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Summary Inverse geochemical modeling (PHREEQC) was used to identify the evolution of
groundwater with emphasis on arsenic (As) release under reducing conditions in the
shallow (25–30 m) Mississippi River Valley Alluvial aquifer, Arkansas, USA. The modeling
was based on flow paths defined by high-precision (±2 cm) water level contour map;
X-ray diffraction (XRD), scanning electron microscopic (SEM), and chemical analysis of
boring-sediments for minerals; and detailed chemical analysis of groundwater along the
flow paths. Potential phases were constrained using general trends in chemical analyses
data of groundwater and sediments, and saturation indices data (MINTEQA2) of minerals
in groundwater. Modeling results show that calcite, halite, fluorite, Fe oxyhydroxide,
organic matter, H2S (gas) were dissolving with mole transfers of 1.40E � 03, 2.13E � 04,
4.15E � 06, 1.25E + 01, 3.11, and 9.34, respectively along the dominant flow line. Along
the same flow line, FeS, siderite, and vivianite were precipitating with mole transfers
of 9.34, 3.11, and 2.64E � 07, respectively. Cation exchange reactions of Ca2+

(4.93E � 04 mol) for Na+ (2.51E � 04 mol) on exchange sites occurred along the dominant
flow line. Gypsum dissolution reactions were dominant over calcite dissolution in some of
the flow lines due to the common ion effect. The concentration of As in groundwater
ranged from <0.5 to 77 lg/L. Twenty percent total As was complexed with Fe and Mn oxy-
hydroxides. The redox environment, chemical data of sediments and groundwater, and
the results of inverse geochemical modeling indicate that reductive dissolution of Fe
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oxyhydroxide is the dominant process of As release in the groundwater. The relative rate
of reduction of Fe oxyhydroxide over SO2�

4 with co-precipitation of As into sulfide is the
limiting factor controlling dissolved As in groundwater.

ª 2007 Elsevier B.V. All rights reserved.
Introduction

Variation in groundwater chemistry is mainly a function of
the interaction between the groundwater and the mineral
composition of the aquifer materials through which it
moves. Hydrogeochemical processes, including dissolution,
precipitation, ion-exchange, sorption, and desorption, to-
gether with the residence time occurring along the flow
path, control the variation in chemical composition of
groundwater (Apodaca et al., 2002), that can be modeled
by inverse geochemical models. Inverse geochemical model-
ing is commonly used to reconstruct geochemical evolution
of groundwater from one point in an aquifer to another
point located in the inverse direction along the groundwater
flow path. Recently, inverse geochemical modeling has been
used to investigate the chemical evolution of groundwater
along the flow path by numerous investigators (Plummer
et al., 1990; Rosenthal et al., 1998; Perry, 2001; Eary
et al., 2002; Guler and Thyne, 2002; Savage and Bird,
2002; Lakshmanan et al., 2003; Lecomte et al., 2005; Dai
et al., 2006; Dhiman and Keshari, 2006; Mirecki, 2006; Clark
and Journey, 2006). Inverse geochemical modeling has been
also used in several As studies (Schreiber et al., 2000;
Carrillo-Chavez et al., 2000; Armienta et al., 2001) to verify
if certain geochemical reactions of As release and immobi-
lization are geochemical feasible (Sracek et al., 2004).

Inverse geochemical modeling in PHREEQC (Parkhurst and
Appelo, 1999) is based on a geochemical mole-balance mod-
el, which calculates the phase mole transfers (the moles of
minerals and gases that must enter or leave a solution) to ac-
count for the differences in an initial and a final water com-
position along the flow path in a groundwater system. At
least two chemical analyses of groundwater at different
points of the flow path, and a set of phases (minerals and/
or gases) which potentially react along this flow path are
needed to populate the program (Charlton et al., 1997). A
number of assumptions are inherent in the application of in-
verse geochemical modeling: (1) the two groundwater anal-
yses from the initial and final water-wells should represent
groundwater that flows along the same flow path, (2) disper-
sion and diffusion do not significantly affect groundwater
chemistry, (3) a chemical steady-state prevails in the
groundwater system during the time considered, and (4)
the mineral phases used in the inverse calculation are or
were present in the aquifer (Zhu and Anderson, 2002). The
soundness or validity of the results in the inverse modeling
depends on a valid conceptualization of the groundwater
system, validity of the basic hydrogeochemical concepts
and principles, accuracy of input data into the model, and le-
vel of understanding of the geochemical processes in the
area (Guler and Thyne, 2004).

One of the most important requirements for inverse
model calculation is to prepare an accurate groundwater
flow map, which requires a large number of reliable and
closely-spaced groundwater elevation data. Measurement
of accurate groundwater elevation for a large number of
densely spaced wells is a complex, time-consuming and rel-
atively expensive survey technique. The fast static method
of surveying (Hofmann-Wollenhof et al., 2001) is most appli-
cable where many points need to be surveyed and the base-
line distances are relatively short. This technique generally
uses receivers (dual frequency) with code and carrier phase
combinations on both frequencies and requires optimum
satellite geometry for higher accuracy. This method of sur-
veying technique, which can be used for medium to high
accuracy surveys up to 1/1,000,000 for a baseline length
up to 100 km (Hofmann-Wollenhof et al., 2001), was applied
in the study area.

The natural occurrences of As in groundwater are reported
in Bangladesh and West Bengal of India (Bengal Basin), parts
of Argentina, Chile, China, Hungary, Mexico, Romania, Tai-
wan, Vietnam, and many parts of the USA (most commonly
in SW of USA) (Smedley and Kinniburgh, 2002). Although,
most of these As occurrences include natural sources of
enrichment, mining-related sources are also reported. Many
new occurrences of high As concentrations in groundwater
are being reported in other areas such as parts of Nepal,
Myanmar, Cambodia, Ghana, Zimbabwe, South Africa, Aus-
tralia, and Canada. The most looming threat that As in
groundwater can pose is provided in the Ganges–Brahmapu-
tra–Meghna Delta region in Bangladesh (Ahmed et al., 1998,
2004; McArthur et al., 2001, 2004; Nickson et al., 2000; Bhat-
tacharya et al., 2002,2004; Horneman et al., 2004; Zheng
et al., 2004, 2005; Harvey et al., 2006). Groundwater has
been extensively used as the only source of pathogen-free
drinking water in Bangladesh. Unfortunately, the groundwa-
ter in Bangladesh is often laden with high As (>50 lg/L, the
current MCL for As in Bangladesh) of natural origin. About
50% of the groundwater-wells tested so far exceeded the
World Health Organization (WHO) or US EPA’s MCL of 10 lg/
L of As (BGS and DPHE, 2001). Chronic As poisoning in the
As-affected areas in Bangladesh is nowwidespread and needs
immediate measures to provide safe water for at least 20–50
million people (BGS and DPHE, 2001; Smith et al., 2000).

This study is part of a comprehensive research program
aimed at characterization of the geochemistry, mobiliza-
tion, and spatial distribution of arsenic (As) in Jefferson
County, southeastern Arkansas, USA. Twenty one of 118 irri-
gation water wells completed in the shallow (25–30 m
thick) Mississippi River Valley alluvial aquifer in the Bayou
Bartholomew watershed, southeastern Arkansas had As con-
centrations (<0.5–77 lg/L) exceeding 10 lg/L (Kresse and
Fazio, 2003; Sharif, 2007). Hydrogeochemical data and re-
dox environment in the area suggest reductive dissolution
of Fe oxyhydroxide as the dominant As release mechanism
(Kresse and Fazio, 2003; Sharif, 2007).

