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ABSTRACT

CRYSTAL GROWTH MECHANISMS IN NATURAL AND SYNTHETIC
DOLOMITE: INSIGHT INTO DOLOMITIZATION KINETICS

By

Stephen Emil Kaczmarek

The lack of dolomite in modern marine setting is a kinetic problem, yet
relatively few details about dolomitization are understood. Because the
geometries observed on crystal surfaces are dictated by growth and dissolution,
and such mechanisms are theoretically related to kinetics, the current study
utilizes ex situ atomic force microscopy to investigate nanometer-scale features
on synthetic and natural dolomites in order to better understand dolomitization.

Following a relatively long induction period, high-temperature synthetic
dolomite forms very rapidly. Initial dolomite products are poorly ordered (i.e.,
nonideal), whereas stoichiometry (61-50 mole% CaCO3) is dependent on the
initial Mg?*:Ca?®* ratio in solution (R%=0.97). Following initial reactant depletion,
dolomite products are stoichiometric and well-ordered (i.e., ideal).

Two distinct nanometer-scale growth features - islands and layers -
characterize dolomite growth surfaces. Islands are rounded positive relief
features. Layers are broad, flat surfaces with steps. Islands occur on nonideal
synthetic dolomite prior to reactant depletion, whereas layers form only after
calcite reactant depletion. Counter to theoretical predictions, dolomite
nanotopography is independent of the Mg?*:Ca?* in solution. Surface

nanotopography does respond, however, to changing carbonate flux at the



growth interface following reactant depletion, therefore suggesting that carbonate
plays a major role in dolomitization kinetics.

Following chemical etching, ideal synthetic dolomite surfaces exhibit flat
layers with deep euhedral pits, whereas nonideal synthetic dolomite surfaces are
covered with islands identical to the islands observed on growth surfaces.
Chemically etched ideal and nonideal natural dolomites are also characterized by
etch pits and islands, respectively. These features are indistinguishable from
islands and etch pits observed on synthetic dolomite. Based on models of crystal
growth and dissolution, nonideal dolomite surface nanotopography is most
consistent with polynuclear growth. Conversely, ideal dolomite is more
consistent with spiral growth. These observations indicate that dolomite initially
forms by polynuclear growth and is nonideal. Because it is metastable, nonideal
dolomite may later be replaced by ideal dolomite.

Due to the similarities between natural and synthetic dolomites, high-
temperature experimental findings can serve as a model for interpreting
observations from natural low-temperature settings. Therefore, a long induction
period followed by rapid growth is the best model to explain the absence of

dolomite in modern marine environments.
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1. INTRODUCTION

The origin of dolomite, [CaMg(COs).], has been debated extensively for
over a decade. Although most geologists now regard dolomite as a sedimentary
mineral that forms during the replacement reaction between carbonate sediments
and magnesium-rich fluids, no unique geologic environment of dolomitization has
been recognized (e.g., Murray and Pray, 1965; Friedman and Sanders, 1967,
Folk and Land, 1975; Budd, 1997). Dolomite is found in thick, laterally extensive
deposits throughout the rock record, but exists in modern marine environments
only in small abundances and few locations. Because dolomite is the
thermodynamically stable carbonate phase in seawater, its rare occurrence in
modern carbonate-forming marine environments is problematic. Although no
universal explanation has emerged, most workers generally agree that the
“dolomite problem” is one of kinetics (Land, 1985; Hardie, 1987; Sibley, 1990;
Budd, 1997).

Relatively little is known about the reaction details of natural dolomitization
aside from the fact that, for most dolomites, no geologic evidence exists of
unusual temperature or pressure conditions (Krauskopf and Bird, 1995).
However, both the failure to unequivocally synthesize dolomite at temperatures
below 100°C (e.g., Usdowski, 1994; Land, 1998) without the aid of bacteria (see
Vasconcelos et al., 1995; Warthman et al., 2000) and the lack of a modern
analog for massive dolomite deposits have led a number of workers to examine

high-temperature synthesis experiments as a means of acquiring information



about dolomite reaction kinetics (Graf and Goldsmith, 1956; Gaines, 1974, Katz
and Matthews, 1977; Baker and Kastner, 1981; Sibley et al., 1987; Morrow and
Rickets, 1988; Sibley, 1990; Sibley et al., 1994; Kessels et al., 2000). These
high-temperature experiments provide insight into the kinetic details of the
CaCOs; to dolomite transformation, yet there exist no theoretical bases for
extrapolating kinetic data over the 25-250°C temperature range between
sedimentary dolomites and temperatures commonly employed in laboratory
experiments. Consequently, applicability of these high-temperature experiments
to natural low-temperature systems remains uncertain.

Dolomitization of CaCO; requires nucleation and crystal growth, both of
which are dictated by thermodynamic, as well as kinetic factors. The details of
these processes are in turn reflected in the mineral’s texture and microstructure.
Knowledge of a crystal's defect microstructure can provide insight to the growth
process (e.g., Reeder, 2000). More specifically, different models of crystal
growth imply different defect structures. This study will test two hypotheses
about the kinetics of dolomitization: 1) high-temperature, synthetic dolomites and
low-temperature, natural dolomites have similar growth mechanisms, and 2) the
growth mechanisms in dolomite are dictated by Mg®*:Ca?* ratios (i.e., the degree
of supersaturation) of the dolomitizing solutions. Both hypotheses have a great
deal of importance in regard to understanding dolomitization in natural settings.
If the first hypothesis is unsubstantiated, the applicability of high-temperature

experiments to natural dolomite is tenuous. Support for the second hypothesis



suggests that knowledge of the growth mechanism would allow the possibility of
interpreting information about the environment of formation of natural dolomites.

Before proceeding, it is worth noting that both natural and synthetic
dolomites are found in a variety of forms that must be distinguished. Dolomite is
a complex mineral in which considerable variations occur in the composition and
the degree of cation order (Goldsmith and Graf, 1958; Reeder and Wenk, 1979;
Reeder, 1992). The term dolomite is used here to describe Ca-Mg carbonates
with compositions approximating mMg/mCa = 1 and evidence of cation ordering.
For dolomite with non-Mg and non-Ca ions only in trace abundances,
stoichiometry is generally expressed in terms of mole percent CaCO;. Ideal
dolomite, Cag soMgo.s0(CO3)2, refers to dolomites with equal molar quantities of
calcium and magnesium that display a relatively high degree of cation order. The
structure of ideal dolomite is characterized by alternating A and B cation planes,
separated by layers of CO;, all of which are stacked along the threefold axis
(Reeder, 1981). Both Lippmann (1973) and Reeder (1983) have likened the
structure of ideal dolomite to a composite of alternating calcite and magnesite
layers. When the criteria of a high degree of cation order and stoichiometric
composition are not satisfied, the term nonideal dolomite is appropriate.
Nonideal dolomites are most often associated with Ca-enrichment (Reeder,
1983). Although Mg-rich dolomite does occur in nature, its occurrence is
relatively rare (Rosen et al., 1989) or poorly documented (Reeder, 2000).

In a number of instances, the term protodolomite (Graf and Goldsmith,

1956) has been used in the literature to describe Ca-Mg carbonates with very



poor or non-existent ordering, the inference being that protodolomite might
represent a metastable precursor of well-ordered stoichiometric dolomite for
high-temperature experimental dolomites described by Graf and Goldsmith
(1956) and natural dolomites as well (Lippmann, 1973; Reeder, 1981). This
latter view is consistent with the observation that many recent dolomites are Ca-
rich and poorly ordered. Land (1980) has argued against the term protodolomite
on the grounds that natural Mg-Ca-carbonate phases often display some degree
of cation order and should therefore be considered dolomite. Following this
reasoning, the term protodolomite is avoided when describing poorly ordered Ca-
Mg-carbonate phases, unless making reference to previously published

observations.

1.a. Previous Experimental Work

Several experimental investigations have attempted to identify the
thermodynamic and kinetic controls on dolomite formation (Graf and Goldsmith,
1956; Land, 1967; Lippmann, 1973; Gaines, 1974, 1980; Katz and Matthews,
1977, Baker and Kastner, 1981; Sibley and Bartlett, 1987; Sibley et al., 1987a,b;
Morrow and Rickets, 1988; Sibley, 1990; Nordeng and Sibley, 1993; Sibley et al.,
1994; Morrow et al., 1994, Kessels et al., 2000). These investigators employed
temperatures in excess of 100°C because dolomite has a very low reactivity at
lower temperatures (Usdowski, 1994). Moreover, scientists have largely been
unsuccessful in synthesizing dolomite inorganically at low temperatures even

