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Highlights
1. The mineralogy of sediments from an As-contaminated aquifer and riverbank were

spectroscopically characterized.

2. Elevated concentrations of As were associated with clay minerals containing Fe(II) and with
organic matter in fine-grained sediments.

3. As in sandy sediments was associated with Fe-hydroxide coatings and had lower
concentrations than finer grained sediment.

4. The sediment thermal treatment used provides a proxy for amount of organic matter and

structural Fe(Il) in a sample.
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Abstract

Sedimentary arsenic (As) in the shallow aquifers of Bangladesh is enriched in finer-grained
deposits rich in organic matter, clays, and iron (Fe)-oxides. In Bangladesh, sediment color is a
useful indicator for low As-aquifers. Orange sediment are usually high in Fe-oxides which As
bounds to. Taking advantage of this color signal, spectroscopic measurements alongside thermal
treatment have been extensively utilized for analyzing for Fe and clay minerals. This study uses
Fourier transform infrared (FTIR) and diffuse reflectance (DR) measurements along with thermal
treatment to evaluate the solid-phase associations of As from sediment along the Meghna River
and its adjacent As contaminated aquifer in Bangladesh. Thermal treatment caused a deepening of
reddish-brown hues in all samples, and the greatest change of color was observed in the fine-grain
samples. Results revealed that clay minerals were composed primarily of phyllosilicates. The
majority of Fe in sands was present as goethite; however, in the clay and silt samples, Fe was
incorporated into the structure of clay minerals as Fe(II). Concentrations of As were highest in the
fine-grain samples, after thermal treatment, the finer-grained samples showed higher removal of
As (Avg = 40%) than sand samples (Avg = 20%). These findings indicate that significant

proportions of solid-phase As may be regulated by OM and Fe(II)-bearing clay minerals.
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1 Introduction

Geogenic arsenic (As) pollution in the shallow aquifers (< 60 m) of the Bengal basin threatens
the health of millions who rely on the groundwater as their primary source of drinking water (Smith
et al., 2000; Flanagan et al., 2012). Recent deposition of As-bearing sediments throughout the
Holocene from the weathering of As-rich parent rocks along the Himalayan orogenic belt has been
implicated as the primary source of As in the shallow aquifers of the Bengal basin (Smedley &
Kinniburgh, 2002; Mukherjee et al., 2014; Chakraborty et al., 2015). The regional occurrence
geogenic As and the heterogeneous distribution of As concentrations in the Holocene aquifers have
complicated efforts to determine the exact nature of As in the sediments that is easily mobilized
and dissolved into the groundwater.

The most plausible explanation and mechanism for the release of As from Fe minerals is the
microbially mediated dissolution of Fe-oxide coatings on the surface of sand grains and clay
minerals fueled by labile organic matter (Nickson et al., 1998; Nickson et al., 2000; Bhattacharya
et al., 2001; McArthur et al., 2001; Islam et al., 2004; McArthur et al., 2004; Zheng et al., 2004;
Hasan et al., 2007; Glodowska et al., 2020; Qiao et al., 2020; Vega et al., 2020). While the
reductive dissolution of Fe-oxides may explain a relatively high proportion of the As released to
solution, secondary minerals, such as Fe-oxides, are formed diagenetically in the sediment.
Because of this, numerous other constituents have been cited as major hosts for As in the solid
phase within the aquifer sediment including sulfides (Polizzotto et al., 2005; Polizzotto et al., 2006;
Lowers et al., 2007), micaceous minerals and clays (Anawar et al., 2003; Hasan et al., 2007;
Seddique et al., 2008; Masuda et al., 2012), and organic matter (Redman et al., 2002; Wang &

Mulligan, 2006). Although the behavior of Fe-oxide minerals plays a prominent role in facilitating



73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

the sequestration and mobilization of the dissolved As, the exact nature of the solid-phase As and
its mobilizing pathways within the aquifer remains uncertain.

Much of the recent research has focused specifically on the association of As with Fe-oxides
and reductive dissolution processes leading to the release of As from sediments. However, fewer
studies have focused on the effects of organic matter and clay/phyllosilicate minerals on the solid
phase partitioning of As. This is despite the fact that As has been reported to be consistently higher
in organic-rich silt and clay sediments in the Bengal basin (Anawar et al., 2002; Smedley &
Kinniburgh, 2002; McArthur et al., 2004; Nath et al., 2009; Varner et al., 2022). These fine-grained
silt and clay sediments contain abundant organic matter with an affinity to strongly adsorb As
(Deng & Dixon, 2002; Redman et al., 2002; Wang & Mulligan, 2006; Liu et al., 2011; Xue et al.,
2019), and clay/phyllosilicate minerals that can adsorb or incorporate As in the mineral structure
(Goldberg, 2002; Beaulieu & Savage, 2005; Charlet et al., 2007; Seddique et al., 2008; Masuda et
al., 2012; Tabelin et al., 2017; Huyen et al., 2019). While it is true that OM in clays acts to mobilize
As to the groundwater (Mihajlov et al., 2020), these OM rich layers may also retain large amounts
of As. The associations between Fe, As, and OM in clays could arise from the affinity of Fe for
both As and OM, allowing for the formation ternary As-Fe-OM complexes (Deng & Dixon, 2002;
Sharma et al., 2010; Liu et al., 2011; Zhang et al., 2021). The association of both Fe and OM in
the sediments may be exacerbated by the inclusion of Fe in the structure of clay minerals, as Fe-
containing clay minerals are ubiquitous in fine-grained sediments and account for over 50% of the
Fe mass in subsurface soils (Stucki, 2006; Stucki, 2011; Zhang et al., 2023). Furthermore, this
structural Fe may exist as Fe(IIl) or become reduced by micro-organisms to form structural Fe(II)
(Komadel et al., 1990; Komadel et al., 2006). The structural Fe(II) within clay minerals is typically