In this paper, physical, hydrogeologic, and hydrogeochem-
ical information from the groundwater and aquifer sediments
were incorporated into the inverse geochemical modeling to
determine the flow path evolution of groundwater, and its
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relation to the mobilization of As in groundwater within the
aquifer.

Study area

Location

The study area is about 225 km2 in the southern part of
Jefferson County, Arkansas (Fig. 1). It is bounded by the
Arkansas River to the northeast and Bayou Bartholomew to
Figure 1 Map showing location of study area, nested monito
the southwest. The area comprises the northeastern part
of the Bayou Bartholomew watershed, which is covered
almost entirely by Holocene alluvial deposits of the Missis-
sippi and Arkansas rivers. Row-crop agriculture represents
the major land use in the floodplain, whereas silviculture
dominates the land use in the terrace portion of the
watershed. Eastern Arkansas receives an annual precipita-
tion of 1.2–1.4 m (Freiwald, 1985). Reliance on water from
the alluvial aquifer for crop production has increased
dramatically over recent years. The increase in estimated
ring wells sites, water level map, and As background data.
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groundwater withdrawals from 1985 to 1995 was about 45%
(Schrader, 2001).
Hydrogeologic settings

The Holocene alluvial deposits in the research area are rep-
resented by fining upward sequences from gravels and
coarse sands at the base to fine sands, silts, and clays at
the surface (herein referred to as surface aquitard). Pleisto-
cene alluvial deposits of the Mississippi and Arkansas rivers
form terraces with minor exposures of Tertiary-age strata
along topographically high areas, and are found beyond
the western part of the study area (Kresse and Fazio,
2002). The thickness of the surface aquitard varies from
<6 to 12 m, and permeability of the aquitard is heteroge-
neous due to varying proportions of clay, silt, and fine
sands. Where the surface aquitard is thick and less perme-
able, it forms a confining unit which impedes recharge to
the alluvial aquifer. The thickness of the alluvial aquifer
ranges from 18 to 43 m (Kleiss et al., 2000). Channel fill,
point bar, and back swamp deposits associated with present
and former channels of the Mississippi and Arkansas rivers
produced abrupt changes in lithology and resulted in large
spatial and vertical variations in the hydraulic properties
of aquifer system (Joseph, 1999). The regional direction of
groundwater flow is generally to the south and east except
where affected by intense groundwater withdrawals (Sch-
rader, 2001). Local perturbations in flow directions result
from the influent–effluent character of smaller streams
within the study area.
Materials and methods

Monitoring wells

Collection of cuttings
Within the 225 km2 study area three contrasting sites for
nested monitoring wells were selected as a high As
(>50 lg/L) area in the northwest (DRL1), a medium
As (10–50 lg/L) area in the south (DRL2), and a low As
(<10 lg/L) area in the northeast (DRL6). These locations
for monitoring wells were selected based on As background
data (Kresse and Fazio, 2002), geologic cross-sections pre-
pared from borehole logs of Arkansas Geologic Commission
(AGC), groundwater flow maps, distribution of surface aqui-
tard, and primary recharge areas. Three pairs of nested
monitoring wells were drilled, installed, developed, and
sampled at the selected sites in February 2006.

A hollow stem auger drill rig equipped with a 152 cm long
and 7.62 cm outside diameter (O.D.) CME� sampler (steel)
was used to extract continuous sediment cores to a depth
of 12 m. The same rig equipped with a 46 cm, split-spoon
sampler accepting a 5 cm O.D. steel liner was used to col-
lect cores at approximately 150 cm intervals to a depth of
36.5 m. No drilling fluid was used to minimize borehole con-
tamination. Core recovery using the CME� sampler was 80%
or greater, while a varying rate of 30–90% core recovery
was achieved with the split-spoon sampler. The lower-vol-
ume core recovery was due to the increase of fine sand frac-
tions which flowed from the core barrel even with the use of
sediment traps. The extracted cores were collected,
wrapped in aluminum foil, labeled, and transported to the
laboratory for physical and chemical analysis. A sub-sample
(about 200 g) of each core was also separated in the field
into plastic Ziploc� bags, and preserved below 4 �C to pro-
vide fresh sample for Fe speciation, and comparison be-
tween extraction procedures using dry and fresh wet
sediments. Sediment samples were labeled numerically
after the monitoring well ID (e.g. DRL1S1, DRL1S2).

Installation of monitoring wells
At each site two monitoring wells with 5 cm O.D. PVC pipe
were installed at a depth of 10.6 and 36.5 m, respectively.
The shallow wells were screened from 4.6 to 10.6 m and
the deep wells were screened from 33.5 to 36.5 m. Each
aspect of monitoring well installation was completed by
standard procedures (Wayne et al., 1997) and complied with
federal, state, and local regulations. The depth to groundwa-
ter was measured with a Solinst� Model 101 meter. Accurate
groundwater elevation was calculated from post-processed
land-surface elevation data (with an estimated precision of
±2 cm) generated by survey-grade Trimble� 4000SSE GPS
units using the Fast Static method of data collection. The
monitoring wells were initially developed using a PVC bailer
attached to the wire-line on the drill rig, and secondarily
using a Redi-Flo� VFD GRUNDFOS pump.

Groundwater sampling, field Monitoring, and laboratory
analyses
All chemical analyses were performed on groundwater sam-
ples collected from the monitoring wells with a generator-
driven submersible pump (Redi-Flo� VFD GRUNDFOS) in
June 2006. Sample collection, handling, and preservation
procedures of United States Geological Survey (Shelton
and Chapel, 1994) were followed to ensure data quality
and consistency. Prior to sample collection, the well was
pumped continuously for 30–45 min until the temperature,
electrical conductance (EC), pH, oxidation reduction poten-
tial (ORP), and dissolved oxygen (DO) readings stabilized
within the accepted guidelines of NAWQA. After recording
readings of these stabilized monitoring parameters, a num-
ber of other redox sensitive chemical parameters including
Fe and As speciation, Mn2+, and dissolved S2� were mea-
sured by standard methods (Clesceri et al., 1999) in the field
(Table 1). Volatile organic and inorganic compounds were
measured at the well head by EPA method 21 (U.S. EPA,
1999). Chemical data are given in Table 2.

Collection of groundwater samples for total analyses
A set of four groundwater samples were collected in 100 mL
HDPE bottles that were (1) filtered (0.45 lm) and acidified,
(2) not-filtered and acidified, (3) filtered (0.20 lm) and
acidified, and (4) filtered (0.45 lm) and not-acidified. Acid-
ification was achieved by adding concentrated HNO3 (VWR�

Omni trace grade) until pH reached 2 or less standard units.
Dissolved cations including Ca2+, Mg2+, Na+, K+, SiO2, Mn

2+,
Fe2+, Al3+, Ag, B, Ba, Be, Cd, Cr, Cu, Li, Ni, Mo, Pb, Se,
Sb, Sr, Ti, Zn, V, and As were measured on the acidified
samples by Inductively Coupled Plasma-Mass Spectrometer
(ICP-MS) following EPA method 200.8 (U.S. EPA, 1994). Dis-
solved anions including Cl�, Br�, F�, SO2�

4 , NH4-N, NO
�
3 –N,

PO3�
4 –P were measured on the non-acidified samples by

Ion Chromatograph following standard EPA method Anion



Table 1 Groundwater quality data including redox-sensitive chemical parameters were measured by standard methods (Clesceri
et al., 1999) at three sites of nested monitoring wells

