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Abstract. A beryllium pressure vessel mounted in an X-ray diffractometer has been used 
to study the rates of the transformation calcite ~ aragonite at temperatures to 500·C and 
pressures to 15 kb. The rates of transformation are shown to be both temperature and pressure 
dependent. It is proposed that the tail-off shown by all rate curves presented here results from 
a decrease in nucleation and loss of stored strain energy in the sample as the transformation 
progresses. In the vicinity of 400·C the rate of the calcite -->. aragonite transformation at 15 ± 
1 kb is similar to the reverse transformation at 1 bar. A decreasing-temperature extrapolation 
of the rate constant for the aragonite ->. calcite transformation shows that this transformation 
at room temperature progresses at a negligible rate. The activation energy for this transforma
tion at 1 bar is 106 kcal/mole. The use of the experimental rate data as well as calculated 
transformation times obtained from an empirical relationship describing the transformation 
has pennitted the construction of curves of time for 99% transformation of aragonite ->. calcite 
in the portion of the calcite stability field lying below 500·C. 

INTRODUCTION 

Some understanding of the structural proper
ties of solids can be gained through a study of 
the speeds by which one polymorphic form will 
transform to another. Both the transformation 
velocities and the shapes of the rate curves can 
give information as to the type of transforma
tion involved (i.e., whether reconstructive, dis
placive, etc.) and whether certain physical 
characteristics of the sample environment are 
speeding up, or retarding, the transformation. 
A classic example of this type of study is that 
carried out by Bridgman [1915J in which vari
ous solid-solid transformation rates were studied 
at constant volume. 

A detailed study of the transformation rates 
for calcite ~ aragonite is presented here. Previ
ous work includes that of Chaudron [1952J, 
where the transformation at 1 atmosphere was 
followed continuously by a dilatometric method, 
and that of Brown et al. [1962J, in which the 
rate curves were constructed from data of sep
arate heating experiments also at 1 atmosphere. 
In both the above only the aragonite ~ calcite 
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transformation was studied. Using ultrasonic 
pulse interferometry, Ahrens and Katz [1963J 
reported a minimum in longitudinal elastic wave 
velocity of 4.8 lan/sec at room temperature and 
8 kb in Solenhofen and Manlius limestones. 
They suggest that the minimum is due to a 
reversible transformation of calcite to aragonite. 
T. J. Ahrens (personal communication) pro
poses that the otherwise sluggish transformation 
was induced by shear stresses present in their 
apparatus. 

EXPERIMENTAL METHOD 

The experimental apparatus consists of a sup
ported beryllium cylinder mounted on a X-ray 
diffractometer. Details of the apparatus and 
procedure have been described previously [Davis 
and Adams, 1964J. Several experiments were 
also carried out at 1 atmosphere using a heating 
stage designed by the M.R.C. Manufacturing 
Company. 

The aragonite starting material was single
crystal aragonite from Kamsdorf bei Saalfeld, 
Saale (Germany) , and a Franciscan meta
morphic aragonite from Pacheco Pass, Cali
fornia. Only the former was used in the sup
ported beryllium cylinder, but a comparison of 
the Kamsdorf and Pacheco Pass rates can be 
made from the experiments on the high-tem
perature stage. A finely precipiated synthetic 
CaCO. was used for the calcite starting material. 
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Fig. 1. Partial phase diagram of CaCO. showing 
known stability fields of calcite and aragonite and 
P-T coordinates of the experiments. The pressure 
uncertainty is -indicated by the short horizontal 
lines. 

The experiments are of four types: 

(1) Aragonite --" calcite at temperatmes 
from 300°C to 500°C, at atmospheric pressure, 
using the beryllium pressme vessel. Aragonite 
starting material was kept under pressure high 
enough to remain in the stability field of arag
onite while the temperature was raised to the 
desired value. The pressure was then dropped to 
atmospheric and the rate recorded. 

