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Abstract

Mineral replacement reactions are essential solid-fluid interactions in natural and industrial processes
including metasomatism, diagenesis, and metamorphism, and sequestration of metal toxins from polluted
water. Here, we explore the morphological evolution of aragonite and calcite (polymorphs of CaCOs3)
during their replacement by cerussite (PbCOs;, an isomorph of aragonite) and otavite (CdCOs;, an
isomorph of calcite) in acidic aqueous solutions (with initial pH 3 to 4). Observations using scanning
electron and synchrotron-based transmission X-ray microscopies reveal the formation of pseudomorphic
shells (~5 to 10 um thick) of cerussite and otavite when Pb®* is reacted with either calcite or aragonite and
when Cd?* is reacted with aragonite. The formation of pore space at the substrate-precipitate interface and
within the precipitate is found to be key in promoting chemical exchange between the dissolving phase
and the solution. In contrast, minimal reactivity is observed when Cd*" is reacted with calcite. These
results demonstrate that the lack of substrate-precipitate epitaxy (either because of inconsistent
symmetries or due to large lattice constant mismatch) is a critical factor that enables replacement of
primary CaCO; minerals by Pb- or Cd-bearing secondary minerals while the presence of epitaxial
relationships inhibit those reactions. When calcite and aragonite coexist, the replacement of aragonite by
cerussite and otavite occurs preferentially over calcite. We postulate that the relative reactivity of calcite
and aragonite to Pb* and Cd* can be determined by interplay between morphological and

crystallographic properties of CaCO; materials as well as solution chemistry. Our results demonstrate that

1

© 2022 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0016703722006093

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

coupled dissolution-precipitation processes of carbonate minerals play an important role in controlling
mobility and bioavailability of lead and cadmium in environments where acidic metal-contaminated water

interacts with carbonate-rich rocks and soils.

Keywords: mineral replacement, calcite, aragonite, cerussite, otavite, transmission X-ray microscopy

1. Introduction

Calcite and aragonite are the two most common polymorphs of calcium carbonate minerals (CaCO3)
in nature. Calcite is the most stable form of CaCO3; under ambient conditions while aragonite is the high-
pressure polymorph of CaCO;. Both calcite and aragonite commonly form as a main constituent in coral
reefs and shells in marine environments (Checa et al., 2007; Gillikin et al., 2005; Keith et al., 1964).
Because their mineral-water interfaces are highly reactive to dissolved ions, calcite and aragonite play an
important role in controlling the fate of various metal ions, in natural and engineered settings, through
processes including adsorption, incorporation, and precipitation (Callagon et al., 2014; Davis et al., 1987;

Elzinga et al., 2006; Kang et al., 2014; Rouff et al., 2004; Sturchio et al., 1997; Zavarin et al., 2005).

Mineral replacement reactions can occur via a coupled dissolution-precipitation process in which a
substrate phase dissolves in contact with fluid and is replaced by a more stable precipitate. These
reactions are essential in many natural and industrial processes including chemical weathering,
metasomatism, diagenesis, metamorphism, and sequestration of metal toxins from polluted water (Putnis,
2002, 2009; Ruiz-Agudo et al., 2014). A key feature of a mineral replacement reaction is the preservation
of the original dimensions of the substrate phase (i.e., pseudomorphism). The shape preservation indicates
that the reaction front migrates from the external surfaces of the original mineral into the interior of the
substrate crystal. The structure, composition, and morphology of the replaced crystal are known to be

controlled by various factors including the difference in solubility between the substrate and the
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precipitate, the relative rates of the dissolution and precipitation reactions (Putnis, 2002, 2009; Ruiz-
Agudo et al., 2014), and the development of porosity in the precipitating phase that promotes chemical

exchange between the dissolving phase and the solution.

Replacement reactions typically occur under far-from-equilibrium conditions that maintain sustained
disequilibria in which the reactant solid phase remains undersaturated while the product solid phase
becomes supersaturated. These conditions can dramatically influence reaction mechanisms and pathways
in elemental transport under geochemically relevant conditions. For example, the highly acidic fluids in
acid mine drainage sites contain large amounts of heavy metal ions (e.g., Pb*, Hg®*, Cd*") (Li et al.,
2009), which can react with carbonate minerals that commonly exist in mine tailings as well as
contaminated soils and sediments. The pseudomorphic replacement of sparingly-soluble CaCO; minerals
by less-soluble secondary minerals containing these metals (e.g., CaCO; + Pb®* > PbCO; + Ca?") can
inhibit the geochemical transport and biological availability of these metal toxins (Abdilla et al., 2022;
Yuan et al., 2016). The same mechanism may also be relevant to geomechanical phenomena, such as the
sequestration of CO, through the coupled dissolution of mafic silicate minerals in CO,-saturated injection
waters and precipitation of carbonate minerals (e.g., CarbFix). As such, understanding the controls over
the reactivity of carbonate minerals under conditions of disequilibria (e.g., acidic pH) is broadly
important. The current study focuses on the reactivity of calcite and aragonite in acidic pH solutions in the
presence of two common toxic metal ions: Pb?* and Cd®*. Both of these metals are constituent elements of
relatively insoluble carbonate minerals, but their different crystal structures allow the crystallographic
controls over these reactions to be isolated. Furthermore, the facile reactivity of carbonate minerals at
ambient conditions makes them well suited for systematic measurements to identify the relevant chemical

and crystallographic controls over these reactions.

Systematic investigations on the interfacial reactivity of calcite and aragonite in acidic metal-rich
fluids have been reported recently. For example, in acidic Pb?* containing solutions, replacement of

calcite and aragonite by cerussite (PbCO3) can proceed through coupled dissolution-precipitation
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processes, while maintaining the overall carbonate grain morphology (Kim et al., 2021; Yuan et al., 2018;
Yuan et al., 2016). This combination drives dissolution of calcite and aragonite (having solubility

