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Abstract

DOLOMITE KINETICS
STEPHAN HAROLD NORDENG

Factors governing nucleation in the transition of calcite
to dolomite at 193° ¢ in 1 M, 0.66 Mg to Ca ratio
solutions were investigated. Nucleation and crystal
growth kinetics were determined from differences in the
induction period between isothermal experiments and
experiments cycled between 193° C and room temperature.
The cycled reactions used 12 hour and 48 hour heating
periods interchanged with 12 hours at room temperature.
All three experimental designs produced high magnesium
calcite (HMC), nonstoichiometric dolomite and near ideal
dolomite. These experiments show that HMC nucleates in
less than 12 hours but dolomite nucleation requires
between 12 and 48 hours of heating.

Surface reaction, diffusion, and reactant supply rates
may limit crystal growth rates. These limits may be
determined from normalized measurements of
cathodoluminescent zoned (CL) crystals.

Zone thickness data were obtained from samples of
dolomite taken from the Burlington-Keokuk (Miss.), Saluda
(Ord.), Ft. Payne (Miss.) and Seroe Domi (Plio.)
Formations. All of the samples exhibited-a linear

relationship between the crystal radius and zone



thickness. This zonation pattern may be explained in
several ways. Assuming continuous nucleation, spatial
solution homogeneity and constant reaction rate
coefficient, these data may reflect growth consistent
with a 2-D nucleation and layer growth model. These
data may also reflect a size-dependent growth rate. The
data are also consistent with almost any crystal growth
model in which nucleation is assumed to be instantaneous,
but small scale inhomogeneities exist in solution
composition. Such inhomogeneity may be caused by
depletion of solute by reactions during aqueous

transport.
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PART I



Introduction

Stoichiometric, ordered dolomite is very rare in modern
sediments in spite of the fact that it is the
thermodynamically most stable carbonate mineral in seawater.
As a result, questions exist concerning the thermodynamic
and kinetic factors that influence dolomitization (Machel
and Mountjoy, 1986; Hardie, 1987). High temperature
experiments (>100° C) provide insight into the general
process of dolomitization (Goldsmith et al. 1961; Katz and
Matthews, 1977; Gaines, 1980; Baker and Kastner, 1981;
Sibley et al., 1987; Sibley, 1990). At high temperatures,
stoichiometric and ordered dolomite forms through a series
of dissolution-reprecipitafion reactions involving an
initial calcium carbonate reactant and a Mg-rich solution.
Experimental dolomitization is sensitive to temperature,
solution chemistry, reactant texture and reactant
mineralogy. Like many reactions, experimental
dolomitization rates increase with temperature (Katz and
Matthews, 1977), and the degree of dolomite supersaturation
as measured by reactant concentrations, Mg2‘t/ca2* ratios,
carbonate alkalinity and pCO, (Gaines, 1980; Sibley et al.
1987). Traces of dissolved sulfate in chloride solutions
containing Mg, Ca and Na supress dolomitization, either by
suppressing nucleation or surface reaction rates, or by
complexing ions and thereby modifying solution chemistry
(Baker and Kastner, 1981). Experimentation also shows that

1
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increasing the surface area of the reactant enhances
reaction rates (Katz and Matthews, 1977; Gaines, 1980;
Sibley et al., 1987). The mineralogy of the reactant also
affects dolomitization rates (Katz and Matthews, 1977; Baker
and Kastner, 1981; Sibley and Bartlett, 1987). Katz and
Matthews, (1977) found that aragonite formed dolomite more
rapidly than calcite and that calcite was dolomitized faster
than Mg-calcite.

The importance of nucleation barriers to dolomitization
has been tested using seeded experiments. Gaines (1980)
found that experimentally produced "protodolomite"™ seeds
decreased the time required to form dolomite. However,
Sibley and Bartlett (1987) found that adding stoichiometric
dolomite seeds failed to increase dolomitization rates.
These results suggest that the composition of the seed is an
important but poorly constrained variable in promoting
dolomite nucleation.

