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ABSTRACT. The procedure of extrapolating some quantity, measured during dis-
solution, to infinite time on (time)™*/* plots to predict minecral solubility has been
investigated for the dissolution of Iceland spar at 25°C and 0.97 atm CO, and used
to predict magnesian calcite stability. If kinetic mechanisms of surface reactions do
not change and the time to half saturation during dissolution is greater than 10 hours,
lincar extrapolation of the inflection region on (time)~7/% plots to infinite time is a
good estimator of equilibrium conditions. pH and total concentrations of calcium
and m'lgnesmm in the bulk solution during the dissolution of blogemc magnesian
calcites at 25°C and 0.97 atm CO, show that Mg-calcite dissolution is initially con-
gruent dissolving the most soluble phase present in the multi-modal skeletal material.
The reaction becomes incongruent to calcite and later to 12 mole percent Mg-calcite.
The increase of calcium and magnesium ion in the bulk solution follows parabolic
rate laws as calcite precipitates. The concentration of calcium ion in the bulk solu-
tion decrcases during the second incongruent reaction, and the rate with respect to
calcium is not parabolic. During the initial congruent dissolution, composition of the
dissolving phase was determined from lincar slopes on plots of total calcium versus
total magnesium in solution. pH data during dissolution were linearly extrapolated
to iufinite time on t—** plots to estimate the congruent ecquilibrium pH. Log K
was computed using the estimated equilibrium pH and composition of the dissolving
phase in a FORTRAN IV program. The calculations show that magnesian calcite solu-
bility is maximum at 24 mole percent MgCO,, and the most stable calcite contains
about 2 mole percent MgCO, at 25°C and 1 atm total pressure. The rate studies of
magnesium calcites suggest that the stabilization of Mg-calcite skeletal grains in car-
bonate sediments proceeds in a stepwise manner which accounts for the excellent
preservation of Mg-calcite skeletal frameworks in ancient rocks.

INTRODUCTION

In estimating thermodynamic properties of minerals from solubility
studies, it 1s often diflicult to determine when a reaction is near equi-
librium. Because small changes in concentration over long times are
difficult to detect, it is not feasible to determine whether equilibrium
has been established from slopes on plots of concentration against time.
In addition, many reactions between minerals and aqueous solutions
become incongruent before reaching equilibrium, and the resulting rates
of dissolution are greatly reduced. Long times may be required to estab-
lish heterogeneous equilibria.

This paper investigates a procedure of estimating mineral solu-
bility from the rate at which equilibrium is approached from under-
saturation during congruent dissolution. The advantages of predicting
mineral solubility from rate data are that (1) the data can be obtained
from low temperature- -low pressure experiments (where ionic activity
coefficients and ionic equilibria are best known), and (2) the reaction
does not necessarily have to reach equilibrium. The validity of the pro-
cedure is demonstrated for the dissolution of Iceland spar at 25°C and
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0.97 atm CO,. The procedure is used to determine the stability of mag-
nesian calcite between 0 and 27 mole percent MgCO; from the dissolu-
tion characteristics of biogenic skeletal material.

INVERSE TIME PLOTS

The method described below was apparently first used by Garrels,
Thompson, and Siever (1960) to estimate the solubility of various car-
bonate minerals. In their experiments, pH was measured as a function
of time during the dissolution of the carbonate minerals at 25°C and
0.97 atm CO,. Garrels, Thompson, and Siever (1960) found that by
plotting pH against time—%/2, the relationship was nearly linear for long
times. Linear extrapolation to infinite time on their plots (t=*2 = 0)
left little uncertainty in the calculated solubility from the extrapolated
congruent equilibrium pH.

An investigation has been made of these empirical plots. Whereas
there is no particular significance to the choice of the inverse time func-
tion, inverse fractional powers of time give greater separation of data
points for long times which facilitate the graphical procedure. Also, the
dependent variable is not necessarily restricted to pH or any other
logarithmic quantity. The choice of inverse time relationship and de-
pendent variable affects only the scale of the plots. Because t=*2 plots
have been widely used (Garrels, Thompson, and Siever, 1960; Bricker,
1965; Kittrick, 1966; Routson and Kittrick, 1971; Weaver, Jackson, and
Syers, 1971), they are examined in detail below.

Figure 1 represents schematically the geometry of all t—*2 plots.
A dependent variable, Q, which increases with time from a small initial
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Fig. 1. Comparison of schematic relationships of t—%2 plots for “rapid” and
“slow’ dissolution. The slope of the measured quantity, Q, approaches zero for very
short and very long times. An inflection region between these extremes exists for
intermediate times. Extrapolation of the approximately linear inflection region to
infinite time estimates a maximum solubility, but as reaction rate is decreased, the
extrapolation becomes a better estimator of true solubility.
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value and approaches a constant value after long times, is plotted as a
function of t=2 (fig. 1). As time increases, the reaction approaches
equilibrium, and thus, the dependent variable changes little as a func-
tion of time. Therelore, the slope on t—'2 plots approaches zero as the
reaction approaches equilibrium. For small times, t—** is large such
that the slope is near zero initially, as well. Because Q changes as a
function of reaction progress (that is, time), there is an inflection region
between the initial and final zero slopes on t—'2 plots. A complete
spectrum of these relationships can be demonstrated from theoretical
concentration-time curves computed from the congruent dissolution
models of Plummer (ms).

Both the zero slope at very large times (Garrels, Thompson, and
Siever, 1960, fig. 1B; Bricker, 1665) and the approximately linear in-
flection region (Garrels, Thompson, and Siever, 1960; Kittrick, 1966;
Routson and Kittrick, 1971; Weaver, Jackson, and Syers, 1971) have
been extrapolated to infinite time to estimate mineral solubility.

If the slopes are approximately linear and non-zero on t—? plots,
the experimental data lie in the inflection region (fig. 1). For these cases,
linear extrapolation of the inflection region to infinite time predicts a
solubility greater than the true solubility (fig. 1) as was pointed out by
Garrels, Thompson, and Siever (1960).

