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ABSTRACT

Experimental investigation of the forward reaction 1
dolomite + 2 quartz = 1 diopside + 2 CO, was carried
out in a conventional hydrothermal apparatus, in order
to determine the mechanism and the kinetics at a total
pressure of 500 MPa and 680°C. The CO, contents of
the fluid phase, consisting of carbon dioxide and water,
was found to vary from 80 to nearly 100 mol%. The
experiments lasted up to 365 days (8,760 hours). SEM
examination of the reaction mixtures clearly shows a
dissolution - crystallization mechanism operating within
the whole range of X(CO,), even at almost “dry”
conditions. The data on degree of conversion versus time,
results of SEM studies of experiments, and a variation of
surface area of reactants and products, have shown that
rate-limiting processes are always interface-controlled as
long as the diopside crystals do not cover the dolomite
surfaces completely. During the first 600-800 hours, the
rate of the heterogeneous reaction is controlled by the
interplay of dolomite dissolution and diopside crystal-
lization (including nucleation and growth). Compared
with these processes, quartz dissolution appears to be
rapid in any case under the experimental conditions
applied. All of these dissolution and crystallization
“steps’’ are themselves complex processes that consist of
several elementary reactions. The experimental results
show that the rate-limiting process changes during the
course of reaction, even if P-T-X(CO,) conditions are
constant, or nearly constant. At the beginning of the
reaction, diopside crystallization is rate-limiting, but later,
dolomite dissolution becomes rate-determining; finally,
when the dolomite-armoring diopside rim is complete
(~800 hours, ~35% conversion), the transport of
dissolved species through the armoring rim becomes the
rate-limiting step. In addition, the essential catalytic effect
of water was verified in our experiments.

Keywords: kinetics, quartz, dolomite, diopside, SEM, rate
control, surface control, reaction mechanism.

SOMMAIRE

Nous avons étudié la réaction 1 dolomite + 2 quartz
= 1 diopside + 2 CO, au moyen d’expériences avec
appareilage hydrothermal conventionnel, afin de détermi-
ner le mécanisme et la cinétique de cette réaction & 500
MPa et 680°C. La teneur en CO, de la phase fluide,

mélange de CO, et de H,0O, varie entre 80 et presque
100%. Les expériences ont duré jusqu’a 365 jours (8,760
heures). Un examen des mélanges au microscope
électronique & balayage (MEB) démontre clairement un
mécanisme de dissolution et de cristallisation pour toute
valeur de X(CO,), méme dans les situations presque
anhydres. Les données sur le degré de conversion en
fonction du temps et I’évidence au MEB, pour une surface
spécifique variable des réactifs et des produits, montrent
que les processus qui limitent le taux de réaction sont
toujours régis par ’interface, pourvu que les cristaux de
diopside ne recouvrent pas entiérement les grains de
dolomite. Pendant les 600 & 800 premiéres heures, le taux
de réaction hétérogéne dépend de Dinteraction de la
dissolution de la dolomite et la cristallisation (y inclus
nucléation et croissance) de la diopside. Comparée a ces
processus, la dissolution du quartz semble trés rapide dans
toutes les conditions expérimentales étudiées. Toutes ces
“gtapes” de dissolution et de cristallisation sont elles-
mémes des processus complexes qui comprennent plu-
sieurs réactions élémentaires. Les résultats expérimentaux
montrent que ’identité du processus le plus lent change
au cours de ’expérience, méme ot les conditions P-T-X
sont constantes, ou & peu prés. Au début de la réaction,
le taux de cristallisation de la diopside limite le progrés
de la réaction; plus tard, ce sera la dissolution de la
dolomite qui en limite le progrés. Une fois I’armure de
dolomite autour de la diopside complétée (~800 heures,
~35% de conversion), le transfert des especes dissoutes a
travers le liseré devient le processus qui limite le progrés
de la réaction. De plus, nous avons confirmé ’influence
catalytique essentielle de I’eau.

(Traduit par la Rédaction)

Mots-clés: cinétique, quartz, dolomite, diopside, micros-

copie électronique & balayage, contrdle du taux de

réaction, contrdle de la surface, mécanisme de
réaction.

INTRODUCTION

During the last three decades, the P-T-X
conditions of stability of numerous mineral as-
semblages have been determined. The resulting
petrogenetic grids allow us to quantify the equi-
librium conditions of many metamorphic reactions.
Then “‘the focus of metamorphic petrology
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shifted... ... to a dynamic mode aimed at the
quantification of the processes that produced the
metamorphism” (Lasaga 1986), i.e., to questions
related to mechanisms and time dependence. One
of the pioneering experimental studies of the
mechanism and kinetics of a metamorphic mineral
reaction was carried out by Greenwood (1963).
Since then, several heterogeneous mineral reactions
have been investigated, e.g., by Kridelbaugh (1973),
Matthews (1980, 1985), Tanner et @/. (1985), Rubie
(1986), Rubie & Brearley (1987), Liittge ef al.
(1987), Schramke ef al. (1987), Dachs & Metz
(1988) and Heinrich ef al. (1989).

As pointed out in many of the papers mentioned
above, the dissolution of reactant minerals, along
with the transport of dissolved species, are
important processes in the kinetics of
heterogeneous reactions among minerals. Conse-
quently, much work has been devoted to under-
standing mineral dissolution, e.g., by Berner
(1978), Berner & Holdren (1979), Berner & Morse
(1974), Berner & Schott (1982), Berner et al. (1980),
Eugster (1982, 1986), Fein & Walther (1987),
Novgorodov (1975), Petrovich (1976, 1981a,b),
Rimstidt & Barnes (1980), Walther & Orville (1982,
1983) and Blum ef al. (1990). Our investigations of
the mechanism and kinetics of a *‘simple”’ decar-
bonation reaction, number (8) in the system CaQ
- MgO - Si0, - CO, - H,O (Winkler 1979, p. 116),

1 dolomite + 2 quartz = 1 diopside + 2 CO, ®)
contributes to the body of work directed toward
an understanding of the kinetics of metamorphic
reactions.

