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Abstract Martinez et al. bracketed the decomposition
reaction of dolomite to aragonite + magnesite between
5.0 and 5.5 GPa at 600 °C using in-situ XRD in a multi-
anvil apparatus. They then extrapolated their results
using the available thermodynamic data such that the
breakdown reaction occurs at ~1,000 °C at 6 GPa. If
correct, this extrapolation has implications for the
type(s) of stable carbonate(s) in the mantle. For exam-
ple, the reaction magnesite + diopside = dolomite +
enstatite would be metastable at P > 7 GPa relative to
the aragonite-containing analog, and thus aragonite,
rather than dolomite, might be stable near the solidus
of lherzolite. This extrapolation would also imply that
aragonite and magnesite would be stable in garnet +
clinopyroxene assemblages at pressures in the stability
field of diamond. To test this extrapolation, experiments
were conducted at higher temperatures in a multiple-
anvil apparatus. Results of initial experiments were
consistent with the results of Martinez et al. At higher
temperatures, however, the reaction occurs at higher
pressures than predicted by Martinez et al., requiring
significant curvature to the reaction boundary. This
curvature (increasing dP/dT with increasing T) is con-
sistent with increasing disorder in the dolomite with in-
creasing temperature, increasing the stability of dolomite
relative to aragonite plus magnesite. The experimental
results restrict aragonite + magnesite-bearing assem-
blages to low temperature. Aragonite will not be present
in near-solidus lherzolite, and can be present in ortho-
pyroxene-free eclogites and pyroxenites only at low
temperature.
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Introduction

Martinez et al. (1996) studied the high-pressure, high-
temperature behavior of aragonite and dolomite with
in situ XRD, using the SAM-85 DIA-type multiple-anvil
apparatus on the X17B beam line at the National Syn-
chrotron Light Source at Brookhaven National Labo-
ratory. Their main interest was to determine the volume
behavior of the carbonates with changing P and T, and
to derive equations of state (EOS). They also found that
dolomite broke down between 5 and 5.5 GPa at 600 °C
to aragonite plus magnesite. By combining their EOS
data, their experimental bracket on the decomposition
reaction, and available thermodynamic data, the de-
composition reaction was extrapolated to higher tem-
peratures and pressures, such that the reaction would
occur at ~1,000 °C at 6 GPa. This extrapolation, pinned
to a single experimentally-determined P,T datum on the
decomposition reaction, relies heavily on the quality of
the thermodynamic data, and therefore Martinez et al.
(1996) used several different data sets for their extra-
polations. None of these data sets took into account
the energetic effects of increasing disorder in dolomite
with increasing temperature.

If correct, this extrapolation would preclude dolomite
being stable at near-solidus temperatures in peri-
dotite, because aragonite (+ magnesite) would be
stable instead. Dolomite is stable in peridotite on the
low-pressure side of the reaction CaMgSi,Og(di) + 2
MgCOs(mag) = Mg,Si,Og(en) + CaMg(CO3),(dol) (Brey
et al. 1986). The existence of the dolomite decomposition
reaction requires that this exchange reaction would
terminate at an invariant point involving diopside,
enstatite, magnesite, dolomite and aragonite. The ther-
modynamic database available at the beginning of this
project (THERMOCALC v2.4, Holland and Powell
1990) predicts this invariant point to occur at ~5.6 GPa
and ~1,280 °C (Fig. 1). It must be noted explicitly that
this calculation extrapolates the thermodynamic dat-
abase to significantly higher pressures than those at
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which it is calibrated. For reference, Fig. 1 also shows
the experimentally-determined univariant solidus in the
system CMAS-CO, involving the assemblage fo + en
+ di + gar + carbonate (Dalton and Presnall 1998),
which should be displaced to lower temperatures relative
to the solidus for the assemblage fo + en + di + car-
bonate in the CMS—CO, system. The compatibility di-
agrams in Fig. 1 (inset) show how the possible
carbonates coexisting with pyroxenes change upon
crossing the reactions around this invariant point. The
carbonate(s) present at near-solidus conditions in peri-
dotite would depend on the ratio of orthopyroxene to
clinopyroxene, and on the amount of carbonate present.

A further implication of this extrapolation of
the dolomite decomposition reaction is that aragonite
(£ magnesite) would be the carbonate found in me-
tabasaltic-composition eclogites, rather than dolomite.
If correct, this would affect the carbon—carbonate—sili-
cate reactions that may control the stability of diamond
in mantle eclogite (Luth 1993), requiring a re-evaluation
of these reactions.