(2) Aragonite -4 calcite at temperature. 
from 340°C to 500°C, at pressures near that of 
the equilibrium boundary (Figure 1), u~ing the 
beryllium pressure vessel. As in (1) the arag
onite starting material was kept in its equilib
rium field until the desired temperature was 
reached, whereupon the pressure was dropped to 
just below that of the phase boundary into the 
calcite stability field. 

(3) Calcite --" aragonite at 375°C and 405 °C 
and at pressures considerably above the phase 
boundary. To obtain the pressme desired it was 
necessary to apply the pressure to the calcite 
starting material first and then to raise the tem
perature. Up to the two temperatures involved 

the transformation rates were not great enough to 
convert more than 1 or 2% of calcite to arag
onite before the temperature had reached the 
desired value. Any significant amount of trans
formation would, of course, be noted by the 
growth of aragonite peaks while the temperature 
was being elevated . 

(4) Aragonite --" calcite at 450°C and at
mospheric pressure, using the M.RC. heating 
stage. Here the temperature for the experiment 
was attained in about 5 seconds. Initial material 
was both Kamsdorf and Franciscan aragonite. 

All rates were recorded by oscillating the 
goniometer about known peak localities for the 
product phase. The proportion of aragonite in 
the sample was determined from the ratio. 

R = [10/ 

[01 2· + I o21
a + Illl " 

where I is the integrated intensity for the hkl 
reflection indicated. The superscripts a and c 
'refer to aragonite and calcite, respectively. R 
was plotted against measured volume proportion 
of aragonite in calcite-aragonite aggregates. The 
several aragonite peaks were included in the 
ratio to help eliminate intensity anomalies due 
to preferred orientation on one or both of the 

, two good aragonite cleavages. Calcite always 
becomes preferentially oriented on 104. 

Figure 1 is a partial phase diagram of CaCO. 
[MacDonald, 1956; Jamieson, 1953; Clark, 
1957J showing the P-T coordinates of the ex
periments. Pressmes were determined from prior 
calibration of the vessel [Davis, 1964, p. 24J. 
The temperat~re uncertainty in the beryllium 
vessel is ±2°, but the uncertainty for the M.RC. 
high-temperature stage is probably between 10 
and 20°. 

RESULTS 

Figures 2 to 4 present the observed rate curves 
in terms of per cent transformation versus time. 
Figure 4, C and D, contains three of the rate 
curves determined at atmospheric pressure using 
the M.RC. high-temperature stage. 

All rate curves, with the exception of that in 
Figure 4D, can be fitted to a general rate ex
pression of the form 

dx/ dt = K(xo - xY (1) 

where x., and x are, respectively, the initial quan-
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Fig. 2. Observed rates of transformation for Kamsdorf ai'llgonite -'> calcite at 1 bar in the 
beryllium pressure vessel: A, at 380°C; B, 400°C; C, at 450°C; and D, at 500°C. 
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Fig. 3. Observed rates of transformation for Kamsdorf aragonite -->- calcite: A, at 400°C and 
8 ± 1 kb; B, at 450°C and 8 ± 1 kb; and C at 500°C and 10 ± 1 kb. Beryllium pressure vessel. 

tity and the quantity at time t of reactant phase, 
K is a rate constant, and p is a number (posi
tive, but not necessarily integral) analogous to 
the 'order' of chemical reactions. The units of K 
are (per cent)'-P /min when x is given as per 
cent of the initial quantity of reactant phase x •. 
The rate curve of Figure 4D was fitted approxi
mately to equation 1 by using the dashed line. 

The method for finding the values of p and K 
for each rate curve, where p is thought not to be 
integral, involves finding the slopes dx/dt at 
various values of x along the rate curve and then 
adjusting the value of p in (x.. - $ • so that 

(xo x)/' 

(xo - x);" 
(2) 

where m = dx/ dt. The rate curve itself was 
fitted by eye to the experimental points. 