EXPERIMENTAL METHODS

Figure 1A shows the optically clear natural
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dolomite (Algeria) with a Fe content of 0.7 wt%
FeO (Heinrich ef al. 1986) and a single crystal of
synthetic quartz (Kristallverarbeitende Gesellschaft,
Neckar-Bischofsheim: Toyocom 1975), which were
used to prepare the starting mixtures (40 mg). The
stoichiometry of the reaction requires 60.5 wt%
(24.22 mg) CaMg(CO;), and 39.5 wt% (15.78 mg)
Si0,. All cleavage pieces of dolomite (Dol) and
irregularly shaped quartz grains (Qtz) had a specific
grain-size distribution (given below, and see Fig.
1B) produced by ultrasonic sieving. A special,
improved method of achieving run conditions (e.g.,
Tanner et al. 1985) was not necessary, because the
grinding of powders could not be observed to exert
any influence by SEM methods. The powders used
for the unseeded runs HO8-HS0 and experiments
H73-H82, which contained diopside seeds, had an
80-100 pm grain-size distribution between 80 and
100 gm. In runs H57-H66, 20 mg of the dolomite
had a grain size of 5-10 um, and the remaining
4.22 mg dolomite, and all the quartz, had a grain
size of 80-100 um. In contrast, runs H67-H72 were
carried out with 13 mg of quartz from the 5-10 pym
size fraction plus 2.78 mg quartz and all dolomite
from the 80-100 um size fraction.

The fluid phase (10 mg) used in the runs
mentioned above consisted of water and carbon
dioxide [X(CO,) = 0.90]; it was produced by
decomposition of silver oxalate (Ag,C,0,). Low
H,O contents of the very fine-grained Ag,C,04
have to be considered even after several days of
drying at 60°C in the vacuum.

All experiments were carried out in a conven-
tional hydrothermal apparatus (cold-seal pressure
vessel). The experiments with CO, and H,O were
run in sealed gold capsules. P-T conditions for
these experiments were 500 MPa + 5 MPa and
680°C = 3°C (see also Heinrich et al. 1986). The
equilibrium temperature of the reaction at 500 MPa

FiG. 1. Starting materials. A. Photo of the synthetic quartz (Qtz) and natural dolomite (Dol) from Algeria, used to
prepare all starting mixtures. B. SEM photo showing a part of the starting mixture: a cleavage piece of dolomite
and two grains of quartz, all from the 80-100 um grain-size fraction.
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and X(CO,) = 0.9 is 615°C = 5°C (Gottschalk
1990; see also Fig. 2, curve 8). Thus, the
equilibrium temperature was overstepped by ap-
proximately 65°C. The temperature was measured

with a calibrated chromel-alumel thermocouple
situated inside the autoclaves and in direct contact
with the central part of the gold capsules. Run
durations were varied from 10 to nearly 3,000
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FIiG. 2. Isobaric T-X diagram (P = 500 MPa) for the system CaO-MgO—SiOz-

CO,-H,0, with calculated equilibria for reactions (1)-(13) (Gottschalk 1990).
Curve (8) shows the equilibrium conditions for the reaction investigated, and
the black square indicates experimental T-X(CO,) conditions. The arrow shows
the direction and highest magnitude of X(CO,) shift during all runs performed.
3Dol + 4Qtz + 1 HyO = 1 Tlc + 3 Cal + 3C0O,(1),5Tlc + 6 Cal + 4
Qtz=3Tr + 6CO, + 2H,0(2),2Tlc + 3Cal = 1 Tr + 1.Dol + 1 CO,
+ 1H0 (3),5Dol + 8Qtz + 1 HO = 1 Tr + 3Cal + 7CO, @), 1 Tr
+3Cal +2Qiz=5Di+3CO, + 1H,0(),1Tr + 3Cal =4Di + 1
Dol + 1CO; + 1 H,0(7),1Do + 2Qtz = 1 Di + 2CO,(8), 1 Tr + 11
Dol = 8 Fo + 13 Cal + 9CO, + 1 H,0(9),3 Tr + 5 Cal = 11 Di + 2 Fo
+ 5CO, + 3 H,0(10), 1 Di + 3 Dol = 2Fo + 4Cal + 2 CO, (11), 2 Cal
+ 2Qtz = 1 Wo + 2 CO, (13). Symbols: Cal calcite, Di diopside, Dol dolomite,
Fo forsterite, Qtz quartz, Tlc talc, Tr tremolite, Wo wollastonite.
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hours, i.e., up to 125 days. Reaction progress [ =
conversion « (0-100%)] was determined by weigh-
ing the amount of CO, formed (e.g., Kiise & Metz
1980) and using the stoichiometry of reaction (8).
The CO, was weighed with a Sartorius MP8 Ultra
Micro Balance with an accuracy of better than 1%.
The CO, content of the fluid phase increased 4
mol% during the runs [X(CO,) 0.94]. This
procedure of determining the extent of conversion
is correct, so long as reaction (8) is the only
reaction. All solid phases were examined by optical,
SEM (Stereoscan 250), EDX and X-ray powder
diffraction. In specific cases, TEM and electron-
microprobe analysis (ARL) also were used. No
solid phases other than quartz, dolomite and
diopside have been detected by X-ray diffraction.
By utilizing SEM studies, metastable formation of
talc was observed. The talc content is in any case
so small that the error in the conversion measure-
ment referred to above is not more than 0.5%
absolute,

For comparison, experiments also were carried
out with a fluid phase of nearly pure CO,, without
addition of water. In this case, the pressure
medium, which was carbon dioxide (99.995%
CQO,), also served as the fluid phase, because earlier
results had shown that Ag,C,0, always contains
water, which cannot be expelled and which moves
the X(CO,) to values somewhat lower than 1. This
is in agreement with results obtained by Tanner et
al. (1985). Therefore, CO, from the pressure
medium was introduced into the gold capsules vig
a small tube-like channel. The disadvantage of

TABLE 1. DEFINITION OF SYMBOLS USED

A = surface area of mineral

a; = activity of species ¢

a(H*) = activity of B+

L ' = concentration of species §

i = species { in solution or in mineral. respectively

Keq = reaction equilibrium constant

' = rate constant of dissolution of mineral

L = concentration product

L3 = reduced concentration product of mineral © at equilibrium
Lgmcloation  —  yalye has to be d to induce nucleation of diopside
m = {experi ily d ined)

m = constant (experimentally determined)

P = pressure (MPa)

Q = activity quotient

T = temperature (°C)

t = time (hours)

14 = volume of the solution (fiuid phase) in contact with mineral
X(4) = mole fraction of species i

a = conversion (%)

vio = stoichiometric coefficient of species “:” in mineral 6

© = mineral
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infiltration of nickel and chromium into the
capsules is negligible during a run duration up to
182 days and is offset by the advantage of “dry”
CO,.