A significant period of time precedes the appearance of
the first reaction product in many dolomitization
experiments (Katz and Matthews, 1977; Sibley and Bartlett,
1987). Walton (1969) referred to such intervals as the
"induction period®. Following the induction period,
dolomitization reactions proceed rapidly, producing the
metastable phases high-Mg calcite (HMC) and calcian dolomite
before stoichiometric, ordered dolomite is formed (Katz and
Matthews, 1977; Baker and Kastner, 1981; Sibley et al.,
1987; Sibley, 1990). These observations are consistent with
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Ostwald’s Step Rule, in that less stable, intermediate
phases form before the final, most stable product. 1In this
paper, we present new experimental results which verify the
hypothesis that Ostwald’s Step Rule in dolomitization is
determined by nucleation kinetics. We also show that
significant nucleation occurs early in the reaction and that
the length of the induction period is therefore due to slow
initial growth of metastable phases.

Ostwald’s Step Rule and Nucleation Kinetics

Ostwald’s Step Rule states that a reaction proceeds
through a series of intermediate phases, each
thermodynamically more stable than the preceding (Ostwald,
1897, in Casey and Morse, 1988). This progression through
different phases is controlled by the rates of both
nucleation and crystal growth of each phase (Dunning, 1969;
Morse and Casey, 1988). Therefore, the kinetics either of
nucleation or crystal growth may be responsible for
producing the intermediate phases in the calcite-to-dolomite
transformation. If this is so, then heterogeneous
nucleation theory should provide a basis for testing the
importance of nucleation in establishing the order in which
1ntefnediate phases appear (Nielsen, 1964, Berner; 1971;
Steefel and Van Cappellen, 1990). Equation 1 describes
heterogeneous nucleation as the sum of a bulk or

thermodynamic energy term and a surface free energy term.



4

Under supersaturated conditions, the bulk free energy term
drives the system towards precipitation whereas the surface
free energy term drives the system towards dissolution.
During heterogeneous nucleation, clusters of ions form on
some substrate and are energetically unstable until they
reach critical size. Critical size is achieved when the
addition of ions produces a net free energy (6G[n]) in Eq. 1
that is less than or equal to zero. The first term on the
right hand side of Eq. 1 describes the bulk or cluster free
energy as a function of the number of unit cells of the
mineral in the cluster (n), Boltzman’s constant (kp),
temperature (T) and saturation state of the precipitating
mineral relative to the solution (). 6Ggy, is the free
energy associated with the surface of the cluster.
Therefore, stable nucleation is attained when the bulk free
energy is greater than, or equal to, the surface free energy

(6G[n]<0) (Nielsen, 1964; Steefel and Van Cappellen, 1990).

Eq. 1 §G[n] = -n kp T 1n O + 8Ggy(n)

Where:

0 = IAP/Keq

If a nucleus is a hemisphere with a radius r lying on a

planar substrate then the minimum size it must attain before
becoming stable (6G[n] = 0) is given by the critical radius
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(r*) in Eq. 2 (Nielsen, 1964; Berner, 1971; Steefel and Van

Cappellen, 1990):

Eq. 2 r*= v o/(kp T 1n Q)

Where v is the molar volume and o is the surface free
energy coefficient. The activation energy required to
achieve a critical radius is defined by Eq. 3 as 6G*

(Steefel and Van Cappellen, 1990):

Eq. 3 §G*=xv203/3(ky, T 1n 0)2

Steefel and Van Cappellen (1990) developed an
expression for heterogeneous nucleation rates from Nielsen’s
(1964) classical description of homogeneous nucleation. In
this treatment heterogeneous nucleation rates are assumed to
increase exponentially as a function of the activation

energy 6G*.

Eq. 4 N* = N exp (-6G*/kpT)

where N* is equal to the surface density of critical nuclei,
and N is the average density of mineral units in the
adsorption layer surrounding the substrate. Equation 4
clearly shows that when N is constant, nucleation of the
phase with the smaller activation energy is favored over

phases with greater activation energies. Therefore, the
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average stability of nuclei formed by competing phages may
be used to evaluate the relative magnitude of each phase’s
activation energy (6G*).

