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Abstract

Arsenic dissolved in water represents a key environmental and health challenge because several million people are under
the threat of contamination. In calcareous environments calcite may play an important role in arsenic solubility and transfer
in water. Arsenic—calcite interactions remain controversial, especially for As™™ which was proposed to be either incorporated
as such, or as As'") after oxidation. Here, we provide the first time-lapse in situ study of the evolution of the (10-14) calcite
cleavage surface morphology during dissolution and growth in the presence of solutions with various amounts of As™ or
As"Y) at room temperature and pH range 6-11 using a flow-through cell connected to an atomic force microscope (AFM).
Reaction products were then characterized by Raman spectroscopy. In parallel, co-precipitation experiments with either
As"™ or As™Y) were performed in batch reactors, and the speciation of arsenic in the resulting solids was studied by X-ray
absorption spectroscopy (XAS). For As™Y), AFM results showed that it interacts strongly with the calcite surface, and
XAS results showed that As™Y) was mostly incorporated in the calcite structure. For As™ AFM results showed much less
impact on calcite growth and dissolution and less incorporation was observed. This was confirmed by XAS results that indi-
cate that As™ was partly oxidized into As'"” before being incorporated into calcite and the resulting calcite contained 36%
As™ and 64% As™Y). All these experimental results confirm that As") has a much stronger interaction with calcite than As™™
and that calcite may represent an important reservoir for arsenic in various geological environments.
© 2015 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Calcium carbonate, a major constituent of the rocks in
the Earth’s upper crust, has the ability to trap several kinds
of ions in its structure. Among them, cations (Paquette and
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Reeder, 1995; Rimstidt et al., 1998; Davis et al., 2000; Stipp
et al., 2006), and anions (Dove and Hochella, 1993;
Alexandratos et al., 2007; Montes-Hernandez et al., 2009)
could be incorporated or interact with mineral surfaces,
making calcite a potential sink for these elements at the glo-
bal scale. Several studies have characterized how arsenic,
phosphorous or selenium oxyanions could be incorporated
during the growth of calcite crystals at near surface condi-
tions (Montes-Hernandez et al., 2009, 2011; Aurelio et al.,
2010). Here, we report on time-lapse in situ observations
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of the interactions between arsenic oxyanions with calcite
surfaces during growth, dissolution, and co-precipitation.

Arsenic exists in nature in four oxidation states. As"" in
arsenian pyrite (Simon et al., 1999) and As"™ (as
arsenide) are mainly found in native minerals and metallic
alloys containing arsenic, and As™" (arsenite compounds)
and As"Y) (arsenate compounds) are present as constituents
of various minerals and organic compounds or as oxyan-
ions dissolved in groundwater (arsenite AsO3~ and arsenate
AsO;~ anions, respectively) in which they can be trans-
ported. As™™ species are more soluble and toxic than
As™) species (Cullen and Reimer, 1989). As") is the domi-
nant species under oxidized conditions, whereas AsD g
stable at intermediate to low redox potentials.

Arsenic has both toxic and carcinogenic effects on ani-
mals and humans and has accumulated to phytotoxic levels
in some soils and groundwaters because of both human
activity (e.g. use of pesticides in agriculture, mining activi-
ties, industry) and natural processes (e.g. rock— and
mineral-fluid interaction such as during weathering). It
represents a key environmental health problem in many
countries (Christen, 2001; Rodriguez-Lado et al., 2013),
especially when it affects drinking water. The drinking
guideline of 10 micrograms per liter (10 ppb) is recom-
mended by the World Health Organization and used as
the maximum contaminant level by the European Union
and the USA. Hazard assessment associated with natural
arsenic enrichment in soils and groundwaters depends heav-
ily on the ability to understand and predict the mobility of
arsenic and its transport between various reservoirs. In
addition, there is growing interest in characterizing the
effects of potential leakage of carbon dioxide repositories
into freshwater aquifers, and the risk of toxic element
release due to pH decrease and the dissolution of some
minerals or the desorption of some species (Montes-
Hernandez et al., 2013) during dissolution—precipitation
processes (Putnis, 2009; Ruiz-Agudo et al., 2012).

Because of the importance of arsenic in various natural
environments, we first describe in the following sections
various hydrological systems with arsenic contaminations.
Then, we report on various environmental systems where
arsenic and calcite have been shown to interact. Finally,
we present several mechanisms of arsenic—calcite interac-
tions that have been proposed in the literature.

1.1. Arsenic in groundwaters and its origin

Various studies have pointed to contamination of ground-
water by arsenic, well above the drinking guidelines and have
demonstrated widespread dissolved arsenic concentrations in
the range 0.05-3 ppm, and above 100 ppm in some localized
contaminated sites. Usually arsenic has a geogenic origin,
coming from the weathering of bedrock. In several mining
areas, associated mine and drainage waters are contami-
nated. Mine tailings are leached by rain and arsenic has been
transported to nearby groundwater reservoirs contaminating
the soils in agricultural fields, leading to serious health prob-
lems (Carillo and Drever, 1998; Romero et al., 2004).

Up to 0.05 ppm was measured in the freshwaters in east-
ern New England, USA with more than 200,000 people

using this water (Ayotte et al., 2003), up to 3 ppm in
Vietnam (Christen, 2001), up to 1.3 ppm in Bangladesh
(Zheng et al., 2004), above 0.05 ppm in the San Antonio-
El Triunfo mining area in southern Baja California penin-
sula, Mexico (Carillo and Drever, 1998), and up to
0.65 ppm in the mining area of the Zimdpan valley,
Mexico (Romero et al. 2004; Song et al., 2006). In the cal-
careous environment of the Matehuala-Cerrito Blanco
area, northern Mexico, Martinez-Villegas et al. (2013)
reported concentrations in groundwaters as high as
158 ppm, with average values in the range 5-10 ppm.
There, the dissolved arsenic is proposed to originate from
the leaching of the abandoned wastes of mines. In an indus-
trial area contaminated with by-products of arsenic ore
exploitation, the mineral wastes were drained by meteoritic
water and concentrations of dissolved arsenic as high as
235 ppm were measured (Julliot et al., 1999), in water with
a pH down to 2.1. Bowell and Parshley (2005) have shown
that the experimental leaching of rocks in a pit-lake could
release up to 165 ppm dissolved arsenic.

In many environments, the distribution of arsenic con-
centrations in the water table of a given area is heteroge-
neous, with patches of high concentrations (Charlet et al.,
2007). Arsenic concentrations above 50 ppb, the permissible
current drinking level in Bangladesh, are found in over 30%
of the wells of this country (Zheng et al., 2004) and more
than 19.6 million inhabitants in China are living in areas
where a risk of geogenic arsenic contamination has been
estimated (Rodriguez-Lado et al., 2013). In the aquifers of
the southwest Songnen basin, China, residents are exposed
to drinking water with more than 0.34 ppm of total arsenic
(60-80% As™ 20-40% AsY)), with deeper groundwater
showing on average higher arsenic concentrations (Guo
et al., 2014). The sediments hosting the aquifer there contain
between 2 and 102 ppm arsenic, which is bound to carbon-
ates, iron oxides and clays and some arsenic is incorporated
into siderite and calcite (Guo et al., 2014). In the Ganges
delta, the concentration of arsenic in groundwater is very
heterogeneous. Arsenic is present in carbonates and iron-ox-
ide rich sediments, with associated concentrations in
groundwater up to 0.5 ppm. There, the proportion of
As™ and As™Y) are 42% and 58%, respectively (Charlet
et al., 2007). In these sediments, the total concentration of
arsenic is close to 3 ppm and major carriers are the amor-
phous iron oxides, sulfides and/or carbonates that liberate
arsenic when they dissolve. The leaching of arsenic in the
Marshall sandstone (Michigan) into the groundwater was
attributed to the reaction between dissolved bicarbonate
and arsenic-rich sulphide minerals initially present in the
rock (Kim et al., 2000). As a result, the groundwater con-
tains concentrations of arsenic in the range 0.2-0.3 ppm,
mostly in the form of As™. In the groundwater of the
Chalkidiki area, Northern Greece, the concentration of
arsenic in groundwaters reaches 3.7 ppm, mainly in the form
of As™), and some travertines have precipitated with con-
centrations up to 913 ppm As") trapped into the carbonate
(Winkel et al., 2013). In this natural system, where the con-
centration of iron oxides is low and geothermal degasing of
CO, is active, carbonates represent the main sink for arsenic
uptake.
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1.2. Arsenic in calcite-bearing rocks and contamination by
leaching