EXPERIMENTAL RESULTS
Mixed CO,-H,O fluids

Results of experiments involving mixed CO,-
H,O fluids are given in Tables 2, 3, and 4, along
with the experimental conditions; Table 1 lists the
definition of symbols used here. SEM photos of
run products are given in Figures 3A-D, 4A-F, and
10A. Figures 5-8 show the results of the experi-
ments designed to investigate extent of conversion
with time, and Figure 9 gives the results of

TABLE 2. EXPERIMENTAL DATA OF THE CONVERSION-TIME
EXPERIMENTS

CARRIED OUT AT 500 MPa
run 7 t =g X(cog) £(C0y) COrprod. conver.
Ho. [°c]  [h]/[d] solid  start £inal rg) [}
Ho8 680 2071, 38.79  0.90 0.90 0.13 1
o9 s80 20/1 39.00  0.90 0.90 0.08 0.5
H10 §80 4572 39.73  0.90 0.91 0.93 8
m* [ as/2 40.30  0.90 — - -
H12 680 50/2 39.69  0.90 0.91 0.74 6
H13 680 50/2 39,34 0.90 0.91 1.03 9
H14 680 7173 39.72  0.90 0.91 0.82 7
s 80 73/3 39,06 0.90 0.90 0.53 5
H16 680 90/4 39.37  0.90 0.91 0.59 5
H17 680 90/4 39.53  0.90 0.92 1.03 9
ms®) 680 95/4 39.39  0.90 0.91 0.79 7
H19 680 95/4 38.84  0.90 0.91 1,47 13
m20"" 680 96/4 39.41  0.90 - - -
H21 680 120/ 39.69  0.90 0.91 1.32 12
H22 680 120/5 40.48  0.90 0.92 3.13 27
n23 680 192/8 40,21 0.90 0.91 1.69 1
H24 680 192/8 39.86  0.90 0.91 1.46 13
W25 680 200/8 37.97  0.90 0.91 1.42 13
H26 680 200/8 39.04  0.90 0.91 1.77 16
H27 680  239/10  39.90  0.30 0.91 1.20 10
n28 680  239/10  39.64  0.90 0.92 1.76 15
H29 680 240/10  37.39  0.90 0.92 2.76 26
H30 680 240/10  39.28  0.90 0.92 2.34 2
H31 680 288/12 40,10  0.90 0.92 2.31 20
032 680  288/12  39.73  0.90 0.92 2.89 25
"33 680 346/18  39.81  0.90 0.92 3.18 28
H34 680  346/14  39.37  0.90 0.92 3.38 £
H3s 680  358/15  39.30  0.90 0.92 3.13 28
H36 680  358/15  39.32  0.90 0.92 2.81 25
H37 680 400/17  39.07  0.90 0.92 3.27 29
H3s 680 400/17  39.62  0.90 0.92 2.96 26
us9 680 450/19  39.25  0.90 0.92 3.27 29
H40 680 450/19  39.67  0.90 0.92 3.37 29
Ha1 680 515/21  39.8%  0.92 0.94 3.1 27
Ha2 680  515/21  40.14  0.90 0.92 3.68 3
He3 680 600/25  39.89  0.90 0.92 3.46 30
Hea 680 600/25  39.75  0.90 0.92 3.30 30
ms® 80 1000/42  38.49  0.90 - - -
nae® 680 1000742  39.8¢  0.90 - - -
He7 680  1950/81  39.08  0.90 0.93 5.18 s
Has 680 1950/81  39.26  0.90 0.93 4.77 42
Has” 680 2950/123  38.92 8,90 - - -
S0 680  2950/123 39.06  0.90 0.93 5.48 It

Anexpmmsmmdoﬂ‘wnﬂxwmgofnmz H,0 flnid phase [X(CO,) = 0.90]
and with 40 mg of a mixture of 60.5% by weight of dolomite and 39.5% of quartz,
The starting mixture of dolomite and quartz had always an 80100 pm grain fraction.
* Gold capsole was leaky at the end of the nm; SEM study only. *) 1 mg calcite
(grain-size fraction: 20 — 40 pym) was added. ** “blow-quench” experiment
(pressure is lowered very rapidly to 0.1 MPa before quenching the temperature, with
the result that the capsule breaks, and the fiuid phase escapes from the capsule).
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TABLE 3. EXPERIMENTAL DATA PERTAINING TO DEGREE
OF CONVERSION AS A FUNCTION OF TIME AT 500 MPa,
WITH A VARIATION IN GRAIN SIZE

TABLE 3a.
ran r t ng X(CO} X(€03) COp-prod.conver.
No. 1°c) [h]/1d] solid start f£inal [mg) 18]
ns7 680 50/2 39.08  0.90 0.91 0.99 9
n58 680 50/2 39.35  0.90 0.91 0.68 6
H59 630 8874 39.36  0.90 0.91 0.77 7
H60 680 88/4 39.58  0.90 0.91 1.50 13
161 680 120/5 39.20  0.90 0.92 3.08 27
2 680 120/5 35.65  0.90 0.92 2.51 22
H63 €80 400/17 3%.02  0.90 0.93 4.33 38
H64 680 400/17 39.22  0.90 0.93 4.61 41
u6S 680 800/33 38.83  0.90 0.93 5.22 47
H66 680 800/33 32.98  0.90 0.93 4.62 42
TABLE 3b.
u713 680 95/4 41.75  0.90 0.92 2.36 21
H74 680 95/4 42,56 0.90 0.91 1.64 14
"7 630 120/5 38.69  0.90 0.92 2.09 19
u18 680 120/5 39.70  0.90 0.91 1.85 16
u79 680 12075 38.99  0.90 0.92 2.13 19
uso 680 120/% 38.8¢ 0,90 0.91 1.94 17
H81 §80 240710 39,92  0.90 0.92 3.26 28
ue2 680 430/18 38.96  0.90 0.93 4.41 39
He3 680 430/18 39.55 0,90 0.93 4.06 37
TABLE 3c.
H67 §80 120/5 39.68  0.90 0.91 1.37 12
68 680 120/5 39.19  0.90 0.91 0.96 9
H69 680 200/8 39,13 0.90 6.91 1.70 15
H70 £80 200/8 38.32 0.90 0.91 1.38 13
B71 680 436/18 39.11 0.90 0.92 2.21 20
H72 680 436/18 37.95 0.90 0.92 2.46 22

3a. All the quartz and 4.22 mg of the dolomite had an 80-100 pm grain size
fraction, but the last 20 mg of dolomite grains were 5-10 microns in sizc.

3b. Diopside-seeded runs; 5 mg of diopside in a grain size fraction smaller
10 microns have been added.

3¢. All the dolomite and 2.78 mg of quartz had an 80-100 ym grain size
fraction, but the last 13 mg of quartz grains were 5-10 microns in sizc.