Equation 3 shows that §G* depends on v, o and Q. If
two phases have essentially constant v2 and o3 relative to
the difference in 1n (R), §G* favors nucleation of the least
soluble phase (larger f1). However, when the difference in
v2 and/ or 03 is dominant then §G* favors nucleation of the

phase with the smaller v or o.
Nucleation under oscillating temperature

The critical free energy of formation and the
corresponding critical radius define a free energy divide
that exists in supersaturated solutions. This energy divide
may, under conditions used in this study, be used to
determine when stable nucleation occurs. The required
conditions are: 1) cluster growth rates exceed cluster
dissolution rates at high temperatures, 2) subcritical
clusters dissolve faster than they grow at low temperatures,
3) supracritical clusters remain stable at low temperatures,
and, 4) dissolution of subcritical clusters is rapid at low
temperatures. This ensures that significant numbers of
subcritical high temperature clusters dissolve at low
temperatures within the time parameters of the experiment.
Therefore, high temperatures may be used to grow clusters

and low temperatures may be used to determine whether they
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are subcritical or supracritical on the basis of their
tendency to dissolve. In practice, this may be done by
comparing the reaction progress as a function of time from
isothermal experiments to the reaction progress as a
function of the total duration of heating from experiments
cycled between high and low temperature. The probability of
stable nucleation at high temperature is assumed to increase
with the length of the individual heating period. Short
heating periods could therefore produce a population of
clusters dominated by subcritical clusters that dissolve at
low temperatures. As a result of the repeated growth and
dissolution of subcritical clusters, significantly more
heating time will be needed to accumulate before achieving
the same level of reaction progress as is required under
isothermal conditions (path A, Fig. 1). If the heating
period is long enough to form significant numbers of
supracritical clusters, then low temperature dissolution of
subcritical clusters will not significantly retard the
reaction. As a result, the accumulated heating time from
cycled experiments will be the same as the isothermal
heating time for the same degree of reaction progress (path
B, Fig. 1).

The dependence of cluster stability on the length of
the ﬁeating period may be used to constrain when and in what
order metastable phases nucleate during the conversion of
calcite to dolomite. Specifically, most nucleation must
occur between the longest heating period that exhibits



Figure 1 Generalized thermodynamic stability diagram of
hemispherical ion clusters on a planar substrate.
The curve presents solutions to Eq. 1 for net free
energy (6G) given arbitrary cluster sizes (n)
(also see Nielsen, 1964; Berner, 1971). The mean
cluster size is assumed to increase with the
length of the heating period. The direction of
the thermodynamic drive is illustrated for the
cases in which stable low temperature nuclei have

formed (B) and for where they have not (A).
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suppressed nucleation and the shortest heating period that
exhibits unsuppressed nucleation. These two limits bracket
the time required for critical nucleation. If these
dolomitization reactions follow Ostwald’s Step Rule because
of differences in activation energy, then the length of time
required for critical nucleation of each phase should
correspond to the order in which each phase appears as a

reaction product.

Experimental Procedure

All experiments used 0.100 grams of reagent grade
calcite (Mallinckrodt) and 15 ml of solution in 23 ml
Teflon-lined bombs. All of the solutions used, had a Mg:Ca
ratio of 0.66 and were obtained by combining two parts of a
1M MgCl, solution to three parts of a 1M CaCl, solution.
The 1M stock solutions were prepared from MgCl,°6H,0 or
CaCl,°2H,0 (Baker Analyzed Reagent) dissolved in deionized,
distilled water.

The Teflon liners were weighed and 0.1000 (+-.0002) g
of Mallinckrodt CaCO; added. Fifteen ml of the 0.66 Mg:Ca
solution were pipetted into the liner and weighed. The
liners were placed into stainless steel Parr bombs and
heated at 193° ¢ in a muffle furnace. The temperature
within the liners increased rapidly to over 100° C in less
then 20 minutes but did not reach 193° C until two hours had
elapsed. Most of the heating periods were terminated by

cooling the bomb at room temperature for 15 minutes and
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quenching it in water. However, several of the experiments
were not quenched. The reason for this was that water
quenching the experiments using 12 hour heating cycles
sometimes resulted in contraction of the retaining spring
used to secure the 1id of the Teflon vessel. This resulted
in slight underpressuring of the 1id which lead to an
accumulation of small fluid losses that became excessive
after 12 or more cycles. Cooling the bombs at room
temperature resulted in much less fluid loss.

Reactant loss was determined after each experiment by
reweighing the liner plus reactants. An experiment was
deemed unusable when reactant loss exceeded 0.52 g, the
equivalent of 0.5 ml of solution. The reaction products
were filtered, repeatedly washed with deionized, distilled
water, and air-dried. Powder smears of the products were
made after adding an internal fluorite standard followed by
light grinding. The position of the (104) peak relative to
the internal fluorite standard was used to determine the
MgCO3 content of the solids (Goldsmith et al, 1961; Royce et
al., 1971; Lumsden and Chimahusky, 1980). The relative
proportions of the reaction products were determined by X-
ray diffraction methods using peak height ratios of the
(104) peak. The (015), (021), and (110) peaks were used to
establish the degree of dolomite superstructure ordering
(Goldsmith and Graf, 1958; Fuchtbauer and Goldschmidt,

1965).