Parameters Units Instrument and model Methods

Temperature �C YSI� Model 30 handheld
EC lS/cm Salinity, Conductance, and

Temperature Meter
pH Multi Probe Orion� 3-Star portable

pH/ORP meter
ORP RmV
Dissolved oxygen (DO) mg/L YSI� 550A Dissolved Oxygen Meter
Alkalinity mg/L as CaCO3 HACH� Digital Titrator Sulfuric acid titration
Dissolved S2� lg/L HACH� spectrophotometer (DR 2800) Methylene Blue
Fe2+ mg/L 1, 10 Phenanthroline
Fe (total) mg/L FerroVer
Mn2+ mg/L Periodate Oxidation
Inorganic As speciation lg/L Separated using anion exchange

columns and measured by ICP-MS
Edwards et al., 1998

Inorganic and organic As
speciation

lg/L Separated using anion and cation
exchange columns and measured
by ICP-MS

Grabinski, 1981

Volatile organic and inorganic
compound (methane, benzene,
hexane, ammonia, hydrogen
sulfide, carbon tetrachloride, etc.)

ppm Thermo� TVA-100B Toxic Vapor
Analyzer, which uses both Flame
Ionization Detector (FID) and Photo
Ionization Detector (PID)

EPA method 21 (USEPA, 1999)
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300.0 (Pfaff, 1993). TOC was measured by a TOC analyzer
using the liquid sample module. Chemical data including re-
dox sensitive chemical parameters are given in Table 2. Fil-
tering was done using two disposable syringes with filters
(0.45 and 0.20 lm). Both filtered and non-filtered samples
were analyzed by ICP-MS to identify the significance of par-
ticulate trace metals (e.g. As, Fe) in groundwater. All
groundwater samples were analyzed in the Arkansas Depart-
ment of Environmental Quality (ADEQ) laboratory, Little
Rock, AR. Standard calibrations were based on standard
addition for all dissolved ions analyzed in the laboratory.

Preparation of sediment samples and laboratory analyses
Sealed sections of the stored core samples were opened and
sub-sampled in February 2006 for grain size, porosity, and
geochemical analyses. About 100 g of stored sediment from
each core were separated and dried below 40 �C in an oven.
The sediments were crushed by a conventional porcelain
pestle and mortar, and passed through a 1 mm nylon screen.
These screened sediment samples were used for a sequen-
tial extraction procedure for major cations and trace met-
als, including As. Grain-size analysis was done with little
or no crushing on dried pre-screened samples by using a mi-
cro pipette method (Miller and Miller, 1987). Porosity was
measured by weighing 50 mL hand-packed sediments in a
graduated cylinder. Water was slowly added to the 50 mL
mark and the sample was shaken to remove air bubbles
and saturate evenly with water. Gravimetric porosity
[(1 � qb/qs)] was calculated by mean particle density
(qs = mass of solids/volume of solids) and dry bulk density
(qb = mass of dry solids/volume of dry solids). The five-step
sequential extraction (modified from Tessier et al., 1979
and Chao and Zhou, 1983) was conducted using 2 g dry sed-
iment. The steps of the extraction procedures are as
follows:
1. Exchangeable: 16 mL of 1 M sodium acetate to pH 8.2 for
1 h.

2. Carbonates: 16 mL of 1 M sodium acetate to pH 5 for
4 h.

3. Amorphous Fe and Mn oxides: 40 mL of 0.25 M NH2–OH–
HCl (hydroxylamine hydrochloride) in 0.25 M HCl; heat to
50 �C for 30 min.

4. Organic matter: 6 mL of 0.02 M HNO3 and 10 mL of 30%
H2O2 to pH 2 with HNO3; heat to 85 �C for 2 h, and later
6 mL of 30% H2O2; heat to 85 �C for 3 h.

5. Hot HNO3 leachable As: 15 mL of 7 M HNO3 for 2.5 h at
70 �C for the first 30 min and later at 100 �C for the next
2 h.

The last step of the sequential extraction (hot HNO3

extraction) was used to represent the least environmen-
tally-available As. A separate rigorous HNO3–H2SO4 acid
leachable (9 mL concentrated HNO3, 4 mL concentrated
H2SO4, and 5 mL distilled deionized water was added in
the digestion tube with 2 g dry sediment to heat at
90 �C for 30 min) extraction (Adeloju et al., 1994) were
also completed. A total of 60 sediment samples were ex-
tracted. Sediment extraction data are listed in Table 3.
Five duplicates, one gravel-pack sample, a bentonite
grout sample, eight wet sediment samples preserved in
the freezer, and two coarse (>1 mm) sediment samples
were also extracted for quality control and comparison
purposes. The extracted solutions were shipped to the
ADEQ laboratory in Little Rock, Arkansas for analysis by
ICP-MS.

XRD and SEM analyses
Thirty dried sediment samples were powdered using a
grinding mill (RockLabs�) for X-ray Diffractometry (XRD)
and Scanning Electron Microscopic (SEM) analysis. XRD



Table 2 Chemical data for groundwater in the monitoring wells

Parameter DRL1S DRL1D DRL2S DRL2D DRL6S DRL6D

Water level (m bls) 5.6 5.7 6.9 6.8 8.4 8.3
Temperature (�C) 18.5 17.9 19.5 18.5 18.9 18.5
EC (lS/cm) 310 306 456 426 953 658
TDS (mg/L) 209 187 261 241 572 382
pH 6.11 6.13 6.87 6.81 6.84 6.68
Alkalinity (mg/L as CaCO3) 108 135 215 189 437 300
ORP (RmV) 198 124 55 66 �247 �223
DO (mg/L) 0.4 0.08 0.06 0.06 0.08 0.08
Hardness (mg/L) 102 61 177 164 426 278
Total dissolved As (lg/L) 0.73 29.6 12.3 39.7 49.4 1.02
As(III) (lg/L) <0.5 10.2 1.14 8.22 5.23 <0.5
As(V) (lg/L) 0.7 20.3 11.4 33.9 45.3 1.15
Particulate As (lg/L) 0.1 0 0 2.2 0 0.3
Total Fe (mg/L) 1.9 41 11.5 16.3 8.3 11
Fe2+ (mg/L) 0.04 9.2 7.3 8.5 4.6 5.8
Fe3+ (mg/L) 1.6 31.8 4.2 7.8 2.8 3.9
Particulate Fe (mg/L) 0.24 1.7 0.1 0 0.16 0.3
Ca2+ (mg/L) 25.4 17.4 55.6 48.8 130 80
Mg2+ (mg/L) 9.3 4.4 9.4 10.3 24.7 18.9
Na+ (mg/L) 16.3 11.7 16.3 17.1 41.8 18.7
K+ (mg/L) 2 2.6 1.1 1.4 1.5 1.2
Mn2+ (mg/L) 2.7 1.5 0.5 0.7 0.4 0.7
Cl� (mg/L) 14.2 20.1 7.7 7.6 27.1 29.6
SO2�

4 (mg/L) 18 2 1 1.4 46 1.4
NO�3 –N (mg/L) 2.25 <0.01 <0.01 <0.01 <0.01 <0.01
NH4–N (mg/L) 0.03 0.21 0.9 0.35 1.1 0.72
PO4–P (mg/L) 0.02 0.03 0.03 0.05 0.02 0.05
S2� (lg/L) 2 6 11 51 27 27
SiO2 (mg/L) 31.7 32.9 31.6 34 34.4 28.3
Br� (mg/L) 0.08 0.08 0.06 0.06 0.14 0.12
Ba2+ (lg/L) 166 198 215 150 538 388
B3+ (lg/L) 25 13 35 30 42 44
Fl� (mg/L) 0.4 0.3 0.3 0.4 <0.01 0.3
Zn2+ (lg/L) 2.7 5.2 2.4 3.8 1.7 1.4
V5+ (lg/L) 0.96 0.51 <0.50 <0.50 <0.50 <0.50
Co2+ (lg/L) 1.95 6.44 0.52 <0.50 <0.50 <0.50
Ni2+ (lg/L) 2.7 4.4 <0.50 <0.50 <0.50 <0.50
TOC (mg/L) 6.2 6.8 6 6.3 11 6.8
Volatile organic and inorganic compound (ppm) <0.1 <0.1 0.3 0.5 1.4 0.7
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measurements used Cu Ka radiation and a graphite monoch-
rometer on a Philips� vertical diffractometer, stepped at
0.5 s/0.02�, from 2� to 100� 2h. Iterative identification of
minerals in the samples used PC-APD� Diffraction software
of Philips Analytical with search/match of the reference
mineral database and generated powder patterns. Five sed-
iment samples were magnetically separated by a Frantz�

Isodynamic Separator Model L-1 and were analyzed by
XRD. A subset of the magnetically separated minerals was
analyzed by a Hitachi� S-2300 SEM to identify the nature
of crystallinity of magnetic minerals.