TABLE 4. EXPERIMENTAL DATA OF THE CONVERSION-TIME
EXPERIMENTS CARRIED OUT AT 500 MPa WITH A VARIATION OF
X(CO,)-START

run T t mg €0y} X(COp)  COp-prod. conver.
No. ey {h)/fd] solid  start tinal (mg] (%1
v/2 680 504721 40.00  0.80 0.87 6.13 54
/3 680 504/21 3%.67  0.80 0.87 5.98 52
HA2 £80 515/21.5 40.14  0.90 0.92 3.64 31
H4L 680 515/23.5 39.85  0.92 0.94 3.1 27
vII/3 680 504/21 38.93  0.95 0.95 2.58 23
vII/4 680 504/21 40.16  0.95 0.95 1.83 16

The starting mixture of dolomite and quartz had always an 80-100 pm grain
size fraction. The value of X(CO,)-start was varied.

experiments carried out with different starting
values of X(CO,).

Pure CO, fluids

All experimental parameters of runs carried out
using pure carbon dioxide (99.995% CO,) as fluid
phase are given in Table 5. The exact value of
conversion is not determinable, because gravimetric
methods cannot be used on account of the open
capsules. Thus, it was only possible to estimate the
extent of conversion from SEM studies of reaction
mixtures. The results are also given in Figure 9.
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TABLE 5. EXPERIMENTAL DATA OF THE EXPERIMENTS CARRIED
OUT WITH A FLUID PHASE OF PURE CO,

run P T t ng X{COp) X(CO3} COy-prod. comver.
No. (MPa] [°C] [h]/[d] solid start final (mg) 181
vi/3 500 680 1008/42 39.20 1.0 1.0 ? "1
vi/9 300 700 1008/42 39.55 1.0 1.0 ? "2"
vi/? 300 750 1008742 37.76 1.0 1.0 ? -
H84 500 700 4368/182 39.58 1.0 1.0 ? "3
H85 500 680 B760/365 39.55 1.0 1.0 ? -3

The starting mixture of dolomite and quartz had always an 80-100 ym grain
fraction. The value of X(CO,) was nearly 1. Extent of conversion is only
assessable and not determinable, because gravimetric methods cannot be
used on account of the open capsules (sce text).

The SEM photos (Figs. 10B-F) show some
characteristic aspects of the reaction mechanism
operating under ‘“‘dry”’ conditions.

DiISCUSSION OF EXPERIMENTAL RESULTS
Mixed CO,~H,0 fluids

Some representative observations concerning the
reaction mechanism are shown in Figures 3A to D:
the diopside (Di) crystals nucleate and grow
exclusively (with one exception, see below) on the
dolomite surfaces (Fig. 3A), beginning at the edges,
corners and probably at sites of dislocations. At
680°C, but even at 650°C, no nucleation barrier
was observed for diopside, as was the case in the
work of Dachs & Metz (1988) on the diopside-form-
ing reaction, numbered (6) in the system CaO -
MgO - SiO, - CO, - H,0 (see Fig. 2):

1 tremolite + 3 calcite + 2 quartz =
5 diopside + 3 CO, + 1 H,O ©)

The newly formed diopside crystals usually range
from stalk-like to needle-like (Fig. 3B), and
‘“whiskers’’ also can be observed. [By ‘‘whiskers’’,
we do not mean crystals grown by special
growth-mechanism (e.g, spiral growth), which
cannot be investigated with the methods used, but
rather the long hair-like diopside crystals that can
be found in all reaction mixtures. We are not,
therefore, using the term ‘‘whisker’’ in the narrow
sense.] The surfaces of the dolomite not covered
with diopside show dissolution features such as etch
pits and terraced steps (Fig. 3D). The quartz grains
(Figs. 3A, B), however, are nearly free of diopside
crystals. Their surfaces are generally characterized
by the development of facets. In addition, etch pits
with a 2-fold symmetry (Liittge & Metz, in prep.)
and dissolution spikes (see Fig. 3B and Tanner et
al. 1985, plate 2b), called “hillocks’’ (Heimann
1975), are very common. The exception referred to
above consists of nucleation of diopside crystals on
the top of some hillocks, which are the sites on the
mineral surface having the slowest rate of removal
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Fic. 3. A. Reaction mixture after 358 h at run conditions (H36, o = 25%); surfaces of dolomite are covered by
diopside (Di), whereas the quartz grains are completely uncovered. B. Quartz grain from A at a higher
magnification, showing a special type of dissolution feature: hillocks. C. Stem-like to needle-like crystals of Di
have grown on the dolomite surfaces, which become dissolved. D. Dissolution features (etch pits, terraced steps)

on a surface of dolomite (H62, o = 22%).

during dissolution.

From these textures, we conclude that the overall
reaction mechanism occurs by dissolution - crys-
tallization, as has also been suggested, e.g., by
Matthews (1980, 1985), Tanner er al. (1985),
Heinrich et al. (1986), Liittge er al. (1987), and
Schramke et al. (1987) for some other reactions
involving metamorphic minerals investigated by
powder methods. It should be emphasized that
many observations concerning the mechanism of
the reaction investigated here are either com-
parable, or nearly identical, to those made by
Tanner et al. (1985) during their study of the
kinetics of the reaction: 1 calcite + 1 quartz = 1
wollastonite + 1 CO,,

Figure 11 shows schematically a simple two-path
reaction model, as was also used by Dachs & Metz
(1988) in a similar fashion. The overall mechanism
of reaction consists of the dissolution of dolomite
and quartz, transport of dissolved species through
the fluid phase, and nucleation and growth of the
diopside crystals. It is clear that each of these main
processes may, in turn, consist of a reaction or a

sequence of reactions, as shown, for example, by
Rimstidt & Barnes (1980) in the case of quartz
dissolution. This means that the overall
heterogeneous reaction is composed of one or more
complex reactions or processes (dissolution,
precipitation), which consist, in turn, of a number
of elementary reactions.