In general, however, as the surface area to volume ratio in dissolu-
tion experiments is decreased, the linear portion of the inflection region
on t~¥2 plots is extended and shifted toward infinite time, while the
slope, dQ/d(t—*?), becomes more negative (fig. 1). The shift in the
linear portion of the inflection region toward infinite time results in a
closer approximation of the true equilibrium value of Q (fig. 1). The
decrease in slope on t—2 plots introduces more uncertainty in extra-
polation to infinite time, and the resulting error is a function of the
precision of the analytical data.

These relationships are demonstrated in a series of experiments
(Plummer, ms) on the dissolution of Iceland spar crystals at 25°C in
CO, saturated solutions at 1 atm total pressure in which the surface area
to bulk solution volume ratio ranged from 20 to 11,200 cm?* 1-2. In the
experiments surface area was estimated from the weight of sized material
assuming rhombohedral particle shape of dimensions equal to the mean
sieve size. The reactions were followed by measurement of pH in the
stirred bulk solutions as a function of time similar to the procedure
of Garrels, Thompson, and Siever (1960).

It is seen in figure 2 that as the surface area to solution volume
ratio in the Iceland spar experiments is reduced, linear extrapolation
of the inflection region on t—2 plots to infinite time becomes a good
estimator of the equilibrium pH (pH = 6.02). The precision of the
pH measurements (= 0.02 pH) is such that little error is introduced by
extrapolating data of more negative slopes to infinite time. It is esti-
mated that if the surface area to solution volume ratio is maintained
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Fig. 2. pH during the dissolution of Iceland spar as a function of t=/* for sur-
face area to volume ratios of 20 cm® 17" to 11,200 cm?® 1. By decreasing the surface
area to volume ratio to approximately 200 cm® I, or less, lincar extrapolation of the
inflection region to infifinite time predicts the truc equilibrium pH (6.02).

less than approximately 200 cm? 1! during the dissolution of Iceland
spar at 25°C and 0.97 atm CO,, the extrapolation to infinite time on
t=1/2 plots estimates the true solubility. Obviously, the rates of dissolution
vary between differing minerals, and therefore, the limiting surface area
to volume ratio differs among minerals. As a general rule, however, if
the surface area to volume ratio is adjusted so that the time required for
the dissolution reaction to reach half saturation is no less than approxi-
mately 10 to 12 hours, the procedure predicts the true solubility.

It is seen in figure 2 that not all pH versus t—*2 curves for Iceland
spar dissolution appear to approach the equilibrium value (compare the
480 cm? 1—* run). Actually, there are abrupt changes in curvature in
all the runs that approached equilibrium (480, 2000, 6000, and 11,200
cm® 1= runs). It is interesting that these changes are approximately
coincident with pH 5.85 which is the value observed for a change in
reaction mechanism to a slower, higher order reaction at the calcite
surface (Plummer, ms). This value indicates the A pH of the change
in these experiments to be approximately 0.17, near that reported by
Morse and Berner (1972) for a different experimental condition.

Thus, it is seen that in addition to its dependency upon the surface
area to volume ratio, the inverse time plot technique can only be applied
to that part of a heterogeneous reaction that is controlled by a single
kinetic process.

The example given above for Iceland spar demonstrates the validity
of t—*2 plots. However, the importance of this method is not in its
application to minerals that dissolve congruently, because their solubili-
ties can be measured directly. The significance of the procedure is in
estimating the congruent solubility of minerals that dissolve incon-
gruently before reaching equilibrium. When these reactions become in-
congruent, the rate of dissolution is greatly decreased, and it becomes
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difficult to determine when equilibrium has been obtained. For this
class of reactions, the application of inverse time plots to initial con-
gruent reaction segments is a valuable technique in predicting mineral
solubility.

We will now look at the dissolution reaction paths of Mg—calcites
before applying the inverse time plot techniques to determination of
their solubilities.

APPLICATION TO MAGNESIAN—CALCITE DISSOLUTION
To apply the inverse time plot technique to estimating Mg-calcite

solubility, the stoichiometry of the dissolution reaction must be deter-
mined; that is, the composition of the dissolving phase must be known,
and for the experiments described below, it must be known that the
reaction is congruent. Consequently, careful observation of the composi-
tion of the bulk solution during dissolution is necessary.

If the calcium/magnesium ratio in the bulk solution remains con-
stant during dissolution, then congruent dissolution of a single phase
is occurring according to the reaction

Ca_ Mg, CO; —» (1—x)Cat++ + (x)Mgt+ + CO;—— (1)

where the mole fraction of magnesium in the dissolving phase, X, is
1

T TG )

Mg

and Ca/Mg is the ratio of the total molarity of calcium to the total
molarity of magnesium in solution.

Dissolution experiments have been made with hydrothermally pre-
pared Mg-calcites (Williams, written commun., 1972). However, inter-
pretation of these data is difficult because (1) there was insufficient
sampling of solution composition during runs, (2) complexing was not
considered in calculating ionic activities, (3) the reactant material possi-
bly was multi-phase, and (4) insufficient material was used in the dissolu-
tion experiments to warrant an assumption of constant surface area.

Biogenic Mg—-calcite material, collected from Bermuda, was used in
the authors’ experiments. Because some biogenic materials are known
to contain more than one Mg-calcite phase (Moberly, 1968, 1970; Milli-
man, Gastner, and Muller, 1971), as well as brucite (Schmalz, 1965;
Weber and Kaufman, 1965) and perhaps protodolomite (Schroeder,
Dwornik, and Papike, 1969), the dissolution at 25°C and 0.97 atm CO,
was carefully followed by measurement of pH and total concentrations
of calcium, magnesium, and alkalinity in the bulk solution to deter-
mine the reactions taking place. Calcium and magnesium were measured
by EDTA titration, and alkalinity by potentiometric titration and Gran
plots (Stumm and Morgan, 1970). The experimental procedure was
similar to that described for the dissolution of Iceland spar (Plummer,
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in preparation). The distribution of aqueous species was calculated in a
Fortran IV program using the data of table 1. Charge balance computed
from the experimental data agrees within 2 percent. In the discussion
that follows, a general reference to ‘“calcite” can imply as much as 4
mole percent MgCO, in solid solution. The designation “Mg-calcite”
implies more than 4 mole percent MgCO; in the composition.

