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Abstract

We present evidence of inhibition of calcite dissolution by dissolved magnesium through direct observations of the (104) surface using
atomic force microscopy (AFM) and vertical scanning interferometry (VSI). Far from equilibrium, the pattern of magnesium inhibition
is dependent on solution composition and specific to surface step geometry. In CO,-free solutions (pH 8.8), dissolved magnesium brings
about little inhibition even at concentrations of 0.8 x 10~ molal. At the same pH, magnesium concentrations of less than 0.05 x 107>
molal in carbonate-buffered solutions generate significant inhibition, although no changes in surface and etch pit morphology are
observed. As concentrations exceed magnesite saturation, the dissolution rate shows little additional decrease; however, selective pinning
of step edges results in unique etch pit profiles, seen in both AFM and VSI datasets. Despite the decreases in step velocity, magnesium
addition in carbonated solutions also appears to activate the surface by increasing the nucleation rate of new defects. These relationships
suggest that the modest depression of the bulk rate measured by VSI reflects a balance between competing reaction mechanisms that
simultaneously depress the rate through selective inhibition of step movement, but also enhance reactivity on terraces by lowering the

energy barrier to new etch pit formation.
© 2005 Elsevier Inc. All rights reserved.

1. Introduction

Magnesium dissolved in natural waters is one of the
most important components to interact with the calcite sur-
face, and the thermodynamics and kinetics of this interac-
tion have long been a focus of studies in carbonate
geochemistry (e.g., Berner, 1967, 1975). Much of the cur-
rent focus involves understanding the role of magnesium
during biomineralization through direct, in situ observa-
tions of reacting calcite surfaces. Recent AFM work has
shown how increasing magnesium brings about reductions
in step velocity and changes in step morphology (Davis
et al., 2000, 2001, 2004; Wasylenki et al., 2004). These

* Corresponding author. Fax: +1 713 348 5214.
E-mail address: rsad046@ruf.rice.edu (R.S. Arvidson).

0016-7037/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.gca.2005.10.005

changes are thought to reflect increased solubility from lat-
tice uptake of magnesium, thus reducing the driving force
for growth at screw dislocations. However, this mechanism
cannot explain the magnesium inhibition of the dissolution
reaction, which by comparison has received less attention.
Although it is generally accepted that Mg inhibition of dis-
solution reflects sorption at specific surface sites, this pro-
cess is not understood in any detail. Our purpose in this
paper is to present direct observations and quantification
of this inhibition on the calcite surface. In an integrated ap-
proach, we have used vertical scanning interferometry
(VSI) to measure the dissolution rate as a function of mag-
nesium concentration over tens to hundreds of hours, com-
plemented with atomic force microscopy (AFM) fluid cell
experiments to provide details of specific step movement
over shorter time periods. This work is an extension of that
presented in Arvidson et al. (2003a), in which we applied
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VSI to the study of calcite dissolution in simple carbonated
solutions. With few exceptions, the base NaHCO3/Na,COj3
solution (prior to Mg addition) used in the experiments
presented here was prepared identically to that of the pre-
vious work.

Only a relatively small number of papers from the volu-
minous literature on calcite dissolution report explicit mea-
surement of magnesium inhibition. In this paper we have
excluded reference to work in diffusion-controlled (e.g.,
Buhmann and Dreybrodt, 1987) or quasi-equilibrium re-
gimes, as well as in seawater, where the variation in the dis-
solution rate is primarily a complex function of the
distance from equilibrium (Berner and Morse, 1974;
Morse, 1974). As used below, the distance from equilibri-
um is defined as the free energy (AG,) for the overall disso-
lution reaction CaCOj3caicite) = Ca2+(aq) + CO32*(aq), such
that exp(AG,/RT) = ([[&")/K, where g; are the activities
computed from free ion concentrations and single ion
activity coefficients, v; are the stoichiometric coefficients
for the reaction as written, K is the thermodynamic equilib-
rium constant, and the solid is assumed to be pure calcite
having unit activity.

Sjoberg (1978) fitted calcite dissolution rate data (5-
60 x 10~ molar Mg>", pH 8.3) to a Langmuir adsorption
isotherm

1= R/Ry = aMg™]/(1 + b[Mg*"]) (1)

having empirical parameters a=1.38x 10> and
b =1.68 x 10%, and observed that magnesium’s effectiveness
as an inhibitor increased as equilibrium was approached.
In the presence of both calcium and magnesium ions, he
speculated that their competitive adsorption led to devel-
opment of a Ca—Mg surface phase consistent with an ion
exchange equilibrium. Compton and Brown (1994) ob-
served a ~50% rate reduction at MgSO, = 40 x 10> molar
(pH 8-9, pCO, ~ 0). Alkattan et al. (2002) observed no
inhibition at higher concentrations (100 x 10~ molal
MgCl,) but very low pH (1-3). Closer to equilibrium
(AG, = —0.7 kJ/mol), Gutjahr et al. (1996) found magne-
sium to have no effect on dissolution rate at
Mg(NO;), < 0.3 x 107> molal. This last result is inconsis-
tent with the work of Sabbides and Koutsoukos (1995),
who observed a threefold reduction in rate using synthe-
sized calcite seed crystals at —AG, = 0.3 ~ 0.2 kJ/mol and
Mg?" =40 x 10~® molar. Thus, although it is clear that
magnesium suppresses dissolution under certain condi-
tions, the diversity in experimental regimes makes it diffi-
cult to draw precise conclusions regarding its inhibitor
role versus that of other components. Although it is fre-
quently assumed that magnesium’s interaction with the cal-
cite surface behaves according to a Langmuir adsorption
isotherm, it is also unclear whether true reversibility can
be demonstrated, and furthermore this conclusion contains
no mechanistic insight. One means of gaining this insight is
through direct observation of step motion on the surface.