over very long times (e.g. 30 years, c.f. Land, 1998) other than poorly ordered



Ca-rich (nonideal) dolomite (Deer et al., 1992; Deelman, 1981; Busenberg and
Plummer, 1989). Katz and Matthews (1977) examined the effects of
temperature on the dolomitization rate. They reported that complete
dolomitization of calcite took 112 hours at 252°C, 38 hours at 263°C, 14 hours at
274°C, 6 hours at 285°C, and 4 hours at 295°C. From this data, Katz and
Matthews (1977) calculated the activation energy for the synthetic dolomite to be
48-50kcal/mol, which they used to invoke the high temperatures needed to
synthesize dolomite over reasonable time-scales. Based on experimental data
from Gaines (1968), Arvidson and Mackenzie (1997) recalculated the activation
energy of ordered (ideal) dolomite to be 42.1kcal/mol. Arvidson and Mackenzie
(1999) later calculated the activation energy for poorly ordered calcium-rich
dolomite (protodolomite) to be 31.9kcal/mol, approximately 10 kcal/mol less than
the value for ideal dolomite. Arvidson and Mackenzie (2000) postulated that the
activation energy of dolomite is a function of 1) the energy associated with the
dehydration of magnesium ions, and 2) the energy associated with cation
ordering. They plotted activation energy (E.) vs. composition for Ca-Mg
carbonates based on a published value for calcite from Kazmierczak et al. (1982)
and an extrapolated value for magnesite. Although the experimentally
determined activation energy for the nonideal dolomite (protodolomite) used by
Arvidson and Mackenzie (1999) was in nearly perfect accord with the value
predicted from the extrapolated line between the calcite and magnesite values,
the experimentally derived E, for ideal dolomite was approximately 5.5 kcal/mol

greater than the value predicted by the line. Arvidson and Mackenzie (2000)



interpreted the additional energy to represent the effects of cation order in ideal
dolomite. The additional energy reported by Arvidson and Mackenzie (2000) for
ideal dolomite is in agreement with the E, of 5.5kcal/mol calculated earlier by
Malone et al. (1996) which was determined for the rate of recrystallization of
disordered Ca-Mg carbonate phases to ordered dolomite between 149-197°C.

Graf and Goldsmith (1956) formed dolomite by reacting combinations of
various Mg-bearing and carbonate-bearing species (calcareous algae, echinoids,
Ca-Mg-carbonate gel, aragonite and Mg-carbonate) in hydrothermal bombs at
various temperatures. In lower temperature and shorter duration experiments,
they observed that initial products (called protodolomite) were compositionally
different from the ideal dolomite that was formed in higher temperature and
longer duration experiments. Powder X-ray diffraction (XRD) patterns of the
initial products (protodolomite) showed expanded unit cell dimensions, which
Graf and Goldsmith (1956) interpreted as substitution of larger calcium cations
into magnesium sites. The initial products (protodolomite) also exhibited missing
superstructure reflections, which they interpreted to indicate an absence of the
ideal succession of alternating magnesium and calcium cation planes.

Results of subsequent high-temperature studies demonstrated that the
overall reaction curve for the dolomitization reaction is sigmoidal-shaped (Figure
1, Katz and Matthews, 1977; Sibley and Bartlett, 1987; Sibley et al., 1987; Sibley,

1990; Nordeng and Sibley, 1993; Sibley et al., 1994; Kessels et al., 2000), the
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slope at any point being a function of growth and nucleation rates (Avrami, 1939).
The dolomitization reaction has a relatively long induction period followed by
rapid replacement of reactants (Katz and Matthews, 1977, Sibley and Bartlett,
1987; Sibley et al., 1987; Sibley, 1990; Nordeng and Sibley, 1993; Sibley et al.,
1994; Kessels et al., 2000). The induction period is the time after the onset of
experimental conditions when no dolomite products are detected (Walton, 1969).
Sibley et al. (1987) showed that the induction period, as determined by XRD,
could be 20% to >80% of the total duration of the reaction. Nordeng and Sibley
(1993) conducted thermal cycling experiments to show that nucleation occurs
relatively early in the induction period. The length of the induction period is
therefore dependent, in part, on the ability to detect small percentages of
product. Kessels et al. (2000) showed that the length of the induction period was
lowered, but not eliminated when atomic force microscopy was used to detect the
presence of reaction products.

The induction period is followed by a rapid replacement stage where
calcite dissolves and metastable, nonideal dolomite products form (refer to
Figure 1). Following the rapid replacement stage, when all reactants have been
consumed, ordered, stoichiometric dolomite forms (Gaines, 1974, 1980; Katz and
Matthews, 1977, Baker and Kastner, 1981; Sibley and Bartlett, 1987; Sibley et
al., 1987; Morrow and Rickets, 1988; Sibley, 1990; Nordeng and Sibley, 1993;
Sibley et al., 1994; Kessels et al., 2000).

A number of factors have been shown to affect the overall rate at which

dolomitization of a carbonate precursor takes place in high-temperature



experiments. These include: Mg?*:Ca?" ratio of the dolomitizing solution,
available surface area of the reactant, mineralogy of the reactant, and the
presence of inhibitors or catalysts (Graf and Goldsmith, 1956; Land, 1967,
Lippmann, 1973; Gaines, 1974, 1980; Katz and Matthews, 1977, Baker and
Kastner, 1981; Sibley et al., 1987; Morrow and Rickets, 1988; Sibley, 1990;
Sibley et al., 1994; Kessels et al., 2000). Gaines (1974) reported that
temperature, the solution Mg?*:Ca?* ratio, and the type of reactant (calcite vs.
aragonite) all have an effect on the rate of dolomitization. Land (1967), Katz and
Matthews (1977), Gaines (1980), Sibley et al. (1987), Sibley (1990), and Kessels
et al. (2000) showed that increasing solution Mg?*:Ca?* ratios caused the reaction
rate to increase. Gaines (1980) showed that the reaction rate increased when
the Mg?*:Ca?* was increase from 3 to 5, but decreased when the ratio was
increased from 5 to 7. Sibley et al. (1987) argued that the decreasing reaction
rate for Mg?*:Ca?* ratios greater than 5 was likely due to the precipitation of
magnesite.

Dolomitization rates in high-temperature experiments increase with
reactant surface area (Katz and Matthews, 1977; Gaines, 1980; Sibley and
Bartlett, 1987). More reactant surface area corresponds to more potential
nucleation sites per unit mass of reactant. A greater reactant surface area also
enhances the rate of dissolution of calcium carbonate, the source of carbonate
anions for dolomite formation. Sibley and Bartlett (1987) showed that the rate of
dolomitization was nearly three times faster in experiments where 1-10um size

calcite crystals were used as the reactant compared to experiments where 10-



40um size calcite crystals were used. In their aragonite experiments, Sibley and
Bartlett (1987) showed complete dolomitization took approximately 25 hours for
1-10um calcite crystals and approximately 35 hours for 10-40um calcite crystals.

Katz and Matthews (1977), Baker and Kastner (1981), and Sibley and
Bartlett (1987) showed that aragonite is dolomitized much faster than calcite.
Baker and Kastner (1981) showed that aragonite was completely converted to
poorly ordered, Ca-rich dolomite in 48 hours whereas calicite experiments
showed only minor amounts of nonideal dolomite after 48 hours at 200°C.
Furthermore, aragonite was completely dolomitized in 112 hours, but calcite was
only partially converted to nonideal dolomite after 112 hours. Sibley and Bartlett
(1987) observed that aragonite was completely dolomitized in approximately 25
hours at 175°C, whereas calcite required nearly 65 hours.

Other experiments have indicated that certain additives may alter the way
dolomitization takes place at high temperature. Baker and Kastner (1981)
showed that dolomitization was suppressed in high-temperature experiments by
the addition of sulfate. Gaines (1980) showed that the addition of 0.05 Li
increased the reaction rate. Sibley (1990) observed that when N, and CO, gas
were added to hydrothermal bombs, reaction rates increased. Morrow and
Rickets (1988) added HCOj3 through NaHCO3 to high-temperature experiments
and recorded an increased reaction rate. Because calcite equilibrates relatively
fast at high temperatures, Sibley et al. (1994) argued that it was unlikely that

addition of NaCOj significantly increased the ion activity product of dolomitizing
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solutions. Lippmann (1973) suggested that CO:% might help dehydrate Mg**
ions in solution, thus explaining the increased rate of MgCO3 precipitation.

Sibley (1990) showed that the first products to form during dolomitization
experiments exhibited a compositional dependence on the Mg?*:Ca?* ratio in
solution. When a solution Mg?*:Ca?" ratio of 1 was used, the average composition
of the initial products was approximately 60 mole% CaCO3;. When the solution
Mg?*:Ca?* ratio was 0.66, initial products had an average composition of 65
mole% CaCOj3. Sibley et al. (1994) also reported that solutions with higher initial
Mg?*:Ca?" ratios lead to more stoichiometric products. They reported the
formation of very high magnesium caicite (VHMC, 35-40 mole% MgCO; with no
ordering) when initial solutions had a Mg?*:Ca?" ratio of 0.66 and
nonstoichiometric dolomite (43-45 mole% MgCO3) when initial solutions had a
Mg?*:Ca?* ratio of 1.2. Despite highly variable compositions and poor ordering in
initial dolomite products, and the fact that no experiment has produced well-
ordered stoichiometric (ideal) dolomite as an initial reaction product, all products
tend towards well-ordered, stoichiometric (ideal) dolomite after all reactants have

been consumed.