—8.34
083

products, Ky = acge+- agg,2- = 10 and 10**, respectively, where a represents the ion activity at

equilibrium; Plummer and Busenberg (1982)) followed by precipitation of cerussite having a significantly

lower solubility (i.e., Kg = appz+- Ago,2-= 10 7% Xiong (2015)). It is proposed that the growth rates and

modes of cerussite on dissolving calcite and aragonite can be controlled by spatial distribution of solution
pH and ion concentrations, which determine the (local) saturation index of the precipitate (Kim et al.,
2021; Yuan et al., 2016). In addition, previous studies have compared Pb uptake by calcite vs. aragonite in
replacement reactions that form cerussite as the final product (Di Lorenzo et al., 2019; Gamsjager et al.,
1984; Godelitsas et al., 2003; Kim et al., 2021; Miyake et al., 1988). However, there are some significant
discrepancies among these studies. Gamsjager et al. (1984) reported batch experiment results showing
that Pb®* uptake by aragonite occurs to greater extents and at faster rates than that by calcite. In contrast,
observations made by Di Lorenzo et al. (2019) revealed a lower reactivity of aragonite to Pb?* compared
to that of calcite, from batch experiment combined with scanning electron microscopy (SEM), and
suggested that the surface passivation of aragonite by cerussite could occur because the precipitate and
substrate phases are isostructural (orthorhombic, 2/m2/m2/m). Our previous observations indicated that
the relative reactivity of calcite and aragonite in acidic Pb*" containing solution may be determined by
morphological features of these polymorphs, which control the local saturation index of cerussite near the
CaCOs; substrate (Kim et al., 2021). In turn, these previous studies highlight the need for a systematic
investigation of various factors that control the reactivity of calcium carbonate polymorphs with heavy

metals in acidic aqueous solutions.
Similar considerations can be applied to the reaction of calcium carbonate with acidic solutions
containing Cd*". Since otavite (CdCOs) has a lower solubility (Ky = acge+- agp,2- = 10 %; Rai et al.

(1991)) than calcite and aragonite, it is expected that its growth can be induced by dissolution of CaCO3

in acidic Cd* containing solutions, in analogy to what is observed with Pb?*. One important difference
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when otavite grows on a calcite substrate, however, is the close structural match between otavite and
calcite. Otavite has the same crystal structure as calcite (trigonal, 32/m) with only a small lattice misfit
to the calcite lattice spacing (ranging from 1 to 3 % with respect to the surface lattice spacings in the
calcite and otavite (104) planes). Consequently, otavite can be expected to grow as a continuous epitaxial
film that is coherently strained to the calcite substrate. Growth of a continuous film may inhibit the
progress of the coupled dissolution-precipitation reactions (Pérez-Garrido et al., 2007; Prieto et al., 2003;

Xu et al., 2014) that require the dissolution of the substrate as a source of carbonate ions.

Relevant to the understanding of replacement reactions of calcite by otavite are previous observations
of otavite growth on calcite in otavite-supersaturated solutions. Atomic force microscopy (AFM) and
synchrotron X-ray reflectivity (XR) studies have demonstrated that otavite films grow as coherently
strained films on the calcite (104) plane, consistent with the expectation from the crystallographic
similarity between two solid phases (Chiarello and Sturchio, 1994; Chiarello et al., 1997; Pérez-Garrido et
al., 2007; Xu et al., 2014). The thickness of these otavite films ranged from a few to tens of nm depending
on the initial saturation index of the reacting solution with respect to otavite. When grown from solutions
that were supersaturated with respect to otavite, it was found that the otavite film morphology evolved as
would be expected for an epitaxially strained layer, including the growth of a coherently strained otavite
film for thicknesses below the critical thickness (e.g., 3 and 15 nm for the calcite and dolomite (104)
surfaces, respectively), followed by the development of a strain-relieved film (presumably due to a
combination of dislocations and the development of a morphologically rough film) (Callagon et al., 2017;

Chiarello and Sturchio, 1994; Chiarello et al., 1997; La Plante et al., 2018).

Significantly less is known about the reaction mechanisms of aragonite with dissolved Cd** than
those of calcite with dissolved Cd*". Prieto et al. (2003) reported a significantly higher Cd uptake by
aragonite from aqueous CdCl, solutions compared to that by calcite. Cubillas et al. (2005) found that in
the presence of dissolved Cd**, the dissolution rates of calcite were lower than that of aragonite, which

induced a greater extent of Cd precipitation by aragonite than calcite. In both studies, the differences in
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Cd sorption were attributed to different growth modes of otavite on the substrate minerals. These findings
from previous studies were mainly based on batch sorption experiments combined with microscopic
observations made using SEM to contrast the final product of otavite grown on aragonite with no discrete
otavite crystals found on the calcite surface. As demonstrated from our previous study (Kim et al., 2021),
SEM is useful in visualizing external morphologies of the product phase upon mineral replacement but
does not provide direct insights into the product-substrate interfaces. Although there is some consensus
that Cd uptake by aragonite can occur via mineral replacement (i.e., similar to Pb uptake by calcite and
aragonite), this insight has not yet been supported by direction observations of the morphological

relationships between the host phase and the secondary mineral.

Here, we explore the morphological evolution of calcite and aragonite prepared in three different
forms (i.e., single crystals, crushed minerals, and mixed crystals) during reaction with dissolved Pb** or
Cd** to understand the morphological and crystallographic controls over the replacement of calcium
carbonate polymorphs by cerussite and otavite. In these measurements, the reactivity of these calcium
carbonate polymorphs is observed in acidic conditions (initial pH = 2.7 to 4.0) that maintain a continued
undersaturation of the calcium carbonate substrate while the product phase nucleates and grows, thereby
ensuring a sustained disequilibrium. A unique aspect of our approach is that we compare the different
reaction modes leading to the formation of cerussite and otavite by combining observations of changes to
the external morphology of calcite and aragonite by SEM with parallel observations of the internal
structure of replaced calcite and aragonite crystals using synchrotron transmission X-ray microscopy
(TXM). As demonstrated in our previous studies (Kim et al., 2021; Yuan et al., 2016), TXM imaging

enables direct observations of the product-substrate interface formed during mineral replacement.

This approach has led to multiple new insights into the reaction process. For example, TXM images
of aragonite replaced by otavite are the first to provide direct evidence that this replacement reaction is
enabled by reactant (Cd*") transport through pore spaces within the otavite product and between the

otavite and aragonite phases. These morphological and chemical observations also reveal that the
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outcomes of these replacement reactions (including dissolution and growth rates and patterns) depend on
the crystal structure and initial morphologies of calcium carbonate polymorphs. This suite of
measurements allows us to make direct comparisons of four reaction systems having host minerals and
reaction products with either the same or different crystal symmetry groups (i.e., minerals having the
calcite and aragonite crystal structures, respectively) and to explore the role of lattice strain when they are
isostructural (i.e., small lattice mismatch between calcite and otavite vs. the large lattice mismatch
between aragonite and cerussite). The results show that the lack of epitaxial relationships between the
reactant and the product (either due to different crystal symmetry groups, for calcite—cerussite or otavite—
aragonite, or due to significant lattice mismatch for isostructural minerals, for aragonite—cerussite) is a
critical factor that enables mineral replacement reactions to penetrate into the substrate phase, while the
presence of true epitaxial relationship inhibits those reactions (e.g., for calcite—otavite). Our results also
show how the interfacial reactivity of calcite and aragonite with Pb?* and Cd** is influenced by the
dissolution rate of calcium carbonate. These results are compared with previous observations of mineral

replacement reactions.