12

A series of isothermal experiments at 193° C were used
to construct a reaction progress baseline. Two other
experimental series were conducted in which heating periods
at 193° C were interchanged with 12 hour periods at room
temperature. A range of total heating times were obtained
by repeating the heating and cooling cycles several times.
The first set of these experiments was heated for 12 hour
periods, while the second set was heated for 48 hour
periods. A third series of reactions involved an initial 48
hour heating period after which the reaction was cycled
between 12 hours of heating, and 12 hours of cooling, for a

total heating time of 150 hours.

The calculated Mg:Ca ratio of the solution changes from
0.66 to 0.58 during the complete conversion of the calcite
reagent to stoichiometric dolomite. This indicates that the
reaction takes place in a solution of essentially constant
composition. However, cycling the temperature between 193°
C and about 25° C results in significant changes in
saturation state that influence the critical radius. The
modified van’t Hoff equation predicts that the 1ln 1 in the
bombs is about 2.5 times greater at room temperature than it
is at 193° c. Equation 2 indicates that this would reduce
the room temperature critical radius about 2.5 times
relative to the critical radius at 193° C. However, this is
largely offset by the increase in the room temperature

critical radius due to the change in temperature.
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Recognizing the uncertainties in the value of 1n Q, it
appears that the critical radius could actually be somewhat
smaller or larger at room temperature than it is at 193° cC.
The fact that, for dolomitization of CaCO;, increasing
temperature causes decreasing saturation states (1) allows
temperature and N1 to have a buffering effect. At high
temperature, nucleation occurs faster and these fast forming
nuclei are preserved at low temperature because r* doesn’t
change very much. Therefore, the reaction products obtained
from temperature cycling may be primarily affected by

differences in nucleation kinetics.

Most solids increase r* with decreasing temperature
because decreasing temperature also decreases fi. Therefore,
additional growth of high temperature nuclei is needed in
most solids so that the drop in temperature does not shift a
high temperature nucleus to a subcritical size that results
in its dissolution. 1In this case, our experiments might not
be able to separate the kinetics of nucleation from the
kinetics of crystal growth.

Results

‘Two distinct phases were produced in the isothermal, 12
hour and 48 hour cycled experiments (Table 1). The first
phase detected was a high magnesium calcite (HMC) containing

approximately 36-39 mole percent MgCO;. There were no



14

ordering peaks associated with this product. The next phase
was detected along with HMC and contained 45-48.2 mole
percent MgCO;. This is a nonstoichiometric dolomite which
produced broad, asymmetric (015) and (021) ordering peaks
(I(015)/I(110) = 0.5). In some cases, two distinct (104)
peaks were produced by these two phases. The most
stoichiometric dolomite (>48.5 mole ¥ MgCO3) was found only
after the calcite reactant and intermediate phases had been
completely converted to dolomite. This product produced
sharp, symmetric (015) and (021) ordering peaks with a
dolomite ordering index (I(015)/I(110) ) of about 0.8.

SEM analysis of the products revealed no significant
difference in crystal size or morphology based on duration
of heating. HMC and nonstoichiometric dolomite both formed
smooth-faced rhombs. The surface of the stoichiometric
dolomite appeared heavily pitted and corroded. Similar
features were interpreted by Katz and Matthews (1977) and
Sibley (1990) to reflect dissolution of metastable phases
during precipitation of stoichiometric dolomite.

In the isothermal, baseline reactions (Fig. 2 & 3),
traces of HMC (37 mol % MgCO;) were first detected after 105
hours of heating. Nonstoichiometric dolomite (48 mole §
MgCO,), together with minor quantities of HMC and calcite,
were-found after 108 hours of heating. After 119 hours,
only the more stoichiometric dolomite (>48.5 mole %t MgCO,)

was found. The results from the 48 hour heating period
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experiments were not significantly different (Table 1 and
Fig. 2).

The 12 hour heating period experiments produced
significantly different results (Table 1 and Fig. 3). As
with the baseline and 48 hour experiments, HMC first
appeared at 107 hours of total heating. However, seven
experiments with heating times ranging from 107 to 240 hours
produced no detectable dolomite. In these experiments, the
proportion of HMC relative to calcite increased at an almost
linear rate from 3% at 107 hours to a maximum of 76 % at 240
hours. Dolomite was found in three runs in this series.