KINETICS: EXPERIMENTAL

It is evident from a study of the literature that
there is little agreement concerning the identity of
the process(es) that control(s) the kinetics of a
heterogencous reaction involving metamorphic
minerals (e.g., Ridley & Thompson 1986). At the
same time, there are few experimental data
pertaining to reaction rates that could provide
support for the theoretical work of Avrami (1940,
1941), Aargaard & Helgeson (1982), Fisher (1973,
1978), Helgeson et al. (1970, 1984), Helgeson (1971,
1972), Lasaga (1984, 1986) and Walther & Wood
(1986). To achieve progress in understanding
reaction kinetics, it is essential to know much more
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FIiG. 4. Scanning electron micrograph showing the metastable formation of talc and the increase of « with run duration,
and the resulting armoring rim on the dolomite surfaces. P,,; = 500 MPa, T = 680°C, X(CO,) at start = 0.90.
A. HO8, & = 1%, 20 h; first crystals of Di are observable (see arrow). B. H27, a = 27%, 239 h; Dol surfaces
are partly covered by Di crystals. C. H62, o = 22%, 120 h, Dol in a 5-10 ym size fraction; metastable formation
of talc (Tlc) on dolomite. D. H48, o = 42%, 1,950 h; Dol surfaces are completely covered by Di crystals. E.
Armoring rim of Di crystals after 2,950 h (H50, « = 49%). F. Same run as E; cleavage plane of a dolomite grain
surrounded by a diopside rim (about 3 um thick).

about the rate-determining process or processes of for the experimental investigation of the kinetics
the overall heterogeneous reactions. In general, the  despite the fact that this reaction is not very
experimental investigation of these processes is common in nature.

complicated by the complexity of the mineral Experiments HO8-H50 (Table 2, Fig. 5) were
reactions. Therefore, we chose a simple reaction carried out with dolomite and quartz, both in a
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FiG. 5. Results of the unseeded runs HO8 - HS50. At the start of the experiment, the grain-size fraction was always

80-100 um for both dolomite and quartz.

80-100 um grain-size fraction. Figures 4A-F
illustrate some important stages of the reaction:

o After 20 hours, the first diopside needles can
be observed (Fig. 4A). During the course of the
reaction, the dolomite surfaces become increasingly
overgrown by diopside crystals.

* Figure 4B shows the situation after 239 hours
(o 10%). There are still areas free of diopside
on the dolomite surfaces. By this time, the
metastable formation of very thin plates of talc
(Tlc) can be established, as shown in Figure 4C.

* The nucleation period of diopside persists
during the first 600 hours (@ = 30%), which is
much longer than expected at the beginning of this
investigation. The increase of conversion is almost
linear during this period, as can be seen from Figure
s.

* After about 800 hours (o 35%), all
dolomite grains are covered by diopside crystals.
This diopside rim is closed, as can be seen from
Figures 4D-F, after nearly 2,000 hours (o = 45%).

On the basis of the SEM observations, we
conclude that the reaction obeys a dissolution-crys-
tallization mechanism, and we suggest also that the

reaction kinetics might be surface-controlled during
the first 800 hours of the experiment. When the
dolomite grains become armored, after about 800
hours, the reaction rate decreases. We must now
assume, as did Tanner ef a/. (1985), that diffusion
through the product layer is rate-limiting. The
difference with their study is one of time. In the
case of the wollastonite-producing reaction, only
six hours are necessary to close the product rim
under the P-T-X conditions of the experiments
performed by Tanner ef al. (1985), but more than
600 hours were necessary to close the rim in the
case of the diopside-producing reaction investigated
here. Between the 2,000th and 3,000th hour, the
reaction rate approaches but does not reach zero.
Lasaga (1986) presented a theoretical discussion of
the interplay of surface-controlled processes be-
tween a reactant that becomes dissolved, and a
product mineral that crystallizes from an over-
saturated solution. The two-path model (Fig. 11)
consists also of two interplays: 1) dolomite
dissolution - diopside crystallization, and 2) quartz
dissolution - diopside crystallization.

To study the influence of surfaces of the
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FiG. 6. Results of the unseeded runs H57 - H66, with a
higher surface-area of Dol. At the beginning of the
experiments, quartz was from the 80-100 pm size
fraction. The dolomite powder, however, consisted of
20 mg in 5-10 pm size fraction and 4.22 mg in 80-100
pm size fraction. The stippled area represents
experimental results shown in Fig. 5.

reactants and product upon reaction kinetics, three
types of experiments were carried out: runs with
enlarged surface-area of dolomite (Table 3a), runs
with added diopside crystals (Table 3b) and runs
with an enlarged surface-area of quartz (Table 3c).
The results of these runs (Figs. 6-8) show that a
distinct increase of reaction rate is observable after
120 hours, as the surface area of dolomite increases
(Fig. 6). A similar effect is seen in the case of
diopside-seeded runs (Fig. 7), and no increase of
reaction rate can be observed in the case of
increased surface-area of quartz (Fig. 8). [The
reason for the lower rate of the overall reaction
(see runs H71 and H72 in Fig. 8) might be the rapid
dissolution of quartz, which could have reduced
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FiG. 7. Results of the diopside-seeded runs H73 - H83.
At the beginning of the experiments, quartz and
dolomite were always from the 80-100 um size
fraction, with about 5 mg of diopside of a size fraction
smaller than 10 pm. The stippled area represents
experimental results shown in Fig. 5.

the dissolution rate of dolomite. This can be
determined, however, only when values of con-
centration can be measured.] Thus, at the P-T-X
conditions applied in this study, it is evident that
the reaction is surface-controlled. This result is in
agreement with those of Tanner ef al. (1985) and
Dachs & Metz (1988). The experimental data also
have shown that the interplay of path 1 (dolomite
dissolution - diopside crystallization) is slower than
the interplay of quartz dissolution and diopside
formation (path 2). Therefore, from the experimen-
tal data and the observations made with SEM, we
can point out that the processes along path 1 are
rate-limiting for the overall reaction during the first
800 hours, but it is not possible to decide which
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Fi1G. 8. Results of the unseeded runs H67 - H72, with a
greater surface-area of quartz. At the beginning of
experiments, 13 mg of the quartz was from a 5-10 ym
size fraction, and 2.78 mg consisted of particles 80-100
um across. The grains of Dol, however, were also
80-100 pm in size. The stippled area represents
experimental results shown in Fig. 5.

process involved in path 1 is rate-determining.
KINETICS: THEORETICAL

The following theoretical discussion is an
attempt to understand the kinetics of path 1 in more
detail. Despite the fact that there is as yet a lack
of data required for many of the variables involved,
we suggest that the discussion of equation A9,
made in a qualitative manner and not violating the
experimental results, is informative.