Organic carbon and inorganic sediment sulfur analyses
Thirty sediment samples from three monitoring well sites
were analyzed for total organic carbon (TOC) and inorganic
sediment sulfur. TOC was analyzed using a Shimadzu� TOC
5050 analyzer equipped with the solid sample module (SSM
5000A). Reduced inorganic sulfur compounds (pyrite + ele-
mental sulfur + acid volatile monosulfides) were measured
by the chromium reduction method or Canfield method
(Canfield et al., 1986). Chromium reduction does not reduce
or liberate either organic sulfur or sulfate sulfur, which
makes the method specific only to reduced inorganic sulfur
phases. The detection limits for TOC and inorganic sediment
sulfur were 0.1% and 0.01% of sediment, respectively. Table
4 shows the results of TOC and reduced sediment sulfur in
the sediments.

Groundwater quality data from irrigation wells

Groundwater quality data (Table 5) were obtained from
existing irrigation wells (Kresse and Fazio, 2002) in the re-
search area. The wells ranged in depth from approximately
24–49 m. Groundwater samples were collected from as



Table 3 As concentration (mg/kg) from Tessier’s sequential extraction and a separate single extraction of hot HNO3 and H2SO4

Depth (m) Lithology Exchangeable Carbonates Amorphous
Fe + Mn oxide

Organic Hot HNO3 Extraction
total

Hot HNO3

and H2SO4

DRL1
0 Sandy Silt <0.037 0.31 0.47 0.22 0.75 1.44 1.59
0.3 Silty Sand 0.05 <0.37 5.98 5.25 4.45 16.7 18.1
0.6 Silty Sand <0.037 <0.37 0.45 0.16 1.11 1.73 2.10
2.1 Clayey Silt <0.037 <0.37 0.38 0.13 2.09 2.60 2.95
3 Clayey Silt <0.037 <0.37 0.41 0.15 1.83 2.39 3.01
4.9 Sandy Silt <0.037 <0.37 0.53 <0.12 1.07 1.60 3.18
6.1 Clayey Silt <0.037 <0.37 0.68 <0.12 1.74 2.42 2.38
7 Clayey Silt <0.037 <0.37 0.57 <0.12 2.88 3.44 2.63
7.6 Silty Sand <0.037 <0.37 0.25 <0.12 0.79 1.04 4.10
8.8 Sand <0.037 <0.37 0.52 <0.12 1.62 2.18 1.97

10.1 Sand <0.037 <0.37 0.24 <0.12 0.78 1.02 2.09
13.7 Sand <0.037 <0.37 <0.12 <0.12 0.23 0.23 <0.5
16.8 Sand <0.037 <0.37 0.13 <0.12 0.25 0.37 <0.5
18.3 Sand <0.037 <0.37 0.46 <0.12 1.04 1.50 <0.5
21.3 Clay Lens <0.037 <0.37 0.50 <0.12 4.55 5.05 0.79
24.4 Sand <0.037 <0.37 <0.12 <0.12 0.14 0.14 4.33
25.9 Sand <0.037 <0.37 0.21 <0.12 0.31 0.51 <0.5
33.5 Sand <0.037 <0.37 0.14 <0.12 0.36 0.50 <0.5
36.4 Sand <0.037 <0.37 0.17 <0.12 1.15 1.32 <0.5
36.6 Clay Lens <0.037 <0.37 1.10 <0.12 3.38 4.55 1.35

DRL2
0.0 Silt 0.07 <0.37 0.99 <0.12 1.99 3.05 3.35
0.8 Sandy Silt <0.037 <0.37 0.44 <0.12 1.91 2.59 2.58
1.5 Clayey Silt <0.037 <0.37 0.49 <0.12 2.10 3.99 3.68
2.4 Sandy Silt <0.037 <0.37 0.99 <0.12 3.40 2.35 3.15
4.0 Clayey Silt <0.037 <0.37 1.14 <0.12 2.85 4.39 3.78
5.5 Sandy Silt 0.06 <0.37 0.46 <0.12 1.59 2.11 2.58
6.4 Clayey Silt <0.037 <0.37 0.61 <0.12 2.58 3.19 1.67
7.6 Silt <0.037 <0.37 0.56 <0.12 1.72 2.28 1.53
9.1 Sand <0.037 <0.37 <0.12 <0.12 0.27 0.27 <0.5

10.7 Sand <0.037 <0.37 0.65 <0.12 3.60 4.25 1.80
12.2 Sand <0.037 <0.37 <0.12 <0.12 0.27 0.27 <0.5
13.7 Clayey Silt <0.037 <0.37 <0.12 <0.12 0.13 0.13 <0.5
15.2 Sand <0.037 <0.37 <0.12 <0.12 0.13 0.13 <0.5
18.3 Clay <0.037 <0.37 0.59 <0.12 1.37 1.96 0.79
21.3 Sand 0.05 <0.37 0.37 <0.12 1.00 1.42 0.70
30.5 Sand <0.037 <0.37 0.12 <0.12 0.20 0.20 <0.5

DRL6
0.0 Sandy Silt 0.07 <0.37 0.28 <0.12 1.92 2.27 2.42
0.6 Silt <0.037 <0.37 0.28 <0.12 1.79 2.07 2.10
1.1 Clayey Silt 0.08 <0.37 1.45 <0.12 5.45 6.98 4.43
5.5 Sandy Silt <0.037 <0.37 0.27 <0.12 0.47 0.74 <0.5
7.3 Clayey Silt <0.037 <0.37 2.22 <0.12 3.53 5.75 2.38
8.2 Silty Clay 0.04 <0.37 0.84 <0.12 1.92 2.80 1.14

10.4 Clayey Sand <0.037 <0.37 0.43 <0.12 0.70 1.12 0.56
10.7 Clayey Sand <0.037 <0.37 0.33 <0.12 0.86 1.19 0.56
11.0 Silty Sand <0.037 <0.37 0.21 <0.12 0.46 0.67 <0.5
12.2 Silty Sand 0.04 <0.37 5.10 <0.12 22.8 27.9 9.30
12.8 Sand <0.037 <0.37 2.02 <0.12 2.40 4.42 2.63
15.2 Sand <0.037 <0.37 0.25 <0.12 0.61 0.86 0.68
24.4 Sand <0.037 <0.37 0.64 <0.12 1.83 2.46 1.51
27.4 Sand <0.037 <0.37 0.17 <0.12 0.45 0.62 <0.5
30.5 Sand 0.06 <0.37 0.26 <0.12 0.90 1.22 0.94
36.6 Sand 0.06 <0.37 0.24 <0.12 0.79 1.09 0.91
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Table 4 Total organic carbon and reduced inorganic sulfur analyses results