The earliest dolomite (46 mole $ MgCO;) was found at 181
hours of total heating and composed about 16 % of the sample
the remainder of which contained HMC and calcite. One
experiment had completely converted to stoichiometric
dolomite (>48.5 mole § MgCO,) after 216 hours of heating.

All four of the experiments involving the 48 hour
initial heating period followed by 12 hour heating and
cooling periods produced dolomite in 150 hours of total
heating. Three of the experiments had gone to completion,
producing a near stoichiometric dolomite. One experiment
produced HMC and nonstoichiometric dolomite.
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Figure 2 Results of the 48 hour cycled experiments
(triangles and the isothermal baseline (squares).
The reaction products are HMC (open symbols),
mixtures of HMC and nonstoichiometric dolomite
(black filled symbols), and near ideal dolomite
(asterisk filled symbols). Isothermal experiments
in which the XRD response was from calcite

reactant only are designated by asterisks.
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Figure 3 Results of the 12 hour cycled experiments
(triangles) and the isothermal baseline (squares).

Other conventions are the same as in Figure 2.
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Figure 3
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Discussion

The results indicate that cycling the reaction between
high and low temperatures has no detectable influence on the
length of time required to form HMC. Furthermore, there is
no significant difference in the type of product, its size
or morphology. In 12 hour and 48 hour cycled experiments,
HMC was first detected between 106 and 109 hours of heating.
Because no significant difference was found in the length of
the induction period between either of the cycled
experiments and the isothermal baseline, nucleation of HMC
must occur within the first 12 hours of heating at 193° cC.
Therefore, the remainder of the induction period reflects
HMC crystal growth kinetics.

Nonstoichiometric dolomite first appeared at
approximately 110 hours in the baseline and 48 hour cycled
experiments but did not appear in the 12 hour cycled
experiments until 181 hours of heating. The difference in
the apparent induction period for dolomite demonstrates that
its nucleation is significantly suppressed by cycling the
reaction temperature on a 12 hour period. Furthermore, the
experiments using the 48 hour initial heating period
demonstrate that the suppression of dolomite nucleation can
only be initiated early in the induction period. These
results indicate that dolomite nucleation requires more than

12 and less than 48 hours of heating. Furthermore, HMC
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forms stable crystal nuclei before dolomite does, and both
nucleate early in the induction period (Fig. 4).

If nucleation rates conform to Eq. 4, then HMC may have
nucleated before nonstoichiometric dolomite because its pre-
exponential factor (N) is greater than or the activation
energy (6G*) is less than they are for nonstoichiometric
dolomite. If the pre-exponential factor is less important
to nucleation than the activation energy, then §G* of HMC is
less then it is for nonstoichiometric dolomite. According
to Eq. 3, §G* is determined by the molar volume, surface
free energy and saturation state. Therefore, evaluation of
these parameters may provide additional insight into the
factors governing the nucleation of HMC and
nonstoichiometric dolomite in these experiments.

The molar volume of calcite is approximately one-half
that of dolomite (Berner, 1971 and references therein). 1If
the HMC in these experiments has a simple calcite structure
and similar molar volume, then HMC nucleation should be
favored with respect to dolomite. Therefore, differences in
molar volume alone could explain why HMC nucleates before
dolomite. Faster HMC nucleation could also be due to its
surface free energy coefficient being less than that of
dolomite. The saturation state of HMC relative to dolomite
favofs the nucleation of dolomite. Given these constraints,
HMC could nucleate before dolomite when its pre-exponential

factor, surface free energy coefficient, molar volume or a
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Figure 4 Generalized results of dolomitization
experiments (e.g. Katz and Matthews, 1977; Sibley
et al., 1987; Sibley, 1990; this study). Most of
the reaction time is in the induction period,
during which no products are detected by XRD.
Under the conditions used in this study, HMC
nucleates in less than 12 hrs. of heating while
dolomite nucleates with more than 12 hrs. and less

than 48 hrs. of heating.
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Figure 4

g

Percent Product

Stoichiometric Dolomite

!