Because of all these implications, this reaction needed
to be determined experimentally at higher temperatures.

Experimental

All experiments used as starting material natural dolo-
mite from Eugui, Spain, which was used in a previous
study of the reaction dolomite + 2 coesite = diopside

Temperature (°C)

+ 2 CO, (Luth 1995). Dolomite from this locality has
been used extensively for crystallographic, TEM, and
calorimetric studies (Reeder and Wenk 1983; Reeder
and Nakajima 1982; Navrotsky and Capabianco 1987;
Chai and Navrotsky 1996; Navrotsky et al. 1999). A
second series of experiments was conducted on an equi-
molar mixture of Eugui dolomite, natural magnesite
from Mt. Brussilof, British Columbia, Canada, and
synthetic aragonite. The aragonite was crystallized from
CaCOs; (Alfa 99.95%) at 3 GPa, 800 °C in a sealed Pt
capsule in a piston-cylinder apparatus. The powder
X-ray diffractogram of the run product contained only
aragonite peaks.

For the high-pressure experiments, the samples were
encapsulated in triple-crimped, welded Pt capsules of
1.5mm OD. Approximately 3—5 mg of sample was loaded,
the capsule was dried at 120 °C for at least 16 h, then the
top of the capsule was welded shut. The sealed capsule was
compressed gently into a compact cylinder in a steel die.
The capsules were run in sample assemblies consisting of a
semi-sintered MgO + 5% Cr,05 octahedron of 18-mm
edge length containing a stepped graphite furnace sur-
rounded by a ZrO, sleeve, inner MgO spacers, and an
axial WosRes—W74Re g thermocouple housed in an alu-
mina (99.98%) sleeve, as previously used by Walter et al.
(1994), Luth (1995), and Knoche et al. (1999). The pres-
sure calibration was based on experimental brackets at
1,000 °C of the quartz-coesite transition in SiO, at
2.95 GPa (Bohlen 1984), the garnet—perovskite transition
in CaGeOjat 6.1 GPa (Susakietal. 1985), and the coesite—



224

stishovite transition in SiO, at 9.1 GPa (Yagi and Akim-
oto 1976), as detailed in Walter et al. (1994). The uncer-
tainty in pressure is estimated to be £0.5 GPa based on
the reproducibility of the calibration experiments. All
experiments were run in the USSA-2000 split-sphere
multiple-anvil apparatus in the CM Scarfe Laboratory for
Experimental Petrology at the University of Alberta.

Experiments were brought to run pressure, then
heated at ~70 °C/min to run temperature, and main-
tained at £5 °C. No correction for pressure was applied
to the emf of the thermocouple. Temperature gradients
within the sample capsule are estimated to be <50 °C,
based on two-pyroxene geothermometry (Domanik and
Luth 1999).

Some two-stage experiments were conducted to test
for equilibrium. In these experiments, the first stage used
the above procedure, and was run at conditions known
from previous experiments to be on the low-temperature
side of the reaction, where aragonite + magnesite is
stable. After the equilibration period at that temperature,
the experiment was heated to a higher temperature at the
same pressure, and allowed to equilibrate at those con-
ditions, which from previous experiments were on the
high-temperature (dolomite-stable) side of the reaction.

The experiments were quenched by turning off the
power to the furnace, resulting in a temperature drop to
<300 °C in 2-5 s. The experiment was then decom-
pressed over 3-6 h, depending on the pressure of the
experiment. The majority of each experimental run
product, once extracted from the capsule, was ground
in an agate mortar and pestle, and analyzed with
powder X-ray diffraction. A portion of each run prod-
uct was reserved for possible analysis by electron
microprobe. Selected samples were mounted in epoxy
plugs, ground and polished for analysis with a JEOL
8900R electron microprobe. The textural relationships
between the phases present were imaged using back-
scattered electron (BSE) imaging, and quantitative
analysis was done on samples with >5 pm grain size.
The quantitative analyses were done at 15 kV acceler-
ating voltage and 5 nA sample current as measured on a
Faraday cup. Carbonate standards were used, and the
data were reduced with the ZAF correction scheme
provided by JEOL. Carbon (as carbonate) was cal-
culated by stoichiometry.

Results

The results of the experiments, based on powder XRD,
are shown in a P-T projection in Fig. 2 and are tabu-
lated in Table 1, which also lists the relative intensities of
the most intense peak for each phase in the powder
X-ray diffractogram. Although these values are not
quantitative measures of proportions of phases, they do
indicate relative abundances.