The data obtained for the dissolution of the alga Amphiroa rigida
are representative of all the Mg—calcite dissolution data collected. In
the experiment, 6.500 g of Amphiroa r., sized between 44 and 74 microns,
were placed in 650 ml of distilled water maintained at 25°C. In this
experiment agitation was provided by a shaker table, and CO, was
continuously bubbled through the solution at 0.97 atm.

The gross characteristics of the irreversible reaction can be seen in
a plot of the total concentrations of calcium and magnesium in the
bulk solution as a function of time (fig. 3). There are initially rapid
increases in both calcium and magnesium in the bulk solution. After

TABLE 1

Log equilibrium constants at 25°C and 1 atm pressure
CaCO,° = Cat*+* + CO,—— —3.1 1.
MgCO,* = Mg + CO,~— —3.40 1.
CaHCO,+* = Cat*t + HCO;— —1.225% 2.
MgHCO,* = Mg** + HCO,— —0.90 1.
H,O = H* + OH— —14.00 3.
H,0 + CO, = CO, = H,CO, —1.4635 4.
H,CO;, = H* + HCO;— —6.3519 4.
HCO,— = H* + COy7—— —10.329 5.

. Lafon (ms).

. Written communication (1972) from C. L. Christ pertaining to the work of P. B.
Hostetler, R. M. Siebert, and C. L. Christ.
. Helgeson (1969).
. Harned and Davis (1943).
. Harned and Scholes (1941).
*The aqueous model for the system CaO-CO;~H,O in question. Although three
determinations of the dissociation constant of CaHCO," are in close agreement
(Greenwald, 1941; Nakayama, 1968; Christ, written commun., 1972), calcite solubility
computed from the observed equilibrium pH of 6.02 (Plummer, 1972) at 0.97 atm CO,
and 25°C assuming the presence of CaHCO;* (9.8 mmoles/1) is much larger than the
observed solubility (9.1 mmoles/l) as was pointed out by Langmuir (1968). If the
maximum Pgo, obtained by bubbling pure CO, through pure water is about 0.92
atm (rather than 0.97 atm), computed solubilities of calcite are then in agreement
with observed values assuming the presence of CaHCO;*. However, there is no evidence
to support partial pressures of CO, as low as 0.92 atm. Also, if the Pgo, were as low
as 0.9 atm, the pH of the solution at 1 atm total pressure and 25°C would be near
3.93. The observed pH (3.91; Garrels, Thompson, and Sicver, 1960) is in agreement
with that calculated at 0.97 atm CO,. Because of the uncertainty in the aqueous model,
Mg-—calcite equilibrium ion activity products (table 3) have been computed assuming
) Poo, = 0.97 atm and CaHCO,* present, (2) Pco, = 0.92 atm and CaHCO,* present,
and (3) Peo, = 0.97 atm and CaHCO,* absent. Because (1) measured total molalities

of calcium during the dissolution of magnesian calcites are in close agreement with
values computed assuming Pgo, = 0.97 atm and the absence of CaHCO,*, and (2)

there is no evidence for CO, partial pressures as low as 0.92 atm, Mg-calcite stability
data have been computed (table 3) assuming the absence of CaHCO,* at 0.97 atm CO,.
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Fig. 3. Total concentrations of calcium and magnesium in the bulk solution as
function of time during the dissolution of Amphiora r. The reaction becomes in-
congruent to calcite resulting in a decrease in the calcium concentration in the bulk

solution after 70 hours.
approximately 70 hrs, the calcium concentration begins to decrease while
the magnesium concentration continues to increase throughout the
reaction. This is evidence that the reaction becomes incongruent, and
a calcium-rich phase forms. If magnesium also occurs in the incongruent
phase, the net stoichiometry of the reaction(s) leaves an excess magnesium
content in solution. A plot of total calcium against total magnesium in
the bulk solution shows three distinct changes in slope which represent
important events during the irreversible reaction (fig. 4).

Congruent dissolution.—Stage 1 (fig. 4) is represented by a linear
relationship between calcium and magnesium. Because this initial re-
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Fig. 4. Reaction stages during the dissolution of Amphiroa r. defined by slope
changes on a plot of total calcium versus total magnesium in the bulk solution. Stage
1 is the congruent dissolution of the most soluble magnesian calcite in the multi-
modal mixture. Although Amgphiroa r. has a mean composition (assuming a single
phase) of 18.4 mole percent MgCO,, the algae dissolves as 23.8 mole percent MgCO..
The reaction becomes incongruent to calcite in stage 2

2 with nucleation on grain
surfaces. In stage 8 precipitation from the bulk solution occurs as well.
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action segment is linear on similar plots for all the dissolution data
collected, congruent dissolution of a single phase is occurring. For
the dissolution of Amphiroa r., stage 1 corresponds to the congruent
dissolution of 23.8 mole percent magnesium calcite.

However, from all the data collected, the composition of the dis-
solving phase during stage 1 is always more Mg-rich than that suggested
by the mean and modal compositions as determined by bulk chemical
analysis and X-ray diffraction techniques, respectively. Bulk chemical
analysis indicates Amphiroa r. to be 18.4 mole percent MgCO; (assum-
ing the alga to be a single Mg-calcite phase). The displacement of the
(211) calcite peak on X-ray diffractograms indicates the modal composi-
tion to be approximately 19 mole percent MgCO,.

Microprobe analysis of biogenic Mg—calcites show the composition
to be variable within a single specimen (Moberly, 1968, 1970). Milliman,
Gastner, and Muller (1971) show that the shift in the calcite diffraction
peak only indicates the modal phase in the biogenic skeletal material.
They interpret the asymmetry of the diffraction patterns as evidence for
the presence of multiple Mg—calcite phases within the skeleton. This
interpretation is supported by the dissolution data as well. In table 2
the modal composition, approximate range in composition, and the
composition of the dissolving phase are compared for various biogenic
Mg—calcites. The modal composition and approximate range in com-
position within each specimen were determined from the 2¢ peak posi-
tion of the (211) reflection and the peak width, respectively, using the
Xoray diffraction data of Goldsmith, Graf. and Heard (1961). The com-
position of the dissolving phase was determined from the slope of the
initial reaction segment on total calcium versus total magnesium plots
and equation (2). Table 2 shows that the composition of the dissolving
phase corresponds to the composition of the most Mg-rich calcite in

