption treatment increased sorbed-phase phenanthrene concentrations on
the 76A particles ca. three-fold compared to 24-day exposure. However, for
these particles there was no significant change in sorbed-phase
concentrations between 1 hour and 24-day-long sorption treatment. Finally,
no increase in sorbed-phase phenanthrene concentrations as a function of
sorption duration was observed for the 18A particles.
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Figure 1. Sorbed-Phase Phenanthrene Concentration as a Function of Aging Time During
Aqueous Sorption for 18 A, 764, and 202A Silica Particles. The Error Bars Show the High
and Low Concentration Values Obtained from Two Replicate Sorption Ex periments.

3.2 Desorption of Phenanthrene from Particles Loaded
By Aqueous Sorption

As shown 1n Figure 2, the rate and extent of phenanthrene desorption in
202A vparticles is strongly influenced by the length of sorption treatment.
The shorter the sorption duration, the greater the fraction of phenanthrene
desorbed within the first few hours. For example, close to 100% of all
sorbed-phase phenanthrene is released in the particles that had been
subjected to sorption for 1 hour while only around 25% is desorbed within
24 hours for particles that had been loaded with phenanthrene for 48 days. In
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addition, the rate at which apparent desorption equilibrium is reached is also
affected by the duration of sorption loading. The longer the sorption
exposure, the longer it takes to reach the final aqueous phenanthrene
concentration plateau that is indicative of equilibrium conditions. For
example, the 1-hour exposed 202A particles reached desorption equilibrium
almost instantaneously while the 48-day exposed particles still had not
reached a concentration plateau after more than 800 hours.
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Figure 2. Aqueous Desorption of Phenanthrene from 202A Silica Particles that had been
Subjected to Aqueous Sorption for Various Durations. The Error Bars Show the High and
Low Concentration Values Obtained from Two Replicate Desorption Experiments.

The 76A particles exhibit a similar desorption behavior as the 202A
particles. As shown in Figure 3, an increase in sorption duration resulted in
smaller fractions of phenanthrene to be released in the aqueous phase and
longer times for phenanthrene to reach desorption equilibrium. However,
compared to the 202A particles, the 76A particles reached equilibrium much
faster. For example, the 48-day exposed 76A particles reached equilibrium
after ca. 50 hours while the corresponding 202A particles took more than
800 hours.
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Figure 3. Aqueous Desorption of Phenanthrene from 76A Silica Particles that had been
Subjected to Aqueous Sorption for Various Durations. The Error Bars Show the High and
Low Concentration Values Obtained from Two Replicate Desorption Experiments.

Finally, the 18A particles exhibited a somewhat attenuated version of the
desorption behavior that was observed for the 76A and 202A silicas (Figure
4). While increased sorption time also resulted in a smaller fraction of
phenanthrene to be released in the aqueous supernatant, the difference
between the 1-hour, 24-day and 48-day exposed particles is almost
insignificant. In addition, apparent desorption equilibrium was reached in
these 18A particles at approximately the same rate in less than 24 hours for
all three sorption exposure times.
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Figure 4. Aqueous Desorption of Phenanthrene from 184 Silica Particles that had been
Subjected to Aqueous Sorption for Various Durations. Th e Error Bars Show the High and
Low Concentration Values Obtained from Two Replicate Desorption Experiments.

While the fraction of phenanthrene that is released within the first few
hours varies greatly as a function of sorption exposure time for the 76A and
202A particles (Figures 2 and 3), it is interesting to note that the mass of
initially released phenanthrene appears to be almost independent of the
sorption exposure time. For example, while the fraction of initially released
phenanthrene for the 76A particles ranges from ca. 25% to 90%, the mass of
phenanthrene released within the first few hours was in the range from 9.1 to
11.5 ug/g. Similarly, the initially released mass of phenanthrene is almost
identical in the 24-day and 48-day sorption exposed 202A particles, namely
3.4 and 3.6 ug/g. However, the initially released mass of phenanthrene from
the 1 hour 202A particles was slightly less, namely 1.8 ug/g.

Assuming that a true desorption equilibrium has been reached, it is
possible to calculate the desorption Ky values (ml/g) according the
following equation (ASTM, 1988; Scharzenbach et al., 1993; McDonald and
Evangelou, 1997):
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V{1
Ky _M(?_q ()

where f 1s the fraction of phenanthrene desorbed at equilibrium and V/M
1s the supernatant volume to silica mass ratio employed in the desorption
experiment.

Since the V/M ratio is the same (i.e., 105) in all aqueous desorption
treatments, it is possible to use equation (2) to estimate and compare the
different desorption equilibrium partition coefficients (Ky) from the
respective “f” values that are observed in each experiment. For example,
since the f value for the 18A particles is around 0.5 for all three sorption
times (see Figure 4), it follows that the length of sorption exposure does not
affect the magnitude of the desorption equilibrium partition coefficient
which is around 90 mlL/g in all cases. By contrast, the desorption K4 value
increases with the length of sorption duration for both 76A and 202A
particles. For instance, the desorption K4 values are 14 mL/g, 21 mL/g and
221 mL/g for 76A particles that had been subjected to sorption treatment for
1 hour, 24 days and 48 days, respectively.

3.3 Desorption of Phenanthrene from Particles Loaded
by Non-Aqueous Methods

Silica particles that had been loaded with phenanthrene by three different
non-aqueous methods (i.e., SCF-loading, solvent soaking, or solvent spiking
with aging) exhibited markedly different desorption behavior than those
silicas that were subjected to aqueous sorption treatment. It is particularly
noteworthy that apparent desorption equilibrium was reached within only 6
hours for both 66A and 202A particles that had been loaded with
phenanthrene using any of the three non-aqueous incorporation procedures
(data not shown). By contrast, the desorption kinetics of phenanthrene
released from 21A particles that had been loaded using either SCF CO, or
via solvent soaking was extremely slow. As shown in Figure 5,
phenanthrene is released fast initially but equilibrium has not been reached
in either experiment even after hundreds of hours of desorption treatment. In
addition, the SCF-loaded particles release a smaller fraction of phenanthrene
initially (within the first 24 hours) than those that were loaded via solvent
soaking.

As shown in Figure 6, the 18A particles that were spiked with
phenanthrene and aged for 100 days reached desorption equilibrium (f=0.4)
relatively fast: within only 50 hours. (Note: Similar results were also
‘obtained using 21A silicas that were aged for 61 days- data not shown). In
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order to evaluate whether the release of phenanthrene from the porous 18A
particles is controlled by the kinetics of phenanthrene dissolution, non-
porous silica beads that had been spiked with phenanthrene were also
subjected to aqueous desorption. Within only 6 hours, almost 100% of the
sorbed-phase phenanthrene was released from the non-porous particles
indicating that phenanthrene dissolution processes are much faster than the
release rate of phenanthrene from porous 18A particles where pore diffusion
may limit the desorption kinetics.

For both the 18A porous and non-porous particles, the desorption
equilibrium partition coefficient Ky was calculated as the ratio of the
measured sorbed-phase and aqueous phase phenanthrene concentrations. The
average K4 value (obtained from quadruplicate concentration data) for the
porous 18A silica was found to be 51.8 mL/g (stdev = 5.3 mL/g) while it
was only 1.08 mL/g (stdev = 0.8 mL/g) for the non-porous particles.
Considering that the greater Ky value in porous silica particles could be
related to the potentially larger surface area (SA) available for sorption
compared to the non-porous bead (see also Table 1), the surface-area
specific desorption equilibrium coefficients K4 (=K4/SA) were also
computed. It was found that the K4° value for the non-porous particles (=0.54
mL/m?) was almost one order of magnitude greater than the respective value
for the porous 18A particles (=0.063 mL/m?).

4. DISCUSSION

In order to facilitate the interpretation of the above experimental findings,
we propose the following conceptual model:

1. The silica particles can be viewed as consisting of two
compartments or domains. The “fast” compartment (F) comprises all
silica surfaces that are easily accessible to phenanthrene molecules
while the “slow” compartment (S) contains the remaining surfaces
that are more difficult to reach (Schrap et al.,, 1994; Kan et al.,
1994).