Arsenic is often associated with pyrite and other sulfide
minerals and found with gold in ore deposits or in coal and
lignite, as described below. Gold mines in Nevada, USA,
display 700-1500 ppm arsenic and contain 4-9% calcite
and 18-31% dolomite in the bulk rock (Wells and
Mullens, 1973). There, the process of ore formation
involves the dissolution of calcite, creating pore space
where gold and arsenic phases were precipitated. In
Permian coals from the Gunnedah Basin, New South
Wales, Australia, concentrations of arsenic of 40 ppm are
measured, with up to 5% calcite (Ward et al., 1999). In lig-
nite deposits of the loannina basin, Greece, between 2 and
46 ppm arsenic concentrations are measured (Gentzis et al.,
1997), with calcite concentration between 0% and 17%.
Arsenic in the Jichymov mine, Czech Republic, is present
in association with calcium in various secondary minerals
(Ondrus et al., 1997). In all these types of rocks, coals
and lignite, arsenic is mainly related to sulfur and sulphide
minerals, and could have also interacted with nearby car-
bonate minerals.

Anomalous arsenic enrichment in hydrothermal calcite
was measured near the Main Divide Fault in New
Zealand with 35 ppm average arsenic, compared to 6 ppm
average in the host rock (Horton et al., 2001). There,
arsenic is contained in calcite in veins and fault gouge
and no arseno-pyrite minerals were found in the faults. In
sedimentary rocks extracted from road and railway tunnel
projects in Hokkaido, Japan, the process of leaching could
produce aqueous fluids with concentrations of pollutants
much larger than recommended by environmental stan-
dards (Tabelin et al., 2014). Sediments show concentrations
of arsenic in the rock in the range 9-19 ppm. Batch reactor
leaching experiments on these samples showed the libera-
tion of arsenic is mostly due to the dissolution of minerals,
among them carbonates, iron oxides, and sulfides.
Depending on the pH of the leaching fluid, up to
0.35 ppm of arsenic, mostly As'Y, was concentrated in the
leachate. In other limestones extracted from several well
cores in Oklahoma, USA, up to 3.6 ppm of arsenic is pre-
sent in calcite (Wunsch et al., 2014), raising the possibility
of contamination of groundwater by CO, injection into
geological repositories and subsequent calcite dissolution.
Batch experiments of leaching of such rocks by CO,-rich
fluids showed that a concentration of arsenic of 30 ppb
can be reached in 40 days, a high concentration controlled
both by the dissolution of calcite and by desorption from
other minerals (Wunsch et al., 2014).

1.3. Arsenic in calcite minerals: adsorbed and/or incorporated

Calcite may account for arsenic immobilization in natu-
ral environments where iron and aluminum oxides are
absent or have lost their adsorbing effectiveness. For exam-
ple natural carbonate travertines from Italy contain up to
270 ppm arsenic (di Benedetto et al., 2006; Bardelli et al.,
2011; Costagliola et al. 2013) and several spectroscopic
methods were used to decipher if As™ or As®) was

preferentially incorporated. Using electron spin echo spec-
troscopy on these samples, it was proposed that the arsenic
oxyanion As™ was incorporated into the calcite, replacing
the carbonate group (di Benedetto et al., 2006). Using X-
ray Absorption Near Edge Structure (XANES), Extended
X-ray Absorption Fine Structure (EXAFS) spectroscopy
measurements, and Density Functional Theory (DFT) sim-
ulations, these authors concluded that As™ could be
incorporated in the calcite constituting these travertines;
and that the incorporation of As™ should induce an elon-
gation along the calcite c-axis. They did not detect
incorporation of As" in these samples and proposed that
it was adsorbed on the surface (Bardelli et al., 2011). In a
second series of measurements using XANES spectroscopy,
Costagliola et al. (2013) proposed a different interpretation
as they could measure that As'Y) was preferentially incorpo-
rated in the calcite lattice and that some As™" was present
as well, at a level below 20% of the total arsenic, close to the
detection limit. This indicates that arsenic uptake by calcite
takes place mostly in the As'Y) form, but that As'™ could
be incorporated as well. These studies on arsenic—calcite
interactions were all realized on natural micro-crystals,
whereas nano-sized calcites are also present in the environ-
ment, and might interact differently with arsenic oxyanions.

To summarize, calcite is an important host phase for
arsenic in the environment. Given that arsenic may be
either incorporated in the calcite crystal lattice or adsorbed
at the mineral surface (Cheng et al., 1999; Roman-Ross
et al., 2006; Alexandratos et al., 2007; So et al., 2008;
Yokoyama et al., 2009, 2012), as in the case of iron-
oxyhydroxides, calcite may provide a long-term effective
trap, since its dissolution usually takes place faster only
under acidic conditions, but it is rather insensitive to super-
ficial exchange and redox reactions. Moreover calcite
dissolution in the presence of arsenic may induce the precip-
itation of a wide variety of calcium-arsenic phases (Pierrot,
1964; Ondrus et al., 1997; Nordstrom et al., 2014). All these
features make calcite a suitable and probably under-
estimated mineral trap for arsenic. As a consequence,
identifying whether arsenic is adsorbed or incorporated into
calcite has an important impact on its release rate calcu-
lated in fluid-rock interaction models for freshwater aqui-
fers (Baerup et al., 2012). Although there is some
knowledge on the binding mechanisms of arsenite and
arsenate with calcite, no time-lapse in situ study has been
performed to characterize how exactly arsenic interacts
with calcite during dissolution or precipitation, and no
study has been conducted on nano-calcite. In the present
study, we analyze such a situation, by imaging at the
nanometer scale the interactions of As"™ and As'Y) oxyan-
ions with calcite surfaces under far-from-equilibrium condi-
tions where calcite either dissolves or precipitates, and
characterize the reaction products using Raman spec-
troscopy. In parallel, we studied the sorption and co-precip-
itation of As™ and As"Y) during the formation of nano-
calcite, and determined the redox state and binding mecha-
nism of arsenic in calcite by ex situ synchrotron X-ray
adsorption spectroscopy (XAS). Our results confirm that
As™) has a much larger effect on calcite growth than
As"™ and that both oxyanions can be incorporated into
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the calcite lattice structure. Moreover, we also identify how
several crystallographic faces of calcite interact with
arsenic.

2. METHODOLOGY
2.1. Calcite crystals

A calcite crystal (Iceland spar, Vizcaya, Mexico) was
obtained from the Natural History Museum in London.
ICP-OES (inductively coupled plasma-optical emission
spectroscopy) revealed the high purity of the crystal, with
only trace amounts of Mn (31 ppb), Mg (2.8 ppb) and Sr
(11.4 ppb) detected. Rhombohedral fragments (ca.
4 x 2 x 1 mm) were cleaved directly before each experiment
from this single calcite crystal, parallel to the (10-14) cleav-
age plane.

