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Time and Metamorphic Petrology: 
Calcite to Aragonite Experiments 

B. R. Hacker, S. H. Kirby, S. R. Bohlen 
Although the equilibrium phase relations of many mineral systems are generally well 
established, the rates of transformations, particularly in polycrystalline rocks, are not. The 
results of experiments on the calcite to aragonite transformation in polycrystalline marble 
are different from those for earlier experiments on powdered and single-crystal calcite. The 
transformation in the polycrystalline samples occurs by'different mechanisms, with a 
different temperature dependence, and at a markedly slower rate. This work demonstrates 
the importance of kinetic studies on fully dense polycrystalline aggregates for understand- 
ing mineralogic phase changes in nature. Extrapolation of these results to geological time 
scales suggests that transformation of calcite to aragonite does not occur in the absence 
of volatiles at temperatures below 200°C. Kinetic hindrance is likely to extend to higher 
temperatures in more complex transformations. 

T h e  occurrence of ultrahigh-pressure min- 
erals that exist metastably at Earth's surface 
emphasizes our ignorance of the kinetics of 
geologic phase transformations. A good ex- 
ample is the discovery of diamond in re- 
gionally metamorphosed rocks ( 1 ) .  How is 
it eossible that such unusual rocks sunrive 
slok transport to Earth's surface from depths 
of r 120 km and temDeratures r800°C with- 
out retrogression to graphite? Kinetic hin- 
drance may also be important in altering the 
state of stress and seismic-failure processes in 
subducting lithosphere (2). 

Currentlv. we cannot address such fun- , . 
damental questions as where and under 
what conditions mineral reactions occur in 
nature because of the lack of experimental 
constraints on phase transformations in 
geologic materials in their natural polycrys- 
talline form. Virtually every kinetic exper- 
iment on geologic materials has used single- 
crystal or powdered starting material- 
physical states that are quite different from 
those in the bulk of Earth. The results from 
these experiments are probably inapplicable 
to most natural situations for two reasons: 
(i) grinding introduces intracrystalline de- 
fects that affect the transformation and (ii) 
surface free energies, instead of grain- 
boundary or defect energies, can be a dom- 
inant factor in the driving potential for 
reactions in powders and single crystals (3). 

To expand our limited knowledge of 
phase changes in rocks, we have explored 
the kinetics and mechanisms of the calcite 
to aragonite transformation in marble. This 
transformation is a mineralogical archetype 
of a reconstructive change of state not 
involving changes in chemistry. Aragonite, 
the high-pressure orthorhombic poly- 
morph, is about 7% denser than rhombo- 
hedral calcite. 
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We conducted experiments in a piston- 
cylinder apparatus, using NaCl as a confin- 
ing medium (4). Cylindrical samples 6.4 
mm in diameter by 6.4 mm high were 
drilled from a single block of Carrara marble 
(grain size, 115 pm), vacuum dried at 
175"C, and welded inside silver capsules 
(5). There was no aragonite in the starting 
material. Experiments lasted from 15 min 
to 8 days at temperatures of 500" to 800°C 
and pressures of 1.78 to 2.49 GPa. The 
driving potential for the reaction was the 
reduction of the free energy of the sample, 
which is approximately the product of a 
pressure overstep and the volume change of 
-2.7 cm3 mol-' (6). The pressure over- 
steps varied from 0.1 to 1.0 GPa, resulting 
in volume free energies (AG,) of about 
300 to 2700 J mol-'. Afterward, the extent 
of reaction and the reaction microstructures 
were characterized by optical and universal- 
stage microscopy. The presence of arago- 
nite was verified by x-ray diffraction and 
transmission electron microscopy. 