Lithology Depth (m) *TC (%) *TIC (%) *TOC (%) *IS (%) Remarks

Sandy Silt 0 ND ND ND *ND No sediment sulfide is detected
above the water tableClayey Silt 1.1 1.20 1.04 0.16 *ND

Sandy Silt 5.8 0.18 <0.1 <0.1 *ND
Clayey Sand 7.3 0.97 0.16 0.81 0.043
Silty Clay 8.2 0.84 0.12 0.72 <0.01
Clayey Sand 10.1 0.18 ND 0.18 *ND
Silty Sand 11 <0.1 ND <0.1 *ND
Sand 12.8 <0.1 ND <0.1 0.032
Clay Lens 24.4 0.17 ND 0.17 <0.01
Sand 36.6 <0.1 ND <0.1 <0.01
Silt 0.1 0.43 ND 0.43 ND Sediment sulfide is present

below the water tableClayey Silt 1.5 0.11 <0.1 0.11 ND
Clayey Silt 6.4 0.16 ND 0.16 ND
Silty Sand 6.7 <0.1 ND <0.1 ND
Silt 7.6 0.24 ND 0.24 ND
Sand 10.7 0.67 ND 0.67 0.047
Sand 12.2 <0.1 ND <0.1 ND
Sand 21 0.28 ND 0.28 <0.01
Sand 21.3 <0.1 ND <0.1 <0.01
Sandy Silt 0.1 0.17 ND 0.17 ND Significant sediment sulfide is

also present in sands at depthsClayey Silt 2.1 0.17 ND 0.17 ND
Clayey Silt 3 0.20 ND 0.20 ND
Sandy Silt 4.9 <0.1 ND <0.1 ND
Clayey Silt 6.1 0.10 ND 0.10 ND
Sandy Silt 6.4 <0.1 ND <0.1 ND
Sand 10.2 <0.1 ND <0.1 ND
Sand 18.3 <0.1 ND <0.1 <0.01
Clay Lens 18.6 <0.1 ND <0.1 0.016
Sand 33.5 ND ND ND ND
Clay Lens 36.6 0.76 ND 0.76 0.11
*ND, not detected.
*TC, total carbon, TOC analyzer, detection limit: 0.1%.
*IC, inorganic carbon, TOC analyzer, detection limit: 0.1%.
*IS, inorganic sulfide, Canfield method, detection limit: 0.01%.
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near to the wellhead as possible and delivered to the ADEQ
laboratory for analysis of major ions and trace metals.
Groundwater samples were labeled numerically after the
initials ‘‘JF’’ for Jefferson County of Arkansas. Groundwater
samples for analysis of metals were filtered through a
0.45 lm pore-sized membrane and preserved with nitric
acid to a pH of 2.0. Trace metals, including As, were run
on a plasma optical-emission mass spectrometer by EPA
method 200.8. Analysis of temperature, pH, and conduc-
tance was performed in the field at the time of sampling
with an Oriontm multifunction portable meter.

The water quality data were lacking several important
redox-sensitive parameters, including Fe and As speciation,
dissolved oxygen (DO), dissolved hydrogen sulfide, and oxi-
dation reduction potential (ORP). In order to supplement
the necessary geochemical parameters, including redox-
sensitive chemical parameters (DO, ORP, As and Fe specia-
tion data, dissolved hydrogen sulfide, volatile organic
carbon), groundwater quality data generated from three
pairs of nested monitoring wells (10 and 36 m deep) in the
research area are considered.
Groundwater flow path

Survey-grade GPS (Trimble� 4000SSE) with a fast static
method of data collection was used with one control recei-
ver placed over a known control point, usually in the middle
of the survey area. A rover or remote receiver was used at
each unknown station (here irrigation-well site) for 5–
20 min to collect survey data depending on the baseline
length, the number of visible satellites, the geometric con-
figuration, and the method used. Two GPS receivers were
used to measure a GPS baseline vector. The line between
a pair of GPS receivers from which simultaneous GPS data
were collected and processed was a vector referred to as
a baseline (Hofmann-Wollenhof et al., 2001).

The collected GPS data were post-processed to increase
the positional accuracy of the surveyed site. The Trimble
Geomatics Office software v. 1.62 provided the ability to
generate post-processed GPS baseline solutions when the
baseline processor module (BPM) was installed. The BPM
used the weighted ambiguity vector estimator (WAVE)
for baseline solutions. This program was used to compute



Table 5 General statistics of the chemical data of irrigation water wells used for groundwater quality monitoring in the area
(Kresse and Fazio, 2002)

Parameters measured Minimum Maximum Mean Median Std. deviation

Water level (m) 3.3 12.4 7.4 7 2.16
Temperature (�C) 17.3 19.5 17.9 18 0.47
Conductivity (lS/cm) 148 1353 528 421 309
TDS (mg/L) 168 746 327 261 157
pH 6.11 7.06 6.7 6.8 0.24
Alkalinity (mg/L as CaCO3) 52 437 219 188 111
Hardness (mg/L) 43 491 203 164 127
As (lg/L) 0.73 50 14.1 7 15.3
Fe (mg/L) 1.87 41 11.9 10.5 8.1
Ca (mg/L) 10.6 143 58.7 48.6 37.6
Mg (mg/L) 4.1 33.5 13.8 10.3 8.3
Na (mg/L) 10.7 72 25.1 18.7 15.1
K (mg/L) 0.46 4.9 1.96 1.9 1.05
Mn (mg/L) 0.29 1.8 0.68 0.6 0.37
Cl (mg/L) 4.82 116 25.5 18 27.9
SO4 (mg/L) 0.95 85.2 12.2 4 19.1
NO3–N (mg/L) <0.01 2.25 0.14 0.02 0.43
NH3–N (mg/L) 0.04 1.06 0.29 0.23 0.25
PO4–P (mg/L) <0.005 0.1 0.03 0.02 0.03
Ni (lg/L) <0.5 4.4 1.9 2 0.75
Cu (lg/L) <5 46 7.2 5 7.8
SiO2 (mg/L) 24.7 51.7 33.5 32.3 4.8
Br (mg/L) <0.01 0.52 0.12 0.09 0.12
Ba (lg/L) 0.12 0.78 0.27 0.14 0.17
B (lg/L) 4.5 48.6 18.5 13.4 14.7
F (mg/L) <0.01 0.4 0.24 0.23 0.08
Zn (lg/L) <1 5 1.8 1.7 1
V (lg/L) <0.5 1.9 1 1 0.33
Cr (lg/L) <0.4 3 0.7 0.5 6.6
TOC (mg/L) 0.33 11 2.8 1.8 2.5

Figure 2 Groundwater flow vectors and modeled flow lines
with irrigation water wells (solid circles) and nested monitoring
wells (solid squares) in the study area.
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baseline solutions from GPS field observations made using
the fast static method of data collection. The baseline pro-
cessor used both carrier phase and code observations to pro-
duce three-dimensional GPS baselines between survey
points. The station coordinate differences were calculated
in terms of a 3D, earth-centered coordinate system that uti-
lized X, Y, and Z values based on the WGS 84 geocentric
ellipsoid model. The vertical accuracy of fast static surveys
was two centimeters or less.

The depth to groundwater was measured with a Solinst�

Model 101 water-level meter. Accurate groundwater eleva-
tion for each irrigation well site was calculated from the
measured water level and the post-processed, land-surface
elevation data for the same irrigation well site. The post-
processed groundwater elevation data from 174 irrigation
water wells in Jefferson County, Arkansas, were used to
prepare a detailed high-precision groundwater flow map.
Groundwater flow vectors and modeled flow lines are shown
on the groundwater flow map (Fig. 2).