2.2. Solutions for calcite dissolution under the AFM

Arsenic-free solutions and solutions with a controlled
amount of arsenic (As™ or As™)) were used for calcite
dissolution experiments (Table 1). Several solutions with
identical compositions were used to test the reproducibility
of the obtained results. Firstly, arsenic-free aqueous solu-
tions with controlled pH, between 7 and 11, and ionic
strength equal to 0.016 or 0.047 M were injected into a
flow-through fluid cell of an atomic force microscope
(AFM) to dissolve the calcite surface. These solutions were
prepared using doubled deionized water
(resistivity > 18 mQ cm) directly before each experiment.
Sodium chloride and sodium hydroxide were used to adjust
ionic strength and pH, respectively. The pH and salinity
were adjusted according to thermodynamic simulations of
equilibrated solutions using the PHREEQC software
(Parkhurst and Appelo, 1999). Then, solutions with As™™
or As") oxyanions at concentrations of 5, 50, or
500 ppm, with the same ionic strength as the arsenic-free
aqueous solutions initially used, were injected into the fluid
cell, under several pH conditions (Table 1). The arsenic
solutions were prepared from salts of sodium arsenite
(NaAsO,) and sodium arsenate dibasic heptahydrate
(Na,HAsO4-7H,0) dissolved into double deionized water.
The pH of the solutions was either controlled to be similar
in the presence and in the absence of arsenic (experiments
As-d-05 to As-d-09 in Table 1) or the pH was allowed to
vary when arsenic was added (experiments As-d-01 to As-
d-04 in Table 1). As well, the pH of all solutions was mea-
sured independently using a pH-meter confirming the
PHREEQC simulation results. All chemical agents were
obtained from Sigma Aldrich.

2.3. Solutions for calcite growth under the AFM

Solutions supersaturated with respect to calcite (Table 2)
were prepared from CaCl, and NaHCO; 1 M stock solu-
tions, following a procedure previously reported (Ruiz-
Agudo and Putnis, 2012; Putnis et al., 2013). Stock solu-
tions were produced at room temperature (23 £+ 1 °C) from
reagent grade sodium bicarbonate and calcium chloride

salts that were dissolved into double-deionized water. The
calcite growth solution was obtained by adding measured
proportions of these two stock solutions to double-deion-
ized water. The pH of the solutions was close to 8.8 and
the Ca?"/CO3™ ratio was equal to 1. The supersaturation
of the solutions, Q, was set to 6.46. Q is defined here as
Q =IAP/K,, where IAP is the ion activity product and
K, is the calcite solubility product, equal to 107848 at
25 °C, based on the PHREEQC database. Similarly, growth
solutions containing various concentrations of arsenic
As"™ or As™Y) (5, 50, and 500 ppm) were prepared using
the same arsenic-bearing salts as for the dissolution solu-
tions. The proportions of the various solutions (stock solu-
tions and arsenic solutions) were calculated using the
PHREEQC software (Parkhurst and Appelo, 1999) to
obtain solutions with the desired pH and salinity. Then
the pH of the solutions was measured and adjusted to the
desired value by adding small amounts of hydrochloric acid
and sodium hydroxide, which did not modify significantly
the ionic strength of the solutions.

2.4. Atomic force microscopy imaging

The calcite surfaces were scanned at room temperature
(23+£1°C) using a Bruker Multimode Atomic Force
Microscope (AFM) operating in contact mode. The experi-
ments were performed in situ within an O-ring sealed flow-
through fluid cell from Digital Instruments (Bruker). The
solutions were injected with a syringe between each scan,
at regular time intervals of approximately 1.5 min, giving
an effective flow rate of 22 pL s~'. This flow rate ensures
that processes occurring at the mineral surface are reac-
tion-controlled, rather than diffusion controlled (Ruiz-
Agudo et al., 2010a). AFM images were collected using
Si3N4 tips (Veeco Instruments, tip model NP-S20) with
spring constants 0.12 N m ! and 0.58 N m~!. Images were
analyzed using the NanoScope software (Version 5.31r1).
At the beginning of each growth or dissolution experiment,
deionized water was injected over the calcite surface for sev-
eral minutes, to observe dissolution and flatten the surface.
Formation of etch pits (Fig. 1) can be observed during this
step. Measurements of step retreat velocity (or etch pit
spreading rate) and hillock (or spiral) step growth were
made from sequential images scanned in the same direction.
The retreat velocity during dissolution vy, (nm s~!) given
by vgum = (v+ +v_)/2 (where vy and v_ are the retreat
velocities of + and — etch pit steps, respectively) was calcu-
lated measuring the length increase per unit time between
opposite parallel steps in sequential images. The step
spreading velocity was calculated in a similar way in the
experiments in which 2D-nucleation was found as the main
growth mechanism. When spiral growth was dominant,
absolute growth velocities of obtuse (v+) and acute (v_)
steps could be determined from measurements of geometric
relationships of the spirals as in Larsen et al. (2010), Ruiz-
Agudo et al. (2011), and Ruiz-Agudo and Putnis, 2012).

2.5. Raman spectroscopy

A confocal Raman spectrometer (Horiba Jobin Yvon
XploRA) operating with the 638 nm line of a He—Ne laser
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Table 1

65

List of AFM experiments of calcite dissolution in the presence of arsenic. A star * indicates solutions for which the pH was buffered in the
presence of arsenic. For the other solutions, the pH increased due to increasing concentration of arsenic.

Exp. # Tonic strength (mole/1) Arsenic concentration pH measured Step velocity (nm/s) Notes
As-d-01 0.016 0 6.2 1.9+£0.3

As™), 5 ppm 7.5 32+40.1

As™Y), 50 ppm 10 25409

As™, 500 ppm 11.1 1.9 £0.1 Presence of precipitates
As-d-02 0.016 0 6.1 3.7+0.8

As™Y), 5 ppm 8.9 33+04

As™), 50 ppm 10.4 23404

As™), 500 ppm 112 25404 Presence of precipitates
As-d-03 0.047 0 6.1 4.5+0.1

As™), 5 ppm 8.9 3.6+0.5

As™, 50 ppm 10.4 1.84+04

As™), 500 ppm 11.2 1.5+£0.2 Presence of precipitates
As-d-04 0.047 0 6.1 20+£04

As™_ 5 ppm 8.8 1.940.5

As™] 50 ppm 9.5 1.2+£0.5 Rounded etch pits

As™ 500 ppm 9.2 13403 No precipitate
As-d-05" 0.047 0 5.6 4.54+0.6

As™), 5 ppm 6.9 414+13

As™), 50 ppm 7.6 44407 Rounded etch pits

As™), 500 ppm 8.1 4940.5 No precipitate
As-d-06" 0.047 0 5.4 1.9+0.6

As™Y), 5 ppm 5.2 3.0+0.7

As™), 50 ppm 5.5 59+0.7 Slight distortion of etch pits

As™, 500 ppm 5.8 6.6+0.8 No precipitate
As-d-07" 0.047 0 5.4 51+£09

As™ 5 ppm 5.8 6.2+£0.6

As™ 50 ppm 6.3 54407

As™ 500 ppm 5.8 10.0 £ 0.9 No precipitate
As-d-08" 0.047 0 7.0 20+0.5

0 11.0 1.8+£0.5

As™ 50 ppm 11.0 1.1£02 Rounded etch pits

As"™] 500 ppm 11.0 1.1+£04 Presence of precipitates
As-d-09" 0.047 0 7.0 1.0+£0.2

0 11.0 1.5+£0.6

As™), 50 ppm 11.0 1.8 +£04 Slight distortion of etch pits

As™), 500 ppm 11.0 26+04 No precipitate

was used for analysis of calcite surfaces after contact with
As™-bearing solutions. Two samples (As-d-02 and As-d-
03, see Table 1), where dissolution of calcite occurred in
the presence of 500 ppm of As"Y) and precipitates formed,
were selected for Raman investigations. Analyses were per-
formed on flat areas and along step edges to search for
Raman bands that are characteristic for arsenate vibra-
tions. The heptahydrate sodium arsenate salt was also ana-
lyzed for reference. Each spectrum was taken with a 500 um
hole, 100 pm slit and 1800 grooves per millimeter grating
using an acquisition time of 20 s. The signal-to-noise ratio
was improved by averaging the results of ten consecutive
measurements. Corrections for system drift were made
using the 520.7 c¢cm~! Raman band of a silicon standard,
measured at the beginning and the end of each Raman ses-
sion, and the background was removed using the
CrystalSleuth software.