highly reactive with its surroundings (Hofstetter et al., 2003; Neumann et al., 2008; Neumann et
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al., 2009; Huang et al., 2021). In spite of many observations on the associations between Fe, OM
and clay minerals along with the occurrence of As, little is known about the exact control that these
clay minerals exert on As availability and mobility in the Bengal basin.

The application of Fourier transform infrared spectroscopy (FTIR) is remarkably well suited
for the detection of hydroxyl units and oxygen bonds in samples; it has therefore been extensively
used for the identification of clay minerals as well as Fe-oxides and Fe-oxy(hydroxides) (Farmer,
1974a; Russell & Fraser, 1994; Frost et al., 1999; Frost et al., 2000; Ruan et al., 2002; Parikh et
al., 2014; Madejova et al., 2017). Additionally, due to the variety of hues exhibited by Fe-oxides,
the use of diffuse reflectance (DR) is a useful tool for the simple differentiation of individual Fe-
oxide species present which reflect and absorb differently in the red and blue spectral regions
(Torrent & Barrén, 2002). The combined use of FTIR and DR techniques provides a powerful
framework for the identification of the most prominent Fe-oxide and clay minerals present in a
bulk sediment sample.

The effects of temperature on the mineralogy of clays and Fe-oxides have been well
documented as the composition and effects on these minerals from elevated temperatures are
crucial for the optimal production of pigments, dyes, ceramics, and bricks (Edwards et al., 1998;
Jordan et al., 2001; de Faria & Lopes, 2007, Manoharan et al., 2011). For example, the
dehydroxylation of amorphous Fe and goethite begins at temperatures around 200°C and
transforms to hematite above 300°C, whereas phyllosilicate minerals experience dehydration,
oxidation, dehydroxylization, and decomposition as temperatures increase from 100°C to
~1000°C, although the range differs for various minerals (Murad & Wagner, 1996; Murad &

Wagner, 1998).
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The application of FTIR and DR to thermally treated (or heated) sediment samples may
provide valuable insights in understanding the mineralogical associations present in the bulk
sample. To our knowledge, the application of thermal treatment has not been used to analyze the
sedimentary and mineralogical properties that determine the association of As in the sediments
within contaminated aquifers. The visual and spectroscopic properties resulting from the thermal
treatment of sediment from areas prone to high groundwater As may provide a simple and
inexpensive technique to understand the behavior of sedimentary As and to quickly constrain
relative aqueous As concentrations. We employed FTIR, DR, and X-Ray Fluorescence to
determine the mineralogical response to the thermal treatment of sediments at 600°C in order to

determine the importance of these sediments on As availability and mobility.

2  Methods

2.1  Study site

The detailed description of the study site and properties of the sediment samples are described
elsewhere (Varner et al., 2022) (and Varner et al., 2023 in prep). Briefly, sediment samples from
the riverbank and its adjacent aquifer were collected along the Meghna River in the Nayapara
village (23.7°N, 90.7°E) within the Narayanganj district. The site consists of riverbank sands (0-
3m bgl) composed of fine sand, a silt layer (3-7m bgl), a 29 m thick medium sand unit (7-36m bgl)
that comprises the shallow aquifer, and a clay aquitard at 37m bgl. The samples are herein referred
to by their abbreviated lithologies as RBS, SLT, AQS, and CLY, respectively. The riverbank sand
(~1 m below ground level, bgl) was collected as pristine sediment cores using a direct push
sediment probe (AMS inc., USA) (n =2) and the SLT (6m bgl), AQS (23 m bgl), and CLY (37 m
bgl) were collected as drill cuttings by the hand flapper method (n = 6) (Horneman et al., 2004).