The oblique intersection of the (104) cleavage surface
with its c-axis creates monomolecular (0.3 nm) step edge

faces that lie at obtuse and acute angles to the surface
(nominally 102° and 78°, respectively). These step edges
are present in symmetrically equivalent orientations
((481), (441), Paquette and Reeder, 1995). For clarity
and consistency, obtuse and acute steps in this paper will
be denoted by “o0” and “a” subscripts, respectively, instead
of the signed (+, —) notation found elsewhere in the liter-
ature. AFM step velocities are generally higher for obtuse
compared with acute steps during growth and dissolution
(Gratz et al., 1993; Liang and Baer, 1997), although this
relationship is sensitive to the distance from equilibrium
(e.g., Teng et al., 1999), Ca**/CO5>~ activity ratio (Arvid-
son et al., 2003b) and impurity burden (Teng et al., 1998;
Davis et al., 2000). Velocity differences may reflect the ori-
entation of trigonal carbonate groups at obtuse versus
acute step edges: leading “out-of-plane’ oxygen atoms re-
side above the upper cleavage surface at acute steps and be-
low at obtuse steps. In addition to direct AFM
observations, calcite molecular dynamics simulations also
show preferential dissolution on obtuse versus acute
stepped surfaces (de Leeuw and Parker, 1999), and prefer-
ential uptake of Mg?" (versus growth of pure CaCOs) on
calcite step edges (de Leeuw, 2002).

2. Methods

We measured magnesium inhibition of calcite dissolu-
tion on single crystal (104) surfaces by two complementary
approaches:

1. A single calcite cleavage rhomb mounted within a fluid
cell was reacted with a flowing solution of fixed compo-
sition for discrete time intervals. The changes in surface
topography of the mineral were recorded by vertical
scanning interferometry (VSI). This method, described
in detail in Arvidson et al. (2003a), allows quantitative
mapping of relatively large areas of the mineral surface
(~0.5 mm? field of view using a 10 x objective) at subna-
nometer vertical resolution, and obtains absolute sur-
face-normal retreat rates.

2. Step velocities were measured using similarly prepared
calcite surfaces with flowing reactant solutions in an
AFM fluid cell (Digital Instruments Nanoscope I1I Mul-
timode SPM operated in contact mode). Scanning fre-
quencies were typically 12 Hz, with scan areas ranging
between 5x 5 and 30 x 30 pm. This approach is also
described in detail in Davis et al. (2000).

The flow cells and flow rates used in these experiments
are similar to those of previous VSI (Arvidson et al.,
2003a) and AFM (Davis et al., 2000) experiments. We
did not attempt to establish hydrodynamic descriptions
of these flow environments (e.g., Coles et al., 1998; Higgins
et al., 2002), and have instead employed sufficiently high
flow rates to measure dissolution rates that reflect surface
control. This strategy is consistent with many of the pub-
lished AFM experiments that address both calcite dissolu-
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tion (Liang et al., 1996; Liang and Baer, 1997) and growth
(e.g., Teng et al., 1998). In our VSI work, the nominal vol-
ume (i.e., before the sample crystal is mounted) of the flow
cell is 350 pL. This wetted volume is reduced by a factor of
at least two by the addition of the single crystal during the
experiment. The flow rate for all experiments was main-
tained at 85 ulL/s, giving a maximum computed residence
time of ~2 s. Although providing no insight into flow re-
gime hydrodynamics, this residence time is below that indi-
cated for the onset of diffusively limited step velocities (cf.
2.5 uL/s flow rate, ~20 pL reaction volume, Liang et al.,
1996; Liang and Baer, 1997). In previous VSI experiments
(Arvidson et al., 2003a), we have also found that increases
in flow rate using this cell brought about no increase in dis-
solution rate (within error). We are thus confident that
both our AFM and VSI measurements represent only sur-
face-controlled reactions, and are independent of flow re-
gime and cell geometry.

All experiments used cleavage rhombs derived from syn-
thetic calcite (Commercial Crystal Laboratories, Naples
FL) tested for compositional (Varian Vista Pro ICP-
AES) and mineralogical (Rigaku DMAX 2000) purity.
Standard reactant solutions were prepared from
18.2 MQ-cm water and high purity reagent NaHCOj (total
alkalinity 4.4 x 1072 eq/kg-H,0). These were continuously
equilibrated with atmospheric CO, (pH 8.80 £0.03 at
25 °C, measured by combination glass electrode; cf. Liang
et al., 1996; Lea et al., 2001). Mg was added as MgCl, to
give  concentrations of 0.0l X 1073, 0.05%x 1073,
0.3x 1073, and 0.8 x 10> molal. The lower and upper limit
of concentrations were chosen on the basis of detection
limits and the desire to avoid nucleation of magnesian
phases (brucite, magnesite). The effect of dissolved inor-
ganic carbon was evaluated in additional experiments at
0.8 x 10~ molal MgCl, by excluding CO, through contin-
uous sparging with high purity N,, pH adjustment with
NaOH, and ionic strength adjustment by NaCl addition.
In the text, we shall often refer to the NaHCO;z-buffered
solutions as ‘“‘carbonated” to distinguish them from their
CO,-free counterparts.