The initial results at low temperature (627 °C)
bracketed the reaction at 5-5.5 GPa, consistent with the
results of Martinez et al. (1996). At higher temperatures,

T T ‘ T T T
® dol
orf ® dol + mag + arag VARPAN T
A mag + arag
T 8 *
a
Q
e 7r o -
>
[72]
[72]
e
o 6 _
5+ i
1 ! |
500 700 900 1100 1300

Temperature (°C)

Fig. 2 Experimental results of dolomite breakdown experiments.
Error bars are estimated uncertainties; they are shown only on the
data points defining the reaction boundary for clarity. Solid line is a
visual fit to the data

dolomite was stable at higher pressures than predicted,
and the reaction boundary was found to be curved
(Fig. 2) with a significant change in slope at ~900 °C.
As seen in Fig. 2, there is a substantial range of
temperature—pressure space over which aragonite,
magnesite, and dolomite coexist, in violation of the
Gibbs Phase Rule for a two component system. One
possible explanation for this result is that the charges
were zoned because of temperature gradients, such that
the lower-temperature regions were magnesite plus ar-
agonite and the higher-temperature region was dolo-
mite. The thermal gradients in these experiments is
<50 °C (Domanik and Luth 1999), which is insufficient
to explain the large temperature region over which the
three-phase assemblage is observed in the XRD data. To
test this possibility further, two additional experiments
were conducted at P, T conditions where all three phases
were present (runs 1491, 1492; Table 1). The capsules
from these experiments were embedded in epoxy,
ground down to expose a longitudinal cross section of
the sample, and imaged with BSE on the electron mi-
croprobe. In both cases, the three phases coexist
throughout the charge, and the textural relationships are
consistent with metastable persistence of dolomite (see
below). These results are consistent with those of Buob
and Ulmer (2000), who found no evidence of thermal
zoning in their experiments on this reaction (Ulmer,
personal communication 2000). Based on these results,
and the results of time series experiments (e.g., runs 1344
and 1406 at 8 GPa, 627 °C, and 1409 and 1434 at 8 GPa,
1,100 °C), the most reasonable explanation for the ap-
parent violation of the Phase Rule is that this reaction is
kinetically hindered. This explanation is supported by
the observation that the abundances of magnesite and



Table 1 Experimental results. do/ Dolomite; mag magnesite; arag
aragonite. Numbers in parentheses in Results column are Xy,
(=Mg/(Mg+Ca)) on a cation basis as determined by electron
microprobe. Intensity ratios: relative intensities of most intense
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peak for each carbonate: (104) for dolomite and magnesite, (111)
for aragonite. n.x. Not X-rayed; whole capsule mounted for elec-
tron microprobe analysis to test for spatial distribution of arag +
mag versus dol

Run no. P T Time Results Intensity ratio
(GPa) °O) (h) (dol:arag:mag)
Starting material: dolomite
1411 5 627 24 dol + arag + mag 100:1:2
1440 5 950 24 dol 100:0:0
1436 5.5 900 24 dol + arag + mag 100:5:10
1444 5.5 950 24 dol 100:0:0
1407 6 627 24 dol + arag + mag 100:7:9
1418 6 800 24 dol + arag + mag 100:4:9
1421 6 850 24 dol + arag + mag 100:24:42
1423 6 900 24 dol + arag + mag 100:9:19
1491 6 900 24 dol + arag + mag n.x.
1424 6 950 24 dol (0.494) + arag (0.003) + mag (0.959) 45:50:100
1433 6 1,000 24 dol 100:0:0
1342 7 627 6 dol + arag + mag 100:6:6
1408 7 627 24 dol + arag + mag 100:15:17
1413 7 900 21 arag + mag 0:59:100
1420 7 1,000 12 dol + arag + mag 100:11:24
1422 7 1,050 24 dol (0.492) + arag (0.002) + mag (0.942) 18:56:100
1425 7 1,100 24 dol 100:0:0
1445 7 1,050 24
—1,100 24 dol + arag + mag 100:24:48
1330 7 1,200 6 dol 100:0:0
1343 8 627 6 dol 100:0:0
1344 8 627 6 dol + arag + mag 100:2:3
1406 8 627 24 dol + arag + mag 93:70:100
1341 8 900 6 dol + arag + mag 100:48:71
1410 8 1,000 12 arag (0.001) + mag (0.944) 0:53:100
1412 8 1,050 12 dol + arag + mag 100:11:16
1492 8 1,050 24 dol + arag + mag n.x.
1409 8 1,100 8 dol + mag 100:0:1
1434 8 1,100 24 dol + arag + mag 14:57:100
1438 8 1,150 24 dol 100:0:0
1340 8 1,200 6 dol 100:0:0
1427 9 1,100 24 arag + mag 0:55:100
1435 9 1,150 24 dol + arag + mag 7:46:100
1441 9 1,200 24 dol + arag + mag 100:2:2
1442 9 1,250 24 dol 100:0:0
Starting Material: dolomite + aragonite + magnesite
1527 6 900 24 dol + arag + mag 100:21:31
1528 6 900 48 dol + arag + mag 3:53:100
1529 6 950 24 dol + mag 100:0:4
1530 6 900 48
—1,000 24 dol + mag 100:0:3
1531 6 900 48
—950 24 dol + arag + mag 22:63:100