2. METHODS

Synopsis of experiment

Calcite and aragonite have moderate solubilities and distinct crystal structures (trigonal and
orthorhombic, respectively). We reacted calcite and aragonite crystals in acidic Pb?* and Cd** aqueous
solutions to induce replacement of these polymorphs by PbCOs (cerussite, an isomorph of aragonite) and
CdCO; (otavite, an isomorph of calcite), which are much less soluble in water than the CaCO;
polymorphs. The initial solutions (at the initial pH of 2.7—4.0) were undersaturated with respect to both
the CaCO3; minerals and the secondary phases. The growth of the new phase, if observed, was initiated at
the CaCOs-water interface where the local concentration of carbonate was sufficiently high to induce the

precipitation of cerussite and aragonite. All observations were made at room temperature.
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The four replacement reactions (i.e., the combination of two mineral substrates, calcite and aragonite,
and two metal ions, Pb?* and Cd*") represent transformations between the dissolving and precipitating
phases with the same or distinct crystal structures, and with large vs. small lattice constant differences for
isostructural phases (i.e., aragonite by cerussite and calcite by otavite, respectively). The lattice spacing
differences between aragonite and cerussite are 4-7 % (with respect to the aragonite (001), (010), and
(110) planes; Supporting materials) and those between calcite and otavite are 1-3 % (with respect to the
calcite (104) plane), respectively. In comparison, the replacement of calcite by cerussite, and aragonite by
otavite, involves phases with distinct crystal structures. Therefore, comparing morphological
characteristics of these four replacement reactions offers direct insights into how the mineral replacement
reactions are controlled by crystallographic relationship and lattice mismatch between the substrates and

precipitates.

Minerals and reagents

Calcium carbonate polymorphs were prepared in three different ways. 1) Individual crystals of calcite
and aragonite were co-grown on Kapton films using the ammonium diffusion method (Hu et al., 2012;
Ihli et al., 2013). 2) Aggregates of calcite and aragonite were prepared by mixing carbonate- and calcium-
containing solutions at 70 °C (Wray and Daniels, 1957) . 3) Powder specimens of calcium carbonate were
prepared by crushing and sieving natural calcium carbonate minerals, i.e., calcite (Chihuahua, Mexico)
and aragonite (lvanpah Mt., California, USA), to obtain particles in size ranging from 47 to 53 um
(similar to the crystals grown by the ammonium diffusion method). These prepared CaCO3; samples were
reacted with acidic Pb?*- or Cd**-containing solutions. Pb(I1) and Cd(l1) stock solutions were prepared
using Milli-Q® water (resistivity > 18.2 MQ-cm; TOC < 5ppb), lead nitrate (Pb(NOs),, Sigma Aldrich;
purity of > 99 %), and cadmium chloride hemipentahydrate (CdCl, -2¥2H,0, Mallinckrodt; purity of 99-

100 %).
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Reaction protocols

Mineral replacement reactions for individual crystals, aggregates, and powder specimen of calcite and
aragonite were performed in a fluid cell containing CaCOj crystals in contact with a static solution with
1-5 mM Pb(11)/1-10 mM Cd(ll), an initial pH of 2.7-4.0, and a solid mass to solution volume ratio of
0.1-0.37 g/L. As calcite and aragonite were undersaturated in this initial solution, the dissolution of
CaCO; minerals occurred at increasing solution pH and (bi)carbonate concentrations. We focused on
conditions and reaction times where the CaCO; phases remain undersaturated throughout the reaction

period.

For reaction of aragonite with Pb** and Cd** and calcite with Pb?*, the final Pb- and Cd-containing
solutions, after reaction for 16 to 24 h, displayed the pH ranging from 4.2 to 4.8 and from 5.5 to 6.0,
respectively, with total dissolved carbonate concentrations of 1-4 mM. The saturation index (SI) of
cerussite ranged from —1.2 to 0.5 and that of otavite from 0.6 to 2.1. These indicate that the solution
chemistry evolved as the dissolution of the CaCO; phase continued during reaction, from undersaturation
with respect to cerussite and otavite to supersaturation with respect to both of these phases during the
reaction. A different behavior is observed for reactions of calcite with Cd**: the final solution pH was 5.5
to 6.0 and the total dissolved carbonate concentration was only 20 uM. This low carbonate concentration
suggests the inhibited dissolution of calcite. The Sl of otavite in the final solution ranged from —1.2 to

0.0, indicating that the solution was undersaturated or in equilibrium with respect to otavite.

After the desired reaction time, the samples were gently rinsed with ethanol and air-dried. These
reacted CaCO; samples were imaged using a Phenom scanning electron microscope (SEM) with energy
dispersive X-ray spectroscopy (EDS) (Thermo Fisher Scientific) and transmission X-ray microscopy

(TXM). The secondary phases were identified using X-ray diffraction (XRD).

Transmission X-ray Microscopy (TXM)

Synchrotron X-ray nano-tomography measurements were performed at beamline 32-ID-C at the
Advanced Photon Source (APS) in Argonne National Laboratory (ANL). The incident X-ray photon

9
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energy was 8 keV and a field of view of 51 x 51 pm? was used. The sample was imaged in 721 projection
directions within a rotation angle of 180°. The exposure time was 0.5 to 1 s per image and the spatial
resolution of the image was 49 nm. The projection data was reconstructed using Tomopy (De Carlo et al.,
2014; Gursoy et al., 2014; Pelt et al., 2016). The acquired images were further processed using an open-
source 3D image segmentation code, CTSegNet developed by Tekawade et al. (2021) that uses deep
learning to automate the classification of pixels into specific phases (e.g., background, cerussite/otavite,
and calcite/aragonite). CTSegNet applies multiple passes of an encoder-decoder 2D convolutional neural
network (CNN) onto orthogonal axes of a 3D reconstructed grayscale volume to produce an ensemble
voted mask that captures 3D information about pixel intensity variation in the different phases. The
segmented images were analyzed and visualized using 3DSlicer (www.slicer.org; Fedorov et al. (2012))

and Paraview (Ayachit, 2015).