2. The F domain is the fraction of the silica particle that is
characterized by pores large enough to enable the relatively fast
transport, either via convection or unhindered diffusion, of
phenanthrene to sorption sites on the silica surface.

3. By contrast, the S domain is characterized by pores whose diameter
is so small as to cause sterically hindered or restricted diffusion
thereby drastically reducing the effective diffusion coefficient for
phenanthrene.
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4. During aqueous sorption, the F-compartment fills up very fast while
it may take a long time to saturate the less readily accessible
sorption sites in the S-compartment. During aqueous desorption, the
F- compartment empties quickly until a new “local” desorption
equilibrium is reached while any phenanthrene located inside the S-
compartment is only very slowly released.

5. The fraction of phenanthrene residing in the S-compartment (relative
to the F domain) can be increased by lengthening the aging time or
by using aging methods that increase the diffusion rate in the small
pores of the S domain. The greater the fraction of phenanthrene that
1s “sequestered” in the S compartment, the smaller percentage is
released initially and the longer it takes to reach desorption
equilibrium.

With the help of this simplified conceptual two-compartment model, it is
now possible to interpret the experimental data as follows. During aqueous
sorption of phenanthrene onto 18A particles, it appears that only the F-
compartment was accessible to the sorbate molecules since increasing
sorption exposure time did not increase the sorbed-phase phenanthrene
concentration (Figure 1). Considering the relatively small molecular
diameter of phenanthrene (i.e, ca. 10A (/4)), it is surprising that pores which
have considerably larger diameters (i.e., ca. 18A) would be inaccessible via
diffusion. In fact, theoretical models (Brusseau et al., 1991; Farrell and
Reinhard, 1994b; Satterfield et al., 1973) predict that the pore diffusion
coefficient (D,) for phenanthrene would be somewhat but not excessively
reduced relative to the aqueous diffusion coefficient (D,) at this particular
molecular diameter to pore size ratio (i.e., if 10 A /18A = 1.8, then D, =
0.025 D,). As was hypothesized earlier by Huang et al. (1996), it is more
likely that the presence of chemi-sorbed and physi-sorbed water on pore wall
surfaces effectively reduces the diameter of the pore to such an extent as to
severely limit or completely block the diffusion of phenanthrene. For
example, depending on the number of layers of physi-sorbed water
molecules, it is possible that water films on these pore walls have
thicknesses ranging from at least 9A to more than 30A (Huang et al., 1996).
Consequently, the effective diameter available for phenanthrene diffusion
may be reduced by at least 18A if not more than 60A relative to the actual
diameter of the dry pore. Thus, in the presence of water, 18A pores are not
accessible to phenanthrene and only the F-compartment — consisting of the
readily accessible surface areas of large macro- (>500 A) or meso-pores
(20A -500A) - is available for phenanthrene sorption.

By contrast, the sorbed-phase phenanthrene concentration increases with
sorption exposure time in the 76A and 202A particles (Figure 1) indicating
that effective pore diameters in these particles are large enough to allow
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slow diffusion of phenanthrene into the pore-spaces of the S-compartment.
Apparently, the effective diffusion rate is so small that it takes many weeks
to fill up the S-compartment. When these 76A and 202A particles are
exposed to clean water to initiate desorption (Figure 2 and 3), the fraction of
phenanthrene present in the F compartment is released from the silica within
a few hours. Since the mass of initially released phenanthrene was found to
be within a narrow range independently of the sorption exposure time, it can
be concluded that the F compartment has a fixed sorption capacity which, in
turn, is related to the limited pore surface area that is accessible to
phenanthrene sorption.

The fraction of initially released phenanthrene is inversely related to the
sorption exposure time, i.e., the longer the sorption duration, the larger
fraction of phenanthrene that is “sequestered” in the S-compartment, and the
less is released during the initial fast desorption phase. Similarly, the greater
the fraction of phenanthrene that is located in the S-compartment, the longer
it takes to be completely released from this domain and reach apparent
desorption equilibrium. In addition, the desorption equilibrium partition
coefficient K, predictably increases with increasing phenanthrene
sequestration in the S-compartment. Finally, since no phenanthrene entered
the S-compartment in the 18A particles, the same desorption equilibrium
was reached very quickly within a few hours for all three sorption exposure
times (Figure 4).

In contrast to the aqueous sorption experiments, phenanthrene apparently
was able to be sequestered in the S-compartment of dry 21A particles that
were loaded using either supercritical CO, or via solvent soaking. The
extremely slow desorption of phenanthrene from these particles is evidence
of phenanthrene sequestration (Figure 5). Because of the absence of water
during the phenanthrene incorporation process, the pores are not restricted
by water layers and thus their diameters are large enough to allow for the
relatively unhindered transport of phenanthrene inside the S-compartment.
Upon contact with water at the initiation of desorption treatment, the water
that is entering the pores is apparently not restricting the slow transfer of
phenanthrene out of the particles. It may be possible that the presence of
hydrophobic phenanthrene on the silica surfaces discourages the chemi- and
physi-sorption of water which otherwise would sterically hinder the
diffusion of this sorbate. Since the fraction of phenanthrene released initially
from the F-compartment is greater for the solvent-soaked particles compared
to the SCF-loaded ones, it follows that supercritical CO, enables the greater
sequestration of phenanthrene in the S-compartment, possibly due to the
increased diffusion coefficient of phenanthrene in supercritcal CO, compared
to other solvents or water (Lee and Markides, 1990).
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Figure 5. Long-term Aqueous Desorpti on of Phenanthrene from 21A Silica Particles that had
been Aged Using either SCF CO ; or Via Solvent Soaking. The Error Bars Show the High and
Low Concentration Values Obtained from Two Replicate Desorption Experiments.

It is interesting to note that phenanthrene desorption equilibrium was
reached comparatively fast--within only 50 hours in 18A particles that had
been spiked with phenanthrene and aged after moisture adjustment for 100
days (Figure 6). This observation would indicate that even during the 100-
day aging period, mostly the silica surfaces in the F-compartment and very
few in the S-compartment, if any, were accessible to phenanthrene. This
finding is not surprising in view of the fact that these 18A particles were not
dry but had been wetted with water prior to initiating the 100-day aging
process. Consequently, the rigid water layers inside the pores sterically
hindered the diffusion of phenanthrene that had been deposited, probably in
the form of small micro-crystals, on the outside of the silica particles. In
short, the same processes that obstructed the entry of phenanthrene into the
S-compartment of the 18A particles during aqueous sorption (Figure 1) also
hindered the diffusion of phenanthrene into the smaller pores during the 100-
day aging process.
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Figure 6. Aqueous Desorption of Phenanthrene from Aged 18A Silica Particles and Non-
Porous Glass Beads. The Plotted Data Represent t he Average of Measurements Taken from
Four Replicate Desorption Experiments.