aragonite relative to dolomite (as judged from XRD
intensities) decrease with decreasing temperature at
constant run time, rather than increasing as would be
expected by moving further into the stability field for
magnesite + aragonite (cf. 6 GPa results at 900 and
950 °C, runs 1423 and 1424, respectively, Table 1).
Backscattered electron imaging of selected run prod-
ucts show that the dolomite breaks down in a eutectoid
fashion into a very fine-scale intergrowth of aragonite
plus magnesite (Fig. 3a), commonly with residual dolo-
mite. Coarsening to grain sizes amenable to electron
microprobe analysis occurs only very close to the reac-
tion boundary, at least on the time scales of these ex-
periments (Fig. 3b). Further away from the reaction
boundary, the run product may consist entirely of ver-

micular aragonite + magnesite intergrowth (Fig. 3c) but
with no significant coarsening. At temperatures above
the reaction boundary, dolomite is present (Fig. 3d), with
no textural evidence of reaction or exsolution.

Two experiments at 8 GPa, 1,100 °C for different
durations illustrate some of the kinetic problems asso-
ciated with determining this reaction boundary. After
8 h, the stoichiometric dolomite starting material has
formed a small amount of magnesite and (by mass bal-
ance) a Ca-enriched dolomite solid solution (Fig. 4a).
This result is consistent with stoichiometric dolomite
being metastable relative to magnesite plus dolomite
with Ca/Mg >1. With a longer run duration, however,
the magnesite plus Ca-rich dolomite assemblage reacts
in turn to form aragonite and magnesite surrounding
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Fig. 3 Backscattered electron
images of run products. See text
for discussion. a #1423: 6 GPa,
900 °C, 24 h. Large grains of
dolomite (medium gray) sur-
rounded by eutectoid inter-
growth of magnesite (dark gray)
and aragonite (light gray).

b #1424: 6 GPa, 950 °C, 24 h.
Granular intergrowth of arago-
nite (light gray), magnesite
(dark gray), and residual dolo-
mite (medium gray). ¢ #1413:

7 GPa, 900 °C, 21 h. Eutectoid
intergrowth of aragonite (light
gray) and magnesite (dark
gray). No dolomite present.

d #1438: 8 GPa, 1,150 °C, 24 h.
Massive dolomite. No arago-
nite or magnesite

relict dolomite (Fig. 4b). This stepwise reaction behavior
requires that the Ca-rich dolomite plus magnesite as-
semblage, although more stable than stoichiometric
dolomite, be metastable relative to the assemblage of
aragonite and magnesite solid solutions.

The BSE images are very useful in confirming the
direction of reaction inferred from the powder XRD
results. In single-stage experiments at 7 GPa, dolomite is
stable at 1,100 °C, and relatively coarse-grained arago-
nite + magnesite (Fig. 4c) coexist with small amounts of
residual dolomite (not shown; seen elsewhere and in the
X-ray diffractogram) at 1,050 °C. In a two-stage exper-
iment (1445) at 7 GPa, with the first stage at 1,050 °C
and the second at 1,100 °C, dolomite is present in a fine-
scale intergrowth with aragonite and magnesite (Fig. 4d):
a texture that contrasts with the clearly residual nature
of dolomite in experiments in the aragonite + magnesite
stability field (Figs. 3a and 4b). Thus, dolomite is in-
terpreted to be growing at the expense of magnesite +
aragonite during the 1,100 °C stage of this experiment.

Discussion
Equilibrium?

To what extent do these results approach equilibrium?
Experiments that start with dolomite only may overes-

timate the stability field for dolomite if nucleation of
aragonite and/or magnesite is inhibited. The result of the
two-stage experiment (run 1445, Table 1) is consistent
with the results of single-stage experiments, which would
not be the case if these experiments had exaggerated the
stability field of dolomite.