X-ray diffraction (XRD)

Silicon “zero-background” sample holders (MTI corporation; www.mtixtl.com) were used for XRD.
Samples were transferred to the holders in a form of isopropyl alcohol slurry and then dried in air for 30-
60 min. XRD patterns were obtained using a Bruker D8 Advance diffractometer with a step size of 0.008°

20. Cu Ka radiation (A = 0.15418 nm) was used and the measurement time was 1 S per step.

3. RESULTS
3.1. Replacement reactions of calcite and aragonite in acidic Pb** and Cd** solutions
Powder specimens of calcium carbonate polymorphs before and after reaction in acidic Pb**- or Cd**-
containing solutions (initial pH = 2.7; 5 mM [Pb“]inmm or 5 mM [Cd”]mmah respectively) for 16 hr were
examined using XRD and SEM. The XRD measurement confirms that the mineral specimens used for the
replacement reactions consisted of calcite and aragonite, respectively (Fig. 1) without any evidence for
secondary phases. Cerussite was identified as the main product of reaction of calcite and aragonite with

acidic Pb**-containing solution (Fig. 1). The rod-shaped cerussite crystals grown on both calcite and

10



247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

aragonite were observed by SEM (Fig. 2 A and B). The formation of cerussite is consistent with previous
studies of calcium carbonate mineral evolution in the presence of dissolved Ph** (Di Lorenzo et al., 2019;

Gamsjager et al., 1984; Yuan et al., 2018; Yuan et al., 2016).

The main product from the reaction of aragonite with acidic Cd®*-containing solution was Cd-rich
CdxCa1-xCOs3 solid solution (hereafter referred to as otavite) (Fig. 1A). The otavite crystals that formed
on aragonite were sub micrometers to few micrometers in size and rhombohedral in shape (Fig. 2C).
Unlike the other three reaction systems, in reaction of calcite with Cd**, no discrete secondary particles
were observed by SEM (Fig. 2D) nor identified by XRD (Fig. 1B). We did, however, detect very small
EDS signals from Cd?* on the calcite grains, corresponding to 0.03 to 0.11 at.% (Fig. S.1) suggesting that
an interface-limited reaction may occur on these surfaces. Since EDS is not a surface-specific technique,

the Cd content of surface precipitates, if formed, might be higher than this concentration range.

3.2 Morphological evolution during mineral replacement

Morphological changes of calcite, aragonite, and calcite/aragonite mixture during replacement reaction in
acidic Pb- and Cd-containing solutions were imaged using SEM (Fig. 3). Before the reaction, the
aragonite starting material occurred in aggregates less than 150 um in size but with spiky morphologies
(Fig. 3A and C). Pristine calcite starting material was grown as individual euhedral crystals, 30 to 80 um

in size (Fig. 3B and D).

The surfaces of aragonite crystals reacted in 1 mM [Pb2+]inma. solution at pH 3.0 are gradually covered
by cerussite, which appears as bright phases in the SEM images (Fig. 3A). While this morphological
change occurred within the first hour (Fig. 3A), aragonite crystals barely changed in size and external
morphology after additional reaction times (Fig. S.2). Calcite crystals reacted in a solution having the
same solution composition decreased in size throughout the reaction and developed spatially modulated

surface morphologies (Fig. 3B), due to the dissolution of the calcite surface in the presence of dissolved
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Pb? (Yuan et al., 2018). After 6 hr of reaction, the formation of cerussite was observed near the contact of
the calcite crystal on the Kapton support similar to the observations in the previous study (Yuan et al.,
2018; Yuan et al., 2016). This behavior can be contrasted with that occurring in Cd-containing solutions.
In a solution with 10 mM [Cd]intia at pH 4.0, the precipitation of otavite on the aragonite substrate
gradually proceeded within first 3 hr (Fig. 3C) and there were little changes in size and external
morphology afterward (Fig. S.2), leading to reacted structures that appeared morphologically similar to
that observed in Pb-containing solutions. In contrast to this, calcite crystals reacted with the same Cd-
containing solution showed minimal changes after reaction for 12 hr (Fig. 3D) and no evidence of the
formation of otavite as a discrete phase. These results showed that the growth process of cerussite on
dissolving aragonite was generally similar to that of otavite on aragonite, but that the growth of cerussite
was significantly faster. The behavior of calcite was distinct from aragonite. The presence of Pb?* altered
the dissolution process of calcite (Yuan et al., 2019), and the nucleation of cerussite on calcite occurred at
slower rates than that on aragonite. In contrast, the present of Cd*" appeared to inhibit or slow the

dissolution of calcite under these conditions.

Avragonite/calcite mixtures were reacted with Pb?* and Cd?* to further examine relative reactivities of
these calcium carbonate polymorphs with dissolved lead and cadmium ions (Fig. 4). In these mixtures,
aragonite had a rod-shaped morphology, which indicates that these crystals grew along the c-axis of the
aragonite structure (Wang and Han, 2014; Zeng et al., 2018). In acidic Pb®" containing solution,
replacement by cerussite began at the tips of aragonite crystals and gradually proceeded over the body of
these crystals for the first 2 hr. In some cases, the core aragonite was fully dissolved, leaving
pseudomorphic shells of cerussite after reaction for 4 hr (Fig. 4A). During this morphological evolution,
cerussite replacing aragonite crystals grew dominantly along the c-axis of the substrate structure (Fig. 4).
In reaction with dissolved Cd**, sub-micrometer-sized otavite crystals grew on rod-shaped aragonite
crystals, covering the entire aragonite surfaces within the first 4 hr. In the same acidic Pb- and Cd-

containing solutions, calcite showed rounded edges by dissolution but replacement by lead and cadmium
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carbonate was rare (Fig. 4). Overall, these results show that precipitation of cerussite and otavite

preferentially occurred on aragonite over calcite when aragonite and calcite coexist.

3.3 pH evolution during mineral replacement.

The nature of these replacement reactions was further constrained by the solution chemistry monitored as
the reaction progressed. To this end, the solution pH was measured as a function of time during reaction
of calcite and aragonite powder with dilute hydrochloric acid (at initial pH = 2.7) in the absence and
presence of Pb?* or Cd** (5 mM [Pb*Jinitia OF 5 MM [Cd* Tinitia, respectively) (Fig. S.3). In the Pb?*- and
Cd?*-free systems, the solution pH increased with time up to 7.6 after 24 hr. This increasing pH is

expected from the dissolution as,
CaCOs(s) + H* = Ca®* + HCOy (1)

When calcite and aragonite were reacted with solutions containing Pb**, the pH stabilized after 10 min of
reaction at 4.6 to 4.8. We postulate that this observation reflects a balance between CaCO; dissolution

(Eg. 1) and PbCOg precipitation as
Pb?* + HCO;3 = PbCO4(s) + H* (2)

In reaction of aragonite with Cd**-containing solution, pH increased to 6.4 during the first 1 hr,
followed by a gradual decrease down to pH 6.0 after 24 hr of reaction. The initial increase is consistent
with those observed in the Cd**-free solution while the subsequent decrease likely reflects the delayed
onset of otavite precipitation. When calcite was reacted with Cd®*, pH increased from 2.7 to 5.2 during
the first 10 min, followed by a gradual increase to 5.7 until 24 hr. Notably, the initial increase was slower
than that in Cd*'-free solution. While this behavior appears qualitatively similar to that for Pb reacting
with calcite and aragonite (where replacement reactions occur readily), the lack of any significant
replacement reactions in the Cd/calcite systems (i.e., with no calcite dissolution observed by SEM (Fig.
3D) and no otavite precipitation identified by XRD (Fig. 1B)) indicates that the slow pH evolution is due

to the inhibited reactivity at the calcite surfaces. That is, interactions of Cd with the reactive sites of
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calcite (e.g., via sorption on step and kink sites or the formation of a continuous film, see Section 4.1 for
detailed discussion) passivate the surfaces, resulting in a decrease in dissolution rate and limited

replacement of calcite by otavite.