Nucleation of the aragonite crystals oc- 
curred predominantly on grain boundaries; 
less than 1% of the nuclei formed on 
intragrain defects such as dislocations and 
twins. Nucleation occurred nearly simulta- 
neously on the boundaries of all grains 
before any significant grain growth. Conse- 
quently, the transformation rate was domi- 
nated by the rate of grain-boundary migra- 
tion. The restriction of nuclei to grain 
boundaries is expected, because grain- 
boundary free energies are larger than free 
energies of intragranular defects (7). More- 
over, the relatively small values of AG,,, in 
this study mean that there was only suffi- 
cient driving potential for nuclei to form at 
sites with the least free energy cost. Inter- 
sections of twins with grain boundaries were 
common nucleation sites. The grain- 
boundary nucleation rate at 600" to 750°C 
was approximately lo7 nuclei per square 
meter per second, as determined by a count 

of grain densities in the shortest experi- 
ments. Aragonite crystals were randomly 
oriented with respect to adjacent calcite 
crystals, indicating that the nuclei formed 
incoherent interfaces with their host calcite 
crystals. The lack of topotaxy suggests that 
the interfacial free energy cost of creating 
aragonite nuclei (which can be minimized - 
in topotactic relations) is small relative to 
the strain free energy cost caused by the 
approximately 7% volume difference be- 
tween the two phases. 

At temperatures of 600" to 750°C, grow- 
ing aragonite crystals are shaped like gloves 
that fit over needlelike fingers of calcite 
(Fig. 1). The calcite fingers are about 1 pm 
wide, and their long axes are orthogonal to 
the original calcite grain boundaries. Most 
aragonite grains contain two or more sets of 
these calcite fingers divided by an interface 
that marks the fossil calcite-calcite grain 
boundary along which aragonite nucleated. 
The calcite fingers in a given set do not 
share the orientation of the immediatelv 
adjacent original calcite crystal, and in 
many instances they have the same orien- 
tation as the original calcite crystal on the 
opposite side of the aragonite crystal (Fig. 
1). Thus, the fingers must be composed of 
recrystallized calcite (8). The calcite fingers 
may be stabilized by the partitioning of an 
impurity that cannot be accommodated in 
the aragonite. The shape of the fingers may 

Fig. 1. Optical photomicrograph with cross- 
polarized light and line drawing showing the 
morphology of glovelike aragonite and calcite 
fingers formed in 48 hours at a pressure of 2.0 
GPa and a temperature of 600°C; h, host calcite 
crystals; a, aragonite; c, neoblastic calcite fin- 
gers. Calcite fingers in boxes labeled "calcite 
B" and "calcite C" share the same crystallo- 
graphic orientation as host calcite crystals 
"Calcite B and "Calcite C." 
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require a smaller strain free energy contribu- 
tion during formation of the calcite-arago- 
nite interfaces because a needle has less 
strain free energy for a given volume than a 
sphere (9). The glove-and-finger texture 
persists even when the host calcite crystals 
have been completely consumed. The 
growth rate of the aragonite gloves is linear 
and ranges from = 1 x 10-lo m s- ' at 600°C 
to =I0 x 10-lo m s-' at 750°C (10). 

At a temperature of 800°C, equant ara- 
gonite crystals (Fig. 2) nucleate at a rate of 
about 5 x lo4 nuclei per square meter of 

Fig. 2. Growth of equant aragonite crystals at 
temperatures r800°C. 

grain boundary per second and grow at a 
rate that depends exponentially on time. 
The change from needles to spheres with 
temperature may reflect a change in the 
relative importance of volume-related free 
energies relative to free energies that scale 
with area. 

The progress of the reaction (displayed 
as transformation versus time curves in Fig. 
3) for our marble data (1 I) was much slower 
than the transformation rate of calcite sin- 
gle crystals in earlier studies (open squares) 
(1 2). As expected, the reaction proceeds 
more rapidly at higher temperatures and at 
higher values of AG,,, (that is, at higher 
pressures at a given temperature). The ac- 
tivation energy is approximately 141 kJ 
mol-' as determined by the relation be- 
tween inverse temperature and the time 
required to reach a given amount of trans- 
formation, normalized by the magnitude of 
the reaction free energy. 