Total dissolved magnesium was measured by colorimet-
ric EDTA titration (for concentrations greater than
0.1 x 107 molal, 0.3% precision) or by nitrous flame AA
(2% precision). Total chloride was determined by potentio-
metric titration with AgNOj; (0.3% precision). Total sodi-
um was generally not measured but computed by charge
balance from alkalinity and chloride concentrations. Input
solutions were Ca”"-free. Calcium concentrations of react-
ed solutions were also not measured directly, but instead
computed on the basis of the rate measured by VSI (see be-
low) applied to the total surface area of the wetted crystal
surface. Solution (total) alkalinity was measured by high
precision potentiometric Gran titration with HCI (0.1%
precision) but no differences in total alkalinity between in-
put and reacted solutions could be found. The equilibrium
concentrations and activity of dissolved species (e.g.,
Fig. 1D) were computed from measured pH, total alkalin-

ity, and total dissolved components using an ion-associa-
tion model (Arvidson and Mackenzie, 1999), and
calculations using this model confirmed far-from-equilibri-
um conditions with respect to calcite (Ca>* between 4 and
0.4 nM, with AG, between —23 and —28 kJ/mol). Experi-
mental conditions are given in Table 1.

As dissolution proceeds, etch pits typically form on the
calcite surface, decreasing the mean height of the original
surface. Reaction rates were computed from the VSI data
by measuring the decrease in the mean height of the surface
as a function of time. These height data were compared
with those of an area of the sample surface protected by
an inert polymer applied as a mask, which thus provided
an unreacted reference surface (for a complete description
of these techniques, see Luttge et al., 1999, 2003; Arvidson
et al., 2003a). From the AFM experiments, step velocity
data were collected by measuring the distance over which
a monomolecular step edge traversed between individual
(deflection) scan images, with the crystal oriented such that
one step direction was perpendicular to the scan axis. Step
velocity measurements were always made from images
scanned in the same direction. This technique assumes that
there is no significant physical drift between scans, a condi-
tion we verified by evaluating the consistency of velocities
recorded under the same conditions, and by observation
of “fixed” landmarks on the mineral surface.

3. Results
3.1. VSI experiments

VSI results are summarized in Table 2, Figs. 1 and 2.
In carbonated solutions at pH 8.8, we observed that the
VSI rate varied from 0.23 +0.01 x 107" mol/m?*/s (Run
V2C, no Mg) to 0.0240.02x 1077 mol/m*/s (Run
V6C, 0.8x 1072 molal Mg). Fig. 1B shows that most
of the decrease in rate occurs at relatively low Mg con-
centrations, i.e., less than 0.1 x 107> molal, close to the
region of approximate magnesite saturation (the thermo-
dynamic constant for magnesite is computed from SUP-
RCT92, Johnson et al, 1992). As magnesium
concentrations increase beyond this point, little addition-
al inhibition is observed and rates at 0.3 and
0.8 x 10> molal Mg are identical within the error of
the measurements. However, this inhibition is not accom-
panied by any reduction in etch pit nucleation. Long
term VSI experiments clearly show that new pits contin-
ue to nucleate on the surface even at 0.8 x 107> molal
Mg, and our AFM data indicate that the etch pit nucle-
ation rate responds rapidly and positively to Mg intro-
duction. To compare with the results of Sjoberg (1978),
we fitted our data to a Langmuir adsorption isotherm
(see Eq. (1) and Fig. 1B). The parameters from this fit
(a=6.1x10* b=6.5x10% using the same units) are
substantially larger than those found by Sjoberg (1978)
and suggest that the effectiveness of Mg as an inhibitor
is increased under the conditions of our experiments.
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Fig. 1. Experimental results from VSI and AFM runs. (A) Change in mean surface height (expressed here as depth) of (104) surface measured by VSI as a
function of time from runs V2C through V6C, plotted for different MgCl, concentrations (diamond, 0; solid square, 0.01; triangle, 0.05; circle, 0.3; and
crossed square, 0.8 x 1072 molal), in 4.4 x 10~ molal NaHCOs, atmospheric pCO,, pH 8.8. Error bars reflect repeat determinations from the same reacted
surface. Absolute rates are not available for runs V1C and V7N rates because of mask failure. (B) Combined plot of specific dissolution rate computed
from velocity data (LH axis, diamonds) and Langmuir adsorption plot (RH axis, triangles). Vertical line is computed magnesite equilibrium. The error
bars reflect primarily variations in etch pit density (e.g., Blum and Lasaga, 1990; Maclnnis and Brantley, 1993). (C) AFM step velocities compared at
constant [MgH] = 0.8 x 10~ molal in carbonated (closed bars, 4.4 x 103 molal NaHCOs, AFM Run AA4C) versus CO,-free (open bars, 4.4 x 1073 molal
NaCl, AFM Run AS5N) solutions, measured at acute versus obtuse steps; “‘ac + ob” are summed velocities. “Rough” steps are discussed in text. (D)
Distribution of dissolved species in the standard solution (4.4 x 102 molal NaHCO3) as a function of magnesium concentration; AG, for magnesite shown
for comparison.