All samples used in this study were stored in Mylar Remel® bags with an O> absorbent pouch and
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kept at -7°C until analysis. The site was chosen based reports of high As and Fe groundwater
concentrations in the region (BGS&DPHE, 2001; van Geen et al., 2003; van Geen et al., 2014),
and the previous identification of tidal activity and As enrichment in the riverbank sediments

(Datta et al., 2009; Jung et al., 2012; Jung et al., 2015; Shuai et al., 2017; Berube et al., 2018).
2.2 Sample Preparation and Thermal Treatment

Two samples from each of the four lithologies (RBS, SLT, AQS, and CLY) were chosen for
the analyses. The D10 grain size (10th percentile) of each of the samples was calculated following
the particle size analysis results of the samples which is described in detail in Varner et al. (2022).
The samples were dried in an N> environment and then powdered using an agate pestle and mortar.
An aliquot of each sample was then placed in a furnace at 600 °C for three hours. In total, there
were two untreated samples from each lithology and an aliquot of each sample underwent the
thermal treatment for a total of 16 samples prepared for the analyses (n = 8 untreated, n = 8

thermally treated).
2.3 Fourier transform infrared measurements

A single beam Fourier transform infrared spectrophotometer (IRSpirit, Shimadzu
Corporation, Japan) was used for the collection of the mid-infrared spectra of the sediment samples
by the attenuated total reflectance (ATR) technique between the 4000-650 cm™ range. The ATR
cell was equipped with a germanium-coated KBr beam splitter and a QATR-S diamond crystal
attachment (45° angle of incidence). Data were collected as the average of 64 scans with a
resolution of 4 cm™ and each resulting spectrum was automatically corrected for the ATR method

by the instrument assuming a refractive index of 1.5 for the sample. A background reading was
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collected between samples and subtracted from subsequent measurements. The resulting FTIR

spectra were baseline corrected and smoothed in Spectragryph (v1.2.16.1).

2.4 Reflectance spectroscopy

Color is a conspicuous feature of Fe-oxy(hydr)oxides and diffuse reflectance (DR)
spectroscopy techniques have been extensively used to quantify the color content for the
characterization of iron-oxide mineral content in natural sediment samples (Strens & Wood, 1979;
Morris et al., 1985; Torrent & Barrdn, 2002). For this work, the DR spectrum of both the untreated
and treated samples was collected using a CM-600d spectrophotometer (Minolta Corp.) and was
recorded relative to a standard BaSO4 white plate. The observer angle of the spectrophotometer
was set to 10° with the exclusion of direct reflection specular components with an illuminant
source of D65 corresponding to a color temperature of ~6,500 K. For DR measurements, the
sample was placed in a cut paper cup (diameter = 2.5 cm) and was smoothed and covered with
clear polyethylene wrap to provide a planar surface for measurements. Each sample data spectrum
is the automated average of 5 readings, the white standard plate was measured before the collection
of each sample spectrum. The first transform derivative of the reflectance spectra (AR) was then
obtained by taking the difference of % reflectance of the two adjacent 10 nm wavelength

measurements for a given point.

2.5  X-Ray Fluorescence

The elemental concentrations of As were measured by X-Ray fluorescence (XRF) in each of
the 16 samples using a Niton XL3t 500 GOLDD handheld XRF spectrometer (Thermo Scientific,
Cat no. XL3TGOLDDPLUS). The analysis settings were employed for the optimum measurement

of heavy elements in soils with a SiO; matrix. To collect the data, the analyzer was placed directly
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on each sample and analyzed for a total of 120 seconds (60 s main filter, 30 s low filter, and 30 s
light filter) at a maximum voltage of 40 kV. The XRF measurements for As of standard reference
materials (NIST 2709a, NIST 2780, CCRMP Till-4) yielded an average relative percent difference
of 6.4 % from the certified values, well within the accepted range of error (£ 20 %) for the
instrument. A conservative method detection limit (MDL) was determined as three times the
instrument’s 26 measurement error measured in samples with none or trace amounts of each

analyte, as defined by the EPA SW-846 method 2600 definition of detection limits for XRF.
3  Results
3.1 FTIR

The FTIR results of the untreated samples between 1400 and 400 cm! reveal spectra with 5
main peaks centered at ~1030, ~790, ~690, ~530 cm™!, and ~470 cm™!. The highest absorbance for
all peaks was recorded in the clay and was lower for all peaks in the sand samples (Fig. 1a). The
vibrational assignment of the peaks found in this study are presented in Table 1. Briefly, the
assignment of the peaks at ~1030, ~790, ~690, ~530 cm™!, and ~470 cm™ are primarily attributed
to antisymmetric Si-O-Si stretching, symmetric Si-O-Si stretching, perpendicular Si-O stretching,
Si-O-AIY! bending, and Si-O-Si bending, respectively (Farmer, 1974b; Madejova et al., 2017).
Smaller secondary peaks may provide diagnostic information and occur in the FTIR spectra at
~915 cm™ as a shoulder, a broad band between 800 and 740 cm™’, at 435 cm™! and are attributed
primarily to 3(ALOH) deformation, Fe(Il)Mg-OH bending or AI'Y-O-Si in-plane vibration, and
Si-O-Si bending, respectively (Farmer, 1974b; Madejova et al., 2017).