Inverse geochemical modeling

The USGS geochemical code PHREEQC (Parkhurst and
Appelo, 1999) was used for inverse geochemical modeling.
General flow direction from a high-precision water level
contour map was used to select initial and final loca-
tions for groundwater quality wells. Due to better spatial
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coverage with respect to groundwater flow paths in the
area, groundwater quality data of irrigation wells were
used in the inverse geochemical models. The model was
run along four predefined flow lines (JF19–JF10, JF21–
JF10, JF23–JF10, and JF13–JF10) moving down gradient.
Potential phases (minerals) for the model run were se-
lected from XRD, SEM, and chemical analysis of sediment
samples. Potential phases in the inverse modeling were
constrained (precipitation/dissolution) using a conceptual
model of general trends in chemical data and saturation
indices (logarithm of the quotient of the ion activity
product (IAP) and solubility product constant (KSP)) data
(over-saturated phases were allowed to precipitate) of
groundwater of selected water-wells (Table 6) derived
from MINTEQA2 (Allison et al., 1991).

The inverse modeling in PHREEQC takes into account
uncertainty limits that are constrained to satisfy the mole
balance for each element and valance state, as well as
the charge balance for each solution within the simulation.
The simulations were constrained within the specified
uncertainty limit, which were selected as 0.025 or 0.05 as
default for all model runs. The models were first run using
the ‘‘Minimal’’ identifier. After checking for adequacy and
geochemical consistency, the models were rerun using
‘‘Multiple Precision Solver’’ (with a default tolerance of
1E � 12) without the ‘‘Minimal’’ identifier for details. A
set of uncertainty terms is generated for each inverse model
by the PHREEQC program to account for uncertainties in the
model simulation: (1) the sum of residuals is the sum of
the uncertainty of the unknowns weighted by the inverse
of the uncertainty limit (for this application it is <8), (2)
the sum of delta/uncertainty is the sum of the adjustments
to each element concentration weighted by the inverse of
the uncertainty limit (for this application it is <8), and (3)
Table 6 Saturation indices (MINTEQA2) data showing supersatura
that present as finite solids) and undersaturated phases in ground

Phases JF10 JF13 JF1

Sphalerite �4.46 Supersaturated �5
FeS (ppt) �9.85 �2.29 �1
Ferrihydrite �6.01 �6.01 �5
Goethite �3.26 �3.25 �2
Hematite �4.15 �4.14 �2
Siderite �0.29 Supersaturated Sup
Fluorite �1.91 �1.60 �2
Halite �8.26 �8.08 �8
Calcite �0.58 �0.05 �0
Dolomite �1.49 �0.47 �1
Gypsum �3.25 �2.23 �3
Barite �0.80 Supersaturated �0
Manganite �8.92 – �9
Magnesite �1.84 �1.34 �1
Vivianite �4.84 �5.97 �5
FeAsO4 Æ2H2O �19.0 �19.0 �1
Groundwater in all the wells is supersaturated with quartz, magnetite
Saturation index (SI) = log [Ion activity product (IAP)]/[Equilibrium con
either super-saturated or under-saturated. Saturation indices were cal
1991). MINTEQA2 program uses built-in thermodynamic databases wi
GASES.DBS).
maximum fractional error in element concentration is the
adjustment to any element concentration in any solution
(for this application it is <0.07). If no adjustments are made,
all three quantities would be zero.

Results

Sediment geochemistry

The qualitative identification of XRD detects quartz, ortho-
clase feldspar, calcite, dolomite, gypsum, fluorite, goe-
thite, hematite, magnetite, kaolinite, smectite, illite, and
chlorite as crystalline phases in the sediment samples. No
pure As mineral phases (e.g. realgar, orpiment, arsenopy-
rite) were identified by XRD and SEM analysis. SEM analyses
of magnetic minerals revealed a mix of well crystalline,
poorly crystalline (semi/sub-crystalline), and amorphous
phases. The amorphous magnetic phases are assumed to
be ferrihydrite, the most common Fe oxyhydroxide in sedi-
mentary environments. Amorphous Fe oxyhydroxide phases
were also quantified by chemical extraction step of Tes-
sier’s five-step sequential extraction procedures using Chao
reagent (Tessier et al., 1979; Chao and Zhou, 1983), which
dissolves amorphous phases of Fe and Mn oxyhydroxides.
The extraction step using Chao reagent of the Tessier’s
sequential extraction procedure is well reported in the sci-
entific community (Rodriguez et al., 2003; Miller, 2001;
Chao and Zhou, 1983) for determining amorphous metal
oxide surface population. Specifically, Fe concentrations
in sediment extracts extracted by Chao reagent are used
to back-calculate (using molecular ratio of Fe/amorphous
Fe oxyhydroxide) the amount of amorphous Fe oxyhydroxide
that was present on the sediment grains as coatings (Dzom-
bak and Morel, 1990; Parkhurst and Appelo, 1999). Sequen-
ted phases (super-saturated phases are allowed to precipitate
water

9 JF21 JF23

.49 Supersaturated �5.40
1.1 �2.65 �7.86
.22 �5.78 �6.14
.45 �3.02 �3.80
.54 3.67 �4.39
ersaturated �0.60 Supersaturated
.80 �2.25 �2.05
.06 �8.40 �8.26
.40 �1.33 �0.92
.20 �2.94 �2.31
.30 �2.96 �2.92
.38 �0.28 �0.49
.83 – �8.14
.72 �2.54 �2.34
.56 �5.01 �2.78
6.3 �17.7 �18.4
, pyrite, and Ba3 (AsO4)2
stant (KT) at temperature T. Phases are constrained to be present
culated by the computer program MINTEQA2 v. 1.50 (Allison et al.,
th the program itself (THERMO.DBS, TYPE6.DBS, REDOX.DBS, and
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Figure 4 HCO�3 , Ca2+, Mg2+ increases as calcite approaches
equilibrium due to the influence of the common ion effect.
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tial extraction results of 60 sediment samples collected
from the entire depth profile (0–36.5 m) of monitoring wells
showed that 20% total As (2–10 mg/kg) is complexed with
amorphous Fe and Mn oxides in aquifer sediments. Arsenic
abundance is not significant in exchangeable, carbonates
or organic matter.

The results of chemical analyses showed that the organic
matter content varied from below detection to 1% of the
sediments. No reduced sulfur phases (e.g. pyrite or sedi-
ment sulfide) were detected in the sediments above the
water table. But, significant reduced sulfur phases (below
detection to 0.04%) were present in the sediments below
the water table. Significant reduced sulfur phases were also
present in sands at depth (10–36.6 m).