3.4 Internal structures of replaced crystals of calcite and aragonite

The internal structures of CaCO3; minerals after the reaction with acidic Pb- and Cd-containing solutions
were examined using TXM (Fig. 5). In these TXM images, the brightness indicates the density of the
materials such that lead and cadmium carbonate appear brightest, while calcium carbonate has
intermediate contrast, and air is the darkest. These phases consisting of reacted CaCO3z minerals were
segmented and visualized in three dimensions (Fig. 6). Replacement of aragonite and calcite by cerussite
began at the external surfaces of the crystals and propagated inward (Fig. 5 A and B). The cerussite layers
on these substrates were typically ~5 to 10 um thick. Otavite initially nucleated on the external surface of
aragonite. Replacement of aragonite by otavite resulted in similar morphologies with the formation of a
thick product and the presence of pores between the otavite and aragonite phases (Figs. 5D). In contrast,
Cd-reacted calcite crystals remained visually unchanged (Fig. 5E), which indicates that the formation of
otavite either did not occur or was limited to a thin layer on the external surface of calcite. In
aragonite/calcite mixtures reacted with Pb** and Cd**, the cerussite and otavite layers on the aragonite

substrate were sub micrometers to few micrometers thick (Fig. 5C and F).

These segmented images of the internal structure of the reacted CaCO;z; minerals provide direct
evidence for the important role of porosity in the replacement reactions. Specifically, we observe pores
separating the reactant and the product phases for all cases in which a replacement reaction was observed
in process (i.e., with both reactant and product phases present). For example, pores are ~100 nm wide at
the boundaries between the cerussite precipitate and the CaCOs; substrate (Fig. 5A to C; Fig. 6A and B),
consistent with a previous study (Kim et al., 2021; Yuan et al., 2016). Similar pores were observed
between otavite and aragonite phases (Figs. 5F and CD). Additional pores developed within the

precipitate phases, most notably for cerussite on dissolving calcite (Fig. 6A). These pore spaces can act as
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fluid channels during the reactions, facilitating chemical exchange between the substrate and bulk

solution.

4. DISCUSSION
4.1. Formation of porosity upon the mineral replacement of calcite and aragonite

Our SEM and TXM imaging results (Fig. 2 to 5) show similarities and differences among structural
outcomes from the four replacement reactions under the equivalent conditions in terms of initial pH and
metal concentrations. Under the disequilibrium conditions of the present study (mainly driven by acidic
pH), pseudomorphic replacement by cerussite (an isomorph of aragonite) and otavite (an isomorph of
calcite) were observed when calcite and aragonite were reacted with Pb?* and aragonite with Cd** (Figs. 2
to 4). One key feature found in these pseudomorphic replacement reactions was the formation of pores
between the substrate and precipitate (~ 100 nm in thickness) (Figs. 5 and 6). Through these pores,
chemical exchange is facilitated between the dissolving CaCOs; mineral, the precipitating
cerussite/otavite, and the bulk solution. The development of porosity plays a key role in promoting the
advancement of a reaction front from the mineral-water interface to the internal structure of a crystal. In
turn, these morphological features (both external and internal ones) observed in replaced CaCOs; crystals
define the reaction mechanisms addressed in this study as pseudomorphic replacement (which satisfies
the definition described in Putnis (2009)). Here, we propose a conceptual model to demonstrate how the
formation of porosity upon the mineral replacement of calcium carbonate can be controlled by the
crystallographic relationship between the dissolving and the precipitating minerals and the differences in

the molar volumes of these solid phases.

We conclude that the growth mode of the precipitate is a critical factor in controlling the development
of porosity upon mineral replacement. Otavite has the same crystal structure as calcite (trigonal, 32/m)
with small lattice spacing misfit with respect to the calcite (1 to 3 % with respect to the lattice spacing of

the calcite and otavite (104) planes). Previous studies have observed the epitaxial growth of otavite on
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calcite with epitaxy mainly due to the crystallographic matching between otavite and calcite (Chiarello
and Sturchio, 1994; Chiarello et al., 1997; La Plante et al., 2018; Pérez-Garrido et al., 2007; Xu et al.,
2014). It has been postulated that these epitaxial layers may prevent calcite from further dissolution and
thus stop the coupled dissolution-precipitation (Pérez-Garrido et al., 2007; Prieto et al., 2003; Xu et al.,

2014).

The important role of epitaxy in inhibiting a replacement reaction is highlighted by comparing the
extended replacement of aragonite with Pb?* to the limited reaction of calcite with Cd** under equivalent
conditions (Figure 2 to 5). Although cerussite and aragonite also have the same crystal structure, there is
a larger lattice misfit between these two minerals, ranging from 4 to 7%. These differences can be
characterized through the estimation of the “critical thickness” of the precipitating phase (La Plante et al.,
2018; Matthews and Blakeslee, 1974), corresponding to the maximum thickness of an epitaxially
registered film that can form before the development of dislocations (see Supporting materials for
details). Ultimately, this estimation provides a way to evaluate the structural relationships that the
precipitate can maintain with the substrate and the expected growth mode. The estimated critical
thickness for otavite on calcite is ~3 nm, indicating that it can be physically stable as a continuous film up
to that thickness. In contrast, the critical thickness for cerussite on aragonite is ~0 nm, indicating that
continuous cerussite films onaragonite interface are not stable. This might suggests, for example, that the
initial cerussite product would tend to grow as isolated islands to minimize contact between cerussite and
aragonite. As a result, a portion of the aragonite surface will remain uncoated and exposed to solution
during these reactions, which will allow the replacement reaction to continue. This calculation is fully
consistent with the observations of pores at the cerussite/aragonite interface as seen in our previous (Kim
et al., 2021) and present studies. In contrast, the larger critical thickness of otavite coatings on calcite,
which enables a continuous film to form up to thicknesses of ~10 molecular-layers, implies that the

calcite surface will not be exposed to solution after an initial reaction period. This would significantly

16



394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

inhibit the transport of reactants to and from the interface since it would be necessary to occur through

solid-state diffusion rather than dissolution/precipitation at the mineral-aqueous solution interface.