TABLE 2
Comparison of the composition of biogenic Mg—calcites
with the initial congruent composition*

Composition of

Range* Mode** Dissolving Phasc Specimen
0-7 1 6.9 Ostrea sp.
0-10 2 104 “Barnacle”
2-13 6 12.7 Diadema spine
6-18 11 17.9 Diadema test
10-19 16 19.2 “Sand Dollar”
9-32 17 23.6 Goniolithon sp.
6-34 19 23.8 Amphiroa 1.
6-34 19 244 Amphiroa 7.
11-32 20 24.7 Amphiroa f. (1)
11-32 20 26.7 Amphiroa f. (2)

* All data are in mole percent MgCO,
**k Analysis by X-ray diffraction using the data of Goldsmith, Graf, and Heard
(1961).
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the mixture for all material in the compositional range of 0 to 20 mole
percent MgCO,. Many of the biogenic Mg—calcites range up to 34 mole
percent MgCO; (table 2), but for these, the composition of the dissolving
phase is approximately 24 mole percent MgCO;. One specimen, Am-
phiroa fragilissima, apparently dissolved as 24.7 mole percent MgCO,
initially and then changed abruptly dissolving 26.7 mole percent MgCO,
(fig. 5).

These observations can be explained, if the composition of the dis-
solving phase during stage 1 is that of the most soluble Mg—calcite in
the mixture. If this assumption is correct, the dissolution data suggest
that the solubility of Mg-calcites increases to a maximum at about 24
mole percent MgCO;. In the example of Amphiroa f. (fig. 5), the most
soluble phase in the mixture, 24.7 mole percent MgCO,, was apparently
not in excess, and when consumed in the reaction, the next most soluble
phase, 26.7 mole percent MgCO; began dissolving. This initial slope
corresponds to the dissolution of approximately 0.08 g of Amphiroa f.
which is less than 1 percent by weight of the total material used in the
experiment. If the entire surface was dissolving, a layer approximately
10—¢ cm thick was dissolved during the dissolution of the 24.7 mole
percent MgCO, fraction of Amphiroa f. It will be shown later that the
solubility of Mg—calcites does indeed go through a maximum at approxi-
mately 24 mole percent MgCO;.

The stepwise shift in slope during the dissolution of Amphiroa {.
(fig. 5) supports the evidence of Moberly (1968, 1970) that biogenic Mg-
calcites are discrete multi-modal mixtures; that is, they are not a con-
tinuous spectrum of compositions.
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Fig. 5. Characteristics of the congruent dissolution of Amphiroa f. defined by a
plot of total calcium versus total magnesium in the bulk solution. First to dissolve
is a small amount of brucite initially present on the grain surfaces. After the con-
sumption of the brucite, the reaction is deminated by the congruent dissolution of
the most soluble phase, 24.7 mole percent MgCO,, on the surface. This phase is
apparently consumed in the reaction, and the next most soluble phase, 26.7 mole
percent MgCO,, dissolves. The reaction was terminated after becoming incongruent
to calcite (stage 2).
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An explanation for the stepwise dissolution of a single most solu-
ble phase in a mixture of biogenic Mg-calcites requires the solution at
the mineral-aqueous solution interface to be near equilibrium with the
most soluble Mg—calcite in the organic matrix, such that Mg-calcites of
lesser solubility do not dissolve. A compositional map of the surface
of a biogenic Mg—calcite taken from Moberly (1970) is shown in figure 6.
This map shows the distance between discrete Mg—calcite phases within
a single grain to be 2-4 X 10—% cm which is approximately the distance
commonly reported for the thickness of “diffusion layers” (Bircumshaw
and Riddiford, 1952). Thus, solutions in equilibrium with discrete
patches on grain surfaces could overlap spatially, preventing adjacent
Mg-—calcite domains of lesser solubility from dissolving. However, because
the kinetics of calcite dissolution between pH 4 and 6 (Morse and Berner,
1972; Plummer, in preparation) may be slower than that expected
for “diffusion-controlled” reactions, we have little reason to suspect that
the dissolution kinetics of Mg—calcites in our experiments are very dif-
ferent from calcite (although this has not been confirmed). If Mg—calcite
dissolution is slower than “diffusion-control”, one might expect sub-
saturated solutions near the surfaces of mineral grains. It is likely, how-
ever, that the transport of reaction products from a high porosity skeletal
framework surface into bulk solution would be retarded by buildup of
residual organic matrix on the surface, which would enhance the likeli-
hood of surface concentrations near equilibrium with the most soluble
phase. To explain the observations in stage 1, we need only to conclude
that the rate of transport of reaction products from surface interstices
through a residual organic matrix on the surface is slower than the
rate of dissolution of magnesian calcite.

The fact that the distance between discrete domains of Mg—calcites
within the matrix of Amphiroa f. may be three orders of magnitude
greater than the thickness of the layer removed from the surface during
the dissolution of the 24.7 mole percent MgCO; fraction (fig. 5) supports
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Fig. 6. Electron microprobe analysis of Porolithon aequinoctiale. Size of symbol
is area analyzed by electron beam. The distance between discrete patches of magnesian
calcite is suggested to be approximately 20 to 40 microns or less. From Moberly
(1970, p. 116, fig. 3).
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the assumption that the most soluble fraction was not in excess on the
grain surfaces.

Several investigators have suggested that brucite occurs in mag-
nesian calcite algae of greater than 20 to 25 mole percent MgCO,
(Schmalz, 1965; Weber and Kaufman, 1965; Moberly, 1970; Milliman,
Gastner, and Muller, 1971). The dissolution data for the Mg—calcite
algae also suggest the presence of brucite. Much of the data show that
the first mineral to dissolve is a nearly pure magnesium phase (fig. 5).
All this phase, presumably brucite, in contact with the bulk solution
appears to be consumed in an initially rapid reaction and does not affect
the later reaction path.