Another indication that only a relatively small fraction of the surface area
of the porous 18A particles was accessible to phenanthrene during the 100-
day aging process can be inferred by comparing the surface-area specific
desorption equilibrium coefficients (K4°) of both the porous 18A silicas and
their respective non-porous counterparts. In the non-porous silica beads, all
of the surface area should have been accessible to phenanthrene sorption and
the respective K¢ value was 0.54 mL/m*. Assuming that sorption processes
are similar on the porous and non-porous silica surfaces, the significantly
smaller K¢ value of only 0.063 mL/m” that was observed in the porous
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particles would indicate that only a small fraction of the surface area,
possibly that present in the F-compartment, was accessible to phenanthrene.
Contrary to earlier reports by Huang et al. (1996) and Nam and
Alexander (1998), our experimental findings indicate that internal pore
surfaces of silica particles are accessible to phenanthrene sorption.
Consequently, it can be concluded that even in absence of organic matter,
the small pores that are present in soil mineral particles could conceivably
cause significant contaminant sequestration which in turn affects the
bioavailability, biodegradability, and toxicity of these hydrophobic soil
pollutants. Most likely, contaminant sequestration in small mineral pores
could be particularly relevant in soils or sediments characterized by very low
organic matter contents and a long contaminant aging history. However,
more research is needed to determine the environmental importance of
contaminant sequestration in mineral pores relative to the more commonly
observed organic matter sorption phenomena in aged soils or sediments.
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Abstract:

The groundwater arsenic poisoning in Bangladesh is the largest disaster in the
history of human civilization: more than 100 million people have been

drinking arsenic-poisoned water on a daily basis. A large number of scientists
believe that the groundwater arsenic poisoning in Bangladesh is a natural

disaster, that the poisoning has been present for thousands of years, and that

reduction of ancient soil with ferric hydroxide -bearing arsenic is the main
mechanism for the mobilization of arsenic into groundwater. However,
historical groundwater use data from the dug wells and the tube wells,

historical medical data, arsenic toxicological data, hydrological, hydro

geological and geochemical parameters reject the reduction hypothesis an d
suggest that the groundwater arsenic poisoning in Bangladesh is a recent, man -
made disaster and that exposure and oxidation of arsenic minerals previously

below the water table is probably the principal mechanism for releasing

arsenic into groundwater.

The oxidation of arsenic-bearing minerals present in the Bengal delta
sediments is responsible for the release of arsenic oxides in solution to the
groundwater. The subsequent migration of this arsenic -contaminated
groundwater through the upper layers of deltaic sediments is the principal

cause of arsenic poisoning in Bangladesh.
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1.

Contaminated Soils- Heavy Metals

Arsenic-bearing minerals of several kinds are associated with the organic -rich
sediments present in deltaic environments. Available sources for arsenic are
the ocean, coal beds in India, and mountains to the north. Minerals formed in
these reducing environments below the groundwater table would be stable
unless they were exposed to oxidizing -environments. The groundwater table is
lowered by increased irrigation during the dry season and in the cone of
depression formed by pumping -tube wells and irrigation wells drilled below
the zone of fluctuation. The arsenic minerals in the newly exposed sediments
oxidize and release the arsenic when the water table recovers and exposes the
oxidized minerals to a reducing -environment.

Increased irrigation did become necessary during India 's 30 years of unilateral
diversion of river water from the Ganges, Tista and 28+ common rivers of
Bangladesh and India which cut the normal flow of the 30+ rivers during the

dry season. The solution to the arsenic problem is to restore the natural river
flow of the Ganges, Tista and other common rivers of Bangladesh and India.

This would restore the groundwater level to a level that existed in Bangladesh
prior to the construction and commission of Farakka Barrage in 1975 .

Other man-made environmental disasters created by the Farakka, Tista and
other barrages/dams constructed in the common rivers of Bangladesh and
India would also be solved if these barrages were removed and a normal flow
restored. The riverbeds could then be dredged and groundwater produced at a
safe yield rate. A comprehensive plan not only for water supplies but
associated waste disposal should be worked out for all of Bangladesh.
Individual units within the plan could t hen be developed on the bases of need
and tied into the overall plan as it develops.

INTRODUCTION

Bangladesh is located in one of the major environmentally endangered

areas of the world. Prior to 1975 the country had never faced an
environmental crisis of the present magnitude. Thousands of people are
currently suffering from numerous arsenic-related diseases. More than 100
million people are being poisoned by groundwater arsenic contamination.
Eighty million more are at risk.

Scientists from around the world have been working on the groundwater

arsenic poisoning in Bangladesh for some time, but no one has come up with
convincing mechanisms for the process and source of the arsenic poisoning.
The Bangladesh Department of Public Health and Engineering (DPHE) and
the British Geological Survey (BGS) have jointly conducted an investigation
and have collected the most data addressing this problem.
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The source of the arsenic contamination and how long it has been present
in groundwater should be determined in order to remedy the problem and
prevent future occurrences.

Recently the presence of arsenic in groundwater has been reported in
Assam, Bihar, Tripura, Uttar Pradesh, and Jharkhand of India and Terai
areas of Nepal. Immediate action should be undertaken to find the source
and the cause of the problem before the situation get worse.

2. SOURCES OF ARSENIC IN BANGLADESH

(Nickson et.al.,1998a, 1999b), (DPHE/BGS/DFID,1999a, 2001b) and
others attribute the arsenic to the reduction of arsenic in oxyhydroxides that
were present in sediments washed into valleys cut by rivers when sea-level
was lowered during the last glacial maximum (18 ka BP). During glacial
maximum, these rivers had base levels some 100 meters lower than in
interglacial times. The original sediments had been deposited during
Pleistocene-Holocene time and were oxidized and flushed during the low-
stand of sea level during this last glacial maximum. The sediments in-filling
the valleys as the sea level rose during glacial melting were the characteristic
weathered red brown Pleistocene-Holocene sediments.

Nickson et.al. further state that, "the As derives from reductive
dissolution of Fe oxyhydroxide and release of its sorbed As. The Fe
oxyhydroxide exists in the aquifer as dispersed phases, such as coatings on
sedimentary grains. Recalculated to pure FeOOH, As concentrations in this
phase reach 517 ppm. Reduction of the Fe is driven by microbial metabolism
of sedimentary organic matter, which is present in concentrations as high as
6% C. Arsenic released by oxidation of pyrite, as water levels are drawn
down and air enters the aquifer, contributes negligibly to the problem of As
pollution."

In 1999, DPHE/BGS/DFID investigators collected about 21 sediment
and soil samples, and based on their analysis have suggested that arsenic-
bearing minerals were not present in the Bangladesh’s sediments. The
DPHE/BGS accepted the Nickson et. al., explanation of the source of arsenic
poisoning in Bangladesh. In their report, DPHE/BGS/DFID stated that,
"The 'pyrite oxidation' hypothesis proposed by scientists from West Bengal
is therefore unlikely to be a major process, and the 'oxyhydroxide reduction'
hypothesis (Nickson, R. et. al., 1998 in Nature; v395:338) is probably the
main cause of arsenic mobilization in groundwater. It is difficult to account
for the low sulfate concentrations if arsenic had been released by oxidation
of pyrite. Moreover, mineralogical examination suggests that the small
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amount of pyrite present in the sediments have been precipitated since
burial.”

(Das, et al., 1996) conducted a geochemical survey in the six districts of
west Bengal bordering the western part of Bangladesh. These districts are
Mulda, Murshidabad, Bardhaman, Nadia, North 24-Pargana and South-24
pargana. They did a subsurface investigation, some laboratory analysis, and
observed the presence of arsenic-rich pyrite minerals in the sediments. They
stated that the source of arsenic in groundwater and in the soil is from pyrite
minerals containing arsenic.

The climate of Bangladesh is conducive to the formation of laterite-type
soils from which most of the elements have been leached out leaving behind
only the most insoluble oxides such as aluminum hydroxide (gibsite) and
ferric oxides and hydroxides. The minerals present in saturated zone below
the water table could be similar to minerals found in some marshes.
Drainage of some tidal marshes or the exposure of acid-firming underclays
results in acid sulfate soils (cat clays) that contain pyrite, jarosite,
mackinawite, and alunite (Dost, 1973: Iverson and Hallberg, 1976) Some of
the minerals groups present include {Beudantite group (Sr, Be, Ca, Al, Pb)
FeO; (AsO4,SO4)(OH)¢ Jarosite [K Fe3(SO,, AsO4)2(OH)¢]} Alunite Group:
AB3(X0,)(OH)¢ Apatite Group.

Arsenic present in trace amounts in the groundwater it would be
concentrated in some of these minerals and released when the water table is
lowered exposing this layer to oxidation. An extensive sampling and
analysis of the iron-hydroxide zones at the interface of water table and
reduced zone would reveal the presence of these arsenic-bearing minerals
(Bridge and Husain 2000a, 2000b, 2001c).