For the following discussion, we make the
assumption, which is perhaps an oversimplifica-
tion, that dolomite dissolution and diopside
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FiG. 9. Degree of conversion « (unseeded runs, Tables 4
and 5) plotted as a function of the X(CO,) values.
The arrows indicate direction and magnitude of
X(CO,) shift during the run. The starting mixture of
dolomite and quartz was from the 80-100 um size
fraction in each case.

crystallization are congruent. Thus, we can write
(see the appendix for a derivation):
Term 1 of equation (A9) takes into consideration

de;
dt
terjr\n 1
(a(Hh) |, A
T klgol ’ADo[ 1 - '—-Egez—g
terin 2
” a . a N
kb Aps (1 - %02 Ma
Bi

(A9)
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Fic. 10. A. Di crystals formed in a diopside-seeded run (H81, a = 28%); seeds have grown, whereas new crystals
of Di also have formed (see the very small ones). B. Part of a reaction mixture after 365 days run duration (run
with “pure” COs). Only very small crystals of Di are present. C. Marked area of B at a higher magnification; Di
whiskers and etch pits (see arrows) can be seen on the Dol surface. D. On the edges of the Dol grain, crystallization
of Di has increased. E. Qtz grain after 365 days run duration: sharp edges are still observable. F. Dissolution
features (hillocks) on a Qtz surface after 182 days at experimental conditions.

the dissolution of dolomite, and term 2 describes
the formation of diopside; dc,/dt is the net change
in concentration of species i (Ca or Mg), caused by
the overall reaction, that is to say, by the interplay
of dissolution and precipitation processes involved

in path 1. The parameters k), and k1 are the
overall rate-constants of both processes. Apg (Apy)
is the surface of dolomite (diopside). V is the
volume of the fluid phase in contact with the
minerals; ac,, ay, and a(H*) are the activities of
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FiG. 11. Simplified schematic illustration of the “two-path model” of reaction (8). Each “path” includes the dissolution
of a reactant (Dol or Qtz, respectively), the transport of dissolved species (Ca and Mg, respectively, in the case
of path 1, and Si032' in the case of path 2, and the crystallization of diopside. The dissolution and precipitation

processes are described by changes in concentration.

Ca-, Mg-species and H* in the solution. L9 is the
reduced activity-product of diopside (dolomite) at
equilibrium, which has a definite but unknown
value for the P, T and X(CO,) of the experiments
carried out. We write the index * because L* is
valid for specific constant values of a(CO,), a(H,0)
and ag;. The experimental results (H67-H72) have
shown that an increase in the dissolution of quartz
does not increase the rate of the overall reaction.
This implies that cg; is at a steady state after a few
hours at run conditions. If this is so, decg/dt is
equal to 0, and ¢ is constant.

The total system of differential equations for all
concentrations involved in the overall reaction has
to be solved for each general case. In the case of
reaction (8), however, the problem is much simpler,
as mentioned above: cg has a constant value, and
Ccy always equals cy,, if congruent dissolution of
dolomite and precipitation of diopside are as-
sumed, respectively. Thus we can write:

decy  depy
da — dt
terln 1
(a(H1)) |, acs - any\
AN kE L Apor | 1 — et
A 73]
terln2
kb, - Ap; (1 - _qu)
(]

(A10)
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The change of ¢, (Cy,) With time is qualitatively
the same as the change of the product c¢, * ¢y, (if
we assume the special case in which cc, = Cy L2044
congruent behavior). Therefore, we can examine
qualitatively the change of L* with time. The
outcome of this discussion is presented graphically
in Figure 12,

The initial period (phase I) lasts about 20 hours,
i.e., from ty to 1,y (Fig. 12). During this time,
crystallization of diopside was not detected ex-
perimentally. The concentrations of all species will
increase rapidly because of the dissolution of
dolomite and quartz. During £, to £, equation (A7)
and an analogous equation for quartz dissolution
describe the behavior of the system.

The period of diopside nucleation begins after
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about 20 hours at run conditions (see p. 7),
indicated as t,, in Figure 12. At #,, the nucleation
barrier for diopside is overstepped, i.e., L* is equal
or greater than Ljjucleaton At the time when the
first crystal of diopside appears, equation (A10)
describes the behavior of the system. In the
following, we look upon the changes in term i,
which takes into consideration the increase of cc,
(cmg) resulting from the dissolution of dolomite,
and term 2, which describes the decrease of cc,
(cug) resulting from the formation of diopside. At
the beginning of diopside formation, Ap, in term
1 is much higher than Ap; in term 2. If at the same
time k%, is not too different from k1, the first
term of equation (A1l0) should be, therefore,
determinative for L*. As long as this is the case,

phase |
phase Il phase il . phase IV j\F
« nucleation / \
Lm ey 3
i : " OSTWALD-MIERS-range
'.q " o000 ‘::
0% LDI
I end of the
* nucleation-period {
longest
(\ run time
F e S P = 500 MPa
i | nucleation-period T=680°C
: X(COp = 0.80-0.94
tO t20 tx tSOO t3000 end

— timet [h]

F1G. 12. Concentration product L* plotted as a function of time #, deduced from eq. (A10). Phase I: initial period
(only dissolution of quartz and dolomite); phases II, III: period of diopside nucleatign; phase IV: the reaction is
controlled by the dissolution of dolomite or transport processes, respectively. (L7 = value of the reduced

concentration-product of diopside at equilibrium; L

Jlucleation - yalue of nucleation barrier of diopside.

Ostwald-Miers range = crystal growth occurs, but no nucleation is possible). For more detailed information, see

text.
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the increase of L*, i.e., cc, and cy,, in the fluid
phase, which originates from the dissolution of
dolomite, exceeds the decrease of L* originating
from the consumption of Ca and Mg, respectively,
by the nucleation and growth of diopside. In other
words, L* increases further, but its slope is reduced
continuously starting at fy,. From £ to £, (¢, is
defined below), the kinetics of the overall reaction
should be controlled by the processes of crystal-
lization of the diopside and not by the dissolution
of dolomite. This period is called phase II (Fig.
12).

This conclusion is supported by an important
observation made during SEM studies: in seeded
runs (H73-H83, Fig. 10A), it is commonly possible
to observe not only the seeds, which have grown
bigger, but also newly formed diopside crystals,
which have nucleated and grown at the same time.
This shows that the concentration product L* was
not only greater than L7 but also higher than or
equal to Ljucleaion This is achievable only if the
dissolution of the dolomite is faster than the
nucleation and growth of diopside. The length of
time that this state of affairs lasts will be
determined by the extent to which the assumption
of similar rate-constants for k}, and k7, is correct.
Equation (A10) does not consider any process of
nucleation explicitly. Therefore, it is necessary, for
the formulation of a more detailed model, to
consider also the consumption of Ca and Mg
species by processes of nucleation. It will be
essential for future work to account for nucleation
in equation (A10).