Incongruent dissolution.—From the observations presented below, it
seems most likely that stage 2 is initiated by the growth of calcite on
grain surfaces. Calculations from the activities of species in solution indi-
cate that the bulk solution is 2.2 times saturated with respect to calcite
at the beginning of stage 2. This is about half that predicted by Wollast
(1971) for heterogeneous nucleation of calcite. Because some calcium con-
tinues to enter the bulk solution during stage 2 (fig. 4), the amount of
calcite precipitated must not be in the same stoichiometric proportions
as that of Mg—calcite dissolved. During stage 3, calcite precipitates from
the bulk solution causing a decrease in the calcium concentration ap-
proaching calcite saturation (fig. 4).

The reaction path for the experimental data on the dissolution of
Amphiroa r. is plotted on a log ag,+/a’ys versus log ay,:/a’y: diagram
calculated at 25°C and 1 atm CO, taking the activity of water to be
unity (fig. 7). The initial reaction path passes from undersaturation to
supersaturation with respect to calcite. There is an abrupt change in
slope in the reaction path with the initiation of stage 2, after which the
path parallels the calcite equilibrium line at 2.2 times calcite saturation.
Owing to the close overlap of the experimental data, not all points during
stages 2 and 3 are shown on figure 7. With the initiation of stage 3, the
quantity log ag,+/a%y. decreases from 10.16 to 10.12 as the bulk solution
slowly approaches calcite saturation. When terminated, the reaction was
approaching a metastable Mg—calcite—calcite equilibrium. But if allowed
to continue, the reaction would greatly supersaturate with respect to
magnesite and dolomite before reaching the metastable equilibrium
state.

Comparison of X-ray diffraction patterns of the initial reactant
Amphiroa r. with the reacted material after 70 days (fig. 8) shows the
presence of the incongruent calcite with the reacted material. The
asymmetry toward more Mgrich calcite in the starting material is re-
duced somewhat in the reacted material. This shift in peak symmetry
demonstrates that the higher Mg-calcite portion of Amphiroa r. dis-
solved incongruently to calcite.
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Many incongruent reactions can be modeled as diffusion of reac-
tants and products through low porosity product layers growing on the
mineral surface by

dt

= k-2 )

which is the parabolic rate law (Jost, 1952; Crank, 1956; Wollast, 1967;
Helgeson, 1971; Luce, Bartlett, and Parks, 1972) where C; is the con-
centration of the i** species in the bulk solution, t is time, and k is the
parabolic rate constant which is a function of the molecular diffusion
coefficient for the i** species, surface area of the reactant mineral, porosity
of the product layer, volume of the bulk solution, and stoichiometry
of the incongruent reaction. Integration of equation (3) gives

G, = 2ku (4)

which indicates that for incongruent reactions obeying the parabolic
rate law, concentration in the bulk solution is directly proportional
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Fig. 7. Saturation diagram for the system CaO-MgO-CO.,-H.,O at 25°C and 1
atm CO, total pressure showing the measured reaction path for the dissolution of
Amphiroa r. Calcite precipitation is indicated by an abrupt change in slope of
the reaction path to a line parallel to the calcite cquilibrium line at 2.2 times calcite
saturation. When terminated, the bulk solution was near equilibrium with 11 to 12
mole percent magnesian calcite. Computed from the data of table 3 and Robie and
Waldbaum (1968).

Fig. 8. Comparison of X-ray dillraction patterns of initial reactant Amphiroa r.
with reacted material after 70 days. The presence of low Mg-calcite in the reacted
material indicates an incongruent reaction. The assymetry toward more Mg-rich
calcites in the starting material is reduced in the reacted material indicating that
the higher Mg-calcite portion of Amphiroa r. dissolved incongruently to calcite.
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Fig. 9. Total concentrations of calcium and magnesium in the bulk solution as a
function of square root of time during the dissolution of Amphiroa r. Three re-
action stages (fig. 4) are again defined by breaks in slope. The magnesium concen-
tration in the bulk solution shows a linear rclationship with the square root of time
in stages 2 and 3 indicating that parabolic rate laws are obeyed. Stage 3 corresponds
to the precipitation of approximately 11.7 mole percent magnesian calcite.
to the square root of time. Thus, evaluation of slopes on plots of con-
centration against the square root of time is particularly useful in identi-
fying incongruent reactions and defining parabolic rate constants.

From figure 9 it is evident that plots of total concentrations of
calcium and magnesium in the bulk solution versus square root of time
during stage 1 are non-linear which is further permissive evidence for
congruent dissolution in stage 1. The slopes for calcium and magnesium
are both linear during stage 2 indicating that their release to the bulk
solution during stage 2 is controlled by diffusion through a product
layer. While the release of magnesium to the bulk solution is parabolic
in stage 3, the calcium concentration decreases in the bulk solution, and
its rate of removal is not parabolic (fig. 9). Because the slope is linear
and decreases for the magnesium release to the bulk solution between
stages 2 and 3, the reaction must be incongruent to a more magnesium-
rich phase. The additional points after 70 days, not included in figure
9, further support these conclusions.

Evaluation of the change in slope between stages 2 and 3 gives in-
formation on the composition of the phase precipitating during stage
3. This procedure can be demonstrated by correcting the parabolic rate
constant in the integrated form of the parabolic rate law (eq 4) for the
net stoichiometry of the incongruent reaction

Ci - 2(1 —_ ni*)k/tl/z. (5)

In equation (5), k' is the parabolic rate constant divided by 1 — n;*
which is a term for the net stoichiometry of the incongruent reaction
in which n;* is defined by

niég = M (6)

Vi (reactant)
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where v; is the stoichiometric coefficient for the i** component in the
reactant or product mineral. If none of the i'* component precipitates
in the product layer, v; and thus, n;* is zero, and the slope on C; versus
t2 plots is k’. If all of the i** components in the reactant precipitates
in the product, n;* is one, and thus, the slope on C; versus t*2 plots is
zero (eq 5). All other incongruent reactions of intermediate stoichiometry
have slopes between k’ and zero on C; versus t'/? plots.

Although the true composition of the calcite formed in stage 2
is not known, little error is introduced in the calculations below by
assuming the mineral to be pure calcite. Therefore, ny,* in equation
(6) is approximately zero, and the slope of the magnesium data on figure
9 during stage 2 defines the parabolic rate constant, k’, for the dissolu-
tion of Amphiroa r. from equation (5) to be 3.3 X 10—* moles 1-* sec—12,
The slope of the magnesium data during stage 3 (fig. 9) is 1.68 X 10—+
moles 1=* sec—2, and dividing that slope, (1 — ny,*)k’, by k’ defines
Ny * during stage 3 to be 0.491. Because vy, for the reactant Amphiroa
7. is 0.238, the composition of the product magnesium calcite during stage
3 is Cag g55Mgy5.11,CO;, as calculated from equation (6).