To provide constraints on the reaction boundary
from a different perspective, additional experiments were
conducted using a starting material containing dolomite,
pure magnesite, and pure aragonite. The results of these
experiments (Table 1) bracket the reaction boundary at
6 GPa between 900 and 950 °C, compared with the 950—
1,000 °C bracket from the experiments using only do-
lomite as a starting material. The aragonite + magnesite
+ dolomite starting material is not ideal, because pure
aragonite and magnesite are metastable relative to their
solid-solution counterparts at the reaction boundary.
The behavior of this starting material may then depend
on the kinetics of the exchange of cations between co-
existing carbonates to form the stable solid solutions,
relative to recrystallization or reaction of the end
member aragonite and magnesite to form dolomite. For
example, at temperatures just below the reaction
boundary, dolomite might be less metastable than the
assemblage of end member aragonite + magnesite.
Under these conditions, the pure aragonite and magne-
site in the starting material could react to form more
dolomite rather than exchange cations to form the stable



Fig. 4 Backscattered electron
images of run products. See text
for discussion. a #1409: 8 GPa,
1,100 °C, 8 h. Dolomite (medi-
um gray) with small crystals of
magnesite (dark gray). No ar-
agonite is present. b #1434:

8 GPa, 1,100 °C, 24 h. Eutec-
toid intergrowth of aragonite
(light gray) and magnesite (dark
gray) surrounding residual
grain of dolomite (center, me-
dium gray). ¢ #1422: 7 GPa,
1,050 °C, 24 h. Granular inter-
growth of aragonite (light gray)
and magnesite (dark gray).
Small amount of residual dolo-
mite was observed in other
parts of this run product.

d #1445: 7 GPa. 1,050 °C,

24 h—1,100 °C, 24 h. Grains of
aragonite (/ight gray) and
magnesite (dark gray) that grew
in first stage of the experiment
(at 1,050 °C), surrounded by
dolomite (medium gray) grown
in second stage of the experi-
ment (at 1,100 °C). Interpreta-
tion: Dolomite is forming at the
expense of aragonite +
magnesite

solid-solution aragonite + magnesite (Fig. 5), if the
kinetics of recrystallization are faster than inter-car-
bonate cationic exchange. This scenario might explain
the lower temperature bracket found for the dolomite +
magnesite + aragonite starting material compared with
the dolomite-only starting material.

To test this possibility, two-stage experiments (1530,
1531; Table 1) were conducted. The first of these (1530)
clearly brackets the reaction boundary. Although the
run product of 1531 contained all three phases, there
was an increase in dolomite relative to the run product
of the single stage experiment at 900 °C (1528), judging
from the relative intensities of the dolomite peaks in the
diffractogram (Table 1). This result is taken as evidence
that dolomite grew in the second stage of 1531 (at
950 °C), and hence the 900-950 °C bracket is valid. The
difference between this result and that for the dolomite-
only starting material is therefore attributed to experi-
mental uncertainty.

Comparison with previous work

The results of the present study are consistent with the
results of Liu and Lin (1995), who found dolomite
broke down between 6 and 7 GPa at ~1,000 °C in a
diamond-anvil cell. Buob and Ulmer (2000) determined

the breakdown reaction to occur between 5 and 6 GPa

at 800 °C, and between 6 and 7 GPa at 1,000 °C,
consistent with the results of the present study. In
contrast to the present results, however, these authors
reported complete miscibility between aragonite and
dolomite above 1,100 °C, implying the breakdown re-
action would terminate at 1,100 °C. In light of the
higher-pressure results in this study, in which aragonite
and magnesite coexist, the reason for this discrepancy is
not apparent.

Comparison with calculated curves

The reaction boundaries calculated by Martinez et al.
(1996) and with THERMOCALC version 2.4 (Holland
and Powell 1990) are nearly linear and subparallel to the
low-temperature portion of the experimental reaction
boundary (Fig. 6). Neither calculated curve shows the
curvature required by the new experimental data. The
curve calculated with a newer version of Holland and
Powell’s database (THERMOCALC version 2.7) has a
generally steeper slope, consistent with the slope of the
high-temperature part of the experimental curve (TC2.7
on Fig. 6), and does increase dP/dT with increasing P,
but not to the extent seen in the experiments. The data-
base of Chatterjee et al. (1998) produces a curve that is
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slightly more curved and in agreement with the experi-
mental data at > 800 °C. Neither this curve, nor that of
THERMOCALC 2.7, agree with the lower-temperature
data of Martinez et al. (1996).