Among the substrate-precipitate crystallographic relationships examined in this study, replacement of
calcite by cerussite and of aragonite by otavite are ones in which the substrate and precipitate phases have
distinct crystal structures. Our TXM image data of these two replacement reactions reveal that the
substrate surfaces do not become fully passivated by the growth of the precipitates (Figure 5 and 6). We
postulate that the incomplete passivation by precipitates is mainly due to their structural inconsistencies
with the substrate. Initially, cerussite and otavite can nucleate, as discrete phases, on the substrate when
fresh aragonite crystals are reacted in acidic Cd**- and Pb**-containing solution and when fresh calcite
crystals are reacted in acidic Pb**-containing solution (Fig. 3). These nuclei can eventually cover the
external surface of the CaCOj; substrate. But unlike the case for otavite on calcite, the structural
heterogeneity of the precipitated layer (i.e., different shapes and orientations of distinct nuclei) enables
reactant transport by solution through the pores and grain boundaries (Fig. 6). The chemical exchange is
initiated at the mineral-water interface and continues throughout the reaction as the initial pore space at

the interface evolves into internal gaps between the substrate and precipitate (Figs. 5 and 6).

Under our experimental conditions, we found no evidence for either the generation of porosity or the
formation of otavite layers on the calcite substrate reacted with Cd*. In acidic Cd**-containing solution,
calcite replacement by otavite can be limited by multiple processes at the calcite-water interface. Initially,
the solution is undersaturated with respect to otavite and the dissolution of calcite becomes the source of
carbonate in the solution. The dissolution rate of calcite would decrease upon Cd** adsorption on the
surface (Cubillas et al., 2005; Hay et al., 2003; Pérez-Garrido et al., 2007). If the (local) saturation index
of otavite becomes sufficiently high (e.g., through the dissolution of neighboring carbonate crystals), the
nucleation of otavite could occur in the form of two-dimensional epitaxial layers or three-dimensional

islands (Pérez-Garrido et al., 2007; Riechers and Kerisit, 2018; Xu et al., 2014) on top of a calcite surface.
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But the formation of a continuous otavite layer on the calcite surface might be expected to significantly

inhibit calcite dissolution, and therefore prevent further replacement reaction.

Upon the mineral dissolution-precipitation reaction, the difference in molar volume between the
reactant and product is another key variable in controlling the formation of pores (Putnis, 2002, 2009).
When the common elements or ions (e.g., carbonate in our case) are preserved, decrease in molar volume
by the replacement reaction can cause the formation of pores within the solid phase. This is the case
expected for replacement of calcite and aragonite by otavite: the molar volume of otavite (Vpm, otavite = 34.3
cm’mol™) is smaller than those of calcite and aragonite (Vi carcite = 36.9 and Vp, aragonite = 37.3 cm’mol ™).
The molar volume of cerussite (Vm, cerussite = 40.7 cm3mol‘1) exceeds those of calcite and aragonite.
Therefore, if all dissolved carbonate species are completely deposited into the cerussite product, the total
volume of the solid phase would be increased as a result of the replacement reaction. During the
dissolution-precipitation reaction in acidic Pb-containing solutions, however, the net carbonate loss from
the substrate mineral by the reaction is equivalent to the sum of carbonate deposited in cerussite and
carbonate dissolved in solution. In our experimental conditions, only part of carbonate ions dissolved
from the substrate mineral is deposited into the precipitate mineral (this is most evident in the images in
Fig. 3C, which show calcite crystals decreasing in size before the nucleation of PbCQOs). Therefore, our
results indicate that the change in volume of the solid phase during the replacement is determined, at least
in part, by the relative amount of the dissolving and precipitating phases and their molar volume ratio. In
turn, the decrease in volume of the solid phase could contribute to the formation of pores upon the
simultaneous dissolution-precipitation processes. Our considerations on the molar volumes of carbonate
minerals are consistent with the concept that the formation of pore space upon mineral replacement is
controlled by the relative amounts of the substrate and precipitate phases, which depend on their relative

solubilities and the solid and fluid compositions (Putnis, 2002).

Our conceptual model described above demonstrates that the outcome of carbonate mineral

replacement under highly acidic conditions is explained well by the substrate-precipitate structural
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relationship and the differences in molar volume between the substrate and the precipitate. We expect that
application of this model to carbonate replacement under different reaction conditions or to replacement
of other substrate minerals may require consideration of the interplay between the parameters involved in
this model as well as other factors that are not included in this model. For example, the surface
passivation of host phases by non-isostructural product phases may occur when the reaction involves
large positive molar volume change (Forjanes et al., 2020; Ruiz-Agudo et al., 2019). When replacement
reactions involve significant volume changes, resulting stresses may induce generation of cracks in parent
and product phases, which can act as reaction fronts in addition to pore space (Perdikouri et al., 2013; Xia

et al., 2009).

4.2. Relative interfacial reactivities of calcite and aragonite to Pb** and Cd**

In this study, three different samples of CaCO; polymorphs were prepared and reacted with dissolved
Pb? and Cd®*. In the presence of Pb®*, powder specimens of both calcite and aragonite underwent
extensive replacement by cerussite (Figs. 1 and 2), while preferential replacement of aragonite over
calcite occurred (with faster reaction rates) when individual CaCO; crystals and calcite/aragonite
aggregates were reacted with Pb?* (Figs. 3 and 4). We conclude that these differences in reactivity
between calcite and aragonite with Pb** are largely determined by the morphological and crystallographic
features of the CaCO; polymorphs under these conditions. Because the area-normalized dissolution rate
constants of aragonite and calcite are approximately the same over the pH range examined in this study
(initial pH = 2.7 to 4) (Busenberg et al., 1986), the rates would be largely controlled by their specific
surface areas. Powder specimens of calcite and aragonite consist of particles with a similar range of size
fraction (47 to 53 um) and therefore, likely had comparable specific surface areas. In samples of
individual CaCO; crystals and calcite/aragonite aggregates (Figs. 3 and 4), aragonite was of
polycrystalline aggregates and bundles of rod-shaped crystals, respectively, and therefore likely had a

larger surface area than calcite, which was in the form of single euhedral crystals. The faster net
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dissolution of aragonite (i.e., due to increased surface area) would lead to locally higher carbonate
concentrations and thus higher (local) saturation indices of cerussite on aragonite than on calcite (Fig. 3A

and B; Fig. 4A).