General geochemical trends in groundwater

The groundwater in the area is generally of Ca2+–HCO�3 type
(Fig. 3), with Ca2+ (10–143 mg/L) and HCO�3 (63–533 mg/L).
Water–rock interactions and associated chemical reactions
(precipitation, dissolution, cation exchange, and adsorp-
tion) are responsible for the variation of chemical composi-
tion in groundwater. In the recharge area, the dominant
geochemical process is the dissolution of carbonate miner-
als (e.g. calcite and dolomite), which contributes the
Ca2+, Mg2+, and HCO�3 to the groundwater. Chemical analysis
of groundwater shows a general increase of Ca2+, Mg2+, alka-
linity, pH, and TDS as the groundwater moves away from the
recharge area (down gradient) which could be the result of
calcite and dolomite dissolution. The concentration (meq/L)
of (Ca2+ + Mg2+) and ðHCO�3 þ SO2�

4 Þ in groundwater samples
show that both carbonate and silicate dissolution are
present in the area. Groundwater in all the water-wells in
the area is supersaturated with respect to silica. Localized
Figure 3 Piper’s (1944) diagram of the geoche
gypsum dissolution along the flow path contributes both
Ca2+ and SO2�

4 to groundwater. The Ca2+ released by the dis-
solution of gypsum leads to the precipitation of additional
calcite and an increase in CO2, which leads to a slightly
low pH and supersaturation or near equilibrium of ground-
water with calcite. This phenomenon is referred to as com-
mon-ion driven precipitation or common ion effect (Back
and Hanshaw, 1970; Langmuir, 1997). The common ion ef-
fect of gypsum dissolution and calcite precipitation is often
accompanied by dolomite dissolution, leading to the ob-
served increase in Mg2+ (Fig. 4) in groundwater (JF1, JF2,
JF3, JF9, JF11, JF12, JF13, and DRL6S). Gypsum is control-
ling Ca2+ solubility where SO2�

4 concentration is relatively
high. Anaerobic decay of organic matter and SO2�

4 reduction
(both reaction release CO2) are controlling the SO2�

4 concen-
tration in groundwater and subsequent increase in HCO�3
and decrease in pH. HCO�3 is always higher than equivalent
Ca2+, which is an indication that some HCO�3 is also coming
mical evolution of groundwater in the area.
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from processes other than calcite dissolution, or the Ca2+ is
lost in the cation exchange reactions. Dissolution of silicate
(albite) and oxidation of organic matter may have produced
the excess HCO�3 in the groundwater. The concentrations of
Na+ and Cl� are relatively high away from the recharge area.
An increase in Na+/Cl� ratios results in decreasing
(Ca2+ + Mg2+)/HCO�3 ratios that are consistent with cation
exchange along with high Na+/Cl� ratios. The concentra-
tions (meq/L) of Na+ and Cl� in groundwater provide evi-
dence that halite dissolution is not a major process
controlling Na+ and Cl� in groundwater. Na+ is compara-
tively higher than Cl� in (more than half of all the irrigation
wells) the majority of the wells, shows the evidence of
silicate dissolution and cation exchange, rather than disso-
lution of halite (Kresse and Fazio, 2002). The Cl� concentra-
tions in the groundwater are relatively high (up to 116 mg/
L) in the northeast and southeast portion of the study area,
which may be the result of local recharge gained from
surface contribution as recharge by river or irrigation return
flow. There is a general decrease in ORP (measured as
relative millivolt, RmV), DO, and NO�3 N and a corresponding
increase in NH4–N along the flow path.

Hydrogeochemical data and the redox environment in
the aquifer suggests reductive dissolution of Fe oxyhydrox-
ide as the dominant As release mechanism. Calcite and
gypsum solubility and simultaneous SO2�

4 reduction with
co-precipitation of As and sulfide is an important limiting
process controlling the concentration of dissolved As in
groundwater. Spatial and temporal variability of As are con-
trolled by spatial distribution of redox zones and the state
of redox conditions, which depend on recharge potential,
permeability of the upper aquitard, irrigation, and local
flow dynamics in the aquifer. The redox state is the primary
control on the rate of Fe oxyhydroxide reduction and the
amount of As in groundwater.

Comparison of As geochemistry to alluvial aquifers
in Bangladesh

Although the sediment As concentrations and groundwater
chemistry in the alluvial aquifer of the Mississippi River Val-
ley in southern Arkansas are similar to those in Bangladesh,
the aqueous As concentrations in the research area (<0.5–
77 lg/L) are generally far less than the values found in Ban-
gladesh (2.5–846 lg/L; Ahmed et al., 2004). In Bangladesh,
PO3�

4 concentrations (up to 8.75 mg/L; Swartz et al., 2004;
Ahmed et al., 2004) in groundwater are very high compared
to that in the research area (<0.1 mg/L). The most notice-
able difference between the groundwater in Bangladesh
and the research area is the concentration of SO2�

4 and its
function relative to the reducing environment. Extensive
SO2�

4 reduction has probably not occurred in Bangladesh,
and thus As remained mobile in SO2�

4 reducing conditions
(Zheng et al., 2004). One possible explanation for As to re-
main mobile in SO2�

4 reducing conditions in groundwater of
Bangladesh is because there was insufficient initial SO2�

4

(<3 mg/L; Ahmed et al., 2004) to produce extensive SO2�
4

reduction, and authigenic sulfide precipitation to remove
all the dissolved As (Zheng et al., 2004). On the contrary,
in the research area within the Mississippi River Alluvial
aquifer in Arkansas, SO2�

4 concentration varies from 1 to
46 mg/L, both spatially and vertically. At DRL6, SO2�

4 con-
centration is sharply reduced from 46 mg/L (DRL6S) to
1.4 mg/L (DRL6D), indicating extensive SO2�

4 reduction,
and almost complete removal of dissolved As from
49.4 lg/L (DRL6S) to 1 lg/L (DRL6D). At DRL2, SO2�

4 behaves
in the same way as in Bangladesh, where initial SO2�

4 con-
centration is very low (<1.5 mg/L) with relatively high As
(>10 lg/L) at DRL2S. Insufficient initial SO2�

4 concentration
at DRL2S leads to insignificant SO2�

4 reduction and sulfide
precipitation, which ensures high dissolved As (>10 lg/L)
at DRL2D. Aqueous As in Bangladesh is usually present as
As3+ (67–99%; Ahmed et al., 2004). Dissolved S2� (62 mg/
L; Broms and Fogelstörm, 2001) and NHþ4 (up to 13.2 mg/
L; Bhattacharya, 2002) are also present at relatively higher
concentrations in Bangladesh. High concentration of bio-
genic CHþ4 gas (>1% of CO2 by volume) is reported in the
groundwater in Bangladesh to be the byproduct of the
microbial degradation of organic matter (Ahmed et al.,
1998). Peat deposits are widespread and very common in
the sedimentary sequence of alluvial aquifer in Bangladesh,
which is considered as the potential redox driver for reduc-
tive dissolution of hydrous ferric oxides (HFO) (McArthur
et al., 2004). Finally, the depositional environment of allu-
vial sediments in Bangladesh was different compared to the
depositional history in the research area. The Ganges–Brah-
maputra–Meghna River system transports huge amounts of
sediment, and converge at the lower reaches (only several
hundred kilometers from the source area) to form the great
delta complex Ganges–Brahmaputra–Meghna (GBM) delta
system. The deposited less reworked sediments are mostly
immature with huge amounts of active organic matter (fer-
mentation was incomplete) as the rate of deposition and
successive burial was too fast to complete weathering pro-
cesses (Brammer, 1996).

Interpretation of inverse modeling results

Potential phases in the inverse modeling were constrained
(precipitation/dissolution) using compiled data of satura-
tion indices derived from MINTEQA2 and a conceptual
model inferred from general trends in chemical analyses
data of groundwater. The inverse model was constrained
so that primary mineral phases including quartz, calcite,
dolomite, gypsum, halite, fluorite, ferrihydrite, and goe-
thite were set to dissolve until they reached saturation,
and siderite, FeS, and vivianite were set to precipitate
once they reached saturation. Cation exchange reactions
of Ca2+ for Na+ on exchange sites were included in the
model as a source for excess Na+ in groundwater. Carbon
dioxide and NH4–N were assumed to be available through-
out the flow path by incorporating reactions that produce
oxidation of organic matter. Fe oxyhydroxide and SO2�

4

reduction by respiring microorganisms were considered to
lead to sulfide precipitation. Kirk et al. (2004) reported
that a mixed metabolic zone of microbial activity with
variable rates of bacterial SO2�

4 reduction is controlling
dissolved As in the alluvial aquifer in the Mahomet aquifer
system, central Illinois, United States. The model also
includes a H2S gas phase due to the observation of H2S
odor during collection of groundwater samples, detection
of dissolved S2� in groundwater, and the presence of sig-
nificant sulfide phases (<0.01–0.04% of sediment samples)
in the sediments.