)
|
[}
|
|
|
8 |
. S _.. HMC + nonstoich. dolomite
2 © |
S & |
[3] [} |
=] = !
=]
S £ !
g ] J HMC (~ 36 mole % MgCOy3)
0 <12 <48 100 hrs

T Induction 1nnonl|_



27

combination of these factors is more important than
saturation state.

If nucleation kinetics govern the formation of
nonstoichiometric dolomite before stoichiometric dolomite
because of differences in activation energy then evaluation
of the parameters in Eq. 3 indicate that the critical factor
is the surface free energy coefficient. Goldsmith et al.
(1961) found that the unit cell volume of the dolomite
structure decreases as the magnesium content of dolomite
increases. Should the molar volume behave in a similar
fashion, calcian dolomite should have a larger molar volume
than stoichiometric dolomite. When all else is equal, Egq. 3
predicts that the phase with the smaller molar volume should
be favored to nucleate firét. These experiments indicate
that this does not occur. Therefore, differences in molar
volume cannot explain why nonstoichiometric dolomite
precipitates before stoichiometric dolomite does.

The activation energy is also affected by the
saturation state of the solution relative to the two phases.
Dolomite solubility increases with the amount of excess
calcium in the dolomite structure and decreases with the
degree of cation ordering (Carpenter, 1980). SEM analysis
of the reaction products shows that earlier and presumably
less stoichiometric dolomite commonly exhibited dissolution
textures. Therefore, if the final stoichiometric dolomite

is less soluble than the nonstoichiometric dolomite, then
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solubility differences cannot explain the order in which
these phases appear.

The differences in molar volume and saturation state
between stoichiometric and nonstoichiometric dolomite both
favor stoichiometric dolomite nucleation when differences in
the pre-exponential factor are minor. Under the condition
of a constant pre-exponential factor, our experimental
observations led us to the conclusion that the interfacial
free energy coefficient of the dolomite produced in these
experiments increases with the magnesium content and/or
degree of cation ordering. This is consistent with the
general observation that interfacial free energies decrease
with increased solubility, and increase with crystal
ordering (Steefel and Van Cappellan, 1990). Therefore, the
presence of Ostwald’s Step Rule in these calcite to dolomite
reactions appears to be controlled by molar volume and/or

surface free energy-dominated nucleation kinetics.

Conclusions:

1) HMC forms stable nuclei before dolomite at both

193° C and room temperature.

2) Nucleation of HMC and dolomite occurs "early" in

the induction period at 193° cC.
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Most of the induction period at 193° C involves
slow growth of HMC and dolomite crystals. This is
followed by a period of rapid growth during which
most replacement occurs. The cause of this
transition from slow to rapid growth has not been

determined.

Dolomite nucleation is suppressed in these
experiments because significant numbers of
subcritical clusters formed at high temperature,
dissolved within twelve hours at room temperature.
This suggests that in order to nucleate dolomite
the temperature and/ or saturation state that
promotes dolomite nucleation must be maintained
throughout the nucleation process. However, once
nucleation has occurred, these conditions need not
be maintained throughout the entire induction
period.

The length of time required to nucleate HMC and
nonstoichiometric dolomite is consistent with the
order in which these metastable phases appear in
the calcite to dolomite transformation at 193° C.
Therefore, the adherence of these reactions to
Ostwald’s Step Rule suggests that nucleation

kinetics are an important factor in determining
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the formation of metastable phases during

dolomitization.
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CONSTRAINTS ON THE RATE-LIMITING STEP GOVERNING DOLOMITE
CRYSTAL GROWTH
ABSTRACT

Surface reaction, diffusion, and reactant supply rates
are commonly cited as rate-limiting steps in kinetically
controlled reactions. The rate-limiting step may be
determined from the thickness and diameter of
cathodoluminescent zones of dolomite crystals.

Zone-thickness data were obtained from dolomite
crystals in the Burlington-Keokuk (Miss.), Saluda (Ord.),
Ft. Payne (Miss.) and Sero Domi (Plio.) Formations. All of
the samples had zonation patterns in which the thickness of
corfelative cathodoluminescént zones were proportional to
the average diameter of the crystal at the time the 2zone
formed.