The thermal treatment resulted in a considerable decrease in the intensity of each sample
spectra along all wavelengths (Fig. 1b). The alterations caused by thermal treatment can be easily

observed in the difference between the untreated sample spectra and the spectra of the thermally

10



207  treated samples (Fig. 1c). The greatest amount of change caused by the thermal treatment were
208  observed in the peaks located at ~1022, 912, between 800 and 750, 689, 530, and 464 cm™,
209  associated mostly with various Si-O and Al-O vibrations. Thermal alterations were most noticeable
210  in the clay and silt samples and produced minimal changes in the sand samples as seen by the
211 relatively flat absorbance in the differential FTIR spectra (Fig. 1c, Table 1). The spectra of the
212 treated samples retained a broad peak at ~1030 cm™!, a small peak between 800 and 700 cm™ and

213 produced a broad sloping peak at 460 cm™! in lieu of the two distinct peaks in the original sample

Table 1. Assignment of the vibrational peaks in the FTIR spectra between 1400 and 400 cm™. Data for the table was
constructed from Farmer (1974b) and Madejova et al. (2017) unless stated otherwise.

Peak (cm')
. . . Reported Peak Mineral Associations
This Study Vibration Assignment Center (cm')
1029 Asym. Si-O-Si Stretching 1000-1040 Kaolinite, illite, smectite, muscovite
940-890 d(Al,OH) 915-935 Kaolinite, illite, muscovite
8-OH deformation 888-916 ¢4 goethite, hydrohematite
800-740 Sym. Si-O-Si stretching 798 and 780 Quartz doublet
v—OH deformation 795 b ed Goethite
Fe3*Mg-OH bending 765 Smectite
AIV-O-Si in-plane 756 Illite
691 Perpendicular Si-O 695 Kaolinite, quartz
534 Si-O-AlY! bending 540-524 Kaolinite, smectite, illite
Fe-O 530-536 %" Hematite, goethite
467 Si-O-Si bending 470 Kaolinite, smectite, illite, muscovite
Fe-O 452-460 »5¢ Hematite, goethite
435 Si-O-Si bending 428-443 Smectite, illite, muscovite

2 Ruan et al. (2002)

® Chen et al. (2021)

¢ Prasad et al. (2006)

4 Margenot et al. (2016)

214  spectra at 534 cm™ and 467 cm™! (Fig. 1a, b).

11



215

1.4

1.2

1.0

0.8

0.6

Absorbance

04

02

0.0

1.4
1.2 b
1.0
0.8

0.6

Absorbance

0.4

0.2

0.0 P

1.4
1.2 C

1.0

0.8

0.6

Absorbance

04

0.2

0.0 Fe=—g===geasqy — t —r
1400 1200 1000 800 600 400

T T T T

Figure 1. (a) FTIR spectra between 1400 and 400 cm™ of the untreated sediment from
representative lithology samples; (b) FTIR spectra of the sediment subjected to thermal treatment
at 600°C; (c) The difference between the untreated and thermally treated FTIR spectra of the same
representative samples to show the locations of absorbance changes from the thermal treatment.
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3.2 Diffuse Reflectance measurements

Consistent with previous studies, the reflectance spectrum of sediments with deeper brown
and orange hues is elevated in the 550 to 700 nm range than that of grey sediment which typically
displays a flatter reflectance spectrum in this range (Fig. 2a) (Horneman et al., 2004; Lugassi et
al., 2014). In the fresh, untreated samples, the AQS samples displayed the highest values with an
apparent slope in the DR spectra throughout the 400 to 700 nm range as opposed to the RBS, SLT,
and CLY which contained similar values each other (Fig. 2a). Thermal treatment of the samples
at 600°C caused an increase in brown-orange hues in all samples as reflected in the increased slope
of the DR spectra (Fig. 2a).

The AR is highly reproducible and provides indicative information on the mineralogy of Fe-
oxides. For example, Horneman et al. (2004) found that the AR at 520 nm is correlated to the
Fe(II)/Fe(Total) content in the sediment, whereas other authors have noted that the first derivative
spectra is a sensitive indicator for hematite and goethite with peaks occurring between 555 and
575 for hematite and two peaks between 420-430 and 480 to 530 for goethite (Balsam & Damuth,
2000; Arimoto et al., 2002; Wu et al., 2016; Cao et al., 2022). The AR spectra of the untreated and
thermally treated sediment samples show contrasting results (Fig. 2b). The AR at 520 nm of the
untreated samples was typically lower than the AR at 520 nm of the thermally treated counterparts
(Table 1), indicating an increase in the proportions of Fe-oxides. In the SLT and CLY samples,
the AR at 520 nm increased an average of 53% following the thermal treatment, whereas that of
the sand samples increased only an average of 1% from the same treatment. All untreated samples
lack the hematite peak centered around 560 nm, rather, peaks at 420 and 500 nm indicate the
presence of goethite in the samples, specifically in the RBS and AQS. The thermal treatment

caused the goethite peaks at 420 and 500 nm to diminish and produced a large peak between 550

13
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and 560 nm, indicating the formation of hematite (Fig. 1b). Furthermore, a new peak at 450 nm
formed in the thermally treated samples which is a product of the thermal transformation of
goethite to hematite in the DR spectra (Lugassi et al., 2014). The hematite peak of the AQS and
CLY samples contained a lower intensity and was centered at 550 nm whereas the that of the RBS

and AQS contained a higher intensity and was centered at 560 nm.