1.b. Ca-Enrichment in Natural Dolomite

Although ideal dolomite is the thermodynamically stable carbonate phase
in seawater, a considerable fraction of sedimentary dolomite contains Ca in
excess of the ideal 1:1 Mg:Ca ratio. The excess calcium content in natural

dolomite is quite variable and can reach 9-10 mole% CaCO; (Graf and
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Goldsmith, 1956; Fiichtbauer and Goldschmidt, 1965; Lippmann, 1973;
Lumsden, 1979; Lumsden and Chimahusky, 1980; Reeder, 1981, 1983; Wenk et
al., 1983; Sperber et al., 1984; Gregg et al., 1992; Malone et al., 1994; Budd,
1997; Bottcher et al., 1998; Jones et al., 2001). In addition, calcium-rich
dolomites exhibit a lower degree of cation order than their ideal counterparts.
Although Ca-enrichment in natural dolomite is a common phenomenon,
the factors responsible for deviation from ideality are poorly understood.
Goldsmith and Graf (1958) using X-ray diffraction were the first to report on the
structural and compositional variations in natural Ca-rich and stoichiometric
dolomites. Powder-mount and single crystal X-ray diffraction (XRD) data
indicate expanded unit cell dimensions, attenuated superiattice reflections, and
diffuse or bimodal basal plane reflections in Ca-rich dolomite. Dolomite
diffraction peak intensities were shown to indicate differences in occupancies and
scattering factors of the Ca and Mg atoms in the structurally nonequivalent A and
B cation sites, respectively (Graf and Goldsmith, 1956). Therefore the
occurrence of attenuated superlattice reflections suggested to Goldsmith and
Graf (1958) that there was some degree of Ca-Mg disorder in the Ca-rich
samples. They argued that some defect mechanism or alternate crystal structure
was required in order to accommodate excess calcium. Graf et al. (1967)
reported that cation substitution and/or mixed-layer disorder were necessary in
order to produce the reflections reported by Goldsmith and Graf (1958). Recent
refined single crystal X-ray diffraction studies have produced similar results

(Reeder, 2000). Complete cation order is characteristic of most ancient
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stoichiometric dolomites, whereas Ca-rich dolomite is most commonly associated
with highly variable lattice parameters (Reeder, 1983; Miser et al., 1987; Reeder,
2000).

Navrotsky and Copobianco (1987) and Chai et al. (1995) studied the
energetics of Ca-enrichment in natural sedimentary dolomites. Solution
calorimetry experiments for a suite of sedimentary dolomites with 0-6 mole%
excess calcium were used to show that enthalpies of formation increase in a
near-linear manner with Ca-enrichment. This supports the widely recognized
view that nonideal dolomite forms more easily than ideal dolomite because of
kinetic reasons, as they are metastable and more soluble.

Although recent dolomites are characterized by being Ca-rich and having
expanded unit cell dimensions, the structural description of these dolomites
varies significantly from the ancient Ca-rich dolomites (Lippmann, 1973; Gregg et
al., 1992; Mazzullo, 1992; Wenk et al., 1993). The XRD patterns of the recent
deposits show that superiattice reflections are weak or absent. This is most likely
because the Ca and Mg cations are distributed more randomly between the A
and B sites. Other reflections are also broad and diffuse, which further suggests
a low degree of structural order in the dolomite. Wenk et al. (1993), for example,
observed a rhombohedral Ca-Mg carbonate with weak or no ordering reflections
that contained approximately 30 mole% MgCO; in recent sediments from Abu
Dhabi. In contrast, ancient nonideal dolomites, although typically calcium-rich,
display a much greater degree of cation ordering than their Holocene

counterparts.
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Selected area electron diffraction (SAED) and transmission electron
microscopy (TEM) have been used to demonstrate that Ca-rich dolomites are
both structurally and compositionally heterogeneous in comparison to ideal
dolomites (Barber, 1977; Reeder and Wenk, 1979; Reeder, 1981, 1983, 1992,
2000; Wenk et al., 1983; Van Tendello et al., 1985; Frisia, 1994, Schubel et al.,
2000). These workers observed the occurrence of a heterogeneous
microstructure in almost all pre-Holocene Ca-rich dolomites, including laminar-
like structural modulations and superstructures. Modulation occurs as a regular,
alternating dark/light wavy pattern in TEM images (Barber, 1977; Reeder and
Wenk, 1979; Reeder, 1981, 1992, 2000; Schubel et al., 2000). Modulations can
have sharp to diffuse boundaries and are observed in both brightfield and
darkfield imaging (Barber, 1977; Reeder and Wenk, 1979; Reeder, 1981, 1992,
2000; Schubel et al., 2000). However, the greatest contrast occurs with the {104}
reflection beam in darkfield imaging, which is concurrent with indices of the
cleavage faces in dolomite (Reeder, 1981, 2000). More detailed work has
shown that modulations are oriented subparallel to the growth direction and are
therefore perpendicular to the dominant {104} faces (Reeder, 2000).
Modulations are pervasive features throughout the dolomite crystal lattice
(Reeder, 1981, 1992, 2000). Laminar-like modulations typically have
wavelengths between ten and several tens of nanometers (Barber, 1977; Reeder
and Wenk, 1979; Reeder, 1981, 1992, 2000; Schubel, 2000). Wenk et al. (1983)
reported that although modulations were absent in some very recent nonideal

dolomites, microstructures were heterogeneous.
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Most ancient sedimentary dolomites with stoichiometric compositions and
a high degree of cation order lack modulated microstructures and SAED
superstructures (Wenk et al., 1983; Reeder, 1983, 1992). However, the most
common structural defects in ideal dolomites are dislocations, which are
observed in variable densities (Reeder, 1992). Although modulated
microstructures have been observed in stoichiometric dolomite, the occurrence is
relatively rare. Miser et al. (1987) reported on TEM observations of modulation-
like features in a well-ordered, stoichiometric twinned dolomite crystal.
Modulations were reported to be weaker and coarser than commonly reported for
ancient calcian dolomites. Reeder (1992) reasoned that because modulations in
stoichiometric dolomite are typically localized and volumetrically insignificant, the
phenomenon seems to be the exception. In the only study of its kind, Rosen et
al. (1989) reported observing modulations in a Mg-rich dolomite that exhibited
poor ordering and a structure that was expanded in the ¢, direction and
contracted in the a, direction relative to ideal dolomite.

SAED patterns used in conjunction with TEM imaging reveal the presence
of weak and/or diffuse extra spots that coincide with small elongate domains that
are seen with dark field imaging. High-resolution TEM (HRTEM) confirms that
the domains have a different cation distribution from that of ideal dolomite.
Modulated microstructures were therefore interpreted as strain contrasts within
the crystal lattice that result from distinct chemical and/or structural domains
(Barber, 1977; Reeder and Wenk, 1979; Reeder, 1981, 1992, 2000; Frisia, 1994;

Schubel et al., 2000). TEM and SAED observations led a number of workers to
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suggest that the relationship between stoichiometry and dolomite microstructure
may be the result of distinct growth processes (Wenk et al., 1983; Reeder and
Sheppard 1984; Reeder and Prosky, 1986; Miser et al, 1987). The occurrence
of modulations that change orientation according to different growth sectors
supports this hypothesis (c.f. Reeder, 2000). Fouke and Reeder (1992) reported
that various levels of Ca-enrichment in dolomite were a function of surface
structure and suggested that “the nature of [the] growth mechanism may be a

important factor in controlling the range of Ca:Mg ratios observed in dolomite.”

1.c. Crystal Growth Mechanisms

Mononuclear, birth and spread, polynuclear, and spiral crystal growth
models (Figure 2), all assume that crystal growth occurs by the addition of
structural units (ions or molecules) to energetically favorable attachment sites on
a crystal surface (Nielsen, 1964; Ohara and Reid, 1973). Because the rate of
crystal growth is related to the crystal growth mechanism (Sunagawa, 1982, see
Figure 3), crystal growth models are characterized according to differences in the
rate of formation of surface nuclei versus the rate of lateral attachment to an
already existing surface feature. Nucleation dependent models, like
mononuclear growth, birth and spread, and polynuclear growth represent
successively higher rates of nucleation relative to lateral growth. Because
nucleation and crystal growth are energetically driven processes, theoretical
models emphasize that different growth mechanisms dominate under different

thermodynamic conditions. At conditions near equilibrium, no growth can occur
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Figure 2. Surface expressions of some common crystal growth models.
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Figure 3. Diagram showing theoretical growth rates of spiral and polynuclear
growth as a function of free energy (after Sunagawa, 1984).
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on a crystal surface free from defects because a certain degree of superaturation
is required to form a critical nucleus. The critical nucleus is the minimum size a
particle must attain to be stable in a supersaturated solution. Particles smaller
than the critical nucleus dissolve back into solution. The size of the critical
nucleus is directly related to the activation energy for nucleation. Nucleation on
a crystal surface is difficult because there is an energy barrier associated with
increasing the surface area and therefore the surface free energy of the crystal
(Nielsen, 1964; Ohara and Reid, 1973; Kirkpatrick, 1981; Lasaga, 1990). Once
this has occurred, however, crystal growth can proceed by attaching to the
nucleus because there is not such a large increase in surface area.
Mononuclear crystal growth is characterized by the attachment of a single
nucleus to a flat crystal surface followed by lateral growth along the periphery of
the nucleus. Each additional growth layer requires a new nucleation event to
occur. The nucleation rate is relatively slow compared to the rate of lateral
growth in the mononuclear model. Because each successive growth layer
requires the energetically difficult step of surface nucleation, mononuclear growth
is considered to be an inefficient growth mechanism (Nielsen, 1964). At higher
free energy drive, the birth and spread model is predicted by crystal growth
theory. In the birth and spread model, crystal layers are generated in a manner
similar to mononuclear growth, but instead of lateral growth occurring by
attachment at a single nucleus per layer, growth proceeds by attachment along
the periphery of multiple surface nuclei per layer. Similar to mononuclear growth,

the birth and spread model is characterized by a lateral growth rate that is higher
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than the nucleation rate. In conditions where the degree of supersaturation is
sufficiently high, growth is predicted to occur in a manner consistent with the
polynuclear growth model. Polynuclear growth proceeds as multiple nucleation
events occur simultaneously on the crystal surface (Nielsen, 1964; Ohara and
Reid, 1973; Sunagawa, 1984). Polynuclear growth differs from the birth and
spread model in that the rate of surface nucleation is more rapid than the rate of
lateral growth.