3. OFFSITE SOURCES OF ARSENIC
CONTAMINATION IN BANGLADESH

Bangladesh is located down gradient from West Bengal. The
groundwater flow directions of major aquifers in the six districts of West
Bengal are to the south and southeasterly direction towards Bangladesh.
Being located down gradient, Bangladesh is probably receiving arsenic-
contaminated water from West Bengal (Bridge and Husain, 2000).

On June 19, 2004, the New Delhi based Times News Network reported
that, “Arsenic, that had seeped into the underground freshwater of eight
West Bengal districts in 1998, is spreading once again. A study published
earlier this month in London-based Royal Society of Chemistry’s Journal
for Environmental Monitoring, by a team of scientists of Kolkata-based
Jadavpur University’s School for Environmental Studies (SES), said that the
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killer arsenic has trickled into aquifers in entire Brahmaputra and Gangetic
belt, comprising north-eastern states-particularly Assam and Tripura, West
Bengal, parts of Uttar Pradesh, Bihar and Jharkhand states™

The Tripura State is located to the east and Assam State is located to the
north north east of Bangladesh. High concentrations of arsenic were reported
in the down-gradient regions, (Sylhet and Brhamanbaria districts in
Bangladesh) to the Tripura and Assam states of India. The arsenic
contaminants have not yet migrated from Assam and Tripura states of India
to Bangladesh, the continued harvesting of river water in the upstream
territory of India and over-pumping of groundwater will enhance migration
of arsenic contaminants from the adjoining states of India to Bangladesh.

4. REDUCTION MECHANISM

(Smedley, 2003) stated that, “Several Bengali workers have proposed that
the As contamination of groundwater in Bangladesh is due to the oxidation
pyrite in the aquifers, brought about by over-abstraction of groundwater
during the last few decades as result of increased irrigation demands (e.g.
Das et.al, 1996; Mandal; et.al., 1996). While this is a plausible mechanism
for As release, the strongly reducing groundwater chemistry with low
dissolved SO, concentrations and the lack of evidence for significant
seasonal groundwater drawdown in the worst-affected areas of Bangladesh,
make the pyrite oxidation hypothesis unconvincing. Although sulphide
minerals have been identified, albeit rarely, in some alluvial sediments from
Bangladesh, this does not provide evidence for pyrite oxidation as an
important mechanism of arsenic release. Indeed, sulphide minerals are an
expected product of sulfate reduction under the strongly reducing conditions.
Alternative mechanisms, including reductive dissolution of iron oxides
{(Nickson et.al 1998) and coupled reduction and desorption of As from iron
oxides (BGS and DPHE, 2001) have been proposed as the dominant
mechanisms driving the As mobilisation under the reducing aquifer
conditions in Bangladesh. Phyllosilicate minerals (notably chlorite, biotite
and Al hydroxide) have been suggested as playing an additional role in the
cycling of As in the Bangladesh aquifers (Breit et al., 2001).”

The process described by Nickson and McArthur et al., and Smedly and
Kinniburgh et.al., (DPHE/BGS/DFID investigators) seems to require that the
arsenic remains in solution for thousands of years and that movement of
groundwater through the delta sediments did not flush the arsenic from the
system. They also state that the arsenic correlates well with the dissolved
iron in the groundwater. Arsenic substitutes freely for sulfur in iron sulfides



30 Contaminated Soils- Heavy Metals

(pyrites or marcasite) and the chemical analyses of water from wells
contaminated with arsenic do not rule out an iron sulfide source.

The arsenic contamination, with one or two exceptions, is restricted to
shallow aquifers (< 80 meters). The arsenic contamination is not uniform in
distribution; some wells have high concentrations and others have low
concentrations. Some wells that are relatively free of arsenic and were used
for domestic use have become contaminated with arsenic. These
observations suggest that environmental changes have occurred recently and
near the surface. This also suggests a non-uniform distribution of source
material. A non-uniform distribution of organic mater in the sediments with
arsenic pyrites would be expected.

In order to examine the both reduction and oxidation mechanism for the
mobilization of arsenic into groundwater in Bangladesh and West Bengal of
India, we developed the following questions and requested the proponents of
reduction hypothesis to answer the following questions:

1. If the Oxyhydroxide Reduction hypothesis proposed by (BGS) is
correct and if arsenic was present in an adsorbed form on iron
hydroxide for thousands of years and existed in a solution for
thousands of years in the aquifer groundwater of the Bengal Basin
without being flushed out to sea, how did the people of Bangladesh
and West Bengal of India avoid arsenic poisoning when thousands of
people drank water from dug wells for thousands of years and from
thousands of tube wells for 60 to 70 years, prior to the 1970s?

2. How did millions of people in Bangladesh who had been drinking
water from millions of tube wells during the interval between the
1960's and prior to 1975, before the construction of dams/barrages and
diversion of surface water by India from the Ganges, Tista, and 28
other common rivers of Bangladesh and India, lack signs of arsenic
poisoning?"

The available data refutes the reduction hypothesis as the main cause for

the mobilization of arsenic into groundwater for the following reasons:

1. The lag time for the development of arsenic lesion (karatosis,
melanosis etc) in Bangladesh and West Bengal of India according to
S.K. Shaha varies from 2-5 years; according to DPHE/BGS/DFID 10
years; and according to other investigators around the world the lag
time varies from 8-14 years.

2. In Bangladesh and West Bengal, prior to 1975 and 1960 no significant
abstraction of groundwater occurred. Extensive use of groundwater in
Bangladesh started after 1975, where as in West Bengal it started after
1960.
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3.

Prior to 1960, both in Bangladesh and West Bengal, millions of
infants, as well as young and old people drank water from thousands
of dug wells for thousands of years.

. According to DPHE, in 1948 there were 50,000 tube wells in use in

Bangladesh and, according to Dipankar Chakrabortti, 50,000 tube
wells in West Bengal, from which millions of people drank water.

. In order to establish groundwater arsenic poisoning in Bangladesh as a

natural disaster, DPHE/BGS/DFID investigators presented pre-1975
hydrological data for three major rivers in Bangladesh but, despite of
our repeated requests, did not include post-Farakka/post-1975 data for
any rivers in Bangladesh.

. DPHE/BGS/DFID investigators presented only four-groundwater

hydrographs and have failed to present pre-Farakka/pre-1975 data.
They mentioned significant draw down of the water table in
Bangladesh and presented some hydrographs of groundwater level of
Dhaka, Bogra, Jessore, Joydebpur and Kishoreganj (DPHE/BGS/
DFID, 1998a, 2001b).

. DPHE/BGS/DFID investigators conducted a mineralogical study in

just three “hot spot” locations, based on only 21 samples of 55,000
sq.miles of Bangladesh and reported the absence of arsenopyrite
minerals. They also reported the presence of pyrite minerals in the
sediments, but did not, however, investigate the conditions for the
presence of arsenic-bearing minerals in the “neo-oxidation zone” that
was created after 1975. They did not map the vertical and aerial extent
of the “neo-oxidation zone” in Bangladesh and West Bengal of India.

. In West Bengal, arsencic poisoining was first dectected in the

population in 1985, and in Bangladesh in 1994.

. DPHE/BGS/DFID investigators did not investigate the pre-and post-

Farakka surface water and groundwater relationship in Bangladesh
and West Bengal of India.

If dug wells had never penetrated below the historic zone of fluctuation,
arsenic poisoning might have been avoided or rarely occurred and could
explain the absence of any historical records of arsenic problems.
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Figure 1. Arsenic lesions on feet (upper right); cancer on head caused by arsenic lesions
(upper left); amputed leg due to gangrene caused by arsenic lesions (lower left); arsenic
lesions on feet and hands (lower right, photographs: after Wilson, R., 2004).

Prior to the 1990’s and 1980’s, the people of Bangladesh and West
Bengal of India never suffered from arsenic-related diseases. The above
data/explanations evidently support the conclusion that the groundwater
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arsenic poisoning in Bangladesh and West Bengal of India is a recent
environmental problem related to the recent abstraction of groundwater and
the harvesting of river waters in the upstream region of India, and that the
oxidation and subsequent reduction of arsenic minerals is the plausible
mechanism for the mobilization of arsenic into groundwater.