Table 2. Results showing the first transform derivative of the reflectance at 520 nm and the measured concentrations
of As and Fe in the samples before and after the thermal treatment. Results in parentheses are below the MDL.

As (mg/kg) Fe (g/kg) AR at 520 nm
Untreated Treated Untreated Treated Untreated Treated
RBS-1 542 4.42 30.04 24.61 1.02 1.25
RBS-2 6.61 4.80 28.84 26.69 0.72 0.75
SLT-1 8.13 6.71 40.08 32.29 0.45 0.89
SLT-2 6.39 3.85 34.03 29.47 0.44 0.96
AQS-1 (1.33) (1.16) 5.36 4.46 1.01 1.02
AQS-2 (1.33) (1.06) 6.57 5.31 1.2 1.02
CLY-1 11.49 4.66 37.18 14.28 0.6 1.25
CLY-2 11.22 6.25 36.54 24.71 0.52 1.22

14
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Figure 2. (a) Diffuse spectral reflectance data from representative lithology samples; (b) AR values for the
same representative samples from each lithology. The open symbols represent the untreated samples, anc
the filled symbols represent the thermally treated samples.
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3.3 Elemental concentrations

Initial concentrations of both As and Fe were higher in all samples before thermal treatment
(Table 2). The concentrations of As in the AQS samples were above the instrument detection limit
of 1.1 mg/kg. However all measurements of AQS samples were lower than the MDL of 3.5 mg/kg.
The initial concentrations of As in the RBS, SLT, AQS, and CLY (6.0, 2.3, <1.3, 11.4 mg/kg,
respectively) were comparable to values previously reported for similar sediments at the site
(Varner et al., 2022). The concentrations of As decreased after the thermal treatment by an average
of 1.4, 2.3, 1.1, and 6.25 mg/kg for RBS, SLT, AQS, and CLY, respectively. The concentrations
of Fe in the RBS, SLT, AQS, and CLY (29, 37, 6, and 37 g/kg, respectively) were higher than the
measurements following thermal treatment (26, 31, 5, and 20 g/kg, respectively). In general, the
concentrations of the untreated sediment are within the ranges of previously reported sedimentary
concentrations using XRF along the Meghna Riverbank and adjacent floodplain aquifer (Anawar

et al., 2002; Jung et al., 2015; Berube et al., 2018).

4 Discussion

4.1 Spectral and IR changes in clay mineralogy in response to thermal treatment

The FTIR spectra is often dominated by the most abundant vibrational frequencies in the
spectra. Given that Al, Fe, and Si make up most of the elemental composition of the RBS, SLT,
AQS, and CLY sediments (average = 88%, 84%, 92%, and 85%, respectively) (Varner et al.,
2022), the FTIR spectra are observed in the context of these elemental concentrations.
Furthermore, clay minerals are especially sensitive to IR spectroscopy since the predominant

vibrations in the near infrared range (hydroxyl groups and the Si-O network) are enriched in clay
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minerals (i.e., O-H, Si-O, Al-O, Fe-O and Mg-O bonds) (Frost et al., 1999; Frost et al., 2000;
Ruan et al., 2002).

The FTIR spectra of the untreated sediment displayed peaks that are characteristic of 1:1 and
2:1 layered clay minerals (Farmer, 1974b; Komadel et al., 2006; Madejova et al., 2017). A
diagnostic peak of clay minerals occurs from the strong Si-O-Si vibrations centered at ~1030 cm’
!, the shape of this dominant peak may provide further distinction of the clay minerals present. For
example, the extensive substitution within the sheets of 2:1 clay minerals (i.e., smectite, illite,
muscovite) results in a broadening of this peak centered at 1030 cm™! which may obscure the two
distinct Si-O vibrations produced by kaolinite at ~1035 cm™ and 1010 cm™ (Farmer, 1974b;
Madejova et al., 2017). However, the occurrence of kaolinite can be confirmed by the peak at 691
cm™! attributed to the perpendicular Si-O vibration in the mineral lattice of kaolinite (in conjunction
with an absorbance band ~755 cm™'). On the other hand, the presence of smectites is inferred by a
diagnostic band near 430 cm™ attributed to the Si-O-Si bending bands, whereas a band near 756
cm’! resulting from AI-O-Si in-plane vibration is diagnostic of the structure of illite minerals
(Farmer, 1974b). Furthermore, the untreated FTIR spectra of the samples, specifically in CLY,
showed a slight shoulder between ~940 and 915 cm™! which is often attributed to the OH bending
of inner-surface OH groups of AILOH in kaolin minerals and the &((Fe)ALLOH) bending of
substituted illites and smectites (Madejova et al., 2017). Although not quantified, the FTIR spectra
indicates that together, illite, smectite, and kaolinite contribute to the clay mineral assemblages
found in the riverbank and aquifer sediments.