If it is assumed that the nucleation rate was constant
and that the crystal’s surface composition and reactant
bearing solution were spatially homogeneous, then these data
reflect surface reaction limited crystal growth kinetics in
which the rate limiting step involves a 2-D nucleation and
monolayer growth mechanism. These data may also reflect
surface-reaction limited growth kinetics in which nucleation
of a calcium-rich dolomite is followed by the progressive
addition of less calcian material. This could result in a
size dependent reaction rate coefficient and the observed

zonation pattern. 1In order to maintain a spatially constant



34

solution composition, reactant transport rates must be much
greater than crystal growth or bulk dolomitization rates.
The data are also consistent with a model in which
nucleation is assumed to be instantaneous, but growth
involves spatially inhomogeneous solutions. This
inhomogeneity may be caused when bulk dolomitization rates
decrease reactant concentrations during transport. The
zonation pattern may therefore be explained by bulk reaction
rates being of the same order of magnitude as transport
rates. If the minimum transport rate is controlled by
diffusion then this would indicate that dolomitization rates

are not much less than diffusion rates and could be greater.



Introduction

Dolomite, the thermodynamically favored carbonate
mineral in seawater, is very rare in normal marine
environments. However, in ancient, environmentally
equivalent rocks, dolomite is much more common. One obvious
distinction between these two sets of observations is the
length of time involved. Therefore, the rarity of dolomite
in apparently favorable modern environments is generally
explained by a nonspecific reference to kinetics. 1In the
transformation of calcite or aragonite to dolomite, the
kinetically slow step may involve dolomite nucleation rates
and/or crystal growth-rates. This study is concerned with
evaluating the relative importance of surface-reaction rates
and reactant-transport rates to the kinetics of dolomite
crystal growth as exemplified by cathodoluminescent zonation
patterns.

Surface-reaction-limited kinetics has been shown to
limit the rate of calcite precipitation (Morse 1983).
Because calcite is the closest analog to dolomite in terms
of composition and structure and because it precipitates
readily under laboratory conditions while dolomite does not,
it may be argued that dolomite growth is also surface-
reaction-limited. This is consistent with Reeder and
Prosky’s (1986) and Fouke and Reeder'’s (1992) studies in
which unequivalent crystal faces were found to grow at

different rates and with different compositions. The
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presence of two distinct compositional faces on the same
crystal requires that at least one face not be at
equilibrium with the solution, thus indicating that crystal
growth was limited by surface-reaction rates. 1In order for
surface-reaction kinetics to limit dolomitization, the rate
of reactant supply must exceed the surface-reaction rate.
Several factors may be involved in either inhibiting or
promoting surface-reaction rate limited dolomitization.
Dolomitization rates may be increased by concentrating
reactants in the dolomitizing fluid by evaporating seawater,
continental-meteoric waters or mixtures of these (Butler
1969; Pierre et al. 1984; Mazzulo et al. 1987; Warren 1990).
Dolomite supersaturation may also be increased by
precipitating gypsum, thereby increasing the dissolved Mg/Ca
ratio, or by increasing the carbonate alkalinity of the
solution by microbial reduction of sulfate (Butler 1969;
Compton 1988; Middelburg et al. 1990). Reduced
dolomitization rates have been found when traces of
diésolved sulfate are present (Baker and Kastner 1981).
Dolomitization may be limited by reactant supply
because insufficient Mg2' is present in most carbonate
sediments to account for the amount of dolomite commonly
found in ancient carbonate rocks. Therefore, Mg2* must have
been supplied by some source external to the sediment
itself. In these situations, the source of Mg2* is often
some distance from sites of active dolomitization so that

dolomitization rates may be limited by the rate at which
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Mg2* is transported into and through the sediment to the
site of dolomitization. Therefore, diffusion, advection or
a combination of these processes may be important in
dolomitization (Machel and Mountjoy 1986).

Chemical gradients in pore-waters adjacent to deep sea
dolomites suggest that diffusion rates could limit
dolomitization by restricting supplies of one or more
reactants (Baker and Burns 1985; Compton 1988; Middelburg et
al 1990). Typically, diffusion rates are orders of
magnitude less than advective flow rates. As such,
diffusion may be considered the slowest rate possible in
solute transport. Even where macroscopic advective fluxes
supply the bulk solution with reactants, diffusion may, on
the microscopic scale, still be operative (Pingatore 1976).

In this study we present data that constrains the
mechanism that limits dolomite crystal growth. A simple
pattern of crystal growth was found in all four locations
studied. Simply said, this pattern reflects a situation in
which small crystals grow slower than large crystals.
Mechanisms responsible for such a pattern are limited to one
of two possible surface-reaction limited processes when
continously nucleated crystals grow in homogeneous
solutions. These data are also consistent with crystal
growth in which there are spatial variations in reaction
kinetics. Such variation could be induced by bulk reaction
rates that are about the same order of magnitude as solute

transport rates. If so, dolomite crystal growth rates may
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not be much less than the minimum rate of reactant transport

governed by diffusion.