Table 7 Inverse modeling along the flow path JF21–JF10

Mineral
phases

Phase
state

Phase mole
transfers JF23–JF10

Phase mole
transfers JF21–JF10

Phase mole
transfers JF19-JF10

Phase mole
transfers JF13-JF10

Calcite Dissolving 2.74E � 04 1.40E � 03 1.35E � 03 –
Gypsum Dissolving 2.33E � 04 – – 8.80E � 06
CH2O Dissolving 5.92E � 04 3.11 2.07 2.88
Halite Dissolving 1.35E � 04 2.13E � 04 – 1.56E � 04
Fluorite Dissolving 5.32E � 07 4.15E � 06 3.43E � 06 3.04E � 06
Fe(OH)3(a) Dissolving 1.79E � 04 1.25E + 01 8.29 –
FeS (ppt) Precipitating �2.72E � 04 �9.34 �7.68 �8.65
H2S(g) Dissolving – 9.34 7.68 8.65
Siderite Precipitating – �3.11 �6.12E � 01 �2.88
Sphalerite Dissolving �2.44E � 08 1.11E � 08 – 9.78E � 09
Barite Dissolving 5.11E � 07 8.15E � 07 4.69E � 07 �2.03E � 07
Vivianite Precipitating �1.61E � 07 �2.64E-07 �7.09E � 07 �2.27E � 07
NaX Dissolving 2.51E � 04 2.09E � 04 –
CaX2 Precipitating �2.27E � 04 �4.93E-04 �4.77E � 04 –
CO2(g) Precipitating – – �1.46 –
NH3(g) Dissolving 6.43E � 06 – – –

Inverse model calculations were conducted using the computer program PHREEQC v. 2.13.0 (Parkhurst and Appelo, 1999). Thermody-
namic database used: phreeqc.dat values are in mol/kg H2O. Positive (mass entering water) and negative (mass leaving water) phase mole
transfers indicate dissolution and precipitation, respectively.
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Modeling results show that carbonates, gypsum, halite,
fluorite, goethite, ferrihydrite, carbon dioxide (gas), and
hydrogen sulfide (gas) are dissolving, whereas sphalerite,
FeS, siderite, barite, and hematite are mostly precipitating
along different flow paths in the groundwater system of
the area. The Ca2+ released by the dissolution of gypsum
leads to the precipitation of additional calcite, and an in-
crease in CO2, which leads to a slightly lower pH and super-
saturation or near equilibrium of calcite. Cation exchange
is contributing the relative abundance of Na+ in groundwa-
ter. The groundwater is supersaturated with respect to
quartz, hematite, magnetite, and pyrite based on saturation
indices data from MINTEQA2. Siderite is precipitating in all
the model runs, which is a limiting factor for Fe2+ in ground-
water. The dissolution of Fe oxyhydroxide phases (e.g. fer-
rihydrite) is occurring in all the model runs, which is
prerequisite for microbially mediated reductive dissolution
of Fe oxyhydroxide as the releasing mechanism of As in
groundwater. The precipitation of sulfide phases (e.g. sphal-
erite) along flow lines indicates the reduction of SO2�

4 and
simultaneous precipitation of sulfide phases (e.g. sphalerite,
FeS). The presence of significant amounts of dissolved S2�

and Fe2+ in groundwater and solid sediment sulfide in sedi-
ments indicates that SO2�

4 reduction and co-precipitation of
sulfide and As might be an important geochemical process
in the area. A mixed metabolic zone (Fe oxyhydroxide reduc-
ing bacteria, SO2�

4 reducing bacteria, and methanogens) of
microbial activity may develop, where individual microbial
activity may outcompete each other, or they may proceed
simultaneously (Kirk et al., 2004). The relative rate of Fe
oxyhydroxide reduction over SO2�

4 reduction with simulta-
neous co-precipitation of As as sulfide phases are the limiting
factors controlling dissolved As in groundwater. The sum-
mary of the most optimum inverse model (JF21–JF10) for
the selected simulations with phase mole transfers for the
minerals and gases along the flow paths are given in Table 7.
Conclusions

The groundwater in the study area is characterized by the
Ca2+–HCO3

� hydrochemical facies. Anions are dominantly
composed of HCO�3 . Cations are mostly composed of Ca2+

with a trend towards a localized increase in Na+. Chemical
analysis of groundwater shows a general increase in Ca2+,
Mg2+, alkalinity, pH, and TDS as the groundwater moves
away from the recharge area towards the discharge area
(down gradient), which is the result of carbonate and sili-
cate dissolution. Groundwater in all the irrigation and mon-
itoring wells in the area is supersaturated with silica. The
concentrations of (Ca2+ + Mg2+) and ðHCO�3 þ SO2�

4 Þ show
that both carbonate and silicate dissolution occurs in the
aquifer. Localized gypsum dissolution along the flow path
contributes both Ca2+ and SO2�

4 to groundwater, which leads
to a slightly low pH and supersaturation or near equilibrium
of calcite due to the common ion effect. The common ion
effect of gypsum dissolution and calcite precipitation is of-
ten accompanied by dolomite dissolution, which leads to
the observed increase in Mg2+ in groundwater. Gypsum is
controlling Ca2+ solubility where SO2�

4 concentration is rela-
tively high. Calcite is generally near equilibrium where SO2�

4

is relatively high. The concentration of HCO�3 in groundwa-
ter is always higher than equivalent amount of Ca2+, which
is an indication that either some HCO�3 is also coming from
processes other than carbonate dissolution, or some Ca2+

is lost in cation exchange reactions. Dissolution of silicate
and oxidation of organic matter may have produced some
HCO�3 in the groundwater. Oxidation reduction potential
and other redox sensitive chemical parameters show that
the groundwater in the area falls in the mildly reducing
(suboxic zone) to relatively highly reducing zone (anoxic
zone). Hydrogeochemical data and redox environment in
the area suggest microbially-mediated reductive dissolution
of Fe oxyhydroxide as the dominant As release mechanism in
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the area. Gypsum solubility and simultaneous SO2�
4 reduc-

tion with co-precipitation of As and sulfide is an important
limiting process controlling the concentration of dissolved
As in groundwater in the area.

The inverse geochemical modeling demonstrated that
relatively few phases are required to derive the differences
in groundwater chemistry along the flow path in the area.
Inverse modeling suggests that dissolution of carbonate,
gypsum, silica, and reductive dissolution of Fe oxyhydroxide
and SO2�

4 mediated by oxidation of organic matter and
microbial processes are the dominant geochemical pro-
cesses in the area. Cation exchange of Ca2+ for Na+ and pre-
cipitation of sulfide phases are also important geochemical
processes in the aquifer system of the area. The inverse
geochemical modeling supports the conceptualization of
general hydrogeochemical processes gained from interpre-
tation of general trends in the geochemical data. The model
can incorporate the reductive dissolution of Fe oxyhydrox-
ide as the dominant As release mechanism. Inverse model-
ing also demonstrates that gypsum solubility and
simultaneous SO2�

4 reduction with co-precipitation of As
and sulfide are important limiting processes controlling
the concentration of dissolved As in groundwater.
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