CaCOs X MgCO:

Fig. 5 Schematic section of possible free energy—composition
relationships at conditions on the low-T side of the reaction
boundary. The curves are schematic G-X expressions for the three
carbonate solid solutions. The stable assemblage underthese
conditions consists of a aragonite solid solution and b magnesite
solid solution. However, dolomite is less metastable than ¢ a
mechanical mixture of end member aragonite and d end member
magnesite. Therefore, metastable dolomite solid solutions could
form in preference to reaction of the end members to form the

stable solid solution assemblage

Chatterjee et al.

77 TC2.7

| Martinez et al.

Pressure (GPa)
»

L . 1 L L

700 900 1100
Temperature (°C)

1300

Fig. 6 Comparison of experimental results (heavy line) with that
calculated by Martinez et al. (1996) and with those calculated with
THERMOCALC v.2.4 (Holland and Powell 1990), THERMO-
CALC v.2.7 (Holland and Powell 1998), and BAYES (Chatterjee
et al. 1998, program version dated 2/23/98)

Cause(s) of curvature

From the Clapeyron equation, the change in curvature
of this reaction boundary may result from changes in
AH, ., AV, or both. Any change in AV, results from
differing compressibilities of the carbonates. This effect
may be calculated from the equation of states for do-
lomite and aragonite from Martinez et al. (1996), and
for magnesite from Zhang et al. (1997). The AV 4, de-
creases with increasing pressure (Table 2), which would
increase the slope of the reaction boundary if AS..,
remained constant. This effect by itself would only
increase the slope by ~50%, however, rather than
the >2,000% required by the experimental data.

Increasing thermal disorder in dolomite with in-
creasing temperature would tend to stabilize dolomite
relative to magnesite + aragonite with increasing tem-
perature. Therefore, the consequences of disorder must
be evaluated to estimate its effect on the curvature of the
reaction boundary.

Degree of order in dolomite

The structure of dolomite may be viewed as a derivative
of the calcite structure, in which layers of Ca cations
alternate with layers of carbonate anions. In ordered
dolomite, every other layer of Ca cations is replaced with
a layer of Mg cations. In disordered dolomite, each ca-
tion layer has a random mixture of 50% Ca and 50%
Mg cations. This disordering occurs gradually with in-
creasing temperature, and can be quantified by a “degree
of order” parameter, S, that varies from zero (complete
disorder) to one (complete order). Single-crystal X-ray
diffraction studies have been used to quantify the degree
of order in thermally-disordered samples (Reeder and
Wenk 1983). Among other results, these authors found
that completely disordered samples could not be recov-
ered because they tended to re-order upon quenching.
Because of this problem, any post-experiment measure-
ment of S provides only an upper bound on its value.
Because the present experiments used powdered
samples, single-crystal studies were not feasible, and
constraints from the powder XRD data were needed. A
powder X-ray diffractogram of ordered dolomite has
peaks from (101), (015), and (021) reflections, which are
absent in diffractograms of the disordered carbonate
(Goldsmith and Heard 1961). Therefore, an initial con-

Table 2 Calculations bearing on the slope of the reaction

boundary

P T AV ixn Slope AH AHp—AHs Gp,
(GPa) (°C) (J/bar)  (bar/°C) (kJ) (kJ)

5.0 600 0.1900 1.64 0.27 0.00

6.0 0980  0.1482 93.03 16.55  16.28

7.0 1,075 0.1390 116.88 20.90  20.63

8.0 1,140 0.1331 149.53 2693  26.66
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Table 3 Intensities of dolomite reflections for samples with I;o4 > 1000 counts

Run no. P, T,t 104 006 101 015 021 To1s/Toos
SM 9,206 462 176 427 148 0.92
1411 5, 627,24 1,342 78 25 43 30 0.55
1440 5, 950, 24 4,508 203 37 145 56 0.71
1436 5.5, 900, 24 4,242 157 13 92 36 0.59
1444 5.5, 950, 24 4,115 220 45 142 71 0.65
1407 6, 627, 24 2,410 114 35 77 36 0.68
1418 6, 800, 24 2,050 68 18 36 34 0.53
1421 6, 850, 24 1,292 74 10 40 22 0.54
1423 6, 900, 24 2,547 138 17 99 50 0.72
1433 6, 1,000, 24 4,583 258 49 116 72 0.45
1342 7,627, 6 2,306 101 21 63 47 0.62
1420 7, 1,000, 12 2,232 160 24 81 37 0.51
1445 7, 1,050—1,100, 24—24 1,529 110 8 10 5 0.09
1425 7, 1,100, 24 4,572 290 11 16 10 0.05
1330 7, 1,200, 6 3,571 223 10 13 10 0
1343 8, 627, 6 3,753 125 41 76 43 0.61
1344 8, 627, 6 2,826 181 32 78 66 0.43
1412 8, 1,050, 12 1,844 67 0 38 12 0.57
1409 8, 1,100, 8 2,609 109 5 15 15 0
1438 8, 1,150, 24 4,858 225 5 0 0 0
1340 8, 1,200, 6 4,736 391 15 15 10 0
1441 9, 1,200, 24 7,417 388 22 35 18 0.09
1442 9, 1,250, 24 4,853 220 0 0 0 0
Dolomite + aragonite + magnesite starting material