Table 1
Experimental conditions

N time steps Total ¢ (h) pH T (°C) Total alkalinity (eq/kg x 10%) MgCl, (molal x 10%) NaCl (molal x 10°)
VSI Runs
V1C 1 172 8.80 21.0 4.40 — —
vac 7 24.0 8.81 24.0 4.40 — —
V3C 5 20.9 8.77 224 4.40 0.01 —
Vv4C 5 4.93 8.76 214 4.40 0.05 —
VsC 5 20.8 8.76 229 4.40 0.30 —
v6C 1 22.5 8.71 21.0 4.40 0.80 —
VIN 1 24.0 8.80 22.0 0.0012 0.80 4.40
AFM Runs
See Table 1 of Vinson and Luttge (2005) 8.8 22.0 4.40 — —
A4C 8.80 22.0 4.40 0.80 —
A3N 8.80 22.0 0.0012 0.80 4.40
ASN 11.0 22.0 1.2 0.80 4.40

In VSI run V7N and AFM runs A3N and ASN, CO, was excluded by continuously sparging with high purity N», and total Na and pH were adjusted by
NaCl and NaOH addition, respectively. In all other runs, alkalinity was fixed with NaHCO; and pCO, was maintained at an approximately constant value
by continuous sparging with laboratory air. Also note that AFM run A4C alternated Mg concentration between 0 and 0.8 x 10~ molal at constant
alkalinity (see text and Figs. 3 and 4).
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Table 2
VSI surface normal dissolution rates and AFM step velocities

VSI Runs Rate (mols/m?/s x 107)
ViC —
v2C 0.23 +0.01
Vv3C 0.07 +0.05
v4C 0.10 +0.03
V5C 0.03 +0.02
Vo6C 0.02 +0.02
VIN —
AFM Runs Step velocities (nm/s)
Acute (v,) Obtuse (vy) v+ v, 0o/ Uy
Vinson and 1.14 1.1 1.37 1.31

Luttge (2005)
(zero Mg datum)
A4C (0.8x 1072

0.74 +£0.07 0.04 £0.03 0.78 £0.08 0.05+0.04

molal Mg)
A3N 090 £0.09 2.05+£0.05 295+0.10 23402
AS5N 035+£0.02 1.68+0.09 2.03+0.09 48+04

Subscripts o and a refer to obtuse and acute steps, respectively.

At magnesium concentrations equal to or less than
0.05 x 10~ molal, etch pit development followed a consis-
tent pattern. After their initial appearance on the surface,
etch pits would increase in diameter at a constant rate, until
coalescence with neighboring pits. However, most pits did
not steadily increase in depth, and reduction in the rate of
deepening resulted in flat-bottomed, steep-sided profiles.
After variable increase in the diameter of a flat-bottomed
pit, new pits would nucleate within the interior floor, and
deepening would begin anew. This process produced a var-
iation in the profiles of etch pit walls, and many “mature”
pits exhibited a flat-bottomed interior floor bounded by
steeply sloping, but commonly stair-stepped” sides
(Fig. 2A). These observations are also consistent with
numerous AFM calcite dissolution experiments (e.g., Liang
et al., 1996).

Our most striking observation is the change in etch pit
morphology at higher Mg concentrations. At
0.05 x 10~* molal Mg and below, etch pits at any point in
time maintained a symmetric rhombic outline. We ob-
served variable minor pinning at the vertex of the (481),
(441), step edges (arrow, Fig. 2A). Previous AFM and
VSI studies have shown that etch pits developing in car-
bonated (Mg-free) solutions (pH 8.8) develop rounding at
the intersection of the obtuse step edges (cf. AFM data
of Lea et al., 2001, VSI data of Arvidson et al., 2003a).
Lea et al. (2001) attributed this result to the action of dis-
solved carbonate or bicarbonate species and a reduction in
the velocity of the obtuse steps, whose nominal velocity in
pure water is 1.5-2.3 times that of the acute steps.