This finding is further supported by the chemical index of alteration (CIA) of the bulk samples
(Fig. 3). As defined by Nesbitt and Young (1982), the CIA provides the extent of weathering of

plagioclase and K-feldspar to their aluminous weathering products (i.e., clay minerals) and is
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determined as CIA = [ALO; / ALOs; + CaO" + Na, + Ko0)] * 100, where the elements are
represented by their molecular proportions and CaO” represents CaO in the silicate fractions. Using
the elemental concentrations presented in Varner et al. (2022) of the same samples, the bulk
sediment CIA values of the RBS, SLT, AQS, and CLY samples averaged 65, 69, 61, and 78%,
respectively. These values indicate only a moderate amount of chemical weathering, consistent
with the rapid erosion and recent deposition of the Holocene aquifers of Bangladesh. Here, the
CIA is determined from the bulk elemental composition of the sediments, rather than only the clay
fractions. However, based on the FTIR and CIA results, the predominant clay minerals in these
sediments are inferred to be illite and smecitite, and, to a lesser extent, kaolinite (Fig. 3). This
finding is similar to previous studies which have used X-Ray diffraction analysis to identify the
occurrence of feldspars, and clay minerals such as kaolinite, micas, smectite, and illite in aquifer
sediment along the Meghna River (Seddique et al., 2008; Berube et al., 2018) and a large
contribution of illite, smectite, chlorite, and kaolinite to the overall sediment load in the Bengal
basin rivers (Allison et al., 2003; Khan et al., 2019; Ayers et al., 2020).

The thermal treatment of the samples at 600°C caused noticeable changes to the spectroscopic
properties of the sediment. The most notable change in the FTIR spectra was the overall
diminishing of the peaks located at ~1022, 912, between 800 and 750, 689, 530, and 464 cm™ (Fig.
2c). These peaks are primarily associated with the common functional groups of clay minerals,
including OH deformations and the bending vibrations of Si and Al networks (Table 1). Much of
the decrease in absorbance can be attributed to the decomposition of the clay mineral structures
resulting from dehydroxylation, which occurs at temperatures between 100 to 500°C and between
100 to 650°C for kaolinite and both illite and Fe-smectite, respectively (Murad & Wagner, 1998;

Smykatz-Kloss et al., 2003; Manoharan et al., 2011). The removal of OH from the clay mineral’s
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structure results in a significant decrease of the vibrations associated with the OH group, although

some minerals, such as micas, only begin to dehydroxylize at temperatures above 700°C (Gaines

& Vedder, 1964; Smykatz-Kloss et al., 2003).

ALO,

100

Kaolinite

@RBS
ASLT

Illite ®AQS
BCLY

Smectite

Plagioclase 50 K-Feldspar

i \_40 N30 \_20 10
CaO*+ Na,O K,0

Figure 3. A plot showing the chemical index of alteration (CIA) values for each of the untreated sediment samples
from each lithology along with the correlated mineral hosts displayed on the sides of the pyramid (Nesbitt & Young,
1982). The elemental concentrations used to calculate the CIA values are from the same sediment samples and were
presented in Varner et al. (2022).

4.2 Fe mineralogy and transformations

The thermal treatment of sediments also serves as an indicator of the nature of Fe in the sample
as both Fe-oxides and the structural Fe in clay minerals experience diagnostic transformations
from increases in temperature. For example, the direct dehydroxylation of goethite and
transformation to hematite species begins at 200-280°C (Murad & Wagner, 1998; Pomié¢s et al.,

1999; Ruan et al., 2002; de Faria & Lopes, 2007; Liu et al., 2013b), whereas for Fe associated in
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the structure of clay minerals, this transformation must be preceded by the structural deformation
and collapse of the mineral lattice above 400°C (Lugassi et al., 2014). The oxidation of structural
Fe(Il) is accelerated by thermal treatment (Zhang et al., 2023), the Fe which can no longer be
accommodated in the thermally altered silicate structures will then proceed to form hematite as the
temperature increases (Murad & Wagner, 1996; Murad & Wagner, 1998; Murad et al., 2002;
Araujo et al., 2004). Murad and Wagner (1998) found that divalent Fe was absent in illite above
temperatures of 300°C whereas Fe(IIl) increased from 350 to 450°C, causing a change in color to
a deeper reddish-brown hue. A similar process is likely the cause for the dramatic increase in the
reddish-brown hues of the thermally treated SLT and CLY samples.