Since aragonite and cerussite are isostructural (orthorhombic; 2/m2/m2/m), the isomorphism may be
an important factor in determining the reactivity of aragonite to Pb* relative to calcite. In
calcite/aragonite aggregates, rod-shaped crystals of aragonite suggest the preferential growth of aragonite
along the c-axis (Wang and Han, 2014; Zeng et al., 2018). Under the reaction conditions of this study,
cerussite replacing these aragonite crystals grew dominantly along the c-axis of aragonite (Fig. 4). That is,
this observed morphological evolution suggests that the aragonite substrate exerted some control over the
cerussite growth. This behavior of cerussite grown on dissolving aragonite is possible due to similar
crystal habits of the precipitate and the substrate phases that have the same crystal structures. This
crystallographic relationship between aragonite and cerussite may be a cause for the preferential growth
of cerussite on aragonite over calcite when these polymorphs coexist. Similar to the relative reactivities
observed here, Gamsjéger et al. (1984) observed that Pb** uptake by aragonite occurred to a greater extent
and at a faster rate than that by calcite. On the other hand, Di Lorenzo et al. (2019) reported a lower
reactivity of aragonite to Pb®* than calcite and suggested that the surface passivation of aragonite by
cerussite may occur due to the isomorphism. We expect that the differences between their and our studies
originate from sensitivity to the different experimental conditions. For example, Di Lorenzo et al. (2019)
conducted reaction of CaCO; materials with Pb?* with larger aragonite particles (66 to 250 pum), at less
acidic initial pH (= 4.3), and with longer reaction times (4 hr to 10 d) than this study, which induced thin
(typically, < 5um) layers of cerussite on aragonite grains. Overall, the relative reactivities of calcite and
aragonite to Pb®* can vary depending on morphological and crystallographic properties of CaCOs;

materials as well as solution chemistry.

Our imaging data provide direct observations of the morphological relationship between the host

phases and the secondary minerals upon interaction of CaCO; minerals with dissolved Cd** (Figs. 2 to 4).
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For all three CaCOj; polymorphs, replacement of aragonite by otavite in acidic Cd**-containing solutions
occurred extensively whereas the formation of otavite on calcite was effectively inhibited (Fig. 3). These
observations suggest that the dissolution of calcite is much slower than aragonite in the presence of Cd?*,
which could be attributed to interfacial processes such as preferential adsorption of Cd?* and epitaxial
growth of otavite on the calcite (104) surface as discussed in the previous section. Overall, our results
support the concept that aragonite is much more reactive to Cd?* than calcite under acidic conditions
(initial pH 2.7 to 4.0 in this study), in good agreement with previous studies examining Cd uptake by
calcite and aragonite under less acidic conditions than this study (initial pH between 5 and 7; Miyake et

al. (1988); Pérez-Garrido et al. (2007)).

4.3. Comparison to other related systems

The present results reveal that the replacement reactions in carbonate minerals can be controlled by
lattice symmetry and epitaxy/strain. The behavior of calcite in Cd-containing solutions was distinct from
the other systems in that calcite rhombs remained essentially unchanged in solutions that were
undersaturated with respect to calcite. The mechanistic basiss for this behavior could not be distinguished
by our SEM and TXM measurements, indicating that any structural changes resulting from these
processes were substantially smaller than the spatial resolution of these imaging techniques (e.g., ~50 nm
for TXM). One possible explanation for the inhibition of a replacement reaction is a decreased dissolution
of calcite by passivation of their reactive sites. Cd sorption can occur preferentially on the step and kink
sites of the calcite surfaces, significantly decreasing surface dissolution rates. Previous AFM observations
of the changes in the dissolution pattern of calcite in the presence of Cd corroborate this interpretation

(Hay et al., 2003; Pérez-Garrido et al., 2007).

It is also possible that the decreased surface reactivity was due to the formation of a thin epitaxial
otavite film that would have the effect of passivating the calcite surfaces. It is known that otavite films

can grow from supersaturated solutions that have contained CO3*~ (Callagon et al., 2017; La Plante et al.,
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2018). In our case, the growth of otavite relied upon COs> derived from the dissolution of the substrate
(Eq. 1), which could be limited if its surface was coated by conformal otavite films. While the detailed
properties of these layers were not directly probed here (and will be the subject of subsequent ongoing
studies), this hypothesis is not without precedent. For example, the epitaxial growth of otavite and
rhodochrosite (MnCO3;) on calcite has been demonstrated to passivate the surface reactivity of calcite
(Pérez-Garrido et al., 2009; Pérez-Garrido et al., 2007). In a similar vein, observations of dolomite(104)
cleavage surfaces in dolomite supersaturated solutions showed the growth of a single epitaxial layer that
subsequently passivated the dolomite surface to further growth (Fenter et al., 2007). It was determined
that this layer was a Ca-rich (Ca,Mg)COs solid-solution layer (presumably due to a higher kinetic lability
of the Ca aqua ion than the Mg aqua ion). Because Ca*" is larger than Mg®*, this film would be
compressively strained due to the epitaxial constraint with the dolomite substrate, limiting the growth of
the film into a thicker layer. This strain-limited growth observed for dolomite is fully consistent with the

present observations of inhibited growth in the Cd-calcite system.

It is interesting to compare and contrast the present results to another well-studied system in which
epitaxial relationships between the substrate and precipitate might influence the mineral replacement
reaction: the replacement of KBr, by K(CI,Br) (Putnis and Mezger, 2004). In the experimental system,
solid KBr was in contact with a solution that was saturated with respect to KCl and undersaturated with
respect to KBr). The dissolution of KBr was observed, coupled with the growth of K(CI,Br)« while
retaining the initial crystal shape of the substate. The substrate and the precipitate have the same crystal
structure, but with lattice spacing differences as large as ~5% (calculated for the KCl and KBr, end
members). There are also differences between the K(CI,Br)/KBr vs. the carbonate systems. First, the KBr
and CaCOs replacement reactions occur via exchange between anions and between cations, respectively.
The KBr replacement reaction resulted in the formation of K(Cl,,Br;.,) solid solution phases (x is between
0 and 0.5) whose average composition varied depending on the reaction progress (i.e., higher x with an