With increasing Mg concentrations (>0.05 x 10~ mol-
al), we observed that etch pit morphology progressively
departed from the characteristic rhombic symmetry. First,
the minor rounding of obtuse—obtuse (0,0) intersections
disappeared, and these corners were instead sharp and well
defined. Second, comparison of time-lapse sequences using

A i 0.164mm i

0.124mm

Fig. 2. Mg influence on etch pit morphology, VSI. (A) 2D and 3D view of
etch pits developing on calcite surface at 0.01 x 1072 molal Mg. Black
arrows point to slight pinning of obtuse steps comprising etch pit margins.
(B) Etch pit formed in 0.8 x 107> molar Mg by motion (large black
arrows) of acute steps (““a”) only; obtuse steps are completely pinned.
Triangular regions with diagonal hatching show the difference between an
ideal rhombohedral symmetry (solid black outline) and the actual etch pit
boundary (dotted lines at white arrows are the obtuse step edges). The
hatched regions thus represent the volume of undissolved material that is
not removed due to incomplete migration of obtuse-facing kinks along the
acute step edge. Scale bar 10 um.

pixel registration of a fixed reference point showed severe
obtuse step pinning along the entire length of the step,
resulting in no detectable movement. The expansion of etch
pits thus reflected migration of acute steps only. In addi-
tion, the movement of acute steps produced obtuse step
edges that curved toward the (o0,a) intersection. Fig. 2B
shows this development: the thin, triangular, hatched areas
represent the difference between the actual obtuse step trac-
es and ideal ones symmetrical to their acute counterparts.
This pattern was highly reproducible as a function of time,
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and pits growing for over 24 h maintained this asymmetric
outline.

3.2. AFM experiments

We compared our observations of dissolution rate,
inhibition, and etch pit morphologies made with the inter-
ferometer to those achieved at higher resolution with the
AFM. Here the ability to rapidly exchange solutions in
the flow cell allowed us to immediately assess the dissolv-
ing surface’s response to the appearance of inhibitor spe-
cies. In AFM Run A4C, we exchanged our ‘“‘standard”
Mg-free solution (4.4 x 107> molal NaHCO3, pH 8.8) with
a solution having 0.8 x 107> molal Mg at the same pH

and carbonate alkalinity (Table 1; the step velocity data
for this standard solution are taken from work already
published by Vinson and Luttge (2005), but were acquired
during the same experimental session). Fig. 3 shows a se-
quence in which a previously developed etch pit, grown in
carbonated Mg-free solution, is the site of new etch pit
formation once Mg is introduced. This sequence confirms
our previous VSI observations that (1) the obtuse steps
are severely inhibited after Mg introduction and do not
measurably advance, and thus (2) subsequent etch pit
growth occurs almost entirely by the advance of acute
steps.

Although we observed some pinning of obtuse steps in
Mg-free standard solution (see Figs.4B1-B3), net move-

Fig. 3. Mg influence on etch pit morphology, AFM Run A4C, showing time lapse sequence immediately after introduction of 0.8 x 10~% molal Mg to base
solution. (A and B) Arrows at left indicate margin of “rough” step departing margin of large etch pit with subsequent annihilation of smaller etch pits;
scan field is 10 x 10 um. Motion of obtuse steps (‘‘0—”’ symbols) indicated for clarity. (C) Same area after 38 minutes. (D and E) Detail of previous area,
showing coalescence of small etch pit’s acute steps with pinned older etch pit’s obtuse steps after 50 min. Scan field is 4 x 4 pm. (F) 1 x 1 pm image detail of
obtuse—obtuse corner of large older pit, contrasting ragged step edges with those of newer pit formed after Mg introduction having sharp obtuse—obtuse

corner. Images (C-F) are adapted from Arvidson et al. (2004).
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Fig. 4. Sensitivity of surface to introduction and removal of dissolved Mg in carbonated solutions, AFM Run A4C. (Al — A3; at t =0, 6, and 13 min)
Time lapse sequence immediately following introduction of 0.8 x 107> molal Mg in base solution (4.4 x 107> molal NaHCO3), followed by (B1 — B3; at
t=0, 6, and 12 min) base solution only. Arrows (“0—"’ symbols) indicate motion of obtuse steps for clarity; all images are 5 X 5 pm scans.

ment of these steps still occurs under these conditions.
However, once 0.8 x 10~ molal Mg is introduced, migra-
tion at these step edges immediately ceases. This can be
seen in Fig. 3F: obtuse step edges that were in motion prior
to Mg introduction reside adjacent to (newer) obtuse steps
that have never been in motion.

The introduction of Mg in carbonated solutions also
brought about rapid changes in etch pit density. Fig. 4
(A1-A3; Run A4C) shows the rapid emergence of numer-
ous 0.3 nm deep etch pits immediately following introduc-
tion of magnesium. This change was not a transient
artifact: new pits continued to nucleate on the surface,
leading to a large increase in etch pit (and thus step) densi-
ty. This effect was also reversible: the subsequent sequence
(Figs. 4B1-B3) shows that magnesium’s removal from the
fluid cell input immediately re-establishes both the lower
etch pit and step densities preceding its introduction; in

addition, movement along obtuse step edges is also re-
established.