As opposed to the former models, crystal growth by a spiral mechanism
does not require the energetically difficult step of surface nucleation. Instead,
spiral growth takes advantage of crystalline defects, like screw dislocations,
which create offsets on the crystal surface and in turn provide a continuous
supply of energetically favorable growth sites (Burton et al., 1951). As a resuilt,
crystal growth can occur at conditions near equilibrium (Burton et al., 1951;
Sunagawa, 1984). According to Sunagawa (1984), spiral growth is the most
common crystal growth mechanism in nature.

Because different mechanisms add material to a growing crystal by
distinctly different means (e.g., by lateral attachment to a spiral dislocation arm or
surface nucleation), surface nanotopography is indicative of the dominant crystal
growth mechanism. In fact, studies investigating crystal surface nanotopography
have established a close relationship between the dominant crystal growth
mechanism and the resulting expression of the crystal surface nanotopography.
The most commonly observed surface nanotopographies are consistent with

models that describe 1) spiral growth centered on a dislocation and 2) surface
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nucleation followed by lateral growth (Sunagawa, 1984; Hochella et al., 1990;
Hillner et al., 1992; Gratz et al., 1993; Hochella, 1990; Dove and Hochella, 1993,
Bosbach and Rammensee, 1994; Pina et al., 1998; Bosbach et al., 1998; Maiwa
et al., 1998; Kessels et al., 2000; Pina et al., 2000; Jiang et al., 2001a; Pina et
al., 2004). Moreover, observations of crystal surface nanotopography are
seemingly consistent with theoretical crystal growth models in that different
growth mechanisms operate under the relative thermodynamic conditions for
which they are predicted.

Dove and Hochella (1993) investigated in situ growth of calcite under
varying degrees of supersaturation with scanning force microscopy (SFM) at
25°C and 0.96atm. They observed the formation of surface nuclei ~20-30nm
wide and ~6-9 nanometers high in solutions with supersaturation Q>2. At lower
degrees of supersaturation, flat layers hundreds of nanometers across with 0.3
nanometer high steps were observed. Surface nuclei were reported to be
rhombohedral in shape, except in experiments where orthophosphate (a growth
inhibitor) was added, in which case nuclei were rounded in shape. After 10
minutes of continued growth in the solutions with orthophospate, calcite nuclei
coalesce into larger islands that were nearly 200 nm in diameter and up to 31 nm
high. The overall growth surface was highly irregular and covered with rounded
islands and small voids. After 1 hour of growth, Dove and Hochella (1993)
observed that the calcite surface became flatter, which was interpreted as the
result of coalescing islands (their Figure 3). Bosbach and Rammensee (1994)

made in situ observations of the surfaces of gypsum with the atomic force
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microscope (AFM). They observed layers with steps >1000um long and one to
nine monolayers (~0.7-6.1nm) high as well as a lack of surface nuclei for
supersaturations less than 1.1. At higher degrees of gypsum supersaturation
(>8), Bosbach et al. (1998) observed crystal growth proceeding by the formation
of islands up to 300nm long, <100nm wide and generally 0.7nm (1 monolayer)
high. Bosbach et al. (1998) demonstrated that barite surface nanotopography
was dominated by layers and spiral hillocks during crystal growth at low to
moderate supersaturations (Q<5). These features were interpreted to result from
crystal growth by a spiral mechanism. At higher degrees of barite
supersaturation, surface nucleation was observed to dominate during crystal
growth. Island heights were equal to 0.35nm, consistent with the height of a
BaSO4 monolayer. Islands were euhedral in shape (their Figures 8, 10). After 5
minutes of growth islands spread and covered the entire surface resulting in a flat
layer. With the addition of a crystal growth inhibitor (NTMP), Bosbach et al.
(1996) observed that individual islands became rounded. Pina et al. (1998)
demonstrated that surface nucleation and growth spirals could occur
simultaneously during crystal growth in barite. Maiwa et al. (1998) observed
growth islands, which were interpreted as 2-D nuclei on the surfaces of well-
developed {111} and {100} faces of barium nitrate crystals. The islands were
interpreted to form when crystals were exposed to brief periods of elevated
supersaturation upon removal from the experimental solutions. The islands were
circular to slightly elongated. Islands were 0.41-0.5nm high, consistent with the

height of unit layers formed during spiral growth (their Figure 5). Upon continued
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growth, nuclei coalesced with the adjacent layers formed earlier during spiral
growth. Several layers of different height were observed and were interpreted as
evidence for a birth and spread crystal growth mechanism. Pina et al. (2000)
showed that barite growth occurred by the advancement of steps generated on
screw dislocations when the degree of supersaturation was relatively low. In
contrast, they observed that surface nucleation was the dominant growth
mechanism at higher degrees of barite supersaturation. The degree of
supersaturation was shown to be a function of the solid composition in the
(Ba,Sr)SO, solid solution series.

Kessels et al. (2000) reported a change in surface nanotopography on
dolomite crystals when all calcite was depleted at the end of their high-
temperature experiments. They observed that island nanotopography was
present throughout most of the reaction, but after reactant depletion dolomite
surface topography changed to broad flat layers. Round growth islands were
reported to be 25 to 200nm wide and 2-50nm high. Jiang et al. (2001a) reported
the occurrence of elliptical or irregular 2-D nuclei on the growth surfaces of
Cadmium Mercury Thiocyanate Crystals (CMTC). The 2-D nuclei were
described as having a height equal to the interplanar spacing for CMTC (0.81
nm). In a later paper, Jiang et al. (2001b) observed CMTC growth by layer
advancement at low concentrations, whereas two-dimensional nuclei readily
formed during experiments with relatively high degrees of supersaturation.
These observations were interpreted as being consistent with the spiral and

polynuclear growth models, respectively.
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1.d. Chemical Etching

During the crystal growth process, surface features are continually
covered as new material is deposited. As a result, growth features ultimately
become part of a mineral’s internal crystalline microstructure. Because solid-
state diffusion is a relatively slow process, defect microstructures formed during
growth are likely to remain unmodified long after the mineral initially forms
(Reeder, 1992). It should therefore be possible to acquire information about the
details of crystal growth by examining a mineral's microstructure. If surface
material can be removed in a manner reverse to growth, it seems likely that
imperfections created and utilized during growth can be detected (Sangwal,
1987a). In fact, workers were using chemical etching to detect defects in
crystalline solids as early as the late 1800’s (e.g., Becke, 1890). Since then, a
number of workers have employed chemical etching as a means to reveal
structural information concerning defects in crystalline materials (Horn, 1952;
Vogel et al., 1953; Sangwal, 1987a; Brantley et al., 1986; Kirkland et al, 1999).
Preferential dissolution occurs at imperfections because they are often
associated with strain and increased reactivity. Because a variety of defects may
occur during growth, the chemical reactivity of the crystal and the type of
dissolution that occurs at the defect are highly dependent on the nature of the
defect (Lasaga and Blum, 1986; Brantley et al., 1986; Sangwal, 1987a; Gratz et
al., 1991).

Etch-pits, the most commonly documented dissolution feature, result from

selective dissolution at the intersection of a defect and the crystal surface
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(Johnston, 1962; Berner and Morse, 1974; Berner and Holdren, 1977; Berner,
1978, 1981; Lasaga and Blum, 1986; Brantley et al., 1986; Sunagawa, 1987,
Pande and Vaderbade, 1990; Stipp et al., 1994). Etch pits are commonly
polyhedral with a shape and orientation that is constrained by the structure of the
crystalline material (Sunagawa, 1987; Blum et al., 1990). The geometry of the pit
depends heavily on the nature of the lattice defect (Johnston 1962; Brantley et
al., 1986, Sangwal, 1987a). In the case of dissolution at an extended line defect
(e.g. screw dislocation), thermodynamic barriers to pit nucleation are overcome
more easily because of the excess strain energy that is associated with a defect
(Frank, 1951; Cabrera and Levine, 1956, Heimann 1982; Brantley et al, 1986;
Lasaga and Blum, 1986; Sangwal, 1987a). The linear nature of a dislocation
promotes continued dissolution at an angle to the crystal surface and the
resulting etch pit will be deep (Joshi et al., 1970; Maclnnis and Brantley, 1993).
According to several reviews (e.g., Heimann, 1982; Brantley et al., 1986; Lasaga
and Blum, 1986; Sangwal, 1987) the driving force for etch pit formation at
dislocation outcrops is contingent on: 1) the strain energy associated with the
dislocation, 2) surface free energy of the crystal, 3) impurities associated with the
line defect, and 4) the degree of undersaturation of the solution.