Although the vibrational frequencies of clay minerals may obscure the diagnostic bands of
Fe-oxides, the previous application of FTIR for Fe-oxide phase transformation suggests that
absorbance bands are a good indicator of the migration of excess hydroxyl units from goethite to
hematite (Ruan et al., 2001). In the FTIR spectra, the peaks that are typically diagnostic of hydroxyl
deformations in goethite (5-OH deformation at 900 cm™' and y—OH deformation at 795 cm™') were
observed to decrease in all samples following thermal treatment (Fig. 1) (Prasad et al., 2006; Liu
et al., 2013a). Furthermore, the decrease of the shoulder at 916 cm™ and the broadening and
decrease in the absorbance band at 534 cm™ in the FTIR spectra of the treated samples is indicative
of the dehydroxylation of goethite and of the OH substitution for O in the Fe-O bond of goethite
and hydrohematite, respectively (Ruan et al., 2002; Chen et al., 2021). The removal of OH from
the goethite structure as the temperature increases causes the band centered at 534 cm™! to shift to
lower wavelengths and broaden. The broadening of this peak is observed in the thermally treated

samples from ~600 to 452 ¢cm’, is consistent with previous work using FTIR techniques to
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investigate the thermal transformation of both natural goethite and Al-substituted goethite to
hematite (Walter et al., 2001; Ruan et al., 2002; Prasad et al., 2006).

The application of DR spectroscopy in the 400 to 700 nm range is sensitive to minute amounts
of Fe in the samples and can be used to differentiate between Fe(II) and Fe(Ill) in the samples
(Horneman et al., 2004). In the untreated sediment, Fe(IIl) was present in the RBS and AQS and
was not observed readily in either the SLT or CLY sediment. However, the thermally treated
sediments showed an increase in the Fe(IIl) of all samples as indicated by the increase of the DR
slope (Fig. 2a). The AR spectra of the untreated samples showed the presence of Fe(Ill) as goethite
in the sand samples (peaks at 420 and 500 nm) and little to no Fe(III) in the sand samples. However,
following thermal treatment, the presence of hematite (~560 nm) was observed in all samples (Fig.
2b) (Horneman et al., 2004; Wu et al., 2016; Cao et al., 2022). Interestingly, the hematite peak in
the sand samples was located at 560 nm whereas the hematite peak in the thermally treated SLT
and CLY samples was shifted down to 550 nm and exhibited a lower reflectance value despite
higher initial bulk Fe concentrations. The shift of the hematite peak may be indicative of the initial
Fe mineralogy of the samples. The sands experienced the direct transformation of goethite to
hematite, whereas the Fe in the SLT and CLY was incorporated as structural Fe(II) which was
only transformed to hematite following the structural deformation of clay minerals (Fig. 2b). These
proposed mechanisms of hematite formation are supported by the increase of the AR value at 520
nm after thermal treatment, which show minimal changes for the sand samples (0.02) compared
to that of the silt (0.48) and clay (0.68), indicating a greater increase in the proportion of Fe(III) in
SLT and CLY (Horneman et al., 2004). The proportion of hematite relative to goethite should
increase with increasing temperature, however, in the case of the SLT and CLY samples where the

Fe was mostly present in the structure of clay minerals, the hematite was produced indirectly from
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the degradation of clay minerals. Here we show that the thermal treatment of sediments, combined
with DR and FTIR spectroscopy, is useful in its application to determine the relative proportions
of Fe in clay minerals as opposed to oxide coatings in sediment. The sand samples contained Fe
as Fe-oxides/hydroxides coating sediment grains whereas the Fe of the finer grained SLT and CLY

samples contained as structural Fe in clay minerals.

4.3 Mineral associations of As in the sediment

The initial concentrations of As in RBS, SLT, AQS, and CLY (6.0, 2.3, <1.3, 11.4 mg/kg,
respectively) decreased after thermal treatment by an average of 1.4, 2.3, 1.1, and 6.3 mg/kg,
respectively (Table 2). Removal of As during heating could be attributed to the volatilization of
As. The volatilization of As is more intense under rapid combustion than under slow heating
conditions (Wang & Tomita, 2003), and multiple studies investigating coal combustion note that
As volatilization increases with temperature with around 80% of As being volatilized at
temperatures of ~900°C (Senior et al., 2000; Wang & Tomita, 2003; Guo et al., 2004; Liu et al.,
2016; Cheng et al., 2019). At temperatures less than 600°C, organic-bound arsenic is readily
volatized (Liu et al., 2016), and any exchangeable As and As bound to poorly crystallized Fe-Mn
(hydr)oxides are volatized at temperatures lower than 1000°C (Wang & Tomita, 2003; Wang et
al., 2018). In pure clay samples (kaolin), Gray et al. (2001) found that between 22 and 40 % of As
was volatized at temperatures of 520 to 1120°C. The removal of higher amounts of As from
thermal treatment in the SLT and CLY samples suggests that a larger portion of the As in these
sediments is associated with OM, specifically in CLY.