We also observed rough steps traveling at velocities sub-
stantially greater than those measured in the same field of
view under the AFM (Run A4C, Figs. 3A and B). Their
velocity (measured normal to the c-glide) was greater than
3 nm/s, much greater than the rate of straight acute steps.
These rough steps appear to advance from the boundary
of an etch pit (leading edge of the vicinal face), thereafter
traveling rapidly over the surface, annihilating newly
formed etch pits in their path, and leaving an essentially
atomically flat plane in their wake. They are characterized
by very high kink densities. Although they may be similar
in terms of curved morphology to the pinned obtuse steps
on the opposite side of the etch pit, they are clearly different
in terms of velocity. These features have been described and
discussed in detail in Vinson and Luttge (2005).
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Lastly, wealsomeasured step velocities as a function of dis-
solved inorganic carbon (DIC =CO, + HCO;™ + CO;*")
content, exchanging N»-sparged solutions having no carbon-
atealkalinityand NaOH added to pH 8.8 (with NaCladded to
maintain ionic strength), with carbonated solutions at the
same pH and Mg content (0.8 x 10~ molal, Runs A3N and
A4C, Tables 1 and 2). Mean step velocities of obtuse steps
were greater than acute steps (2.0540.05 versus
0.90 4 0.09 nm/s, respectively, vo/v,=2.34+0.7) in the
CO,-free solutions. In the carbonated solutions, acute step
velocities fell only slightly (0.74 & 0.07 nm/s), while obtuse
step velocities were reduced to close to zero
(0.04 & 0.03 nm/s), giving a v./v, <0.1. At higher pH (Run
A5N, pH 11, 0.8 x 10~ molal Mg, DIC ~ 0), obtuse and
acute AFM step velocities fell to 1.68 £0.09 and
0.35 4= 0.02 nm/s, respectively (vo/ v, = 4.8 £ 0.4).

4. Discussion

The fact that we record magnesium inhibition of calcite’s
dissolution rate is not surprising, as this effect has been de-

scribed previously in the literature. Instead, our goal here is
to understand how inhibition works as a surface process.
Our key results are:

1. Mg added in the absence of DIC does not appear to
interact strongly with the surface, even at the highest
concentrations. This result is consistent with other
observations at much lower pH (e.g., Alkattan et al.,
2002). No variation in terms of etch pit morphology is
observed at pH values between 8.8 to ~11 (oversaturat-
ed with respect to brucite, Mg(OH),, at pH>9.9),
although step velocities decrease at higher pH.

2. In the presence of DIC, the addition of sufficient Mg
brings the velocity of obtuse steps essentially to zero,
while acute step velocities are reduced only slightly.
This is distinct from the action of carbon species
alone, which generate some pinning and velocity
reduction of obtuse steps, but do not arrest step
motion entirely at the DIC concentrations used in
these experiments (cf. Lea et al., 2001). The measured
step velocities (AFM) and dissolution rates (VSI) are

-

Fig. 5. Simplified schematic diagrams illustrating relationships between anisotropic kink nucleation and detachment rates and step morphology, not to
scale. (A) View of obtuse and acute step edges of etch pit, with time increasing from #; — t6. In #; — 13 (Mg-free conditions), single kink detachment rate
(Rk) > double kink nucleation rate (Rxk) along obtuse steps, resulting in straight step morphology. In contrast, Mg (0.8 x 107> molal) has been
introduced in t4 — t¢, resulting in subsequent inhibition of obtuse steps, and etch pit growth occurs through kink detachment along acute step only;
ineffective removal of kinks along obtuse step edge results in curved morphology. (B) Summary of relationship of selective kink inhibition, step movement,
overall etch pit morphology, and fast, rough steps (large arrow) in carbonated, 0.8 x 10~ Mg solutions.
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consistent with the observations of unique etch pit
morphologies, maintained even after extensive dissolu-
tion. These relationships are discussed in further detail
below.

3. The addition of 0.8 x 10~* molal Mg to our carbonat-
ed base solution yields substantial increases in etch pit
density (Fig. 4), and thus appears to lower the energy
required for etch pit nucleation, increasing etch pit
nucleation rate and effectively activating the surface.
This leads to a roughening of the surface and an
increase in step density, and must thus lead to an
increase in surface area as well. In the same solution,
we also observed the appearance of roughened, “fast”
acute steps departing the margins of etch pits, with
velocities several times that of ‘“‘normal” (straight)
acute steps. These steps are capable of annihilating
newly nucleated etch pits in their path. The presence
of these ‘“upstream” pits further increases the advance
rate of these steps, as the advancing ““fast” step front
moves instantaneously forward once upstream pits are
assimilated. At the moment, we do not fully under-
stand the relationship between the appearance of these
steps and Mg concentration, or even if the two are
necessarily related: Vinson and Luttge (2005) have
observed their occurrence in Mg-free solutions under
variable DIC concentrations.

4.1. Control of step morphology

Regardless of their magnesium content, experiments
using carbonated solutions and monitored either by inter-
ferometry or the AFM record the collective or individual
movement of steps that are straight (within the limits of
resolution of these instruments) or curved. Step curvature
can be understood in the context of a simplified terrace-
ledge-kink (TLK) surface model as the outcome of
two related kinetic processes: the rate of double kink
nucleation (Rkg), and the rate of single kink detachment
at obtuse-obtuse (Rko,), acute—acute (Ry,.), or mixed
obtuse—acute (Ryoa, Rkao) Sites. The movement of kinks
and kink pairs along a given step face is shown schemat-
ically in Fig. SA. If Rk is slow relative to Ry, kinks tend
to annihilate one another before new kinks can form
(Fig. 5A, t; > t3). Steps thus remain relatively straight
and kink densities are low. This is the expected relation-
ship because of differences in coordination: the energy
barrier for detachment of a calcium ion at a pre-existing
kink site (3 Ca—O bonds) is lower than that at a step edge.
Although step movement on long steps depends on both
double kink nucleation and single kink detachment, in
this case average step velocity is limited by the slow nucle-
ation rate of new double kinks (Frank, 1974; Jordan
et al., 2001; Higgins et al., 2002). Liang et al. (1996)
showed that straight steps and a constant step velocity
require a balance between Rgyk and the annihilation of
adjacent kink pairs, with double kink nucleation rates at
0.301 and 0.129 Hz for obtuse and acute step edges under

CO,-free conditions. In contrast, their rates of single kink
detachment at obtuse—obtuse, acute-acute, and obtuse—
acute sites (Rkoo, Rkaa, and Ry,,) were much larger, at
330.6, 60.3, and 141.2 Hz, respectively.