As the reaction proceeds, A, will progressively
decrease while A, will increase, conditioned by
the continued nucleation and growth of diopside.
At the same time, ac, . @v,/L5¢ approaches 1, and
ac, - av/ Lg% becomes increasingly greater than 1;
this means that the absolute value of term 1 will
decrease, whereas the absolute value of term 2 will
increase. As a result of this process, the absolute
values of term 1 and term 2 will become equal at
a certain point. At the time when this occurs,
dec,/dt = dcy,/dt = 0. The time that this happens
is not determinable by our experiments. Therefore,
it is called ¢, here (Fig. 12). At t,, the consumption
of Ca and Mg species at the diopside-fluid
interfaces equals that of species production at the
dolomite-fluid interfaces. It is obvious that dL*/dt
also is zero. Therefore L* as a function of ¢ has a
maximum at £,.

With further conversion, A, will decrease, and
the absolute value of term 1 will therefore become
progressively smaller, whereas A, and the absolute
value of term 2 will increase. In general the
production of Ca- and Mg-bearing species by
dissolution of dolomite is less than the consumption

THE CANADIAN MINERALOGIST

of these species by diopside formation. The slope
of the curve showing L* as a function of time will
therefore become negative at ¢ greater than #,. The
change of slope indicates that the rate-controlling
step of the overall reaction has changed. For times
greater than ¢,, the dissolution of dolomite is slower
than the nucleation and growth of diopside. That
is to say, beyond ¢, it is the dissolution of dolomite
and not the nucleation and growth of diopside that
is the rate-limiting process of the overall reaction
(8). The period between 7, and f4, is called phase
III.

SEM studies of reaction mixtures after about 600
hours show that the nucleation process of diopside
has come to an end. From g, on, only the growth
of diopside crystals could be observed. This
observation can be understood by considering the
decrease of Ap by dissolution and, in addition,
the armoring effect of the diopside crystals, which
cuts down the surface area of dolomite in direct
contact with the fluid phase. Consequently, ¢, and
cymg Will decrease so much that the value of L* has
to become smaller than L7Fe’aior, On the other
hand, cg; should still be constant, because all quartz
surfaces are still free. During the further course of
the reaction, the concentration product L* will
converge with L9, The period between #4, and
3000 (longest-duration experiment) is called phase
1Vv.

The assumption made earlier, that the reaction
rate is not transport-controlled, is valid so long as
the rim of diopside crystals around all dolomite
grains is not closed. As soon as this is the case, the
diffusion of dissolved species through the armoring
rim will be rate-limiting. The rate-determining
process has changed again.

MECHANISM AND RATE UNDER ALMOST
WATER-FREE CONDITIONS

An SEM examination of reaction mixtures held
for nearly 1,000 hours at run conditions shows that
the conversion decreases drastically under almost
water-free conditions (Liittge 1985; see also Fig. 9).
However, in the case of a significant overstepping
of the reaction (150 - 200°C), the reaction rate is
faster (Table 5, VI/7 and VI1/9). With respect to
natural systems, the latter conditions may not be
very relevant. In order to have readily perceptible
conversion in the presence of nearly pure CO, with
an overstepping of only 60°C or 80°C, respectively,
(Table 5, runs H84, H85), it was necessary to have
run durations of up to one year (8,760 hours). The
SEM photos (Figs. 10B-F) show some charac-
teristic aspects of the reaction mechanism operating
under ‘‘dry’’ conditions. The reaction mixtures
from which these pictures were made represent a
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run duration of 4,368 or 8,760 hours, respectively.
Both dolomite and quartz clearly show dissolution
features such as etch pits (Fig. 10C), hillocks (Fig.
10F), and slightly rounded edges and corners. The
diopside crystals nucleate and grow at the same
sites, but exclusively on dolomite surfaces (Figs.
10C, D). The habit of these diopside crystals (Fig.
10D) differs greatly from that observed in reaction
mixtures formed with a fluid phase containing
water. It appears that the number of diopside
whiskers has increased (Fig. 10C). Our observations
are consistent with a dissolution - crystallization
mechanism (Liittge et a/. 1987). This result is not
in agreement with studies of the reaction 1 calcite
+ 1 quartz = 1 wollastonite + 1 CO, done by
Kridelbaugh (1973), who postulated a mechanism
of solid-state diffusion involving calcium, silicon
and oxygen, with diffusion of oxygen as the most
likely rate-determining step.

From the SEM photos of the dissolution—crys-
tallization textures, we assume that small amounts
of water, which are adsorbed on the reactant
surfaces (¢f. Steinike ef al. 1985, Moore & Rose
1973), are responsible for the dissolution. The
catalytic effect of water is well known and has been
discussed in detail by Rubie (1986). On the other
hand, CO, should not be able to break bonds in
silicate minerals, e.g., quartz, on account of the
absence of a dipole, and the small quadrupole
moment of CO,. By contrast, Novgorodov (1975)
inferred (by extrapolation) a solubility of SiO, of
0.0166 wt.% in pure CO, (300 MPa and 700°C)
from studies of quartz solubility in CO,-H,O
mixtures. The dependence of conversion on the
X(CO,) value can be shown experimentally (Table
4, Fig. 9). Note that the results are perhaps
somewhat influenced by the small decrease in the
degree of overstepping of the temperature [10°C
between X(CO,) = 0.87 and X(CO, = 0.98].
However, these results are in close agreement with
those of Tanner et al. (1985).

Solid-state diffusion will always operate at high
temperatures, but in comparison with a simul-
taneous mechanism of transport of dissolved
species through a fluid phase, solid-state diffusion
is less effective, because of the higher activation
energies required. At the temperatures used for
these experiments, solid-state diffusion is a much
slower process than diffusion through the fluid
phase and, therefore, is not rate-limiting. Thus it
follows that the rate-determining process is evident-
ly a dissolution-precipitation mechanism, even
under ‘‘dry’’ conditions and at temperatures up to
at least 700°C.

Drier conditions than those used in our experi-
ments with ‘‘pure’’ CO, should not be expected to
be very common in crustal rocks. If we take into
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consideration the fact that the reaction consists of
a dissolution-crystallization mechanism even under
such H,O-poor conditions, we can agree that most
metamorphic reactions in nature are controlled by
water-rock interactions, and not by solid-state
diffusion. Moreover, the formation of diopside
from dolomite and quartz, even under such
CO,-rich conditions, is rapid in comparison with
geological time, i.e., it takes place within decades
or centuries, instead of millennia.