Crystal Growth

The rate-limiting step in dolomite growth may, under
appropriate conditions, be deduced from measurements of
cathodoluminescently (CL) zoned crystals. Kretz (1974) and
Carlson (1989) developed the concepts used in this study to
determine the rate-limiting step in the growth of
compositionally zoned garnets. These studies were premised
on the idea that the rate-limiting step in crystal growth
imposes an algebraic relationship between a crystal’s radius
and the thickness of some compositional zone. The algebraic
relationship derived from measurements of crystal radius and
zone thickness may be used with theoretical crystal growth
laws to constrain the rate-limiting step. Kretz (1974) and
Carlson (1989) showed that this could be done when crystals
continuously nucleate and grow from solutions with
compositions that vary in time but not in space. As a
result, compositionally zoned crystals of different sizes
are formed in which common compositional zones record
crystal growth over equivalent periods of time. The width
of a single compositional zone therefore provides a measure
of crystal growth rate (dr/dt) which, depending on the rate-
limifinq step controlling crystal growth, may vary as a
function of crystal radius.

Rates of crystal growth from solution may be limited by

reactant flux or surface-reaction rates. Because flux and
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surface-reaction rates are serial processes, mass balance
considerations require that overall crystal growth rates be
determined by the slower process. Kretz (1974) and Carlson
(1989) considered the endmember processes of pure surface-
reaction-limited growth and diffusion-limited growth under
the conditions of constant nucleation and precipitation from

spatially homogeneous solution.
Surface-Reaction-Limited Growth

When surface-reaction rates are slower than the
capacity of the solution to deliver reactants or remove
products, crystal growth depends on the the free-energy
difference (delta G) between the solid phase and the
solution. This is reflected in the saturation state of the
crystal with respect to the solution. The probability of an
appropriate ion arriving at a potential growth sites on a
crystal increases with saturation state, thereby enhancing
growth rates. The ease of attaching solute to the surface
is dependent on the density and the molecular geometry of
growth sites. Depending on the number of adjacent molecular
units bounding a growth site, ions may attach by forming one
or more bonds with these adjacent units. The stability of
the attachment and the free-energy released will increase
with the number of bonds formed.

Crystal-growth mechanisms may be discriminated on the
basis of how growth sites are formed and propagated. One



41

class of growth models involves a surface-nucleation step
followed by the addition of solute to the edge of a single
crystal monolayer. Gréwth may also involve dislocation-
controlled growth where ions are added to a spiral of
monolayers centered on some form of screw dislocation
(Burton, Cabrera, and Frank 1951; Nielsen 1964). This
configuration provides a continuous source of growth sites

thus eliminating the surface-nucleation step.

2-D Nucleation-Monolayer Growth

Surface nucleation followed by growth of monolayers are
the general features of 2-dimensional nucleation and growth
models. The interaction of surface-nucleation rates and
layer-growth rates may be used to describe a variety of
growth laws. Typically, the energetics of nucleation are
greater then the energetics of layer growth. This is
because surface nucleation requires overcoming a surface
energy that hinders formation of stable nuclei from clusters
of ions. Once a surface nucleus achieves a minimum size, by
bonding a critical number of ions, it will be stable. As a
result, the probability of achieving a critical number of
ions under isothermal conditions is controlled by solution
composition and surface area available for nucleation. ‘When
satufation states are high, the probability of ions arriving
and bonding at some nucleation site is greater than at low

saturation states.
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After stable nucleation, ions may be added to the
margin of a spreading monolayer of ions. Expansion of the
monolayer continues until impeded by either reaching a
crystal edge or a dislocation. In general, adding ions to
steps formed on the edge of a spreading monolayer requires
less energy than nucleation. Situations may exist in which
this is not true, such as when growth sites are filled by
foreign ions acting as reaction inhibitors. Obviously, a
variety of growth laws are needed to describe the
interaction between all possible nucleation and monolayer
growth rates. For the sake of simplicity, only the end
member cases of mononuclear and polynuclear growth will be

considered here.

Mononuclear layer growth

Mononuclear layer growth results when surface
nucleation rates are much less than layer growth rates.
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