(Harvey et.al. 2001) conducted a limited investigation in a 16 sq. km area
located in the Munshigonj district of Bangladesh. Like all other proponents
of reduction hypothesis, they have also rejected the oxidation hypothesis. In
their article they stated that, “The inverse relation of dissolved sulfate with
arsenic (Fig. 1C) in the natural groundwater, and the presence of acid
volatile sulfide (AVS) in the sediments near the dissolved AS peak, suggest
that oxidative dissolution of pyrite has not liberated arsenic. Instead, low
dissolved sulfur levels appear to limit the precipitation of arsenic sulfides
near the arsenic peak.”

The inverse relation of dissolved sulfate with arsenic and the presence of
acid volatile sulfide (AVS) in the sediments near the dissolved arsenic peak
do not reject the oxidative dissolution of pyrite/arsenic bearing minerals for
the liberation of arsenic into groundwater. In Bangladesh, after 1975, the
“neo-oxidation zone” beneath the thousands of years old historical
“oxidation zone” was created due to increased draw down of the water table
caused by the over-pumping of groundwater and diversion of river waters.

(Fig. 2)
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Figure 2. Tllustration of oxjdation mechanism for the releasing and mobilization of
arsenic into groundwater in Bangladesh and West Bengal of India .

In order to fully refute the “oxidation hypothesis” in the context of
groundwater arsenic poisoning in Bangladesh and West Bengal of India,
(Kinniburgh et.al. 2003) presented the following arguments in the book
entitled, “Arsenic in groundwater: Geochemistry and occurrence”, edited by
Alan H. Welch and Kenneth G. Stollenwerk”. They stated that:

Pyrite oxidation hypothesis- the hypothesis was strongly advocated by

West Bengal Scientists in 1995 (Chatterjee et.al. 1995; Chodhury et.al.

1997). 1t is based on the idea that arsenopyrite, or later 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 water table. This lowering
has been attributed to the use of groundwater for irrigation and, by some,
to the construction of the Farakka barrage (a controversial dam that was
completed in 1975 across the River Ganges in West Bengal close to the
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West Bengal-Bangladeh border and which diverts River Ganges water to
the Bhagirati-Hoogly River and ultimately to Calcutta). This hypothesis
therefore supports the notion that the release of arsenic to the groundwater
is a recent phenomenon induced by man’s activities. Certainly such a
hypothesis is a possibility and needs to be considered. However,
proponents of the hypothesis have offered little scientific evidence in
support of it other than demonstrating the presence of pyrite in the
sediments.

The river water diversion/harvesting during summer months in the
upstream territory of India through dams/barrages construction on more than
30 common rivers of Bangladesh and India for the last three decades is
directly related to the oxidation mechanism (Husain, 1999, Bridge and
Husain, 2000a, 2000b, 2001c¢).

Water resource systems are dynamic in nature. Surface and groundwater
resources are integral parts of the same hydro-geological component. They
respond both in quantity and quality to natural changes and human activities
such as diversion of surface water and abstraction of groundwater. As a
result, the water chemistry changes with time when the water moves through
the changing environment. In some areas this change is slow, but in other
areas where environmental conditions have changed, the change is rapid.
The hydro-chemical parameters are not uniform and constant in a deltaic
environment such as Bangladesh.

Human activities create conditions that promote the migration of
contaminants. For example, the abstraction of groundwater results in the
lowering of water table levels. The diversion of water by Farakka and other
dams has resulted in increased use of groundwater and caused a significant
lowering of the groundwater table in the Bengal delta. The diversion of
surface water, for the last 25 years by India, from about 30 rivers that flow
into Bangladesh has produced major environmental changes. In terms of
flow, the Ganges River was the eighth largest river in the world. Prior to
1975, the average flow during the dry season at the Hardinge Bridge point in
Bangladesh was 2000 Cum/Sec. The present flow at this point due to India's
30 years of unilateral diversion is only 400 Cum/sec. (Fig. 3).
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Figure 3. Illustration of the pre and Post Farakka average annual discharge of the Ganges
River at Hardinge Bridge Point, Bangladesh (Hebblethwaite, 1997).

Besides the abstraction of groundwater and diversion of surface water
from the common rivers of Bangladesh and India, no other human or natural
cause is known to have occurred in Bangladesh that could have destabilized
the arsenic-bearing minerals present in the sediments and brought about a
significant geochemical change in the sediments and groundwater in the
Bengal basin. In addition to Farakka, India has constructed the
dams/barrages in Feni, Muhuri, Selonia, Gomti, Sonai, Khowai, Dhalai,
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Manu, Juri, Sonai Bardal, Kushiyara Rivers in the east, Piyan, Bhogai,
Jinjiram, Dharla, Sangil, Tista, Buri Tista, Deonai-Jamuneshwari,
Ghoramara, Talma and Karatoa Rivers in the north, and Ichamati-Kalindi,
Benta-Kodalia, Bhairab-Kabodak, Khukshi, Atrai, Punabhaba and
Mahananda Rivers in western Bangladesh (Fig. 4).
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Figure 4. Illustration of dam/barrages in the common rivers of Bangladesh and India (shaded
circle) and dams/barrages/reservoirs in West Bengal of India (circle with a dot).

Prior to 1975, most of the following problems occurring in Bangladesh
were not present and the severity of some of the problems that were present
prior to 1975 has greatly increased:

(1) Arsenic poisoning of groundwater

(2) Severe floods (1988 and 1998, 2004)

(3) Depletion of surface water resources

(4) Depletion of groundwater resources

(5) Desertification

(6) Extinction of aquatic species

(7) Negative impact on fish industry
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(8) Drop in organic matter content in the soil

(9) Destruction of agriculture and horticulture

(10) Inland saline water intrusion

(11) Loss of navigable waterways

(12) Riverbank erosion

(13) Climate change

(14) Loss of professions

(15) Outbreak of environmental diseases

(16) Land subsidence (from water table lowering) and

(17) Social instability due to symptoms of arsenic poisoning etc.

The diversion of surface water from the rivers and the over-use of
groundwater are the human activities largely responsible for the
destabilization and destruction of the eco-system of the Bengal Basin and
current environmental problems in Bangladesh. Currently no one has
collected hydrological data from the 30+ common rivers of Bangladesh and
India. We have presented the hydrograph of Ganges River as evidence that
supports the recent oxidation conditions that became present in Bangladesh
after 1975.

In southeast Bangladesh (Lakshmipur and Noakhali) a significant
lowering of the water table took place due to the diversion of surface water
from the Ganges by Farakka and other dams/barrages in other common
rivers of Bangladesh and India. During 1977-1997 in Lakshmipur, the
observation well NA012 and NAO18 showed a water table draw down of 2-
3m and in Noakhali, the observation well NA020 showed a water level draw
down of 2-3m. In Barisal, the draw down observed in well BA013 was
between 3-4m, in Pirojpur well BA015 the draw down ranged from 2-3m
and in Madaripur well FA36, the draw down ranged from 1-2 m (fig. 5).
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Figure 5. Tllustration of significant lowering of the water table after 1975 in the
southeast Bangladesh (arsenic hot spot area) caused by over -pumping of groundwater and
diversion of river water from the Ganges and other common rivers of Bangladesh and India

(after Aggarwal et.al. 2001).

The high concentration of arsenic in southeast Bangladesh is the result of
oxidation caused by the lowering of water table and presence of arsenic
bearing minerals in the “neo-oxidation zone”. In the neo-oxidation zone, one
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may or may not find arsenic-bearing minerals due to 30 years of increased
draw down of the water table. On the other hand, migration of arsenic from
the up-gradient and cross-gradient sources/areas can not be ruled out.