2.6. Ex situ coprecipitation experiments using nanocalcite

Co-precipitation batch reactor experiments were per-
formed to determine by ex situ X-ray absorption spec-
troscopy (XAS) if arsenate (four samples with various
arsenate concentrations) and arsenite (one sample) are
incorporated into a nanosized calcite structure (Table 3),
and if their oxidation state is modified. In particular, we
wanted to clarify whether arsenite is partly or totally oxi-
dized into arsenate before being incorporated. For this pur-
pose, calcite was synthesized by direct aqueous carbonation
of portlandite at room temperature (23 °C) under aniso-
baric  conditions  (Ca(OH), + CO, — CaCO; + H,0)
(Montes-Hernandez et al., 2007). This method was chosen
rather than homogeneous system (e.g. Ca®' + CO*"
— CaCO3;) because only calcite nanoparticles are produced
after about two hours of reaction, leading to high-purity
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Table 2

List of AFM experiments of calcite growth in the presence of arsenic. Step velocity (hillock or island) are given when three data or more could

be measured.

Exp. # Tonic strength (mole/l) Arsenic concentration pH measured step velocity (nm.s™ ") Notes
As01 0.047 0 8.8 84+1.6 Normal hillock
As™), 5 ppm 8.8 - Normal hillock
As™Y), 50 ppm 8.8 77412 Rounded hillock
As™), 500 ppm 8.8 16.7 Tear-shaped hillock
As02 0.047 0 8.8 - Normal hillock
As™), 500 ppm 8.8 - Tear-shaped hillock
As03 0.047 0 8.8 - Normal hillock
As"™ 50 ppm 8.8 - Normal hillock
As"D 500 ppm 9.2 - Rounded hillock
As05 0.047 0 8.7 22.8+0.1 Normal island
As™), 500 ppm 8.6 30.3+£12.5 Rounded island
As06 0.047 0 8.7 8.0+t4.5 Normal hillock
As™), 500 ppm 8.6 8.0+4.7 Tear-shaped hillock
As08 0.047 0 11.0 13.9+0.5 Normal island
As™, 500 ppm 11.0 33+1.1 Scalloped island
0 11.0 8.3+0.1 Normal island
As™Y), 500 ppm 11.0 2.6 £0.7 Scalloped island
As09 0.047 0 11.0 - Normal hillock
As"™ 500 ppm 11.0 - Rounded hillock
0 11.0 - Normal hillock
As™), 500 ppm 11.0 - Rounded hillock

dissolution; pH 8.7

Fig. 1. In situ Atomic Force Microscopy (AFM) deflection image
of a (10-14) calcite surface during dissolution in deionised, arsenic-
free, water in a flow-through fluid cell. Dissolution occurs by
spreading along 4-sided rhombohedral etch pits, with an obtuse
angle of 102°. Calcite steps are mostly one unit cell (3.5 A height).

homogeneous nanosized calcite crystals free of metastable
carbonate phases such as amorphous calcium carbonate
(ACC), vaterite or aragonite. The experimental protocol
for the synthesis of nanocalcite in the presence of various
oxyanions is described in Montes-Hernandez et al. (2009).
The initial pH was 12.4, and then dropped to 5.5 once the

portlandite was consumed and nanocalcite had formed.
The solid phase was then isolated by centrifugation after
24 h. The initial concentration in the fluid and the final
arsenic content in the solid calcite sample are given in
Table 3.

2.7. X-ray absorption spectroscopy (XAS)

XAS measurements were carried out at the European
Synchrotron Radiation Facility (ESRF, Grenoble,
France), operating with a ring current of 100 mA. Arsenic
K-edge EXAFS spectra were collected on the BM30B
(FAME) beamline using a Si(220) double crystal mono-
chromator with dynamic sagittal focusing. The photon flux
was of the order of 10'? photons per second, and the spot
size was 300 um horizontal x 100 pm vertical (Proux
et al., 2005). The spectra were collected in fluorescence
mode with a 30-element solid-state germanium detector
(Canberra). For the As™)-nanocalcite samples (four sam-
ples), four to six scans of 40 min each were acquired, and
then averaged to reduce noise. The EXAFS spectra of
arsenic salts used in the initial solutions were also taken
as references for As™ and As'Y). Data from each detector
channel were inspected for glitches or drop-outs before
inclusion in the final average. Data analysis was performed
using the IFEFFIT package (Ravel and Newville, 2005),
including ATHENA for data extraction and ARTEMIS
for the shell fitting. The value ranges for R and k were
0.7-4.0 A and 2.8-13.7 A", respectively. Fitting was done
in R-space using the Fourier transforms of the 3-weighted
x(k) functions. Johnbaumite (Cas(AsQO4);OH)) structure
was used to calculate FEFF phase and amplitude functions.
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Table 3

Summary of batch-reactor nano-calcite precipitation experiments in presence of AsY) and As"P and synchrotron XAS results.

Exp. # Arsenic initial concentration in Arsenic concentration in calcite from ICP-AES ~ XAS results

solution (mg As L™ analyses (mg As kg~! calcite)
Calcite-As™V)-1 18 500 Incorporated as As")
Calcite-As™")-2 35 1000 Incorporated as As'Y
Calcite-As¥)-3 50 1400 Incorporated as As'Y
Calcite-As™"-4 65 1990 Incorporated as As'Y
Calcite-As™-1 50 600 Incorporated as 64% AsY)

and 36% As!D

For the As™-nanocalcite sample, only the XANES part
was recorded because of lack of beamtime, thus informa-
tion on the local oxidation state only, and not on the local
structure, was obtained. The spectrum was normalized and
processed by linear combination fits (LCFs) with
ATHENA to determine the proportion of As™ and As™").

3. RESULTS
3.1. In situ AFM calcite dissolution experiments

Direct in situ observations show that in contact with
pure water, the (10-14) calcite surface starts dissolving
along steps that retreat and through the formation of etch
pits with typical rhombohedral shapes (Fig. 1), as already
observed in previous studies (see Ruiz-Agudo et al.,
2010b; Ruiz-Agudo and Putnis, 2012 and references
therein). Etch pit steps are typically one unit cell (3.51&)
high.

Measured retreat rates (vy,,) in water ranged between
19 and 5.1nms™!, with an average variability of
+0.5 nm s~ ! within each experiment (Table 1), for solutions
in the circumneutral pH range 5.4-6.1. These values agree
well with previously published values of etch pit retreat
rates for calcite in undersaturated solutions — see for exam-
ple the review by Ruiz-Agudo and Putnis (2012) and refer-
ences therein. Measured retreat rates values in arsenic-
bearing solutions ranged from 1.5 up to 10 nms~!. For
the solutions where the pH was not buffered in the presence
of arsenic and was in the range 7.5-11.2 (experiments As-d-
01 to As-d-04 in Table 1), the etch pit spreading rate was in
the range 1.3-2.5nms~!, and slightly decreased with
increasing As™ or As™Y) concentration; nevertheless, this
could be related to the increasing pH of the solutions and
remains within the error bars of our measurements.
However, for solutions with controlled pH in the range
5-6 (experiments As-d-05 to As-d-07 in Table 1), faster
spreading rates were measured and increasing concentra-
tions of As™ or As") increases the etch pit retreat rate,
up to 10nms~! for the largest arsenic concentrations
(500 ppm).