increasing degree of replacement estimated by the film thickness) and evolved from the Br-rich phase
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near the K(CI,Br)/KBr interface toward the Cl-rich phase within the precipitate. In contrast, the CaCO;
reactions involved the formation of either pure (i.e., PbCOz; or CdCO3) or close-to-end-member phases.
This difference in composition is explained by analysis of Lippmann diagrams of the K(CI,Br)/KBr and
carbonate systems. Briefly here, the Lippmann diagram consists of solidus and solutus curves, which
represent the total solubility product as a function of the solid solution and aqueous solution composition
(Lippmann et al., 1980). This diagram is useful to describe the thermodynamic relationship between the
solid and aqueous solution phases at equilibrium. The Lippmann diagrams for the two systems reveals
much smaller variation in AG with x and thus higher compositional variability for the K(CI,Br) /KBr
system than the carbonate systems (Callagon et al., 2017; Putnis and Mezger, 2004). The overall outcome
of the KBr reaction would be qualitatively similar to the cerussite/aragonite replacement reaction in which
the precipitate grew into the substrate as compared with the otavite/calcite system which appeared self-
limiting. The X-ray diffraction data reported by Putnis and Mezger (2004) showed that the K(CI,Br) layer
was orientationally aligned with the KBr substrate. While those results do not directly probe the epitaxial
relationships at the K(CI,Br)-KBr interface at the atomic level, the cross sectional SEM images suggest
that there is structural coherence and compositional zoning across the K(CI,Br)-KBr interface at the nano
to microscale level. In addition, the K(CI,Br) layer had micro-scale cracks, which probably served both as
conduits for reactant transport through the precipitate and as a buffer for strain relief within the precipitate
layer. These features are similar to our results of the carbonate reactions in which a number of pores were
observed within the precipitate layers. Our results from the cerussite/aragonite system also show
additional structural gaps at the substrate-precipitate interfaces. Similar structures were not observed in
the KBr/KCI study. These detailed comparisons reflect fundamental differences between the
K(CI,Br)/KBr and the carbonate systems associated with the higher compositional flexibility of the

K(CI,Br)-KBr system compared to otavite/calcite and cerussite/aragonite systems.
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Conclusions

Systematic comparison among four reaction systems involving replacement of calcite and aragonite
by cerussite and otavite enables identification of morphological and crystallographic controls over nano-
to micron-scale details of the reactivity of carbonate minerals in acidic metal-containing aqueous solution.
In line with our previous studies investigating the internal structures of calcium carbonate polymorphs
replaced by cerussite (Kim et al., 2021; Yuan et al., 2016), the present study is the first to provide direct
observation on the precipitate-substrate relationship upon aragonite replacement by otavite. Overall, our
imaging data indicate that the substrate-precipitate crystallographic relationship can influence the
accessibility of fluid to the carbonate substrate and determine spatial extension of coupled dissolution-
precipitation processes. The lattice mismatch between the carbonate substrate and precipitate can allow
for development of pores at the substrate-precipitate boundaries, as demonstrated by replacement of
calcite and aragonite by cerussite and aragonite by otavite. If the lattice match induces the epitaxial
growth of the precipitate on the substrate mineral, the lack of porosity at the substrate-precipitate interface

can limit further dissolution of the substrate and thus halt the coupled dissolution-precipitation process.

We note that the precipitate-substrate structural relationship examined in this study may depend on
the compositional variation in the precipitate. For instance, Xu et al. (2017) demonstrated the formation of
epitaxial layers of (Mn,Ca)COjs solid solution upon calcite reaction with dissolved Mn?®*. They concluded
that the effective lattice mismatch between the precipitate and the substrate was smaller through Mn-Ca
intermixing compared to the nominal lattice mismatch between the two end-members calcite and
rhodochrosite (MnCO3) (~10% with respect to the (104) surface). The majority of the previous studies
investigating aragonite reaction with Pb?* have pointed out that Pb-dominant carbonate minerals such as
cerussite and hydrocerussite are the main products observed on dissolving aragonite. However, the
possibility for Pb-Ca intermixing in the product phase cannot be ruled out. Munemoto et al. (2014)
suggested that Pb sequestration may occur through two regimes: At relatively low Pb concentration

([Pbinitia = 1-30 uM), Pb was incorporated into the aragonite surface in the form of (Ca,Pb)COj3 solid-
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solution. Pb-dominant phases such as cerussite and hydrocerussite formed at higher concentrations
([PBJinitiar = 50-100 pM). Future research should systematically examine what controls the formation of
(Ca,Pb)CO; solid solution vs. Pb-dominant phases in association with the dissolution of aragonite and

whether Ca-Pb intermixing may modify reaction mechanisms during carbonate mineral replacement.

The new findings obtained in this study enlarge our current understanding of the reactivity of CaCOj;
minerals with Pb?* and Cd®* in natural environments. Our results support the concept that the dissolution
of calcite and aragonite coupled with the precipitation of heavy metal-containing carbonates is critical for
metal sequestration in environments where acidic Pb?- or Cd**-contaminated water interacts with
carbonate-rich rocks and soils (e.g., acid mine drainage and mine tailings). Because the replacement
reactions observed here are relatively fast even under ambient conditions, carbonate minerals present in
these carbonate-bearing media are a potential sink for Pb and Cd by transformation to cerussite and

otavite.
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Fig. 2. SEM images of (A, C) aragonite and (B, D) calcite reacted with acidic Pb*- and Cd?'-
containing solutions (at an initial pH 2.7; 5 mM Pb(NO3), and 5 mM CdCl,) for 16 hr. Starting CaCO;
materials were powder specimens of aragonite and calcite. (A, B) Reactions with Pb?* led to rod-shaped
cerussite crystals grown on both calcite and aragonite substrates. (C) Aragonite reacted with Cd** was
replaced by rhombohedral otavite crystals whereas (D) no discrete phases of otavite were found for
calcite substrates reacted with the Cd solution. The presence of Cd®* on the reacted calcite crystal was

detected by EDS (0.03 to 0.11 at.%; Figure S.1) suggesting a sorption reaction.
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Fig. 5. Nano-tomographic images of (A, D) aragonite and (B, E) calcite powder specimens reacted
with acidic Pb**- and Cd**- containing solutions (initial pH 2.7; 5 mM Pb(NOs), and 10 mM CdCl,) for
16hr in comparison with (C, F) calcite/aragonite aggregates reacted with acidic Pb?*- and Cd**-containing
solutions (initial pH 3.0; 5 mM Pb(NOs), and 10 mM CdCl,) for 4 hr. (A, B, C, D, F) In Pb* and Cd**
reacted calcite and aragonite, pores were found between the substrate and the precipitate. (E) In reaction
of calcite with Cd**, the formation of otavite (if any) was limited to the external surface (the thickness of
any otavite layer is well-below the resolution of the TXM measurement (50 nm). The internal structure of

calcite crystal remains unreacted.
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