We can further demonstrate the above observations by writing possi-
ble reactions for each stage during dissolution. The reactions are pre-
sented below only to demonstrate mass balance relations and in no way
imply kinetic mechanisms of dissolution. It has been shown above that the
first stage in the reaction is the congruent dissolution of the most soluble
Mg-calcite in the multi-modal skeletal material which for Amphiroa r.
is 23.8 mole percent magnesian calcite. Stage 1 can be represented by

Cay 76:Mgp 23sC05 — 0.762Ca++ + 0.238Mg++ + CO;——. (7)

Calcite nucleates on grain surfaces during stage 2, and the release of
calcium and magnesium into the bulk solution obeys parabolic rate laws.
Because calcium continues to increase in the bulk solution during stage
2, there must be an excess calcium content in the incongruent reaction,
and because a more calcium-rich product is forming, the incongruent
reaction is similar to

2Ca.76:Mgy.23sCO; — 1.4Ca; s Mg, 0.CO; +
0.152Cat++ + 0.448Mg++ + 0.6CO;~—; (8)

if, for example, the calcite precipitated in stage 2 contains 2 mole per-
cent MgCO;. According to equations (7 and 8), the calcium to mag-
nesium ratio of the ions entering the bulk solution between stages 1 and
2 changes from 3.2 to 0.33 which accounts for the decrease in slope on
the plot of observed calcium versus magnesium (fig. 4). During stage 3,
the calcium concentration decreases in the bulk solution indicating that
a calcium-rich phase is growing from the bulk solution. The composition
of this phase is estimated to be near Cag g3;Mgy.1:,CO;. Because the rate
of increase of magnesium in the bulk solution during stage 3 follows a
parabolic rate law, it is probable that the second incongruent Mg-calcite
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precipitates within the product layer. To assume that this Mg-calcite
phase is precipitating from the bulk solution requires the rate of re-
moval of magnesium from the bulk solution to follow a parabolic rate
law, which is unlikely. Stage 3 can be represented by

0.152Ca++ '|‘ O.448Mg++ + O.GCOs—_ (stage 2) + 0'878ca++(bulk) brd
0.6Ca, 55,Mgo.1CO, + 0.378Mg++. ©)

Although it is not confirmed, it is implied by equation (9) that both
calcite and approximately 12 mole percent MgCO, calcite precipitate
simultaneously in the product layer during stage 3.

With this understanding of biogenic Mg—calcite dissolution, we can
now apply the t—/2 relationship developed previously to congruent dis-
solution data and estimate Mg—calcite stability.

MG—CALCITE STABILITY

To determine the stability of Mg-calcites from t—2 relationships,
the composition of the dissolving phase was obtained from the slope on
total calcium versus total magnesium plots for stage 1 using equation (2).
Surface area was estimated by graphical means to be less than 200 cm?
1=t in the experiments, and pH was measured continuously during the
dissolution at 25°C and 0.97 atm CO,. The pH data were plotted as a
function of time —'2 and linearly extrapolated to infinite time to esti-
mate the equilibrium value. From the estimated equilibrium pH, Peo,
and the data in table 1, equilibrium ion activity products (table 3) were
computed for each phase. In computing the equilibrium constants,
activity coefficients of charged species were computed from the extended
Debye-Huckel equation using ion size data from Butler (1964), and
assuming 8ypco,+ = 4.0, and values for the A and B parameters from
Helgeson (1967). Activity coefficients of neutral species were computed
from the relation y,° = 10°I, where I is ionic strength. Convergence
on the equilibrium distribution of species is within 10— ionic strength.
Although it is felt that the stability data obtained are near the true
values, the extrapolated values represent maximum solubility limits.
Two examples of pH versus t—1* which demonstrate that the plots are
linear as t—'/2 approaches zero are shown for inspection in figure 10.

The maximum log K data obtained by extrapolation to infinite
time are plotted as a function of mole percent MgCO; in figure 11. It
is seen that Mg-calcites go through a maximum solubility at approxi-
mately 24 mole percent MgCO,;, and the most insoluble Mg—calcite
contains about 2 mole percent MgCO,.

Chave and others (1962) and Land (1967) report “steady state” pH
measurements for the dissolution of Mg—calcites at 25°C and 0.97 atm
CO,. These data provide minimum solubilities because the steady state
pH measured represents not the congruent solubility but a constant
pH owing to buffering by the incongruent precipitation of calcite (stage
2). The composition of the dissolving phase reported by Chave and
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others (1962) and Land (1967) is also a minimum estimate, because it
was determined from bulk chemical analysis assuming that the skeletal
material is a single phase. Computed Mg-calcite free energies of forma-
tion (AG;°) from steady state pH data (Winland, 1969) are too negative.

The values computed from our data suggest that some calcites of
Chave and others (1962) (2-3 mole percent MgCO,) may have dissolved
congruently, and if we accept their data, Mg-calcite solubility passes
through a minimum around 2 to 3 mole percent MgCO,. However, this
conclusion is inconsistent with the experimental work of Goldsmith
and Heard (1961) on the system CaCO,-MgCO,, if extrapolation of
their data to 25°C is warranted.