In contrast, shallow etch pits generally form at point defects. Once pit
nucleation at a point defect occurs, and the defect is eliminated, the energetic
drive for dissolution in a direction normal to the crystal surface is removed
(Brantley et al., 1986; Sangwal, 1987a). Most dissolution at point defects

therefore takes place in the lateral direction, which results in a broad shallow pit
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(perhaps only a few monolayers deep). Upon continued dissolution complete
annihilation of the pit is likely (Johnston, 1962; Brantley et al., 1986; Maclnnis
and Brantley, 1993).

Berner and Holdren (1977) observed the formation of deep etch pits on
natural feldspar crystals when etched in hydrofluoric acid (HF). They suggested
that dissolution of the crystal occurred at etch pits that formed along dislocations.
Lasaga and Blum (1986) used Monte Carlo simulations to model etch pit
formation at dislocation outcrops. They noted that etch pit geometry was highly
dependent on the degree of undersaturation, the degree of surface diffusion, and
a number of other mineral-dependent parameters. Although the shape and size
of etch pits in their simulations were related to the degree of undersaturation, all
pits were relatively deep with relatively flat bottoms. Using TEM, Lin and Shen
(1993) observed dislocations in willemite that corresponded to {0001} direction,
consistent with the orientation of the observed etch pits that developed along the
c-axis. The pits they observed were tens of microns in size after 120 minutes of
dissolution. Etch pit density was about 10*-10°cm, which was consistent with
the relatively low dislocation density observed in transmission electron
microscopy (TEM) analysis. They interpreted these observations to indicate that
etch pits formed primarily at dislocation outcrops.

Hillner et al. (1992) studied in situ calcite dissolution with AFM. They
observed the formation of deep and shallow euhedral etch pits on calcite
surfaces after exposure to undersaturated solutions. They interpreted the deep

etch pits (40-90nm) to be dissolution at dislocations and the shallow pits (<5nm)
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to be from dissolution at point defects. Gratz et al. (1991) used ex situ AFM
observations to study etch pit formation in quartz crystals. Pits were relatively
broad (1500nm wide, 20nm deep), but were interpreted as dissolution at
dislocation outcrops. They reasoned that dissolution at point defects would not
result in such deep pits (i.e. ~20nm) because the driving force for dissolution into
the crystal would be eliminated after a point defect was dissolved. Using in situ
AFM techniques, Liang et al. (1996) observed the dissolution surfaces of Iceland
Spar calcite. They observed the formation of two distinct types of etch pits. Type
1 pits were shallow (~0.3nm, 1 atomic layer) and interpreted to form at point
defects. Type 2 pits were deep (15nm, 40 atomic layers) and interpreted to
indicate dissolution at dislocations. The orientation and shape of the type 2
(deep) pits were crystallographically controlled.

Empirical observations suggest that, although not all dislocations form
deep etch-pits, there is good correlation between deep euhedral etch pits and
dislocations. (Vogel et al., 1953; Gilman et al., 1958; Johnston, 1962; Patel et al.,
1965; Joshi et al., 1970; Joshi and Paul, 1973; Heimann, 1975; McClay, 1977;
Grandstaff, 1978; Reeder, 1982; Brantley et al., 1986; Lasaga and Blum, 1986;
Sangwal, 1987a,b; Murphy, 1989; Meike, 1990a,b; Pande and Vaderbade, 1990;
Blum et al., 1990; Gratz et al., 1991; Lin and Shen, 1993; Maclnnis and Brantley,
1992; Maclinnis and Brantley, 1993; Lin and Shen, 1995; Liang et al., 1996;
Bosbach et al., 1998). An extended discussion on the energetics of etch pit
formation can be found in reviews by Lasaga and Blum (1986), Brantley et al.

(1986), and Sangwal (1987a).
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Although less commonly observed than etch pits, etch hillocks
(topographically high surface features) have also been identified as dissolution
features during etching experiments (Lin and Shen, 1993; Zbik and Smart, 1998;
Kirkland et al., 1999). The formation of etch hillocks has been attributed to many
things, such as surface contaminations (Batterman, 1957), etch resistant point
defects (Stadler, 1963), reaction products (Tuck, 1975), and gas bubbles
attached to the crystal surface (Weyher and Van Enckevort, 1983). Although
their interpretation is more ambiguous than etch pits, it is generally accepted that
etch hillocks form due to suppressed dissolution on the crystal surface (Tuck,

1975).
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2. METHODS

2.a. Dolomite Synthesis
Dolomite was synthesized according to equation 1 by combining a
calcium carbonate reactant with MgCl, - CaCl; solutions in pre-weighed, Teflon-

lined stainless steel reaction vessels (bombs).

2CaCO, + Mg* < CaMg(CO,), +Ca™ (Equation 1)

All bombs initially contained 15 ml of a 1M MgCl; - CaCl; solution mixture and
were heated to 218°C in a muffle furnace for various durations. Synthesis
experiments started with solid reactants consisting of either 1) 0.1 g ground
Iceland spar calcite (40-60um size-fraction), or 2) a mixture of 0.05g Iceland spar
calcite (40-60um size-fraction) and 0.05g ground aragonite (12-22um size-
fraction). These experiments will be referred to herein as calcite reactant
experiments and aragonite reactant experiments, respectively. Because the
aragonite reactant experiments were originally designed to provide information
only regarding dolomite surface nanotopgraphy, a different size-fraction of
aragonite was used than in the calcite reactant experiments. Reactant surface
area was not determined for either reactant. Eight loaded reaction vessels were
placed in the oven at a time and remained there for times that ranged from hours
to weeks depending on the initial solution Mg?*:Ca?* ratio. Reaction times were

estimated based on findings from previous experimental work done by the
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current author as well as other published high-temperature studies. Individual
bombs were periodically removed from the oven and allowed to cool to room
temperature. Teflon bombs were re-weighed and the contents were filtered,
rinsed with distilled water, dried, and stored in a vacuum desiccator until
analyses. Reaction vessels that lost more than §% of the initial weight were not
used in the analyses.

According to equation 1, the free energy drive with respect to dolomite is a
function of the Ca?*: Mg?* in solution (activity of products/activity of reactants).
For the sake of simplicity, experimental solutions will described herein by the
initial Mg?*:Ca®* ratio. This convention states that solutions with higher Mg?*:Ca?*
ratios have a higher free energy relative to solutions with lower Mg?*:Ca?* ratios.
The range of initial Mg?*:Ca?* ratios used in the experiments (0.43, 0.50. 0.66,
0.79, 1.0, 1.14, 1.27, 1.50) were obtained by mixing different proportions of 1M
CaCl:2H,0 and 1M MgCl,-6H,0 solutions. Although exact Mg?*:Ca?* activity
ratios cannot be directly measured in the bombs, the assumption is made that
aMg?*:aCa?" ratios are directly proportional to the Mg?*:Ca?* molar ratios in
solution. Plotting the activity coefficients of calcium and magnesium using
Pitzer's Equation demonstrates that the behavior of these ions in solution is
similar at high ionic strengths under standard temperatures and pressures.
However, there is not an accepted way to accurately extrapolate Ca®* and Mg?*

activity coefficients for the high temperatures used in these experiments.
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2.b. X-Ray Diffraction

The percent products, as well as product compositions (dolomite
stoichiometry) and degree of cation order were determined by powder X-ray
diffraction (XRD). X-ray diffraction analyses were conducted using CuK,
radiation on a Rigaku Instruments Diffractometer. Powdered fluorite (CaF2) was
added as an internal standard to calibrate diffraction peak positions. Data were
collected between 25-45° 26 using a step size of 0.004° with a 1 second count
time. Percent products provide a measure of reaction progress and were
determined according to the peak-height ratio of the dolomite d(104) peak divided
by the dolomite d(104) plus the calcite d(104) peak (Royce et al., 1971). Both
tetragonal and hexagonal (i.e. three and four Miller-indices) conventions are
commonly used in the literature when describing crystal planes in minerals, such
as dolomite. Although both are equivalent nomenclatures, this paper will use the
tetragonal system (i.e. three-Miller index) for internal consistency.