1527 6, 900, 24 1,583 105 21 66 43 0.63
1529 6, 950, 24 2,287 110 35 84 71 0.76
1530 6, 900—1,000, 48—24 1,994 108 21 65 48 0.60

straint on the state of order of the dolomite comes from
the presence or absence of these reflections (Table 3).
These order reflections have low intensities in the dif-
fractogram, so Table 3 lists only those experiments with
sufficient dolomite [as judged by the intensity of the
(104) reflection] to minimize errors in measuring inten-
sities of very small peaks. At 7 and 8 GPa, where there
are the best constraints, there is complete disorder at
>1,100 °C. This value may be compared with the value
of 1,150-1,200 °C estimated by Goldsmith and Heard
(1961) based on results of experiments at <1 GPa. They
also found that the temperature of complete disorder
was lower for dolomite with Ca/Mg >1. Reeder and
Wenk (1983) determined a critical temperature of com-
plete disorder of the value of 1,150 °C based on samples
run at 1.1 and 2.0 GPa. There may be a slight decrease in
the critical temperature with increasing pressure. If
confirmed, this would be consistent with a small negative
volume of disordering (Hazen and Navrotsky 1996).
The state of order in partially-disordered samples was
assessed by measuring the change of intensity of the
ordering peaks with increasing temperature. Schultz-
Gittler (1986) used the ratio of the intensities of the
(015) and (006) peaks as a measure of the degree of
ordering. The (015) reflection is the most intense of the
order reflections, the intensity of the (006) reflection is
not affected by order/disorder, and the two are nearby
such that no corrections are required to be able to
compare their intensities. Applying this technique to the
Eugui dolomite starting material, the resultant degree of
order is 0.92, rather than 1.0, which suggests a precision
of no better than 8% relative. Application of this tech-

nique to run products (Table 3) resulted in considerable
scatter in the results at a given temperature. This scatter
may result from variable amounts of re-ordering upon
quenching, or from differing amounts of preferred ori-
entation of the powders, which changes the intensity
ratio independent of the degree of ordering. Another
possible complication is that dolomite that is reacting to
form aragonite and magnesite may not preserve an
equilibrium state of order for that P and T. Even the
data from experiments within the dolomite stability field
are scattered (e.g., values of S from 0.65-0.76 at 950 °C,
and 0.45-0.6 at 1,000 °C). This scatter is not pressure-
related; both 1,000 °C experiments were at 6 GPa, and
no systematic trend is seen in S with increasing pressure
at 950 °C. In any event, the results were not considered
to be quantitative, although there is a general trend to
decreasing S with increasing temperature, as expected
(Fig. 7).

For comparison, Goldsmith and Heard (1961) found
no detectable weakening of the order reflections in ex-
periments quenched from below ~1,000 °C. Reeder and
Wenk (1983) report values of S of 0.852 and 0.755 for
experiments quenched from 1,050 °C, 1.1 GPa, and
1,100 °C, 1.1 GPa, respectively. Both of these studies
point to preservation of order to higher temperatures
than derived from the powder data in the present study,
which may reflect a systematic underestimation of S by
the method of Schultz-Giittler (1986). The 0.92 value
derived for the Eugui dolomite starting material sup-
ports this possibility.