Arsenic has a clear effect on the shape of the etch pits,
but only at high (500 ppm) concentrations. For example,
in the presence of 50 ppm As"" at pH 3, the shape of etch
pits is not modified (Fig. 2a). However, at 500 ppm As")
and the same pH, the angle of the etch pits increases from
the normal value of 102-111° (Fig. 2b), indicating an

interaction between the dissolved As") and the calcite sur-
face. More interestingly, As"™™ also has a strong effect on
the morphology of the etch pits, at pH above 9 and
500 ppm concentration (Fig. 2¢ and e). The obtuse angle
of the etch pit slightly increases to 105°, but the symmetric
corner becomes rounded, indicated a pinning of the steps at
this position. Nevertheless, this effect is not observed at cir-
cumneutral pH, even for the highest As"™ concentration.

Interestingly, together with dissolution, for the highest
concentrations of AsY) (500 ppm), precipitates were
observed forming on the calcite surface at pH 11
(Fig. 2d). Immediately on contact of the surface with the
undersaturated solution, nucleation of tiny ~50 nm, ini-
tially scarce, particles precipitated on the calcite surface,
more or less randomly, and without any observable pre-
ferred orientation. They covered a significant portion of
the calcite surface within half an hour. The adhesion of
these precipitates was initially weak as they were moved
by the AFM tip.

Precipitated particles were generally too small to be
easily identified by means of Raman spectroscopy. In flat
areas with low particle density analyses showed no
Raman bands other than those belonging to the calcite sub-
strate. However, three weak and broad bands at 807, 851
and 881 cm™! could be detected in areas close to deeper step
edges where precipitates were typically present in higher
concentration (Fig. 3a). These Raman band locations are
characteristic for AsOy stretching modes of various crys-
talline arsenate phases, including Ca-arsenate phases such
as pharmacolite (CaHAsO42H,O) and johnbaumite
(Cas(AsOy4)30H) as well as the sodium arsenate salt used
in the experiments (Na,AsO4-7H,0) (Fig. 3b). The precipi-
tate is thus interpreted to be an arsenate-bearing phase.
Normally broader and less intense peaks are a sign for
low crystallinity and this seems to be the case for this arsen-
ate phase. However, a more precise identification and quan-
tification is difficult because of the rather weak signal in our
measurements and the lack of comprehensive literature
data on all the possible arsenate phases.

3.2. In situ AFM calcite growth experiments

The presence of high concentrations of arsenic (50 ppm
and above) affects the morphology and rate of calcite
growth. The (10-14) cleavage surface of calcite commonly
grows by the formation of spirals in which pyramidal hil-
locks, located above a screw dislocation defect, grow along
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@8%d-06.025

AsY 50 ppm, pH 5.5

as-d-06.036)

AsY 500 ppm, pH 5.5

Fig. 2. In situ AFM deflection images of (10-14) calcite cleavage surfaces during dissolution in a flow-through fluid cell. (a) Dissolution in
deionised, arsenic-free, water, showing typical rhombohedral etch pits with an angle of 102°. (b) Dissolution in the presence of As'Y), 500 ppm,
same pH as in (a), showing that the angle of the etch pit has increased to 111°, giving a distortion to the original rhombohedral form. (c)
Dissolution in the presence of As™™, 500 ppm, showing a strong effect on the shape of the etch pit, with two sides that are pinned and
dissolved much slower. (d) At high pH and with 500 ppm As""), some precipitates form at the surface of calcite during its dissolution in
deionised water. Precipitates mainly localize along macrosteps or in etch pits where dissolution is faster. (¢) Dissolution in the presence of
As™, 500 ppm and pH 11, showing a strong effect on the shape of the etch pit where two sides are pinned. (f) Dissolution in the presence of
As™), 500 ppm and pH 11, showing a distortion of the original rhombohedral form.

four steps that form obtuse and acute angles of a
rhombohedrum (Fig. 4a; see also Ruiz-Agudo and Putnis
(2012)). In addition, calcite growth occurs by the nucleation
and growth of rhombohedral islands (Figs. 5 and 6).

An effect of As"™™P could be observed only for the highest
concentration of 500 ppm at pH in the range 8-11. The ini-
tial regular spiral hillock (Fig. 4a) shows a rounding of the

acute angle in the presence of arsenic. This change in mor-
phology occurs within a minute after injection of an arsenic
bearing solution (Fig. 4b). This effect could not be observed
for the lower As™ concentrations of 5 and 50 ppm.
Conversely, As™”) shows clear effects not only at 500 ppm,
but at 50 ppm as well (Fig. 4c and d, Figs. 5 and 7). As
in the case of As"P, the acute step of the spiral hillocks
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Fig. 3. (a) Raman spectra of the calcite surface used for experiment As-d-03. Raman spectra of flat areas (black) only reveal peaks of the
calcite substrate, whereas the Raman spectrum taken close to a deeper step edge (red) reveals three additional weak and broad peaks in the
800-900 cm ™' region, characteristic for arsenate stretching vibrations. (b) Reference Raman spectra for pharmacolite, johnbaumite and
heptahydrate sodium arsenate. Peak assignments for pharmacolite and heptahydrate sodium arsenate are according to Frost et al. (2010) and
Vansant et al. (1973), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

becomes rounded at 50 ppm, and upon further increase of
the As'Y) concentration the whole pyramidal morphology
is altered into a tear-shape at 500 ppm by pinning of the
acute angle. This transformation occurs within minutes
(Fig. 7a and b). However, the original rhombohedral pyra-
midal shape recovers very fast (after a few scans) as soon as
an arsenic-free growth solution is injected in the flow-
through cell (Fig. 7d and ¢). In those experiments in which
growth occurred mostly by 2D island nucleation and
spreading, the shape of growth islands is modified, from
rhombohedral (Fig. 5a) to rounded (Fig. 5b). At pH 11
and in the presence of 500 ppm of As™ or As™Y), the
islands become scalloped and rounded (Figs. 6a and c),
but recover their initial morphology within minutes when
an arsenic-free fluid at the same pH is injected (Fig. 6b).

The rate of island spreading is considerably slowed down
(see Table 3) in the presence of As™ at 500 ppm, and
drops from a value close to 14 nms™' in water at pH 11
to less than 4 nm s~' with arsenite.

3.3. Ex situ coprecipitation experiments using nanocalcite

The nanocalcite prepared in the presence of 50 ppm
As™) and As™ contained 1.4 and 0.6mgg~!' arsenic,
respectively (Table 3). Thus, the arsenic partitioning in
the solid phase is roughly doubled from As™ to AsY).
As a comparison, Yokoyama et al. (2012) observed a factor
of about ten with the sorption-coprecipitation method at
pH 12. Thus, the protocol used in their study to form
nanocalcite enhances the fixation of As"™™. The redox state
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Fig. 4. AFM deflection images of the effect of arsenic during growth of calcite on the (10-14) cleavage surface. (a) Pyramidal hillock with
acute and obtuse angles indicated and the corresponding step velocities Uopruse and Vacures respectively. (b) Effect of As™, 500 ppm is
characterized by a slight rounding of the acute angle. (c) Effect of AsY), 50 ppm, characterized by a slight rounding of the acute angle. (d)
Strong effect of AsY), 500 ppm, with the transformation of the pyramidal hillock morphology into tear shape by pinning the acute angle.

and local structure of arsenic in As"™"- and As™"-coprecipi-
tated nanocalcites concentration were studied by arsenic K-
edge XANES and EXAFS spectroscopy. For As", four
concentrations were tested. The four samples showed iden-
tical XANES and EXAFS spectra (Supplementary
Material, Fig. S1). The position of the absorption edge
was consistent with pentavalent arsenic, so no change in
arsenic redox state was observed. The four EXAFS spectra
(Fig. S1b) were averaged for EXAFS analysis, to increase
the signal to noise ratio (Fig. 8a), and is referred to as
As™-nanocalcite hereafter. The averaged spectrum was
intermediate between adsorbed and As'Y)-calcite previously
studied by Alexandratos et al. (2007) (Fig. 8a). On the
Fourier transformed spectrum, the peak corresponding to
Ca shells (at R+ AR =2.5-3.5 A) had a shape slightly dif-
ferent from these two reference compounds, with shoulders
at 4.5 and 6 A~' less marked than in As")-coprecipitated
calcite (arrows in Fig. 8b). We verified that our shell fitting
of the adsorbed and coprecipitated As)-calcite spectra
provided by Alexandratos et al. (2007) provided the same
structural parameters as those published, within error
(£0.02 A for the interatomic distance R and +0.5 for the
coordination number CN), see Table S2 in the
Supplementary Material. In the As™)-nanocalcite, arsenic
is surrounded by 2.9 Ca atoms at 3.49 A and 2.20 Ca atoms

at 3.67 A. These values are similar to those obtained by
Alexandratos et al. (2007) and by Yokoyama et al. (2012)
for As(:')-coprecipitated calcite, with small differences
(£0.08 A for R and +1 for CN) between the three samples.
This comparison suggests that the AsO, tetrahedron is
incorporated in the calcite structure and accommodated
in a similar way in micro- and nano-sized calcite crystals.