Like the Ganges catchments, the Meghna catchment has been severely
impacted by the abstraction of groundwater and diversion of river waters for
the last three decades. Besides Farakka, the others dams that India
constructed in the common rivers of Bangladesh and India are Feni, Muhuri,
Selonia, Gomti, Sonai, Khowai, Dhalai, Manu, Juri, Sonai Bardal, Kushiyara
in the east, Tista, Piyan, Bhogai, Jinjiram, Dharla, Sangil, Buri Tista,
Deonai-Jamuneshwari, Ghoramara, Talma and Karatoa in the north, and
Ichamati-Kalindi, Benta-Kodalia, Bhairab-Kabodak, Khukshi, Atrai,
Punabhaba, and Mahananda in the west of Bangladesh (Fig. 4).

Kinninburg et.al. are not aware of the impact of the harvesting of water
from these common rivers in summer months in the Indian territory and as a
result have failed to understand the hydrological, hydrogeological and
hydrochemical history of Bengal Basin. The distance of the Farakka barrage
[from the affected areas in the Bengal Basin ed.] is not very significant for
the creation of arsenic poisoning. It is the reduction of water in the
Bangladesh part of the Ganges River as a result of the Farakka barrage that
has caused the lowering of the water table in a large area including southeast
Bangladesh. Prior to 1975, before the construction of Farakka barrage, there
was no shortage of water in the Ganges River in Bangladesh. In summer
before the construction of the barrages, the Ganges River used to supply
large volumes of water in the southeast region (Fig. 3).

(Chakrabortti, 2004) reported that, "so far we have analyzed more than
700 dug wells from the arsenic affected areas of West Bengal and
Bangladesh. We have found 90% dug wells are safe with respect to arsenic
(<3 - 35 microgram per litre; Average 15 microgram per litre). There are
some areas where we have found arsenic contamination above 50 microgram
per litre (maximum 330 microgram per litre). One such area in Bangladesh
is Samta village where many dug wells are arsenic contaminated and the dug
wells are shallow (10- 20 ft), recent and 2-3 ft diameter and waters have a
foul smell" (Husain, 2004).

Chakrabortti’s data clearly shows that some dug wells are not free of
arsenic contamination in arsenic-contaminated areas in Bangladesh and West
Bengal. The presence of arsenic in dug wells further suggests that the
oxidation of arsenic minerals is the plausible mechanism for the creation of
the groundwater arsenic poisoning in Bangladesh and West Bengal.

The high concentrations of phosphate in some samples may be related to
arsenic-bearing phosphate nodules, which are common inorganic-rich
deposits.
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However, reviews of the Nickson et.al. Kinneinberg et.al.
(DPHE/BGS/DFID), Harvey et. al., and other works on the arsenic problem
in Bangladesh and West Bengal of India have revealed that neither the
reduction proponents nor the oxidation proponents have properly
investigated the oxidation mechanism thus far. Therefore the reduction
mechanism is not a principal cause for the mobilization of arsenic into
groundwater in the context of Bangladesh and West Bengal of India.

5. OXIDATION MECHANISM

Dipankar Das and others conducted a geochemical survey in the six
districts of West Bengal bordering the western part of Bangladesh. These
districts are Mulda, Murshidabad, Bardhaman, Nadia, North 24-Pargana and
South-24 Pargana. Their subsurface investigation and some laboratory
analysis, revealed the presence of arsenopyrite minerals in the sediments.
They stated that, “the source of arsenic in groundwater and in the soil is
from pyrite minerals containing arsenic.” However, they did not discuss how
arsenic is released in groundwater from arsenopyrite. They cited the
oxidation of pyrite process presented in the literature from the U.S. But in
their conclusions they state that, “the way that arsenic enters the
groundwater in these six districts is not well understood. Our borehole
analyses show arsenic-rich FeS, in sediment layers. Since iron pyrite (FeS,)
is not soluble in water, the question therefore arises as to how arsenic from
pyrites enters the water." (Das et.al., 1999)

Although pyrite is not soluble in water, it decomposes when exposed to
air or in aerated water and proceeds rapidly in confined environments
without the addition of oxygen from external sources as the acid level
reaches a pH of 3.5 or lower.

A USA Government article on acid-mine drainage (AMD) describes the
process thus:

“The formation of acid drainage is a complex geochemical and
microbially mediated process. The acid load ultimately generated is
primarily a function of the following factors: Microbiological Controls;
depositional environment; Acid/base balance of the overburden;
Lithology; Mineralogy; and hydrologic conditions.”

Chemistry of Pyrite Weathering:
2 FcS,+70,+2H,0 - 2Fc," +4 SO, +4 H (Equation I)

4Fe" +0,+4 H'— 4 Fe + 2 H,0 (Bquation 2)
4 Fe’' +12 H,0— 4 Fe(OH); {12 H' (Equation 3)
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FeS, + 14 Fe " + 8 H,0 — 15 Fe*" +2 SO,> + 16 H" (Equation 4)

In the initial step, pyrite reacts with oxygen and water to produce ferrous
iron, sulfate and acidity. The second step involves the conversion of
ferrous iron to ferric iron. This second reaction has been termed the
‘rate-determining’ step for the overall sequence.”

“The third step involves the hydrolysis of ferric iron with water to
form the solid ferric hydroxide (ferrihydrite) and the release of
additional acidity. This third reaction is pH dependent. Under very acid
conditions of less than about pH 3.5, the solid mineral does not form and
ferric iron remains in solution. At higher pH values, a precipitate forms,
commonly referred to as ‘yellow boy’.”

“The fourth step involves the oxidation of additional pyrite by ferric
iron. The ferric iron is generated by the initial oxidation reactions in
steps one and two. This cyclic propagation of acid generation by iron
takes place very rapidly and continues until the supply of ferric iron or
pyrite is exhausted. Oxygen is not required for the fourth reaction to
occur. The overall pyrite reaction series is among the most acid
producing of all weathering processes in nature.”

The article goes on to state that the raising and lowering of the water
table (wetting and drying) in the reacting environment provides optimal
conditions for the weathering of pyrite. The changes in the geochemical
environment due to high withdrawal of groundwater resulted in the
decomposition of pyrites and the release of arsenic.

Similar pyrite reactions have been described by many workers around the
world (Schreiber et.al., 2003).

Dipankar Das et al., mineralogical studies by XRD(X-ray diffraction)
shows the presence of FeSO,. (Welch et. al., 1988) studied arsenic in the
groundwater of the western USA and suggested that the "mobilization of
arsenic in sedimentary aquifers may be, in part, a result of changes in the
geochemical environment due to agricultural irrigation. In the deeper
subsurface, elevated arsenic concentrations are associated with compaction
caused by groundwater withdrawal." (Bridge and Husain, 2000a, 2000b,
2001c¢)

If the time of arsenic contamination is after 1975 in Bangladesh, a
probable explanation is that the changes in geochemical environment due to
the high withdrawal of groundwater resulted in the decomposition of
arsenic-bearing minerals that were stable in a reducing environment. These
arsenic oxides if introduced to the reducing conditions below the water table
are reduced to poisonous oxide forms.
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The DPHE/BGS/DFID report states that, "the greatest arsenic
concentrations are mainly found in the fine-grained sediments especially the
gray clays. A large number of other elements are also enriched in the clays
including iron, phosphorus and sulfur. In Nawabganj, the clays near the
surface are not enriched with arsenic to any greater extent than the clays
below 150 m; in other words, there is no evidence for the weathering and
deposition of a discrete set of arsenic-rich sediments at some particular time
in the past. It is not yet clear how important these relatively arsenic-rich
sediments are for providing arsenic to the adjacent, more permeable sandy
aquifer horizons. There is unlikely to be a simple relationship between the
arsenic content of the sediment and that of the water passing through it."

The arsenic is associated with low energy sediments, and organic matter
would tend to be associated with the lower energy environments also.
Organic matter is present in the sediments below the water table in
Bangladesh. Arsenic along with other trace elements, when present in the
environment, is enriched in organic-rich sediments. Sulfur from decay of
organic matter combines with iron to form sulfides in reducing environments
and these sulfides will incorporate arsenic if arsenic is present. When the
groundwater table was lowered by increased irrigation during the dry season
and the sediments were exposed to the oxygen from the atmosphere in a
moist environment, arsenic-rich sulfides associated with organic matter and
other reduced-arsenic bearing minerals would oxidize in this moist
environment and release arsenic. Bacterial decay of the organic matter
would produce H,COs;, HCO* CO*, the kind of sulfates present are
dependent on pH, and hydrogen sulfide, below an Eh of 3 or H,SO, above
an Eh of 3. With the appropriate concentrations below an Eh of 3 and
between a pH of 3 to 9 these carbonate and sulfur species would react with
the ferrous iron in solution to produce siderite and pyrite. (Figure 1 after
Robert M Garrels, Solutions, Minerals, and Equilibera).