Dolomite stoichiometry was calculated according to the relative corrected
position of the d104) peak, consistent with the methods of Goldsmith and Graf
(1958) and Lumsden and Chimahusky (1980). The 2-theta peak positions are a
function of the interplanar d-spacing in carbonates. Smaller 2-theta diffraction
angles correspond to larger interplanar d-spacings (measured in Angstroms).
Therefore larger d-spacings indicate calcium enrichment in dolomite because
larger calcium ions sustitute for smaller magnesium ions. The relationship
between dolomite stoichiometry and d-spacing is illustrated in equation 2 from

Lumsden and Chimahusky (1980).
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Mole% CaCO,=[(333.33xd - spacing) —911.99] (Equation 2)

This method assumes a linear relationship between dolomite composition
and the position of the dolomite d(104) peak. Reeder and Sheppard (1984) argued
that this could lead to inaccuracies of up to 2-3 mole% CaCO;, particularly at
higher MgCO; contents. Therefore CaCO3; mole% can vary up to 1% and 3% for
Ca-rich and stoichiometric dolomites, respectively. According to Equation 2,
dolomite samples with relatively small d-spacings (i.e. large 2-thetas) yield
dolomite compositions enriched in magnesium. For example, a number of
dolomite samples are characterized by a 31.0° 2-theta measurement, which
corresponds to a d-spacing of 2.8824 Angstroms. This d-spacing corresponds to
48.8 mole% CaCOj according to Equation 2. Because Mg-enrichment is very
rare in dolomite (Reeder, 2000) these dolomites are considered as
stoichiometric. The X-ray determined d104) peak position was reproducible to
within 0.006° 26. This variation leads to an approximate compositional error of
10.33 mole % CaCO;. Because XRD measures all parameters in the bulk
sample, heterogeneities in dolomite stoichiometry and degree of cation order are
averaged. Furthermore, due to the resolution limits of powder X-ray diffraction, it
is difficult to detect mineral phases that constitute less than approximately 5
weight% of the bulk sample. Therefore analyses reported as 100% (products or
reactants) may contain impurities that are in abundances below the ~5% X-ray

detection limit.
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To discriminate between dolomite and calcite structures, dolomite
superlattice reflections were used. Although this method is largely qualitative,
the degree of cation order in the dolomite lattice is commonly reported relative to
the ratio of the {015}:{110} reflection peaks (Fuchtbauer and Goldschmidt, 1965,
Goldsmith and Graf, 1958). The {015} is a principle order reflection that is less
pronounced for Ca-rich dolomites compared to ideal dolomites. The {110} is not
a dolomite ordering reflection so it serves as a reference for changes in order
intensity (Goldsmith and Graf, 1958). As a result, higher {015}:{110} ratios
indicate a higher degree of cation order in dolomite.

Thirty natural dolomite samples analyzed in this study range from
Ordovician to recent in age (Table 1). Compositions and degree of cation order
were determined according to the same procedures for high-temperature
synthetic dolomites. The natural dolomite samples represent a wide range of

geographic locations, ages, and inferred formation conditions.
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Formation/ 2- Mole%

Sample ID | Age Group theta | CaCO3 | SINS | Ordering | Pits/islands
MH-2 Perm. Hueco 31.00 50.00 S 1.13 pits
MH-6 Perm. Hueco 31.034 50.00 S 1.08 _ pits
MH-10 Perm Hueco 31.022 50.00 S 1.08 pits
MH-11 Perm. Hueco 31.026 50.00 S 1.07 pits
MH-20 Perm. Hueco 31.034 50.00 S 1.1 pits
MH-52 Perm Hueco 31.038 50.00 S 1.22 pits

SAL 7-5 Ord. Saluda 30.842 53.73 NS 0.82 islands
SAL 7-11 Ord. Saluda 30.87 52.75 NS 0.67 islands
7-9-99-3 Ord. Saluda 30.858 53.23 NS 0.54 islands
Seroe Domi,
SB 42 Plio. Bonaire 30.91 51.50 NS 0.60 islands
Seroe Domi,
SC 10D Plio. Bonaire 30.872 52.75 NS 0.57 islands
Seroe Domi,
SB 35 Plio. Bonaire 30.878 52.67 NS 0.73 islands
RR 17 Ord. Prarie DuChen 31 50.00 S 0.96 pits
RR 19 Ord. Prarie DuChen | 31.006 50.00 S 1.00 pits
PdC 1 Ord. Prarie DuChen | 31.046 50.00 S 1.33 pits
L2 91 Ord. Prarie DuChen | 31.034 50.00 S 0.97 pits
Seroe Domi,
80-8-TS Plio. Aruba 30.85 53.37 NS 0.67 islands
Seroe Domi,
80-8-17-1 Plio. Aruba 30.85 53.37 NS 0.48 islands
Seroe Domi,

Aruba Dol Plio. Aruba 30.846 53.43 NS 0.46 islands
8-9-84-5 Mio. Spain 31 50.00 S 0.44 islands
8-9-84-3 Mio. Spain 31.002 50.00 S 0.62 islands

134 Ord. Galena 31.06 50.00 S 1.14 pits
16-8 Ord. Galena 31.034 50.00 S 1.04 pits
S-1 Silur. Lockport 31.034 50.00 S 1.07 pits
8-23-86-7 | Silur. Lockport 31.042 50.00 S 1.04 pits
Burlington
DC37 Miss. Keokuk 30.92 51.33 NS 0.68 islands
Niagara Silur. Niagara 31.046 48.80 S 1.00 pits
GWP287
120-130 Holo. Abu Dhabi 31.022 50.00 S 0.67 islands
FC 2C Miss. Kentucky 30.878 52.67 NS 1.17 islands
7-22-02-3 Plio. Bonaire 30.886 52.33 NS 0.56 islands

Table 1. Natural dolomite sample list and data table.
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2.c. Atomic Force Microscopy

Atomic force microscopy was used to observe nanometer-scale features
on the surfaces of natural and synthetic dolomite crystals. Flat-sided dolomite
crystals were chosen with a binocular microscope for AFM analyses. Individual
crystals as well as clusters of dolomite crystals were mounted on magnetic AFM
disks using water-insoluble EM adhesive tabs. Synthetic dolomite crystal
surfaces are assumed to correspond to the dominant {104} growth face because
only the dominant rhombohedral form was observed. Natural dolomites were
cleaved and ultrasonically cleaned in distilled water prior to analysis. All cleaved
crystal surfaces are assumed to correspond to the dominant {104} cleavage
plane.

The atomic force microscope is capable of resolving atomic-scale surface
structures in air, under vacuum, and in liquids (Ohnesorge and Binnig, 1993).
The AFM images surface features by measuring the changes between a rastered
sample and a cantilever spring with a fine tip. The cantilever, which remains in
constant contact with the sample, moves in the Z-direction as the surface
topography changes. Cantilever movements are imaged by a laser-beam that is
deflected onto a photodiode. In areas where the sample surface is relatively high
the cantilever is deflected more, thus an increase in topography is recorded by
the laser onto the photodiode. The entire system is linked in a feedback loop that
keeps the cantilever in constant contact with the rastered sample.

AFM analyses were performed on a Digital Instruments Nanoscope Il

using constant force mode. Assuming the manufacture’s reported spring
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constant of 0.06, the average applied force for the crystal surfaces was 1-5nN.
According to empirically determined force calibration procedures an actual
average applied force of 5-20nN was more reasonable. Although the force
between the sample and the cantilever was minimized as best as possible,
cantilever-surface interaction in this force range can potentially alter crystal
surface features (Kessels et al., 2000). Artifacts caused by cantilever-surface
interaction were not observed in any of the analyses. Moreover, no change in
dolomite surface nanotopography was observed for AFM scans of a single
surface that lasted over 20 minutes. Typical scan durations were between 30
seconds and 2 minutes depending on the scanning frequency. Image artifacts
may also arise during imaging due to irregularly shaped cantilevers, as well as
irregular cantilever movement across the crystal surface. Artifacts were detected
by sample rotation and/or changing cantilevers. All images reported in this study
were reproduced and replicated on more than one crystal per sample using
multiple cantilevers.

AFM images were acquired under atmospheric conditions using silicon
nitride cantilevers (NP-20) with an average tip radius (reported as radius of
curvature, ROC) of 20 nm. According to the manufacturer (Veeco Probes), 1 in
10 NP-20 tips have an average ROC of 5nm. Many times during the image
collection process, numerous tips were discarded because of poor performance
before images were collected with a tip that provided better resolution. Eggleston
(1994) showed that the height and spacing of AFM resolvable steps could be

calculated by using the following formula:

36



2 2
R —M-) (Equation 3)

DY)

where, R is the radius of the cantilever tip, H is the height of a step, and D is the
distance between steps. This tip radius thus allows for near atomic-scale
resolution. Sometimes cantilever tips may contain irregularities or imperfections
that project outward from the tip that make the effective tip area in contact with
the surface even smaller. This can further enhance the resolving power of the
AFM.

The figures presented in this paper represent the highest-quality images of
the type of surface feature, which it is intended to illustrate. Although all results
were confirmed by observing numerous samples, changing AFM tips, as well as
observing multiple areas on any one crystal, the features reported may not
always represent the entire crystal. As a result, size ranges for the described
surface features are reported. Determination of average sizes for the various
surface features was not attempted here because it is impossible to demonstrate
that the images are representative of the entire sample.

Some natural and synthetic dolomite crystals were etched prior to AFM
analyses. Individual dolomite crystals were chemically etched in 0.5% H,SO4
solutions (Johnson, 1962) between 10-120 seconds at room temperature.
Samples were then rinsed in distilled water and dried in a vacuum desiccator.
Caution must be used during chemical etching experiments because dissolution
features may reflect the chemistry of the etchant (Keith and Gilman, 1960;

Johnson, 1962) as well as the mechanism of dissolution (Berner, 1981; Pande
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and Vadrabade, 1990; Morse and Arvidson, 2002). Etched surface topography
has been shown to be especially dependent on the rate of dissolution (Berner
and Morse, 1974; Berner, 1978). Slow interface controlled dissolution that
occurs near equilibrium, produces crystallographically controlled surface
features, such as etch pits and etch hillocks, (Lasaga and Blum, 1986), whereas
rapid dissolution may completely annihilate evidence of microstructure and leave
the crystal with smooth faces and rounded cormers (Berner and Morse, 1974;
Berner, 1978; Sangwal, 1987). Folk et al. (1985) suggested that etching could
provide a way to reverse the crystal growth process. The purpose of using
chemical etching in this study is to accentuate crystalline microstructures that
formed during crystal growth. Therefore, the methods used here are used to
minimize artifacts caused by the etching process. The consistency of our results
suggests that the features observed here are in fact real features rather than

artifacts of etching procedures.