It is important to determine whether or not the
results obtained from the experiments on mineral
powders will hold also in natural systems, in view
of critical points that have been raised (e.g.,
Thompson & Rubie 1985). Therefore, a comparison
of the results given above with those of experiments
with cylinders of rocks has been carried out (Liittge
& Metz, in prep.).

SUMMARY

In summary, we conclude that a dissolution—
crystallization mechanism is operative throughout
the entire range of X(CO,) investigated experimen-
tally. This is the case even if there is only a very
small amount of water present. During the course
of the experiments on powders, the overall reaction
is characterized by the change of the rate-limiting
processes during the first 2,000 hours of run
duration:

1. The reaction is interface-controlled during the
first 1,000 hours of the experiment. This stage
includes an initial period of dissolution of both
reactants (~20 hours). At the beginning of the
nucleation period the interplay between dissolution
of dolomite and crystallization of diopside is
determinative. In this stage, (from £ to t,), the
nucleation and growth of diopside determine the
rate of the reaction. After ¢, (maximum value of
the concentration product), the rate is controlled
by the dissolution of dolomite. This period lasts up
to nearly 1,000 hours.

2. When all dolomite grains are armored by
diopside crystals, i.e., after about 1,000 hours, the
rate-determining step changes again. Now the
overall reaction is transport-controlled, i.e., the
diffusion of dissolved species through the diopside
rim is rate-limiting. This process is, of course, much
slower than the interface-controlled processes.
After 1,000 hours, nearly 40% conversion can be
observed. The next 2,000 hours give only an
additional 20% of reaction progress.
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APPENDIX

In cases far removed from equilibrium, it is possible
to write the following equation for the dissolution of a
mineral © (Lasaga 1984):

dei _ A— - viekg(a(H*))™® (Al

v

where dci/dt is the change in concentration of species i
in the fluid phase with respect to the change in time, k&
is the overall rate-constant of the dissolution process of
mineral ©, and Ae is its surface. V is the volume of the
solution (fluid phase) in contact with mineral ©. Equation
(Al) should hold for the dissolution of quartz and
dolomite, respectively, at the very beginning of the
experiments. As equilibrium is approached between a
reactant and the solution, the rate of precipitation will
become more and more important. Lasaga (1984)
proposed equation (A2), which takes precipitation into
account, in addition to dissolution:

R L R Rt
A2
— 42 oLt "
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where dci/dt is now the net change in concentration of
species { in the solution that is in contact with a mineral
©. Q is the activity quotient, and Keq is the value of this
quotient in the case of equilibrium. Both m and n are
constants that usually have to be determined experimen-
tally. Following Lasaga (1984), it is assumed here that m
and ne equal 1 as a first approximation. The
stoichiometric coefficient » equals 1 also if congruent
dissolution and precipitation are assumed. Equation (A2)
also should hold for crystal growth of the mineral © from
an oversaturated solution, e.g., for the crystallization of
diopside in the case of reaction (8).

The dissolution of dolomite may be described
schematically as follows:
CaMg(CO3)25""d + H20 — Ca(OH)zdlss()lvcd +
Mg(OH),sved 1 2C0, (A3)
At present, it is not possible to write a more descriptive
equation, because the species in COz-rich fluid phase are
not well known (Eugster & Baumgartner 1987). We
therefore use the following schematic reaction for the
crystallization of diopside also:

CaMg[Si,06]*™ + 10 H,0 =
Ca(OH)zdissolvcd + Mg(OH)zdissolvcd +
2[Si(OH),#2H,0]dissolved Ad

Using equations (A2) and (A3) and inserting the
activities of the dissolved species, we obtain for dolomite:

% ko "2 a(EY))

7
ﬂ_ccﬂlfiz@_'}l'_)
( apoi-(a(H20)}
agd, -ayd, (a{C032))3 ¢
a,,,. (a(HzO)) 4

b2 (o))

Dol 43

If X(CO,) and X(H,0) are nearly constant, as can be
approximated in the case of the experiments performed
here, a(CO,) and a(H,0) can be assumed to be constant
also. In addition, we consider also, as a first approxima-
tion, that ag; has a constant value over time (steady state),
and that dcy i equal to ¢, (g, is equal to cy). This
simplification is allowed if we use the Henrian standard
state (e.g., Blencoe er al. 1982), which is justified if the
concentrations of dissolved species in the fluid phase are
not too high. In our case, it is reasonable to assume
Henrian behavior. Even if there is a deviation from
Henrian behavior, the statements made from equation A9
(A10) are still qualitatively correct. The activities of
dolomite, ay,,, and diopside, ap;, equal 1 as long as both
minerals remain pure phases. For this case, equation (A5)
will become much simpler:

dei _ o

3 kDol ADO‘(“(H i)

(A6)
kt ADol + aM,
Ko 2D o) (a—c“ aM:)
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The product a@,-afl, is the reduced activity-product
in equilibrium of Ca- and Mg-bearing species in the solu-
tion, which we call L. We write the index * because
L*is valid for specific constant values of a(CO5), a(H,0)
and ag;. However, note that L;$9 is clearly a function of
P, T, X(COZ) and ag;. Under the experimental conditions
applied, LDgl has a definite but unknown value. Equation
(A6) can be rewritten:

dc A QCq * AM,
T = b "°‘(a(H+))( e ’) (A7)
0

An equation such as (A7) can also be written for the
dissolution of quartz. [For a more detailéd description of
the dissolution of quartz, the reader should consult Van
Lier et al. (1969), Rimstidt & Barnes (1980), Walther &
Orville (1983) and Woodland & Walther (1987).] If it can
be assumed that cg; is at a steady state after a short period
of some hours, then de(Si0,)/dt is equal to 0, and a(SiO,)
is constant. Using equations (A2) and (A4) in considera-
tion of the assumption above, we can write equation (A8)
for the crystallization of diopside in a manner analogous
to equation (A7)

dei o4 Abip oy ( _aoa-aMg) (A8)
dt _'th v ( (H )) 1 Ltueq

s

Notice that Lj? is the reduced activity-product of
diopside at equilibrium; it has a definite but unknown
value for P, T and X(CO,) of the experiments carried
out, and the above-mentioned constant activities of SiO;
and H,0O. Now we combine equations (A7) and (A8):

de;
dt
terlnl
(aH aca * Ay, \
( )) kDol Dol | 1 — Zteq 4
Dol
tean2
acy ' @
+ kb Api (1 - %)
Di

(A9)

where dci/dt is now the net change in concentration of
species i (Ca or Mg) caused by the overall reaction, that
is to say, by the interplay of the dissolution of dolomite
and the precipitation of diopside (path 1).
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