(Breit, et.al. 2001) discovered the presence of arsenic in iron oxide and
sulfides in the sediments above and below the capillary fringe zone at
Brahmanbaria area adjacent to the Tripura State of India. They also reported
that, “holocene sediments collected above the capillary fringe are yellow-
brown and characterized by abundant 0.5 N HCI extractable ferric iron.
Sediment below the water table is grey to black and contains 90% of 0.5 N
HCI extractable iron as ferrous. Pleistocene sediment recovered from one
borehole is also characterized by a yellow-brown color due to grain coating
ferric oxides. Total arsenic concentrations range from <1 to 16 ppm in most
brown and grey samples. An exception to this range are the high contents of
arsenic (200 to 500 ppm) found in orange-brown ferric oxides bands a few
centimeters thick that develop in clayey-silt above the capillary fringe.”
They further stated that, “exposure of some grey Holocene sediment to
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humid air for one week oxidized 50% of the extractable iron and arsenic
emphasizing the sensitivity of these elements to redox environment. A few
samples of cuttings collected near Brahmanpara (south of Brahmanbaria) are
substantially enriched in sulfur (0.3 wt.%) likely due to deposition in an
estuarine environment. XAFS analyses of these sediments are consistent
with arsenic contained in a sulfide phases”.

The Breit et. al. findings revealed that arsenic bearing minerals are
present in the Bengal Delta sediments. DPHE/BGS/DFID and other
proponents of the reduction hypothesis have failed to collect adequate
mineralogical and geo-chemical data to find the presence of arsenic-bearing
minerals in the sediments. Arsenic-bearing minerals of different kinds are
present in the sediments. The distribution and the abundance of minerals in
the Bengal Delta sediments varies with geologic conditions and the recent
abstraction of groundwater and harvesting of river water (Bridge and
Husain, 2000). The Breit et. al. findings clearly revealed that the oxidation
mechanism has been playing a major role in releasing arsenic in the
groundwater of Bangladesh and West Bengal.

6. HOW OXYGEN ENTERED THE NEO-OXIDATION
ZONE

Proponents of the reduction hypothesis have difficulty in understanding
how oxygen entered into the “neo-oxidation zone” or into the deep aquifer.
Oxygen entered into the deep aquifer in the dewater zone along with the
lowering of the water table. (Schreiber et. al. 2003) describe the following
processes, observed in the state of Wisconsin, responsible for the source of
oxygen, all of which are applicable in the context of Bangladesh and the
West Bengal of India:

“(1). Oxygen-rich water infiltrates to the SCH in the recharge area; (2)
vertical leakage of oxygen-rich water through the Sinnipee confining unit
initiates a regional oxidation of sulfides in the SCH; (3) partial dewatering of
the St. Peter aquifer due to extensive groundwater withdrawal exposes the
SCH to oxygen; and (4) boreholes provide a direct conduit for atmospheric
oxygen to reach the SCH in areas where the static water level is coincident
with, or below, the SCH”

The vertical and the areal extent of the neo-oxidation zone during the dry
season in Bangladesh has greatly increased in the last three decades due to
the abstraction of groundwater caused by 6-11 million hand tube wells, 0.5
million shallow tube wells and 55, 000 deep tube wells, and to the harvesting
of river water in the upstream territory of India from more than 30 common
rivers in Bangladesh and India. Prior to 1975, the area was under water for
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thousands of years. After 1975, due to the diversion of river water and
abstraction of groundwater, millions of shallow tube wells have become
inoperable during dry season due to the draw down of the water table. These
wells supply atmospheric oxygen (direct conduit) to the dewater zone (cone
of depression) caused by pumping of groundwater by shallow and deep
irrigation wells (<100 m) during the dry season, thus oxidizing the arsenic-
bearing minerals present in the sediment (Fig. 2).

Breit et. al. (2001) discovered that, “exposure of some grey Holocene
sediment to humid air for one week oxidized 50% of the extractable iron and
arsenic emphasizing the sensitivity of these elements to redox environment.”
The Breit et. al. findings further revealed how atmospheric oxygen reacts
with arsenic-bearing minerals in the cone of depression/dewater zone/neo-
oxidation zone in the subsurface aquifer sediments in the Bengal Delta.

Like DPHE/BGS/DFID, Aggarwal et. al. have failed to understand the
situation in Bangladesh, because they have failed to collect pre- and post-
1975 hydrological data from the common rivers of Bangladesh and India.
They did not even collect adequate pre- and post-1975 groundwater
hydrological data. Moreover, they misinterpreted the groundwater level data
in their study area and as a result have failed to understand the relationship
between surface water and groundwater; three decades of diversion of river
water; and the abstraction of groundwater in Bangladesh.

Charles Harvey and his group also did not collect pre- and post-1975
river water discharge data in Bangladesh. They collected groundwater level
data between 1988-1997 from 183 hydrographs in their study area. They
reported a significant lowering of water table in their study area.

DPHE/BGS/DFID reported a significant lowering of the water table in
the Ganges and the Jamuna catchment areas due to the abstraction of
groundwater. However, they did not collect adequate pre- and post-Farakka
river water discharge data, water table draw down data, or mineralogical
data to examine the oxidation mechanism for releasing arsenic in
groundwater in Bangladesh and West Bengal.

7. AGE OF THE ARSENIC POISONING

The age of the groundwater arsenic poisoning in Bangladesh and West
Bengal of India is an important indicator in finding the source and cause of
the poisoning, and a solution to the arsenic disaster in Bangladesh. Based on
their isotopic data, proponents of the reduction hypothesis
(DPHE/BGS/DFID, 12001, Agarwall et. al. 1999a, 2003b, and Geen et. al.
2003) believe that groundwater arsenic poisoning in Bangladesh was present
prior to 1960, before the massively increased irrigation and diversion of river
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water from 30+ common rivers in Bangladesh and India that began post
1975.

We do not disagree with the isotopic findings regarding the age of the
groundwater propounded by DPHE/BGS/DFID, Aggarwal et. al. and Geen
et. al., but we do not agree with them regarding the age of groundwater
arsenic poisoning. The age of the water and the time arsenic entered the
water are two different things. If arsenic was tied up in minerals that were
stable below the water table when the sediments were first deposited and
released only when oxidation occurred as the groundwater table was lowered
at a later date, then the date of arsenic contamination relates to the
groundwater lowering not the age of the water. The fact that some of the
wells were below the WHO limits for arsenic when they were first tested and
later tests detected an increase in concentration of arsenic above safe limits
is an indication that recent local changes in the environment caused the
change.

Oxidation of arsenic pyrite and other arsenic-bearing minerals is one
possibility for the change. If the water diversion from rivers and the over-
pumping of groundwater are continued, this process will contaminate both
new and old uncontaminated water whether the water is 25 years old, or
thousands/millions of years old (Husain, 2001).

(BGS/DPHE/DFID, 2001) reported that, “irrigation wells (STWs and
DTWs) are typically shallow (<100 m) with multiple screens in an
unconfined aquifer. The water level is commonly near the surface and within
the limit of suction pumps (7 m). The pump intake is set above the screen
level, but the screens are set lower (typically 30 m bgl for STW and 100 m
bgl for DTW), depending on where the appropriate coarse lithology is
encountered. Pumping of this type of well causes vertical gradients to be
developed as the well induces flow from the water table to the well screen.
This depletion of the water table is replenished during the wet season as long
as total abstraction does not exceed the available resources.”