2.d. Scanning Electron Microscopy

Following AFM analysis, sample disks were adhered to conductive
scanning electron microscopy (SEM) stubs using double-sided carbon tape and
made electrically conductive with a 10-30nm gold coating. Some of the samples
also contained calcite and aragonite so each crystal was analyzed using SEM
Energy Dispersive Spectroscopy (EDS) following AFM analysis. Because most
samples only contain one dolomite phase (as identified by XRD), the presence of

magnesium peaks above background levels in EDS spectra were used to confirm
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the presence of dolomite. SEM-EDS analyses were performed at 25kV on the
JEOL JSM-6400V scanning electron microscope. Other synthetic and natural
dolomite samples were prepared with a 2n|;n osmium coating and analyzed using
the JEOL 6300 field emission SEM (FESEM). Operating conditions were 8mm
working distance with an acceleration voltage of 10kV. All microscopic and EDS
analyses were preformed at the Michigan State University Center for Advanced

Microscopy (MSU-CAM).

2.e. Crystal Size Distributions

Crystal size distributions (CSD) were determined for dolomites
synthesized according to the procedures described above. The only difference
being that CSD dolomite experiments used different size solid reactants. Some
CSD experiments used reagent grade calcium carbonate with a solution
Mg?*:Ca*" ratio = 0.66 and others used Iceland Spar Calcite (140-160micron)
with a solution Mg?*:Ca?* = 1.0. Following sample preparation protocol, dolomite
products were mounted on conductive SEM stubs with double-sided conductive
carbon tape. CSD were then determined by measuring the long axis of flat
dolomite rhombohedra along a linear traverse using scanning electron
microscope images. Between 140 and 502 crystals were measured for each
sample. Measuring protocol required dolomite rhombs to lay relatively flat on
SEM mounts and have at least three well-formed corners to be eligible for CSD

analysis.
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3. RESULTS

3.a. Synthetic Dolomite Reaction
High-temperature dolomite synthesis experiments are characterized by a
relatively long induction period in which no dolomite is detected for some time
after the onset of experimental conditions. Once initial products begin to form,
however, the carbonate precursor is rapidly replaced by poorly ordered nonideal
dolomite. During the dolomite growth period, rapid replacement by products
occurs at an increasing rate. As reactants become depleted, the reaction rate
slows as the reaction approaches 100% dolomite. Near the point in which initial
reactants are completely consumed (i.e., reactant depletion), ideal dolomite
starts to form at the expense of nonideal dolomite. The overall dolomitization
reaction creates a sigmoidal-shaped reaction curve (refer to Figure 1),
characterized by an initial growth period that is relatively short compared to the
induction period. After reactant depletion, all products are generally ordered
stoichiometric dolomite.

Results from the dolomite synthesis experiments with calcite as the
reactant are recorded in Table 2a. Aragonite synthesis experiment data are

recorded in Table 2b.
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Table 2a. Experimental results for high-temperature calcite experiments.

Solution Mg:Ca Sample ID Time (hrs.) % Prod. Mole% CaCO; 2-theta Ordering Ratio

0.43 6-17-04-D 594 0
0.43 6-17-04-E 762 3 61.07 30.600 0.00
0.43 6-17-04-F 930 12 61.00 30.606 0.00
0.43 6-17-04-G 1122 66 61.07 30.600
0.43 6-17-04-H 1362 31 61.07 30.600 0.00
0.5 4-9-04-A 219.5 6 60.33 30.618 0.00
0.5 4-9-04-B 259.75 6 60.67 30.612 0.00
0.5 4-9-04-D 315 17 60.33 30.618 0.00
0.66 4-8-05-A 60 0 0.00
0.66 4-8-05-B 61 30 59.93 30.640 0.00
0.66 4-8-05-C 62 1 60.13 30.630 0.00
0.66 4-8-05-D 63 3 60.13 30.630 0.00
0.66 4-8-05-E 63 0 0.00
0.66 4-8-05-F 64 55 59.53 30.650 0.10
0.66 4-8-05-G 65 51 60.07 30.634 0.08
0.66 4-8-05-H 66 32 60.00 30.638 0.00
0.66 8-23-04-A 96 54 60.13 30.630 0.00
0.66 8-23-04-B 100 36 60.13 30.630 0.00
0.66 8-23-04-D 145 69 60.00 30.638 0.09
0.66 8-23-04-E 168 88 59.67 30.646 0.27
0.66 8-23-04-F 194 96 59.53 30.650 0.36
0.66 8-23-04-G 217 100 50.00 30.970 0.70
0.66 8-23-04-H 241 100 59.53 30.650 0.45
0.66 10-3-04-A 288 100 50.00 31.000 0.65
0.66 10-3-04-B 309 100 50.00 31.000 0.77
0.66 10-3-04-C 334 100 50.00 31.000 0.73
0.66 10-3-04-D 356 100 50.00 31.000 0.88
0.79 4-15-05-B 46 0
0.79 4-15-05-C 48 1 58.27 30.690 0.00
0.79 4-15-05-D 49 8 59.28 30.658 0.00
0.79 4-15-05-E 56 14 58.90 30.670 0.00
0.79 4-15-05-F 58 68 58.40 30.686 0.21
0.79 4-15-05-G 59 56 58.50 30.682 0.13
0.79 4-15-05-H 61 50 58.78 30.674 0.10
0.79 10-20-04-A 64 62 58.50 30.682 0.00
0.79 10-20-04-B 65 47 58.50 30.682 0.00
0.79 10-20-04-C 65 51 58.67 30.678 0.00
0.79 10-20-04-D 65 30 59.00 30.660 0.00
0.79 10-20-04-E 66 86 58.50 30.682 0.17
0.79 10-20-04-F 66 90 59.00 30.666 0.20
0.79 10-20-04-G 66 81 59.17 30.662 0.14
0.79 10-20-04-H 66 43 58.50 30.682 0.00
0.79 10-20-04-1 79 100 50.00 31.000 0.80
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Solution Mg:Ca Sample ID Time (hrs.) % Prod. Mole% CaCO; 2-theta Ordering Ratio

1.0 10-18-04-C 33 0

1.0 10-18-04-D 38 15 56.17 30.760 0.00
1.0 10-18-04-E 39 71 55.83 30.770 0.10
1.0 10-18-04-F 39 70 55.83 30.770 0.11
1.0 10-18-04-G 40 95 56.17 30.760 0.17
1.0 10-18-04-H 40 8 55.33 30.790 0.00
1.0 9-14-04-A 160 100 50.00 30.998 0.48
1.0 9-14-04-B 168 100 50.00 31.000 0.50
1.0 9-14-04-C 184 100 50.00 31.000 0.51
1.0 9-14-04-D 192 100 50.00 31.000 0.72
1.0 9-14-04-E 211 100 50.00 31.000 0.77
1.0 9-14-04-F 306 100 50.00 31.000 0.76
1.0 9-14-04G 336 100 50.00 31.000 0.76
1.0 9-14-04-H 361 100 50.00 31.000 0.82
1.14 4-12-05-A 30.5 0 0.00
1.14 4-12-05-B 31.5 0 0.00
1.14 4-12-05-C 325 0 0.00
1.14 4-12-05-D 33 3 53.23 30.858 0.00
1.14 4-12-05-E 33.5 0 0.00
1.14 4-12-05-F 34 4 53.97 30.830 0.00
1.14 4-12-05-G 34.5 76 54.73 30.806 0.25
1.14 4-12-05-H 49 99 54.13 30.826 0.36
1.14 10-13-04-E 35 47 53.63 30.838 0.00
1.14 10-13-04-F 37 75 53.67 30.840 0.10
1.14 10-13-04-G 38 79 53.73 30.842 0.1
1.14 10-13-04-H 415 47 54.17 30.822 0.00
1.27 4-6-05-A 29 0 0.00
1.27 4-6-05-B 29.5 15 52.33 30.886 0.00
1.27 4-6-05-C 30 44 52.33 30.886 0.00
1.27 4-6-05-D 30.25 68 52.75 30.870 0.22
1.27 4-6-05-E 31.25 98 51.83 30.900 0.20
1.27 4-6-05-F 32 32 52.67 30.878 0.00
1.27 4-6-05-G 48 100 51.13 30.926 0.33
1.27 4-6-05-H 53 95 53.77 30.846 0.30
1.27 10-5-04-E 30 6 52.00 30.894 0.00
1.27 10-5-04-F 31 67 52.00 30.894 0.09
1.27 10-5-04-G 32 85 52.33 30.888 0.14
1.27 10-5-04-H 33 17 51.67 30.906 0.00
1.27 9-28-04-A 38.5 97 52.00 30.894 0.30
1.27 9-28-04-B 40 94 52.67 30.876 0.18
1.27 9-28-04-C 40 96 52.33 30.886 0.25
1.27 9-28-04-D 45 96 52.67 30.878 0.23
1.27 9-28-04-E 48 99 51.33 30.922 0.39
1.27 9-28-04-F 62 100 50.00 30.986 0.54
1.27 9-28-04-G 117 100 50.00 31.000 0.69
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Solution Mg:Ca Sample ID Time (hrs.) % Prod. Mole% CaCO; 2-theta Ordering Ratio