The Gibbs free energies of formation of magnesium calcites at
25°C and 1 atm total pressure have been computed from the log K data
using the standard free energies of formation for Ca*+ and Mg+~ of

TABLE 3
Estimated stability of Mg—calcites at 25°C and 1 atm total pressure

Activities in
Kcal/molejt  solid solutionfi,£

Composition pH* Log K** Log K¥** Log Kf AG;° AG,, 20.co5 Anrgeo, SouTce
CaCO, (Calcite) 6.02 —8.45 —8.49  —8.412 —269.94 0 1.00 —— %
Ca.000MEg0.0:20CO5  6.02 —8.49  —8.53 —8.45 —269.53 —0.07 0.98 0.01 §
Ca.00Mg0.0:0CO;  6.00  —8.56 —8.60 —8.53 —269.39 —0.17 0.85 0.02 §
Ca.000ME0.00CO; 610  —8.33 —8.37 —8.29 —268.16 0.14 1.56 0.08 %
Ca.50Mg0.100CO;  6.24  —7.98 —8.02 —7.94 —266.84 0.62 3.72 0.31 I
Cag.eyMgeo.120CO; 629  —7.86 -7.90 —-7.82 —266.13 0.78 5.00 0.58 %
Cag.eyMg0.1:0CO; 644  —749  —7.53 —7.43 —264.39 1.29 12.29 1.99 %
Ca.59MEg0.10oCO, 6.49  —7.37 —7.40  —7.30 —263.90 1.47 16.64 296
Ca 769 Mg 0.250CO;  6.55 —7.23 —7.26 —7.16 —262.67 1.65 22.98 536 %
Cag.m0Mg.2090CO;  6.55 —7.23 —7.27 —7.16 —262.48 1.64 22.72 554 %
Cag.rnMg.20nCO;  6.52 —7.32 —7.36 —7.26 —262.07 1.51 18.15 4.97 I

* Estimated equilibrium pH at 25°C in CO, saturated solutions at 1 atm total pressure.

*k Estimated log equilibrium ion activity product (log K) computed from pH and phase
composition at Pgo, = 0.97 atm using the aqueous model of table 1. These values are least
preferred because computed calcium concentrations during dissolution are greater than the
observed values (see footnote to table 1).

#wt Estimated log K computed from pH and phase composition at Peo, = 0.92 atm using
the aqueous model of table 1. Computed calcium concentrations during dissolution are in agree-
ment with the measured values (see footnote to table I).

 Estimated log K computed from pH and phase composition at Pgo, = 0.97 atm using
the aqueous model of table 1 but assuming the absence of the CaHCO,* species. Computed
calcium concentrations during dissolution are in agreement with the observed values (see foot-
note to table 1).

11 These numbers have been computed from log Ki values using AG’¢(gqrey = —132.30
kcal/mole, AGO‘(MgH) = —108.70 kcal/mole (Parker, Wagman, and Evans, 1971), and
AGO’(CO;f—) = —126.170 kcal/mole (Wagman and others, 1968).

£ Computed assuming l’-nmo; in the computed equilibrium solution is equal to
barcoges 1N solid solution. Although the trends shown are correct, the absolute values of activities
in solid solution are quite sensitive to the u° values for CaCO,°, CaCOyq(s), MgCO,°, and
MgCOs(s). See the text for the data used in the calculations.

f Extrapolation of dissolution pH to infinite time on t—%/ plots.

§ Computed from the steady state pH data of Chave and others (1962).
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Parker, Wagman, and Evans (1971) and for CO;—— of Wagman and
others (1968) (table 3).

The molal Gibbs free energy of mixing as a function of mole frac-
tion of MgCO; in the solid solution has been computed (table 3). These
data are compared with the estimates of Lerman (1965) (which were
computed from high temperature Mg—calcite stability relations) and
values computed from the “steady state” pH data of Chave and others
(1962) in figure 12. The values computed by Lerman (1965) are less (that
is more stable) than those computed from the data of Chave and others
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Fig. 10. Linear extrapolation of pH during the dissolution of Ostrea sp. and
Diadema test to infinite time on t—%/2 plots to estimate the congruent equilibrium
pH. The slopes are approximately linear as time gets large leaving little uncertainty
in the predicted equilibrium pH.
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Fig. 11. Comparison of log K data obtained from t—% plots with the steady state
pH measurements of Chave and others (1962) as a function of mole fraction MgCO,
in calcite. Log K values obtained from t—*/* plots are maximum estimates of the
true log K. Because the steady state pH values of Chave and others (1962) correspond
to stage 2 in the reaction, equilibrium constants computed from these data are less
than the actual values.



78 L. Niel Plummer and Fred T. Mackenzie

Mg-Calcite Stability
— 0
.5 @ This paper /./ L J
O Chave et al (1962) /.
[0
S 0 A Lerman (1965) v
E / o
= ® P
3 ./ -
<
5+ / o~
£ Ly A
[O) / I
< A a7
YN t=
o er///u/
-2 m]
f T T T T T
o] 05 10 15 20 25

mole fraction MgCOs;

Fig. 12. Comparison of the molal Gibbs free energy of mixing computed from
t—*/2 plot data with estimates of Lerman (1965) and values computed from the steady
state pH data of Chave and others (1962). The values computed from the data of
Chave and others (1962) indicate that the most stable calcite contains 2 to 3 mole
percent MgCO;. Estimates of AG,, from t—"2 plots indicate that magnesian calcite
stability passes through a minimum at about 24 mole percent MgCO,.

(1962). All the data of Chave and others (1962) show that Mg-calcites
are more stable than computed values from inverse time plots. Lerman'’s
calculated AG,, values are more positive (less stable) between 0 and 5
mole percent MgCO; and more negative beyond 5 mole percent MgCO,
when compared with the values of AG,, derived from t—%/2 plots. The
data computed from t—*/2 plots demonstrate that there is a large positive
excess free energy in the solid solution. The shape of the G-X curve
supports the conclusions of Barnes and O’Neil (1971) that a complete
range of calcite solid solution exists between CaCO, and Ca, ;Mg, ;CO.,.

Because the chemical potential of the i** component in phase I
(ui) is equal to the chemical potential of the i"* component in phase
I1, that is,

MiI — ‘uin (]0)

when phase I and phase 1I are in equilibrium, and, using the relation-
ship

wi = u;° + RT In a;, (11)

it is possible to compute the activities (a;) of MgCO; and CaCOj; in solid
solution. The activity of CaCO; in sclid solution (acacoy(s)) is

o o
_ L CaCO3® — M CaCOj3 (s) ,
A0aCc0g(s) — EXP < Gl SRT P8+ In amcog) (12)

/

where p°cqc0,e is the AG¢® of CaCO;° p°cacoqy ) 18 the AG;° of pure
calcite, and ag,co,* is the activity of the aqueous species CaCO;° in the
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computed equilibrium solution. The activity of MgCO, in solid solution
(axecog (s)) 18

o o
o M7 MgCO3° — M MgCOjz (s) ¢
Aygoo, (s) = €XP < 85093 3 + In aMgCO3°> (13)

RT

where p°ygco, is the AG;° of MgCO,°, 1gco, (s) 15 the AG® of pure
magnesite, and ay,co,* is the activity of the aqueous species MgCO;° in
the computed equilibrium solution.