The XANES spectrum for arsenic in As™-coprecipi-
tated nanocalcite is intermediate between that of As'Y)
and As"D salt references. It is correctly fitted by a
combination of 64% of the former and 36% of the latter
(Fig. 8c). Thus, 64% of As™ was oxidized into AsY
before or after incorporation in calcite, whereas 36% was
incorporated as As"™. These observations are partly con-
sistent with those by Yokoyama et al. (2012). These authors
showed that at pH above 9, As"™P was partly auto-oxidized
into As"Y) in the solution before being incorporated in cal-
cite, and partly incorporated as As™'Y, and that this latter
species was then oxidized into As"Y) within 24 h. In the pre-
sent study, a significant proportion of arsenic remained as
As™ in the structure.

To summarize, incorporation of As™") in nanocalcite is
higher than As"™™, but only by a factor of two, as compared
to 10 for calcite at pH 12. As™”) was incorporated in the cal-
cite crystal lattice as a CO3~ substitute in a similar way as
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Fig. 5. AFM images of the growth of calcite islands. The time of arsenic injection is indicated as #,. (a) Island during calcite growth in the
absence of arsenic. (b) Island during calcite growth in the presence of 500 ppm arsenic and showing the rounding of one obtuse corner of the

island.

previously observed (Alexandratos et al., 2007; Yokoyama

et al., 2012). As"™ was partly oxidized into As'Y, but 36%

of arsenic present in calcite remained in the As™V state.
4. DISCUSSION

4.1. Interaction of As™ and As™ with calcite surfaces

Experimental and natural studies existing in the litera-
ture on the interaction of arsenic with calcite often show

contradictory results. While some studies have proposed
that As"™ can be adsorbed or incorporated into calcite
(Cheng et al., 1999; Roman-Ross et al., 2006; Bardelli
et al., 2011), other studies suggested that most of the incor-
porated arsenic, if not all, is As™) and that As"™V interacts
weakly with calcite (So et al., 2008; Yokoyama et al., 2009,
2012; Costagliola et al., 2013).

In a study performed using X-ray standing waves, it was
proposed that As™ was adsorbed on the calcite surface
and located at the carbonate site (Cheng et al., 1999), the
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Fig. 6. AFM images of the growth of calcite along one island at
pH 11. (a) Island during calcite growth in the presence of 500 ppm
of As™ and showing the scalloping of the steps and rounding of
the island. (b) Island during calcite growth in the absence of
arsenic. (c) Island during calcite growth in the presence of 500 ppm
of As"Y) and showing the scalloping and rounding of the island.
These three images were acquired during the same experiment
(As08, see Table 2), and the morphology changed within 1.5 min
upon injection of a fluid with a new composition.

oxygen base of the arsenite oxyanion was coincident with
the plane of the carbonate group while the arsenic atom
was pointing away from the calcite (10-14) surface. In a
set of experiments of the interaction of calcite and As'™
at pH 7.5, Roman-Ross et al. (2006) showed that calcium
arsenite could precipitate as a solid solution with calcite,
inducing a volume change in calcite supercells that is pro-
portional to the initial arsenic concentration in the fluid
and that an average of 2250 & 20% ppm of As™V could
be incorporated into the calcite structure, with a transition
from adsorption to coprecipitation with increasing arsenite
concentration.

Alexandratos et al. (2007) showed that As" interacted
with calcite both by sorption and co-precipitation, with
preferential incorporation of As'Y) at the (10-14) calcite
surface. In their experiments, As") was incorporated
preferentially along the obtuse angle (- steps) of growth hil-
locks and induced the formation of macrosteps, as observed
in our experiments. Moreover, based on EXAFS measure-
ments and modeling, they proposed that As®") oxyanions
were replacing the carbonate group in the calcite crystal.
In a series of batch sorption experiments at pH 6-9.1 and
low arsenic concentrations (2.5 ppm), So et al. (2008)
showed that As'Y) was adsorbed onto calcite and modelled
the sorption using H,AsO; and CaHAsO§ as adsorbing
species. These authors showed that As™" was not adsorbed
on calcite at these low concentrations. Using batch reactor
experiments, as well as XANES and EXAFS spectroscopy,
Yokoyama et al. (2009) measured that As™™ did not copre-
cipitate with calcite, whereas As"") did and replaced the car-
bonate group in the calcite structure in a pH range between
7 and 12.

In a more recent study, Yokoyama et al. (2012) per-
formed sorption and coprecipitation experiments with low
arsenic concentration in the fluid (around 0.4-6 ppm),
and adsorption experiments with 750 ppm arsenic in the
fluid. At pH above 9, they observed a direct incorporation
of As'"™V in early precipitated calcite and vaterite crystals, as
observed in EXAFS spectra. Up to 33% of arsenic was in
the As"™ oxidation state when incorporated at pH 11.
However, this species was transient since the final calcite
contained only AsY) (Yokoyama et al., 2012).

In the present study, we observe directly that AsY) has a
stronger interaction than As™P with calcite during its
growth at room temperature, changing the characteristic
pyramidal growth hillock morphology into a tear-shaped
form, as already observed for selenium oxyanion incorpora-
tion into calcite (Renard et al., 2013). This effect is quickly
reversed upon injection of an arsenic-free growth solution.
On the contrary, only at pH 11 and the highest 500 ppm
concentration does As™ show some interaction with cal-
cite (pinning of etch pits during dissolution and roughening
of the surface and slowing down of island growth rate dur-
ing growth). Additional ex situ measurements by XAS spec-
troscopy confirms that As‘Y) is preferentially incorporated
into calcite (~2 times higher) with respect to As™. AsY)
is preferentially incorporated into calcite because HAsO;>
dominant ions can easily substitute the carbonate ions dur-
ing calcite formation at any given conditions. In addition,
Yokoyama et al. (2012) suggested that the formation of
CaHAsO; complexes in solution might facilitate the
incorporation of As™) in calcite. We did observe the
incorporation of As™ in our experimental conditions
(pH > 11) both in AFM and in batch-reactor, which is con-
sistent with the presence of negatively charged species
HAsO32, dominant at pH > 9. In addition, during calcite
formation in the batch reactor experiments, As™™) was sig-
nificantly oxidized to As‘Y). This oxidation may be cat-
alyzed by the surface, but further research would be
needed to confirm it. The resulting nanocalcite contained
64% As™) and 34% As"D. These results are consistent with
previous results obtained by Yokoyama et al. (2012) who
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Fig. 7. Time-lapse in situ AFM images of a (10-14) calcite surface during growth in the presence of As'

pH 8.8, 1

pH 8.8, 1,

pH 8.8, 1,

lNst-

500 ppm AsY P

+20145s

2116's

) in a flow-through fluid cell. The time

of the first arsenic injection is indicated as #,. (a) Typical pyramidal hillock when no arsenic is present. (b-d) With the addition of 500 ppm
As™Y), the hillock is strongly deformed, with pinning of one acute angle. (e-f) When the same arsenic-free solution as in (a) is re-injected at time

to +1900 s, the hillock recovers its initial shape within 100 s.

used a different calcite coprecipitation protocol. Thus,
incorporation mechanisms of AsY) and As™ seems to be
similar in calcite and nanocalcite. Small differences may
be highlighted, though. Yokoyama et al. (2012) suggested
a preferential trapping of As™™ within vaterite (precursor
of calcite), whereas in our study As™ was identified in
nanocalcite containing 100% calcite, and no vaterite could
be detected in the batch reactor products. Note that the
experimental protocols were different: Yokoyama et al.
(2012) produced vaterite as a precursor which was a better
sink for As™™, whereas in our coprecipitation experiments

no vaterite was produced (Montes-Hernandez et al., 2009).
Moreover, after 24 h As™ was completely converted into
As™) for their experiments whereas in our case, 34% of
incorporated arsenic remained as As!'V.