15 8-17-04-C 28.25 0

1.5 9-4-04-A 28 14 50.00 31.000 0.00
1.5 9-4-04-B 28 11 50.00 31.000 0.00
1.5 9-4-04-C 30 14 50.00 31.000 0.00
1.5 9-4-04-D 32 9 50.00 30.986 0.00
1.5 9-4-04-E 33 16 50.00 30.958 0.00
1.5 9-4-04-F 34 65 50.00 30.962 0.08
1.5 9-4-04-G 35 100 50.00 31.000 0.40
1.5 9-4-04-H 36 93 51.33 30.918 0.31
1.5 8-17-04-D 39 55 50.00 31.000 0.00
1.5 8-13-04-A 77.5 100 50.00 31.000 0.42
1.5 8-13-04-B 91 100 50.00 31.000 0.39
1.5 8-13-04-C 91 100 50.00 31.000 0.37
1.5 8-13-04-D 115 100 50.00 31.000 0.55
1.5 8-13-04-E 149 100 50.00 31.000 0.59
1.5 8-13-04-F 236 100 50.00 31.000 0.65
1.5 8-13-04-G 236 100 50.00 31.000 0.67

Table 2b. Experimental results for high-temperature aragonite
experiments.
Mole
Mg:Ca SampleID Time(hrs) %Prod. %CaCO, 2-theta Ordering Ratio

1.0 4-5-05-A 1.5 0 0.00
1.0 4-5-05-B 225 0 0.00
1.0 4-5-05-C 3.25 20 59.83 30.642 0.00
1.0 4-5-05-D 3.75 50 61.00 30.606 0.00
1.0 4-5-05-E 45 80 58.33 30.686 0.00
1.0 4-5-05-F 55 90 57.17 30.726 0.00
1.0 4-5-05-G 6.5 90 56.83 30.738 0.10
1.0 4-5-05-H 8 100 §7.00 30.734 0.10
1.0 3-31-05-A 14 100 52.50 30.882 0.16
1.0 3-31-05-B 16 100 51.33 30.922 0.22
1.0 3-31-05-C 17.3 100 50.00 30.974 0.25
1.0 3-31-05-D 18.5 100 50.00 30.950 0.20
1.0 3-31-05-E 20 100 50.00 30.950 0.22
1.0 3-30-05-A 22 100 50.00 30.930 0.35
1.0 3-30-05-B 24 100 50.00 30.930 0.25
1.0 3-30-05-C 25 100 50.00 30.978 0.30
1.0 3-30-05-D 27 100 50.00 30.974 0.32
1.0 3-30-05-E 30 100 50.23 30.954 0.20
1.0 3-30-05-F 32 100 50.00 31.000 0.26
1.0 3-30-05-G 34 100 50.00 30.998 0.35
1.0 3-30-05-H 46 100 50.00 30.974 0.39

Table 2a. Experimental results for high-temperature caicite experiments. 2b.
Experimental results for high-temperature aragonite experiments.
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3.b. Calcite Reactant Experiments

3.b.1. Reaction Rate: Figures 4-11 are plots of time after onset of
experimental conditions versus the percent product (dolomite) for each solution
Mg?*:Ca®" ratios studied here (0.43, 0.50. 0.66, 0.79, 1.0, 1.14, 1.27, 1.50,
respectively). The plots represent reaction curves for the individual calcite
reactant experiments. Each point represents the analyzed contents from an
individual reaction vessel. There is considerable scatter in the data that cannot
be explained by error in laboratory techniques. Because some reaction vessels
within a single experiment form dolomite faster than others, it appears as though
percent product decreases with time. In addition, some plots are incomplete
because certain reactions did not progress until complete depletion of reactants.
This generally results from extremely long reaction times required by solutions
with relatively low Mg?*:Ca?* ratios (e.g. Mg®*:Ca?* < 0.66). As discussed in the
introduction, many factors are responsible for variations in the rate of
dolomitization in high-temperature experiments. Even in these seemingly well-
controlled experiments there are still factors that can affect the system that have
not been accounted for. Sibley (1990) suggested that discrepancies in high-
temperature dolomitization experiments could be attributed to an inadequately
controlled variable that led to variation in nucleation and/or growth rates.
Because some of the more complete and well-constrained data sets presented
here and in other high-temperature dolomitization studies are very consistent,
generalizations have made regarding the reaction curves for some of the

experiments with more scatter.
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Calcite Reactant Experiment, Initial Solution Mg®*:Ca** = 0.43
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Figure 4. Percent product vs. time for calcite reactant experiment with initial
solution Mg?*:Ca?* = 0.429.
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Calcite Reactant Experiment, Initial Solution Mg**:Ca** = 0.5
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Figure 5. Percent product vs. time for calcite reactant experiment with initial
solution Mg?*:Ca?* = 0.50.
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} Calcite Reactant Experiment, Initial Solution Mg**:Ca*" = 0.66
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Figure 6. Percent product vs. time for calcite reactant experiment with initial
solution Mg?*:Ca?* = 0.66.
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| Calcite Reactant Experiment, Initial Solution Mg**:Ca® =
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Figure 7. Percent product vs. time for calcite reactant experiment with initial
solution Mg?*:Ca?* = 0.786.
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fe— I
Calcite Reactant Experiment, Initial Solution Mg”:Ca” =1.0
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Figure 8. Percent product vs. time for calcite reactant experiment with initial
solution Mg®*:Ca®* = 1.0.
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Calcite Reactant Experiment, Initial Solution Mg**:Ca** = 1.14
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Figure 9. Percent product vs. time for calcite reactant experiment with initial
solution Mg?*:Ca?* = 1.14.
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Calcite Reactant Experiment, Initial Solution Mg**:Ca*" = 1.27
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Figure 10. Percent product vs. time for calcite reactant experiment with initial
solution Mg?*:Ca?* = 1.27.
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; Calcite Reactant Experiment, Initial Solution Mg**:Ca** = 1.5
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Figure 11. Percent product vs. time for calcite reactant experiment with initial
solution Mg?*:Ca?* = 1.5.
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One measure of reaction rate for an individual experiment is the length of
the induction period. As illustrated in the reaction curves, the dolomitization rate
is highest for experiments with relatively high solution Mg?*:Ca?* ratios and lowest
in experiments with relatively low solution Mg?*:Ca? ratios. Figure 12a plots
length of the induction period (on a semi-log-scale) as a function of solution
Mg?*:Ca?® ratio. Induction period results for calcite reactant experiments are
recorded in Table 3. Induction period data is also plotted on a linear scale in
Figure 12b. The shortest induction period in the calcite experiments was
approximately 28 hours, which was recorded for the experiment with an initial
solution Mg?*:Ca?* = 1.5. Conversely, the longest induction period of 762 hours
was recorded in the experiment with an initial solution Mg?*:Ca®* = 0.43. The
relationship between the induction period and Mg?*:Ca?* ratio in solution is not
linear. When plotted on linear axes, the data are characterized by a curve that
becomes nearly asymptotic to the axes of the plot at low and high solution
Mg?*:Ca?®* ratios (Figure 12b). For solutions with Mg?*:Ca?* 21.0, the length of
the induction period is shortened only slightly with increasing Mg?*:Ca?* ratios in
solution. Conversely, for solutions with Mg?*:Ca?* < 1.0 the induction period is
lengthened significantly by decreasing the solution Mg?*:Ca®* ratio. For example,
changing the solution Mg?*:Ca?* ratio from 1.0 to 1.50 shortened the induction
period from 35 hours to 28 hours, whereas changing the solution Mg?*:Ca?" ratio
from 0.43 to 0.50 reduced the induction period from approximately 762 hours to
220 hours.
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Induction Period vs. Initial Solution Mg**:Ca*
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Figure 12a. Induction period (log-scale) vs. initial solution Mg?*:Ca?* for calcite
reactant experiments.
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| Induction Period vs. Initial Solution Mg**:Ca**
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Figure 12b. Induction period (linear-scale) vs. initial solution Mg?*:Ca®* for calcite
reactant experiments.
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Initial Solution Mg™":Ca”™ Induction Period (in hours)

0.43 762

0.50 219.5

0.66 61

0.79 48

1.0 38

1.14 33

1.27 29.5

1.50 28

Table 3. Induction period times for calcite reactant experiments.
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3.b.2. Dolomite Stoichiometry: Figure 13 indicates a strong relationship
between dolomite stoichiometry for experiments ended prior to reactant depletion
and the initial solution Mg?*:Ca?* ratio (R? = 0.97). Experiments with a solution
Mg?*:Ca?* of 1.5, yield stoichiometric dolomite (50 mol% CaCO3), whereas
progressively lower solution Mg?*:Ca?* ratios yield more calcium-rich
compositions, respectively. For example, the experiment with an initial solution
Mg?*:Ca?* ratio of 0.43 produced the most Ca-rich dolomite with an average
stoichiometry of 61 mole% CaCOs.

Prior to reactant depletion, overall dolomite stoichiometry does not appear
to be related to percent product, which is shown in Figure 14 for all calcite
reactant experiments (R>=0.023). Dolomite stoichiometry also remains relatively
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