Activities of CaCO, and MgCO; in magnesian calcites, computed
from equations (12) and (13) using activities of neutral species com-
puted in the aqueous model and assuming u°c.co,s = —262.70 keal/mole
(compatible with Lafon (ms) and the data of Parker, Wagman, and
Evans, 1971), u°cucos sy = —269.94 kcal/mole (computed from our esti-
mate of calcite pK, 8.412, and the data of Parker, Wagman, and Evans,
1971), 1°mgoogs = —239.51 kcal/mole (computed from the data of Lafon,
ms, and Parker, Wagman, and Evans, 1971), and p°ygeo, s) = —246.118
(Christ and Hostetler, 1970) are shown in table 3. The computed activi-
ties of CaCO; and MgCO,; in magnesium calcites show a tendency toward
formation of a stable phase around 2 to 3 mole percent MgCO; in solid
solution (table 3). Large positive departures from ideal mixing above
3 mole percent MgCO, further demonstrate the metastability of mag-
nesian calcites.

APPLICATION TO THE STABILIZATION OF CARBONATE SEDIMENTS

The data obtained for the dissolution of magnesian calcites suggest
that the stabilization of Mg-calcite skeletal grains in carbonate sediments
should proceed in a stepwise manner with the most soluble part dis-
solving first. The measured reaction path for the incongruent dissolu-
tion of Amphiroa r. shows that the process probably proceeds at satura-
tion or supersaturation with respect to calcite in most carbonate environ-
ments. The incongruent dissolution of the most soluble discrete patches
of Mg-calcite within a single grain accounts, in part, for the unique
preservation of skeletal framework of certain species in ancient rocks.

The stability data suggest that magnesite or dolomite(?) would pre-
cipitate in the carly diagenesis of carbonate sediments before the waters
would contain enough magnesium for a metastable high Mg-calcite-
calcite equilibrium. The absence of magnesite in fresh water carbonate
diagenetic environments suggests that residence times are short enough,
or that the reactions are slow enough, to maintain non-equilibrium
relations for the overall incongruent reaction during the stepwise process.
As lower Mg—calcites begin to dissolve in the diagenetic process, the Mg++
concentration in the ground waters may be sufficient to maintain a meta-
stable equilibrium between the dissolving Mg-calcite and calcite, or a
steady state in which Mg-calcite dissolves at calcite saturation or super-
saturation.

The log activity ratios of Mg++/Ca++ in equilibrium (metastable
equilibrium in most cases) with calcite (CaCO,;) and magnesium calcites
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between 0 and 30 mole percent MgCO, in solid solution have been
computed from the equilibrium

Ca Mg _)CO, + (1—x)Cat+ = CaCO; + (1—x)Mg++ (14)

and presented in figure 13. Activity ratios of Mg++/Cat++ greater than
2 are uncommon in recent fresh water diagenetic environments and,
when found, are usually the result of sea water mixing with meteoric
waters and not the result of incongruent dissolution (Plummer and
others, in preparation). Therefore, it would be a rare event if equi-
librium were reached in the early diagenesis of carbonate sediments.
The data of Back and Hanshaw (1970) indicate that many of the waters
from the Yucatan and central Florida are near equilibrium with calcite.
Their Mg++/Ca++ ratios show that the most soluble magnesian calcite
that could be in equilibrium with calcite in these waters is about 5
mole percent MgCO, (fig. 13).

SUMMARY AND CONCLUSIONS

A procedure, first used by Garrels, Thompson, and Siever (1960)
for predicting mineral solubility from rate data, is developed, and its
limitations defined through controlled experiments on the dissolution
of Iceland spar. It is shown that if the surface area to volume ratio is
adjusted such that the time to half saturation is greater than or equal
to 10 to 12 hours, and kinetic mechanisms of surface reactions do not
change, linear extrapolation to infinite time of t—%2 plots should predict
the congruent solubility.

This procedure is applied to the dissolution of Mg-calcites and
to determining their solubility as a function of the mole fraction of
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Fig. 13. Activity ratios of magnesium ion to calcium ion in solutions at equi-
librium with calcite and magnesium calcites containing 0 to 27 mole percent MgCO,
at 25°C and 1 atm pressure. The range of the activity ratio for central Florida
and Yucatan, computed from the data of Back and Hanshaw (1970), are low, sug-
gesting that early diagenesis of carbonate sediments is a nonequilibrium process.
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magnesium in the solid solution. The data show that the most stable
Mg—calcite contains about 2 mole percent MgCO,. There is a miscibility
gap in the G-X curve, and the least stable Mg-calcite contains about
24 mole percent MgCO,. It has long been recognized that there are dif-
ferences in Mg-calcite solubility, and these differences have now been
quantified.

The dissolution characteristics of biogenic Mg—calcites have been
studied in detail. Three reaction stages are recognized in closed, iso-
thermal systems at 0.97 atm CO,. The first corresponds to the con-
gruent dissolution of the most soluble Mg—calcite within the multi-modal
skeletal material. The reaction is incongruent to a low Mg-calcite in
the second stage and incongruent to both a low Mg-calcite and approxi-
mately 12 mole percent MgCO; calcite in stage 3. The rate of increase
of calcium and magnesium follow parabolic rate laws in stage 2, but
calcium does not obey a parabolic rate law in stage 3 as calcium is re-
moved from the bulk solution and precipitation takes place within the
product layer. The increase of magnesium in the bulk solution follows
a parabolic rate law in stage 3 as well.

The dissolution data suggest that the stabilization of carbonate
sediments should proceed in a stepwise manner, replacing the most solu-
ble portions within single magnesium calcite skeletal fragments. Calcula-
tions show that it is unlikely that metastable equilibria between calcite
and Mg-calcites are obtained during the early diagenesis of carbonate
sediments.
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