There are large differences between cal- 
cite to aragonite experiments on marble 
and corresponding experiments on single 
crystals and powders. The activation energy 
for aragonite growth in Carrara marble is 
approximately 141 kJ mol-', significantly 
more than the activation enthalpy of about 
90 kJ mol-' for transformation of calcite 
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Fig. 3. Transformation versus time at various temperatures and pressures (see inset for key). Note 
the lack of an incubation period and the marked difference in transformation rate at 600°C and 2.0 
GPa between single crystals (open squares) and marble (filled squares). The measurement 
uncertainties are smaller than the symbol size. 

Fig. 4. Observed and extrapolat- 
ed times required for the transfor- 
mation of calcite to 50% aragonite 
(17). The heavy line divides the 
calcite and aragonite stability 
fields (18). Thin lines show the 
time required for 50% transforma- 
tion in marble for periods of 1 
hour, 1 day, 1 year, and 1 million 
years (My). Dashed lines are for 
single-crystal experiments. The 
uncertainty of the predicted 
curves below 500°C is of the or- 
der of -c100"C. Conditions of the 
present experiments are shown O' : 
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single crystals to aragonite (3, 12). Several 
critical aspects of the phase transformation 
can only be observed in nonporous material 
and can never be realized from ex~eriments 
on powders. The change in aragonite 
growth morphology from glovelike at tem- 
peratures 5750°C to equant neoblasts at 
800°C occurs only because calcite-calcite 
grain boundaries are initially present in the 
marble but not in powder or single crystals. 
Aragonite crystals grown in marble show no 
crystallographic relation to their host cal- 
cite crystals. This is in direct contrast to 
studies of calcite powders and single crys- 
tals, which typically show topotactic 
growth of aragonite (13). The lack of topo- 
taxy suggests that the strain free energy cost 
of nucleating aragonite overrides the effect 
of minimizing the interfacial free energy. 
For experimental time scales, the transfor- 
mation rate for marble is about 1/100 to 
1110,000 times as fast as the calcite to 
aragonite transformation in single crystals 
(12). The discrepancy would be greater for 
time scales of natural metamorphism, as 
illustrated in Fig. 4 (14). 

Extra~olation of our ex~erimental trans- 
formation rates also shows that the trans- 
formation becomes impossibly sluggish for 
geological time scales at temperatures below 
about 200°C in the absence of volatiles 
(Fig. 4) (14, 15). This kinetic hindrance 
and considerable textural complexity occur 
even though transformation to aragonite 
involves no change in chemistry and hence 
no intracrystalline diffusion. Most meta- 
morphic reactions involve multiple reac- 
tants and products and hence require diffu- 
sive transport of chemical components. 
This should introduce even more textural 
complexity and may extend kinetic hin- 
drance to higher temperatures (1 6). 
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An Experiment-Based Model for the 
Petrogenesis of High-Alumina Basalts 

J. S. Beard and G. E. Lofgren 
To understand magmatism at convergent margins, one must know the origin of their 
characteristic, plagioclase-rich, high-alumina basalts (HABs). Wet melting experiments on 
basalts at 3 kilobars yielded high-alumina liquids and a coexisting mineral assemblage with 
little or no plagioclase. An isothermal pressure drop to 1 kilobar caused 20 to 30 percent 
plagioclase crystallization in these melts, while mafic minerals underwent limited crystal- 
lization or even resorption. These results suggest that hydrous (24 percent H,O) HA6 
liquids, presumably formed by fractionation of a hydrous basalt at depth, will precipitate 
voluminous plagioclase as pressure drops during ascent and eruption. Plagioclase ac- 
cumulation is not necessarily required to explain the petrogenesis of plagioclase-rich HAB. 