Landau-style (Putnis 1992; Holland and Powell 1998)
and generalized point approximation/cluster variation
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Fig. 7 Comparison of cal-
culated degrees of order in
CaMg(COs3), with temperature.
Completely ordered dolomite
has order parameter S=1,
completely disordered dolomite
would have S=0. Calculated
curves show the results from the
Landau-style model of Holland
and Powell (1998) and the GPA
model of Davidson (1994).
Filled squares are estimates of S
from experiments within the
dolomite stability field (Table 3),
calculated as discussed in text.
Filled diamonds are values from
Reeder and Wenk (1983) based
on single-crystal XRD refine-
ments on experimentally-disor-

dered samples
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600 1200
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Fig. 8 Stable carbonates coex-
isting with clinopyroxene and
orthopyroxene. Aragonite will
not coexist with orthopyroxene-
rich assemblages, only with
clinopyroxene-bearing assem-
blages, and only then at low
temperatures. Experimental
dolomite decomposition reac-
tion shown, other two curves
calculated with THERMO-
CALC v.2.7 (Holland and G
Powell 1998). For reference, the
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dotite of Dalton and Presnall
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method models (Davidson 1994) have been applied to the
disordering behavior of (Ca, Mg)COj; carbonates. Both
types of models predict disordering to occur over a range

Temperature (“C)

in temperature (Fig. 7). The quantitative application of
these models to disordering in CaMg(CO;), has been

handicapped by the re-ordering that occurs upon



quenching, and the absence of in-situ studies of the de-
gree of order. The values of S inferred from the powder
XRD results of the run products in this study (Table 3)
are in reasonable agreement with the models (filled
squares, Fig. 7), given that the data only provide upper
bounds on the values of S. In contrast, the previous
studies of Goldsmith and Heard (1961) and Reeder and
Wenk (1983) are consistent with a smaller temperature
interval over which disordering takes place. That these
models may predict the onset of disordering at too low a
temperature is supported by the results of Capiobianco
et al. (1987) in the analog CdMg(CO3), system, where
disordering is not detected until much closer to the
critical temperature than predicted by GPA models.

Effect of disorder on curvature

Can the observed curvature be explained by a model in
which the shallow slope, low P, T part of the boundary
curve involves ordered dolomite, and the steep slope,
high P, T part of the boundary involves disordered do-
lomite? This model may be tested by application of the
Clapeyron equation. By combining the dP/dT of the
experimental reaction boundary at different pressures,
the AV, calculated above (Table 2), and the tempera-
ture at the reaction boundary, a AH,,,, may be obtained.
This AH,,, may be expressed as:

AAern = Hordered dolomite + AHdisorder. dolomite — Haragonile - Hmagnesile

At 5 GPa, the derived AHy, can be taken as Hgered
d010mite_Haragonite_Hmagnesites given the assumption that
the reaction at 5 GPa involves ordered dolomite.
Therefore, the difference between the AH.,, calculated
for higher pressures and the AH., at 5 GPa is AH gisorder.
dolomite- This calculated AH gisorder, dolomite MUst be cor-
rected for the temperature effect on the enthalpy of the
phases involved in the reaction; the corrected values are
given in Table 2. Based on the change in slope of the
experimental curve, AHgisorder.dolomite 15 ~26 kJ/mol.
This result is relatively insensitive to the assumed slope
of the low-T portion of the curve; if the steeper slope of
Martinez et al.’s prediction (Fig. 6) is used, AHgisorder.
dolomite becomes ~23 kJ/mol.

Navrotsky and Capobianco (1987) inferred from
their calorimetric study that the enthalpy of disordering
is ~14 kJ/mol, and pointed out that because of the
quenching problems, this value should be considered as
a lower limit. The Landau model of Holland and Powell
has AHgisorder.dolomite Of ~12 kJ/mol. Subsequently,
Navrotsky et al. (1999) derived an enthalpy of complete
disordering of 32+5 kJ/mol based on further calori-
metric studies. Therefore, the change in slope of this
reaction boundary observed in the present study is
reasonably consistent with that expected from disor-
dering of the dolomite with increasing temperature. If
the low-T (~600 °C) dolomite is truly completely or-
dered, this study would require the onset of significant
disorder to occur only at ~800 °C, higher than predicted
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by either the Landau model used by Holland and Powell
(1998) or the GPA model of Davidson (1994). Alterna-
tively, if the dolomite involved at low T is already
partially disordered, the calculated AHgisorder. dolomite
would be an underestimate of the actual enthalpy of
complete disorder.

Implications for carbonates in the Earth’s mantle

The results of this study confirm that the reaction
diopside + 2 magnesite = enstatite + dolomite will
determine the stable carbonate in lherzolites at temper-
atures relevant to understanding partial melting in the
Earth’s mantle, rather than reactions involving magne-
site and aragonite (Fig. 8). Aragonite plus magnesite will
only be stable at relatively low temperatures, well below
the solidus and most models of the geotherm.

Postscript

It may seem that the study of Martinez et al. (1996) was
singled out and criticized for the quality of the extrap-
olation they attempted in their paper. Such was not the
intent of this study; it was the intriguing implications of
their extrapolation, which was done with the best data
then available, that precipitated this study.
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