DPHE/BGS /DFID also reported that, “the decline in water levels due to
abstraction for irrigation during the dry season through the use of shallow
and deep sidewalls can be significant, especially in areas of thick near-
surface silt and very fine sand layers with with low specific yields. In low-
lying areas of increased annual abstraction for irrigation, as in the Jamuna
and Ganges delta floodplains, shallow tube well use may be halted due to
decline of water levels below the suction level before the end of the dry
season. In such areas, crop irrigation has to be completed using water from
deep tube wells. Such a regional decline in water level renders many hand-
operated suction pumps inoperative towards the end of the dry season.”

Prior to 1975, during dry season there was no shortage of river water and
no significant draw down of water level below the thousands of years old
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historical oxidation zone. After 1975, a significant draw down of the water
level started due to the river water harvesting from more than 30 common
rivers in Bangladesh and India taking place in the upstream territory of
India, and to the creation of a “neo-oxidation zone” caused by the over
pumping of groundwater.

During the dry season, atmospheric oxygen enters into the “neo oxidation
zone” causing the break down of arsenic-bearing minerals. During the wet
season, the “neo oxidation zone” is replenished thus releasing arsenic into
groundwater. DPHE/BGS/DFID have found a zone of maximum
concentration of arsenic that ranges from 15-30 m. On the other hand,
Harvey et. al. (2001) reported a zone of dissolved arsenic (>90%) As(III)
that ranges from 30-40 m. The thirty years of increased draw down and
recharge have caused migration of poison arsenic from the “neo oxidation
zone” into deep aquifer (reducing zone) thus contaminating the thousands-
of-years-old uncontaminated water.

DPHE/BGS/DFID, Agarwall et.al.,and Geen et.al., and other proponents
of the reduction hypothesis have failed to collect relevant hydrological,
hydro geological, hydro chemical, historical medical and historical
groundwater use data from dug wells and tube wells, and based on their
isotopic study have been suggesting that the groundwater arsenic poisoning
has been present in Bangladesh and West Bengal of India for thousands of
years.

For thousands of years, prior to 1975 and the construction of
dams/barrages by India and India's unilateral diversion of surface water from
the Ganges, Tista, and 28 other common rivers of Bangladesh and India, the
people of Bangladesh drank groundwater from dug wells. During a period of
about 60-70 years prior to 1975, some several millions tube wells were
installed in Bangladesh. In 1940, about 50,000 tube wells were in use in
Bangladesh (former East Pakistan). Millions of people (infants, young and
old) drank water from these wells. No occurrences of arsenic diseases were
recorded for those people who drank water from these tube wells.

8. CONCLUSION

1. The groundwater arsenic poisoning in Bangladesh and West Bengal of
India appears to be a recent man-made disaster which has been created by
the over pumping of groundwater from irrigation wells and the
harvesting/diversion of river water from more than 30 common rivers in
Bangladesh and India.

2. The presence of arsenic-bearing sulfides above and below the capillary
fringe zone of Bengal Delta sediments, the increased lowering of the water
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table for the last three decades during the dry season and recharge of the
dewater zone during the wet season have created “neo oxidation zone” and
the oxidation mechanism, thus releasing arsenic into the groundwater of
Bangladesh and West Bengal of India.

The lowering of the water table resulted in the exposure to air in the zone
of aeration. This exposure resulted in the oxidation of arsenic minerals
previously present below the water table in the Bengal sediments. The
arsenic oxides migrated to the groundwater and were reduced to poisonous
forms in the reducing environments below the water table.

3. The historical medical data, historical groundwater use data from the
dug wells and tube wells, arsenic toxicological data, mineralogical data,
hydrological and hydro geological data reject the presence of arsenic
poisoning in Bangladesh and West Bengal of India for thousands of years as
proposed by the proponents of the reduction hypothesis. These data also
reject the hypothesis that the groundwater arsenic poisoning in the Bengal
Delta is a natural disaster and that the reduction mechanism is the principle
cause for the mobilization of arsenic into groundwater.

4. The presence of arsenic poisoning in the reducing zone is the result of
over pumping of groundwater by irrigation wells due to the pulling of
arsenic poison water from the “neo oxidation zone” to the reducing zone
thus contaminating the deep aquifer.

5. The presence of high concentration of arsenic in the zone of 15-40 m
depth and also in some wells >100 m is the result of three decades of
pumping of groundwater from shallow and deep irrigation wells, because,
“the pump intake is set above the screen level, but the screens are set lower
(typically 30 m bgl for STW and 100 m bgl for DTW), depending on where
the appropriate coarse litho logy is encountered.” (DPHE/BGS/DFID, 2001)

9. SOLUTION TO THE ARSENIC POISONING IN
BANGLADESH

The best solution appears to be the restoration of the thousands-of-years -
old natural environment by restoring the river flow and groundwater levels
that existed prior to the 1975 commission of Farakka, Tista and other
dams/barrages that India constructed in the common rivers in Bangladesh
and India (Fig. 4).

The river water should be filtered, treated, continually tested and
delivered through a closed system to provide a safe water supply for the
nation.
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10. RECOMMENDATIONS

(a). The over pumping of groundwater must be stopped and surface water
should be used for drinking and cooking purposes. The deep uncontaminated
groundwater should be monitored properly and may be used on a safe yield
basis.

(b). The natural groundwater level that existed prior to 1975 should be
restored by removing all dams/barrages that India constructed in the
common rivers of Bangladesh and India. The removal of dams/barrage and
the dredging of rivers will decrease the number of disasters in both
Bangladesh and in the upstream region of India.

(c). The flushing of arsenic contaminants may take a long time but the
removal of dams/barrages affecting Bangladesh will provide plenty of water
during the dry season for drinking, irrigation and industry. The restoration of
groundwater levels in Bangladesh that existed prior to 1975 will prevent
migration of arsenic contaminants from the adjoining states of India.

(d). In order to fully understand the oxidation mechanism for releasing
arsenic into the groundwater in Bangladesh and West Bengal of India,
scientists must investigate the following conditions:

(i). Presence of arsenic bearing minerals in the “neo-oxidation zone” and
the cone of depression and, if arsenic-bearing minerals are absent, the
cause for the absence of arsenic-bearing minerals in that zone.

(i1). Evidence for the lowering of the water table and penetration of
atmospheric oxygen intoto the newly created unsaturated zone, “neo-
oxidation zone” during dry season.

(iii). Evidence for the recharge of groundwater in the “neo-oxidation
zone” during dry and wet seasons.

These three conditions must be examined based on the following
data/parameters:

1. Pre-and post-1975 river water discharge data of more than 30 common
rivers in Bangladesh and India. This data will present the relationship
between pre- and post-1975 river water harvesting and the draw down of
groundwater level.

2. Pre- and post-1975 groundwater level data. This data will help to
construct pre- and post-1975 groundwater table maps, groundwater flow
direction, construction of a thickness map of a “neo-oxidation zone” that was
created after 1975.

3. Sediment samples must be collected from the “neo-oxidation zone”,
cone of depression and below the capillary fringe zone for mineralogical
study.



50 Contaminated Soils- Heavy Metals

(e). In order to determine the migration of arsenic contaminants from the
upgradient/off-site sources, groundwater flow tests along the border of
Bangladesh and West Bengal, Bangladesh and Tripura, and Bangladesh and
Assam should be conducted.

). In West Bengal scientists, should also examine these three oxidation
conditions based on pre- and post-1960°s groundwater level data, river water
discharge data and mineralogical data, because the over-pumping of
groundwater in West Bengal started after 1960, earlier than in other regions.
Scientists should also investigate the impact of Ajay, Mayurakshi, Panchet,
Maithon, Durgapur, Tilaiya, Konar, Subarnarekha and Kangsabati
dams/barrages/reservoirs on the hydrology, hydrogeology and
hydrochemistry in West Bengal of India. (Fig. 4)

(). India should abandon the “Inter Basin Water Transfer Link project of
India”, because the implementation of this project may cause arsenic and
other environmental disasters similar to those that Bangladesh and India are
facing today.
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