AFM measurements reveal that high concentrations
(500 ppm) of As"™ also produce growth modifications
(Figs. 4-6). Concerning the dissolution of calcite in the
presence of arsenic, both As") and As™ species have a
small effect on the shape of the etch pits, with etch pits
showing rounding of one of the obtuse corners only at
the highest As"™™ concentration tested (500 ppm). As well,
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Fig. 8. (a) Arsenic K-edge EXAFS spectrum for the As(™)-
coprecipitated nanocalcite (red) compared with 100 M AsY)—
calcite sorption sample (green) and As™)—calcite single crystal
coprecipitation samples (blue) previously published by
Alexandratos et al. (2007). The As™)-coprecipitated nanocalcite is
the average of identical spectra presented in Fig. S1. Arrows point
to well-marked shoulders on the As)-coprecipitated calcite
spectrum, and less pronounced on the AsY-coprecipitated
nanocalcite. b) Corresponding Fourier transforms (not corrected
for phase shifts) and shell fittings (dashed lines) using the same
color code. (c) Arsenic K-edge XANES spectra for the for the
AsY)- and As"_coprecipitated nanocalcites (pink and yellow,
respectively) and for As,O5 (As"™™, purple). Each spectrum is an
average of 4-6 XANES acquisitions. The As™V-coprecipitated
nanocalcite spectrum was fitted with a combination of 36% As™V
+64%  As™-coprecipitated nanocalcite (R factor = 0.0018,
dashed line). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this
article.)

arsenic oxyanions induce a slight increase in the dissolution
rate (see Table 1). According to these observations and
taken into account that the EXAFS measurements suggest
that AsY) is partially adsorbed and coprecipitated, we pro-
pose that the adsorption/incorporation of As'Y is responsi-
ble for the observed modifications in growth and

adsorption/co-precipitation in  dissolution  features.
Conversely, As"™ can also be slightly adsorbed and/or
(V)

incorporated, but it has a weaker effect than As

Detailed AFM observations of the morphology changes
induced in growth and dissolution features by the presence
of As'Y) shows that the changes can be related to the devel-
opment of etch pits with step edges parallel to [42—1] or
[010]. These directions correspond to the intersection of
the {0112} and {0001} form with the cleavage rhombohe-
drum, as indicated by morphology simulations performed
using SHAPE software assuming overdevelopment of those
faces (Fig. 9). The (0112) and (0001) faces are polar and
consist of alternate layers of Ca®* and CO3~ ions in succes-
sive planes. Thus, they are not stable under normal growth
conditions. The adsorption of charged arsenic species may
stabilize the hydration water molecules on these faces and
thus reduce repulsive interactions between positive (or
negative) like-charges. Thus we hypothesize that the pres-
ence of arsenic species, and particularly As"), may neutral-
ize the dipole moment of polar faces, resulting in
stabilization of the (0112) or (0001) faces. This is reflected
in changes in the morphology of calcite growth and dissolu-
tion features, in particular in the observation of edges par-
allel to (010) and (42—1) directions. The opposite
situation, i.e. reduced attractive interactions between unlike
charges and destabilization of stable faces, also takes place.
The fact that surface morphology changes are reversible
upon injection of arsenic-free solutions and that similar
changes are observed during dissolution, where ion
incorporation is less likely, suggests that the As"’ ions
causing such a morphology change are adsorbed. Note that
similar ideas have been used to explain the effect of both
inorganic (Li*, Wang et al., 2011) and organic (HEDP,
Ruiz-Agudo et al., 2010b) impurities on calcite growth.
Nevertheless, this does not exclude the possibility that a
fraction of the arsenic is actually incorporated into the
growing calcite, a fact that cannot be exclusively confirmed
by AFM observations and that was observed by Cheng
et al. (1999), who described a very specific mechanism of
adsorption, i.e. surface incorporation. At pH close to 9,
As"™ oxyanions are present in the solution in two forms
that have a charge equal to either 0 (H3AsO;) or —1
(H,As03) (see Fig. S3); thus, in the framework of the
above-explained model it is easy to understand that As™™
shows a weaker interaction than As"Y) (which is present
exclusively in the form of HAsO3 ™, i.e. a doubly charged
anion) with the calcite surfaces during growth. Several
arsenite species were not present in this database so their
stability constants were taken from the literature (Table 4).

Several AFM growth experiments were performed at
constant pH of 8.8, and at this pH the main As" species
(97%) is doubly charged (HAsO3"), while the main As!'V
species (70%) is uncharged (H3As0s;), so that it cannot
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Fig. 9. Simulation of the calcite morphology with overdevelopment of the (a) {0112} and (b) {0001} forms. New edges develop, intersecting
the typical rhombohedra shape of the growth and dissolution features. Examples of (c) growth hillocks, (d) growth islands and (e) etch pits
showing new edges consistent with those developed in morphology simulations (marked with white lines).

stabilize hydration water by electrostatic interactions. At
pH 5-6, 100% of As"™ is in the form of H3AsOs, and thus
no interaction is expected. However, at the same pH,
already 87 to 98% of AsY) is in the form of H,AsOy, and
thus able to interact with the surface and stabilize hydration
water even at this low pH. At pH 9.2, equal proportions of
H;AsO; and H,AsOj3 are present in solution, and thus, this
would explain why some effect in etch pit morphology is
observed in dissolution experiments performed at pH 9.2
in the presence of As™ at 500 ppm. At pH 11, around
10% of As™V is present in the form of HAsO3™ in the solu-
tion and interacts with the surface at high concentration of
500 ppm, modifying the etch pits geometry during dissolu-
tion and islands during growth.

4.2. Precipitation process during the interaction of dissolving
calcite surfaces with arsenic-bearing aqueous solutions
Interestingly, at high As'" concentration, a new precipi-
tate forms during calcite dissolution, similar to that already
observed for the dissolution of calcite in the presence of
selenium (Putnis et al., 2013). Similarly, the precipitation
of a calcium-arsenic phase while dissolving gypsum was
observed by Rodriguez-Blanco et al. (2007). Calcium-
arsenic precipitates were also reported in batch reactor
experiments by Bothe and Brown (1999).

To explain our observations, PHREEQC simulations of
the solution composition and saturation state with respect
to relevant Ca-arsenate phases upon eventual equilibration
with respect to the calcite substrate were performed. The
different Ca—As solid phases considered and their solubility
products are reported in Table 5, where the results of the
simulations are summarized. These results indicate that

already at the lowest As") concentration tested here
(5 ppm) the solution would be supersaturated with respect
to pharmacolite, while it is undersaturated with respect to
other Ca-arsenate phases. Note that this crude simulation
is just an approximation as (i) the semi-continuous flow
through the AFM cell will retard equilibration with respect
to calcite; (ii) precipitation may occur from an interfacial
fluid layer in contact with the solid, while the bulk solution
may remain undersaturated (Ruiz-Agudo et al., 2012).
Nevertheless, it illustrates that under these conditions, pre-
cipitation of an As-bearing phase is possible (as we
observed in our experiments) and it is coupled to the
dissolution of calcite which provides the calcium atoms
necessary to form a new calcite-arsenic phase within the
mineral-fluid interfacial boundary layer.