High-alumina basalt is the most common 
mafic rock type in most arc systems. HABs 
are characterized by high A1,0,, abundant 
modal plagioclase, and relatively evolved 
basaltic compositions (low Mg/Fe, low Cr, 
low Ni) (1-5). The controversy over 
whether HABs represent primary melts of 
the subducted slab or fractionated, mantle- 
derived basalts (1-3, 6-7) has subsided in 
favor of the latter view. However, there 
remain auestions as to whether tvoical 
HABs represent liquid compositions or are 
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simply fractionated basalts with accumula- 
tions of plagioclase. Results of earlier exper- 
imental work appear to support both con- 
clusions. Some experiments demonstrate 
that plagioclase is the sole liquidus phase in 
HABs at pressures of up to 19 kbar (dry) 
(8-lo), suggesting that they could be pla- 
gioclase cumulates. Other work shows that 
HAB liquids can be generated by fraction- 
ation of an ultramafic phase assemblage 
from basalts under high pressure or high 
partial' pressure of H,O (PHZO) (1 1-1 3). 
Our experiments examined the crystalliza- 
tion behavior of water-saturated basalts at 3 
kbar and during isothermal decompression 
to 1 kbar. They showed that HAB liquids 
can be generated by fractionation of a 

plagioclase-free or -poor phase assemblage 
from basalt at 3 kbar (PHIO = Ptotal). In 
addition, our results demonstrated that 
these same HAB liquids crystallize plagio- 
clase to the near exclusion of other phases 
when PHZo is isothermally lowered to 1 
kbar. The apparently disparate behaviors 
observed in previous experiments (crystalli- 
zation of a plagioclase-free and a plagio- 
clase-rich phase assemblage from HAB liq- 
uids) were shown to depend on experimen- 
tal conditions. 

Starting materials were two rock pow- 
ders, a mafic [(Mg)/(Mg+Fe) = 581 HAB 
(AT-4) from Atka in the Aleutians and a 
mafic [(Mg)/(Mg+Fe) = 681, ~livine-phy- 
ric mid-ocean ridge basalt from the Deep- 
Sea Drilling Project leg 37 (L-37) (Table 1) 
(6, 14). The starting assemblage for both 
rocks includes plagioclase, olivine, clinopy- 
roxene, oxide minerals, and glass. The 
experiments were conducted in gold cap- 
sules in an internally heated pressure vessel 
(15). All were done water-saturated at 
1025°C because (i) water contents proposed 
for some natural HABs suggest that water 
saturation might occur between 1 and 3 
kbar and (ii) gold capsules could be used to 
minimize Fe loss. One set of experiments 
was done at 1 kbar (4 days), one at 3 kbar 
(4 days), and one at 3 kbar (4 days) and 
then reduced isothermally to 1 kbar and 
held there for an additional 4 days. During 
the quench, solidus temperatures were 
reached in 30 to 90 s. Oxygen fugacity (fo2) 
was not buffered. Past experiments with a 
similar experimental setup yielded fo2 val- 
ues approximately 100 times that of the 
Ni-NiO buffer (12), and this value is con- 
sistent with the composition of magnetite 
in the l-kbar experiments on AT-4. Other 
spinels in the experiments were rich in Cr. 
Melt and mineral phases were identified by 
backscattered electron imaging and ana- 
lyzed with a focused, rastered, 5-nA, 15-kV 
beam on a Cameca Camebax microprobe. 
Sodium loss from hydrous glasses under 
these conditions has been shown to be 
around 30% (12), and glass analyses in 
Table 1 were corrected accordingly. 

At 3 kbar, sample AT-4 was 89% melted 
at 1025°C. The melt, with roughly the 
composition of a HAB, covisted with an 
assemblage of olivine, clinop'yroxene, and 
chromium-rich magnetite. Abundani den- 
dritic amphibole crystallized when this sam- 
ple was quenched (Fig. 1). 'This texture 
required the use of a broad beam to deter- 
mine prequench glass composition. The 
least differentiated glass analysis that we 
obtained from this sample is also given in 
Table 1 to show the effects of quench 
crystallization on glass compositions. Under 
the same conditions, L-37 ~roduced 42% 
melt, coexisting with olivine, clinop~rox- 
ene, amphibole, ~lagioclase, and Cr-spinel. 
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