If the single kink detachment rate, Ry, is reduced to the
point where Ry is competitive, then existing kinks may be
preserved prior to the next cycle of kink nucleation, resulting
inroughened step edges. If this situation is compounded with
a pronounced difference in the velocity of one kink direction
versus another, then curved step edges with high kink density
are the likely result. This is the morphology often observed
along obtuse step edges in Mg-free carbonated solutions,
which Lea et al., 2001 attributed to carbonate ion inhibition.

In the case of Mg inhibition in carbonated solutions, the
fact that we observe very little net obtuse step movement
indicates that both Rk, and Rk,, have been reduced sub-
stantially. Etch pit growth is thus controlled by kink move-
ment along the acute step edges only (Fig. 5A, t4 — ¢).
Morphologic changes in etch pits are most apparent at
the highest Mg concentrations (0.8 x 10~ molal), whereas
inhibition in the rate measured by VSI occurs at Mg con-
centrations that are significantly lower. The most likely
cause of the morphologic change is progressive inhibition
of the Rk,, rate along the acute step edge, leading to the
buildup of excess kinks at the dead obtuse step edge. In
contrast, the acute step velocity is reduced in the
0.8 x 107> molal experiments by only ~15%. The fact that
the acute steps are straight, not curved, also suggests that
Ry > Ry along these step edges.

4.2. Step velocities and enhanced defect nucleation rates

Although it is possible to measure constant step veloci-
ties by the AFM in areas of etch pit formation, even in the
absence of inhibition it is clear from VSI etch pit depth pro-
files that step velocities are not everywhere constant. Ex-
cept for deep pits, most of the etch pits deeper than one
monolayer consist of relatively flat floors bounded by much
steeper vicinal faces forming the perimeter. Flat-bottomed
pits may simply reflect a termination of the original defect.
Alternatively, however, they may form if the velocity of
steps radiating immediately from an interior source defect
is greater than the collective motion of bounding steps
composing the steep vicinal faces or “walls” of the pit.

We have confirmed this relationship by comparing the
lateral expansion rates of etch pits with VSI over long time
intervals (data not shown). These rates are slightly more
than half the summed step velocities at just-formed mono-
layer pits recorded by the AFM. Although this problem
is not resolved and is a focus of our ongoing work, we spec-
ulate that the evolution of flat-bottomed etch pits in gener-
al reflects a common process in calcite, in which a step at
some point suffers a decrease in kink detachment rate.
The decrease in detachment rate produces a corresponding
reduction in step advance. At the perimeter of an etch pit,
once the velocity of the topmost, superior steps (those far-
thest from the etch pit center) decrease from the maximum



592 R.S. Arvidson et al. 70 (2006) 583-594

velocity by Av, the steps immediately below will arrive with
a frequency proportional to Av/L(r), where L(¢) is the time-
dependent terrace width separating parallel steps. An infe-
rior step will only approach a superior one to the point
where they begin to diffusively interact. This interaction
in turn may reduce the inferior step’s velocity; as this pro-
cess continues minimum terrace widths, steep vicinal faces,
and bunched steps develop, a morphology that is the essen-
tially the rule, not the exception, in all of our observations.

The rough, fast steps described above may arise due to
the coalescence of steps along (481),, (441),, and thus the
frequency of their appearance and their apparent velocity
may depend in part on etch pit and step density. Step coa-
lescence produces roughened, often curved, step edges with
a high density of acute—acute kinks, and is also shown sche-
matically in Fig. 5B. These steps combine high kink density
with minimal inhibition (acute-obtuse, obtuse-acute, and
obtuse—obtuse sites are absent or rare). Thus the high den-
sity of minimally inhibited acute-acute kink sites yields
rough steps that are capable of high step velocities. Step
roughening and increased kink densities have been ob-
served during the dissolution of magnesite (Jordan et al.,
2001; Higgins et al., 2002) and calcite (De Guidici, 2002)
with decreasing pH under acidic conditions, and fast steps
have also been noted by Jordan and Rammensee (1998).
Roughened, fast steps have been observed by Vinson and
Luttge (2005) in similar calcite dissolution experiments in
the presence of dissolved strontium. Steps emanating from
the perimeter of defect-centered etch pit are also a basic
feature of the model of Lasaga and Luttge (2001). In this
theoretical treatment based on a modified Gibbs-Thomson
equation, dissolution is the manifest result of the coordi-
nated movement of step chains (stepwaves) across the crys-
tal surface. With sufficient undersaturation, the transit of
surface stepwaves leads to a steady reduction in absolute
surface height over the entire crystal surface, and thus dis-
solution is not limited solely to localized removal at etch
pits themselves. These results mimic but are not clearly
related to those achieved by Teng (2004), who observed
changes in etch pit nucleation rate as a function of under-
saturation, whereas all solutions in our experiments are
highly undersaturated. This was a surprising result of these
experiments, and we shall defer a complete explanation of
this behavior to a future paper.