4.3. Implications and environmental relevance

The adsorption of arsenic on iron and aluminum oxides
has been proposed as the main mechanism controlling the
mobility of arsenic in soils and sediments and eventually
its precipitation into arsenic phases. Adsorption depends
on pH and oxidation state, with arsenate being more
strongly adsorbed than arsenite (Carillo and Drever,
1998). Arsenate As"") sorption was measured on calcite par-
ticles from a soil and shown to increase from pH 6-10, with
a peak between pH 10 and 12, and decrease above pH 12
(Goldberg and Glaubig, 1988). The adsorption of AsY
on calcite was four times larger than on montmorillonite
or kaolinite particles in the same soil. During the active pre-
cipitation of iron oxyhydroxides and carbonates associated
with the oxygenation and CO, degassing of hydrothermal
spring waters in the Cézallier area of the French Massif
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Table 4
Equilibrium constants used in PHREQC calculations, compiled from Martinez-Villegas et al. (2013) and Nordstrom et al. (2014).
Name Formula Reaction Log K
Solid phases Calcium arsenates
Ferrarisite CasH(AsOy)49H,0 CasHo(AsO4)4:9H,0 = 5Ca>" + 2As03~ + 2HAsO; + 9H,O —31.49
Guerinite CasH,(AsO4)4-9H,0 CasH,(As04)4:9H,0 = 5Ca®" 4+ 2As03 + 2HAsO; + 9H,0 -30.69
Weilite CaHAsO, CaHAsO4 + H' = Ca®" + H,AsOj; 2.36
Haidingerite CaHAsO,4-H,O CaHAsO,:H,0 = Ca*" + HAsO2~ + H,0O —4.79
Pharmacolite CaHAsO42H,O CaHAsO42H,0 + H' = Ca®" 4+ H,AsO; + 2H,0 —4.68
Johnbaumite Cas(OH)(AsO,)s Cas(OH)(AsOy,); = 5Ca*>" + 3As03 + OH ™~ —38.04
Ca,(OH)(AsO,)-2H,0O Ca(OH)(AsO,):2H,0 + H" = 2Ca®" + AsO3~ + 3H,0 1.29
Cas(AsO4)»-2.25H,0 Cas(As04),:2.25H,0 = 3Ca®" + 2As03~ + 2.25H,0 —21.40
Ca3(ASO4)2'3H20 Ca3(ASO4)2:3H20 = 3Ca2+ + 2A5027 + 3H20 -21.14
Ca3(AsO4),-3.67TH,0 Ca3(As04):3.67H,0 = 3Ca*" + 2As03~ + 3.67H,0 —21.00
Cas(AsO4),-4H,0 Cas(AsO4)»:4H,0 = 3Ca®" + 2As03~ + 4H,0 —18.91
Cas(AsO4),4.25H,0 Ca3(AsO4)2:4.25H,0 = 3Ca*>" + 2As03~ + 4.25H,0 —21.00
Cay(OH),(As0,),-4H,0 Cay(OH)5(As04)>:4H,0 = 4Ca** + 2AsO3~ + 20H™ + 4H,0 —29.20
Relevant aqueous complexes
H,AsOy H;AsO, = HyAsO; + H' —2.28
HAsO3~ H,AsO; = HAsO} +2 H” —6.96
AsO3~ HAsO3™ = AsO3~ + 3H" —11.58
H,AsO3 H;AsO; = HAsO3 + HT -9.23
NaH,As0, Nat + H,AsO; = NaH,AsO,4 1.78
NaHAsOy Nat + HAsO} ™ = NaHAsO; 0.69
NaAsO3~ Na' 4+ AsO3~ = NaAsO4>~ 4.71
NaH,As03 Na' + H,AsO; = NaH,AsO; 0.25
CaH,AsOf Ca®" + H,AsO; = CaH,AsO; 1.06
CaHAsO, Ca?™ + HAsO3~ = CaHAsO, 2.69
CaAsOy Ca®" 4+ AsO}~ = CaAsO; 6.22
CaH,AsO7 Ca?™ + H,AsO5 = CaH,AsO7F 1.81

Table 5

Saturation indexes of different Ca—As" phases calculated with PHREEQC assuming equilibrium with respect to calcite, as a function of As

concentration at 25 °C.

(V)

Phase ST (PHREEQC)
AsY (5 ppm) AsY (50 ppm) AsY (500 ppm)

Pharmacolite 1.64 4.19 5.78
Haidingerite —5.04 —2.49 —0.90
Weilite —-5.4 —2.85 —1.26
Ca;3(As04),-3H,0 —6.33 —3.27 —1.86
Caz(As04)2-3.67H,0 —6.47 —-3.41 —2.00
Ca;3(As04),-4.25H,0 —6.47 —3.41 -2.00
Ferrarisite —15.65 —7.49 —2.89
Guerinite —16.45 -8.29 -3.69
Ca3(As04),-4H,0 —8.56 -5.5 —4.09
Johnbaumite -9.50 -5.92 —4.69
Cay(OH)(AsO,4)-2H,0 -7.35 —6.83 —7.02
Cay(OH),(As04),-4H,0 —10.94 -9.92 —10.28

The supersaturation of the pharmacolite at all arsenic concentrations is indicated in bold values.

Central, arsenic interacted preferentially with iron oxides
(Le Guern et al., 2003). These authors suggested that calcite
plays only a minor role in arsenic trapping when iron oxides
are present.

Arsenic may either adsorb on calcite crystals or be incor-
porated during calcite growth. In the past 15 years, a large
body of experimental data has shown that both processes
may occur. However, some results regarding the net
incorporation of As™ and As") into calcite are still

debated. Our study shows that the effects of arsenic on cal-
cite growth and dissolution are observed for high concen-
trations (above 50 ppm) in short-term experiments,
conditions that are rarely met under natural conditions.
However, high concentrations of arsenic can be reached
during anthropogenic activity, such as acid mine drainage,
and high arsenic concentrations might affect calcite growth
and dissolution in the short-term during soil irrigation with
highly contaminated water in calcareous environments.
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Finally, the incorporation of arsenic in calcite is poten-
tially important since many arsenic affected groundwaters
are at equilibrium or slightly supersaturated with respect
to calcite and in several natural carbonate systems iron oxi-
des are absent. Natural calcite minerals may be in contact
with contaminated ground water and streams or with acid
mine drainage flows. As a consequence, calcite represents
a key mineral to understand the global cycling of arsenic
into the environment.

5. CONCLUSION

In situ atomic force microscopy measurements of the
interactions between calcite and arsenic-bearing solutions
in the pH range 6-11, complemented by ex situ XAS
characterization of nanocalcite grown in the presence of
arsenic oxyanions in the pH range 6-11, lead to the follow-
ing conclusions.

1. The AFM results, supported by EXAFS measurements,
show that As(V) is (i) partly adsorbed during growth,
this causing the effects observed on step morphology,
and (ii) partly incorporated, this possibly causing change
in growth from rhombohedral to tear-shaped growth
spirals.

2. During growth, the effect of As(III) is much less because
it is weakly incorporated and changes the morphology of
the steps only at high concentrations (500 ppm).
XANES measurements show that As(III) may be incor-
porated during calcite growth and partly oxidized, lead-
ing to nanocalcite particles containing 34% As(I1I) and
66% As(V).

3. During dissolution, arsenic is adsorbed on the calcite
surface, changing the morphology of etch pits and
roughening the whole surface, and increasing the kinetics
of dissolution. At the highest concentration (500 ppm of
As(V)), calcite dissolution is coupled to the precipitation
of a calcium arsenate phase.

4. An interpretation is proposed where the polarity of the
calcite steps control the adsorption of the various arsenic
oxyanions.

5. More studies would be necessary to characterize the rela-
tive proportion of adsorbed versus incorporated arsenic
concentrations in calcite.
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