The association of As with organic-rich clays has been well documented in the Bengal basin
(Anawar et al., 2002; Smedley & Kinniburgh, 2002; McArthur et al., 2004; Nath et al., 2009);

similarly, the clay at the study site has been shown to be enriched in recalcitrant organic matter
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with functional groups favoring the formation of As and ternary As-Fe-OM complexes (Varner et
al., 2023, In Preparation). Within the Bengal basin, fine-grained deposits are dominated by the co-
occurrence of OM, clay minerals, and amorphous oxide minerals, which provide an abundance of
sorption sites to promote the adsorption and accumulation of As (Anawar et al., 2003).
Furthermore, the incorporation of Fe in the mineral structure of clay minerals contributes to the
elevated concentrations of Fe in the clay layers of the Bengal basin, as structural Fe(II) accounts
for more than 50% of the mass of Fe in the subsurface (Zhang et al., 2023). The occurrence of
reduced Fe in SLT and CLY is reflected by the correlations between both grain size and CIA with
the difference of the AR at 520 nm caused by thermal treatment, which transforms structural Fe(II)
to hematite phases at elevated temperatures (Fig. 4a, 4b) (Varner et al., 2022). Following the
thermal decomposition of OM and clay minerals, it is likely that any associated As was liberated
and subsequently volatilized during thermal treatment, whereas the structural Fe was transformed
to hematite phases. An indication of this process is shown by the high correlation between the
initial As concentrations and the difference in the AR at 520 nm of the samples before and after
thermal treatment, which is a proxy for the amount of Fe(II) incorporated within the structure of
clay minerals that is able to be transformed to hematite (Fig. 4c).

The coexistence of elevated Fe-hydroxides and OM along with As is a result of the affinity of
Fe for both As and OM. However, the presence of phyllosilicates, such as kaolinite and illite, are
known to incorporate or adsorb As (Charlet et al., 2007; Huyen et al., 2019). The thermal treatment
of the sediments and resulting loss of As suggests that large portions of solid-phase As are
associated with clay minerals or OM. While the release of As under environmental conditions in
the aquifers of Bangladesh may be regulated by Fe-oxide reduction, OM and phyllosilicate clay

minerals may directly regulate the mobility of much of the As in the solid-phase. The associations
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Figure 4. Correlation between the difference of the AR at 520 nm in the untreated and thermally treated sediment for
each measured sample and (a) the D10 grain size; (b) the CIA value; and (c) the sedimentary concentration of As in
the untreated samples. The difference of the AR at 520 nm serves as a proxy of the structural Fe in the sample that
can be transformed to hematite phases at elevated temperatures. The D10 grain size and elemental concentrations for
the CIA are presented in Varner et al. (2022).

414  of As with fine-grained sediments is clear, nevertheless, the understanding of As in deltaic aquifers
415  would be benefited from further investigation into the role that various clay minerals and organic

416  functional groups may have on the attenuation of As.

417 5 Conclusion

418 The combination of spectroscopic techniques along with thermal treatment has consistently
419  been utilized for analysis of clay and Fe mineralogy in sediment and soil samples. Despite the
420  known association of solid-phase As with both clay minerals and Fe-oxides in deltaic aquifers, the
421  determination of the sedimentary associations of As in aquifer sediments from Bangladesh using
422  the combined techniques has never been implemented, to our knowledge. This study employed the
423  use of FTIR and diffuse reflectance techniques to define the mineralogical response of thermal
424  treatments on riverbank and aquifer sediment from a contaminated aquifer along the Meghna River
425  in Bangladesh.

426 Thermal treatment of all samples changed the sediment color to a more reddish-brown hue,

427  with the greatest change in color exhibited by the silt and clay samples. The FTIR results of the
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untreated and thermally treated sediment samples revealed the predominance of phyllosilicate clay
minerals, primarily as illite, smectite, and kaolinite, which related to the As content of the
sediment. Diffuse reflectance measurements showed that the Fe in the sand samples was present
as goethite coatings, whereas Fe in the fine-grained silt and clay samples was largely present as
reduced Fe within the structure of clay minerals. Initial As concentrations were higher in the clay
and silt samples (11.4, 7.3, mg/kg, respectively) than the riverbank and aquifer sand samples (6.0,
<1.3 mg/kg, respectively). Following thermal treatment, more As was volatilized in the clay and
silt samples with the concentrations of As in the clay, silt, riverbank sand, and aquifer sand
decreasing by 52, 29, 23, and 17 %, respectively. The highly reactive structural Fe(Il) in the silt
and clay samples may explain the high levels of association documented between Fe, OM, and As
within the shallow aquifers of Bangladesh. These results advance our understanding of the
distribution of As within the aquifers of Bangladesh. Whereas the mobilization of As may be
explained by the reductive dissolution of Fe-oxides, these findings imply that clay minerals and

OM may strongly regulate the mobility and fate of solid-phase As.
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