We suggest that this behavior may relate to the differences
in hydration enthalpy between Mg?" and Ca”" ions. At the
moderate pH of most of our experiments, calcite dissolution
can be viewed as a hydration reaction (Sjoberg, 1978), in
which the tendency for a calcium ion to detach from the sur-
face is a function of the competition between lattice oxygen
and solvent water-oxygen for the lattice cation. It is possible
that magnesium interferes substantially with this process.
Recent molecular dynamics and free energy calculations
(Kerisit and Parker, 2004) indicate that close to the calcite
surface, the hydration shells of magnesium and calcium
coordinate one carbonate oxygen from the surface, with
the remaining oxygens contributed by water. The hydration

shell for Ca is still incomplete, whereas magnesium is able to
complete its 6-fold coordination using lattice carbonate-
oxygen. There are also differences in the strength of the bond
of water to a given metal cation within the first hydration
shell versus that of water to the mineral surface. A water
molecule may form a bond with the surface either between
its oxygen and a surface calcium, or by hydrogen bonding
with a surface oxygen (Kerisit and Parker, 2004). The bond
between water and free calcium is weaker than that between
water and surface calcium, whereas in the case of magne-
sium, the situation is reversed: it forms a substantially stron-
ger bond with water, and is thus able to outcompete the
surface for water of hydration. This may allow Mg to disrupt
the surface hydration, favoring the formation of inner
sphere over outer sphere complexes, and gives Mg a greater
residence time on the calcite surface, as each water molecule
also has a correspondingly longer visit in the magnesium
(versus calcium) hydration shell (Kerisit and Parker, 2004).

These differences in basic behavior between Ca and Mg
could support a reaction scenario in which Mg uses car-
bonate oxygen exposed at the calcite surface to complete
its hydration shell, and upon departing is able to leave with
the carbonate oxygen, or its surface detachment destabi-
lizes the surface hydration layer and provides a mechanistic
opportunity for subsequent detachment of lattice ions at
defect sites. Mg>" ion binding at steps clearly has a much
different effect (e.g., de Leeuw, 2002), and magnesium addi-
tion in the presence of DIC evidently leads to stabilization
of obtuse kinks, possibly by direct coordination in a metal
kink site, a reaction step that would require more complete
dehydration and provide for greater coordination on the
part of the surface versus the solvent.

The latter conclusions are obviously speculative, and re-
quire support from both direct measurement and modeling.
However, understanding of these effects is an important
step in quantifying the role of other impurities as well.
There is also a need to reconcile these direct observations
of surface topography with approaches to dissolution
kinetics involving surface complexation (Van Cappellen
et al.,, 1993; Pokrovsky and Schott, 2002; Pokrovsky
et al., 1999, 2005), and understand to what degree inhibi-
tion is controlled by the surface species distribution.

5. Summary and conclusions

Under specific conditions, net dissolution must reflect
the cumulative result of the motion of individual steps
across a crystal surface. The combination of vertical scan-
ning interferometry and atomic force microscopy experi-
ments yields an integrated approach to the problem of
resolving how specific step motion contributes to the over-
all dissolution rate. Here we have used this approach to
investigate how the addition of magnesium inhibits calcite
dissolution in a site-specific manner.

We have documented that the addition of magnesium
inhibits dissolution on calcite cleavage surfaces under
far-from-equilibrium conditions in carbonated, alkaline
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solutions primarily through interfering with obtuse step mo-
tion. At 0.8 x 10™° molal Mg, obtuse step velocities are re-
duced to near zero and dissolution by etch pit growth
proceeds via acute step movement only. Summed step veloc-
ities thus decrease from 2.95 to 0.78 nm/s, a 75% reduction.
This decrease is less than the 90% reduction in dissolution
rate derived from the VSI data at this same concentration.
The significance of this discrepancy is still under investiga-
tion. We note, however, that the VSI data also reflect the po-
tential changes in terrace width and step spacing (step
density was not measured in the AFM data), as well as the
integration of far larger portions of the mineral surface
(mm? versus pm?), and longer cumulative run times.

The effectiveness of Mg as an inhibitor is also a function
of carbonate alkalinity, and the ratio of obtuse to acute
step velocities measured in N,-sparged solutions with no
added carbon (pH 8.8, 0.8 x 10~ molal Mg) is similar to
the ratio in published AFM data for Mg-free solutions.
Sufficient Mg addition results in the accumulation of excess
kinks along obtuse step faces and creates unique etch pit
morphologies. No evidence of epitaxial formation of a
magnesium carbonate phase is seen. In contrast to the ob-
served reduction in step velocities, etch pit nucleation rates
on terraces are actually enhanced by the addition of Mg,
leading to an increase in surface roughness.
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