The rate data of this study are summarized in 
Table 1. The closeness of fit of this data to (1) 
is indicated by the standard deviation divided 
by the mean value (fract. dev.) for the deter
mination of K for five such terms as given in (2). 
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Fig. 4. Observed rates of transformation for 
calcite ;::!: aragonite: A, Kamsdorf calcite -'" 
aragonite at 375°C and 15 ± 1 kb in the beryllium 
pressure vessel ; B, Kamsdorf calcite --'> aragonite 
at 405°C and 15 ± 1 kb in the beryllium pressure 
vessel ; C, Cazadero metamorphic aragonite --'> cal
cite at 440°C and 1 bar (curve a) as observed by 

Brown et al. [1962] , Pacheco Pass aragonite -'" 
calcite at 450°C and 1 bar in the M.RC. heating 
stage (curve b, expo 12) , Kamsdorf aragonite -'" 
calcite at 450°C and 1 bar in the M.RC. heating 
stage (curve c, expo 13); D , Kamsdorf aragonite 
(with 10% quartz) ---'> calcite at 450°C and 1 bar 
in the M.RC. beating stage (exp. 14). 



438 DAVIS AND ADAMS 

TABLE 1. Rate Data Obtained from Fourteen Experiments on the Calcite ~ Aragonite 
Transformation at High Temperatures and Pressures 

Experiment 
Temp., Press., Xmax, truax, K 

No. Class Rate °c kb % min p (% )I- "/ min Fract. Dev. Tech.* 

1 2 A-C 340 7 .0 0 1560 B 
2 1 A-C 350 0.001 9 355 3.2t 1.2 X 10-8 B 
3 1 A-C 380 0.001 52 632 3.0 2.3 X 10-7 0.47 B 
4 1 A-C 400 0.001 74 284 2.5 2.1 X 10- 5 0 .23 B 
5 1 A-C 450 0.001 86 18 2.3 3.8 X 10-3 0.18 B 
6 1 A-C 500 0.001 96 9 1.8 5 .8 X 10- 2 0.26 B 
7 2 A-C 400 8±1 53 1143 7.0 7.0 X 10-16 0.11 B 
8 2 A-C 450 8±1 34 112 10.0 8.1 X 10-20 0.19 B 
9 2 A-C 500 10 ±1 92 25 1.5 3.7 X 10-2 0.21 B 

10 3 C-A 375 15 ± 1 63 95 3.0 3.8 X 10-6 0.20 B 
11 3 C-A 405 15 ± 1 73 678 3.0 1.2 X 10-5 0.17 B 
12 4 A-C 450 0.001 97 48 1.2 4.3 X 10-' 0.12 S 
13t 4 A-C 450 0.001 95 200 1.8 4.2 X 10- 3 0.23 S 
14§ 4 A-C 450 0.001 92 99 1.5 5.4 X 10- 3 0.41 S 

* B = beryllium vessel; S = M. R. C. high temperature stage. 
t p ell.'trapolated (see Figure 5A). 
t Pacheco Pass aragonite. 
§ Kamsdorf aragonite with 10% quartz. 

Figure 4, A and B, shows two transformation 
curves for calcite -->. aragonite at 15 ± 1 kb and 
375°C and 405°C, respectively. For the forward 
reaction (calcite -->. aragonite) these were the 
only useful records obtained under these concli
tions. It is possible that this transformation in
volves the temporary appearance of CaCOa-II 
inasmuch as this phase is thought to be meta
stable with respect to aragonite in this P-T 
region [Jamieson, 1957]. Most calcite -->. arag
onite eJl.'periments had to be discarded because 
the beryllium pellet above the sample com
menced to e:x-trude rapidly above 400°C, and in 
only a few minutes at this temperature and 15 
kb the X-ray beam was entirely cut off from the 
sample. The small rate constant of experiment 
8 is anomalous in comparison with experiments 
7 and 9 and can best be explained by the actual 
pressure being closer to the equilibrium boundary 
than that estimated from the calibration curves. 

DISCUSSION 

Mechanisms of transformation. One of the 
most obvious features of the rate curves is the 
considerable tail-off. Some curves can be fitted 
to (1) only with very large values of p (experi
ments 7 and 8, Table 1). It should be empha
sized here that for a solid-state reaction such 
as this p does not have the same physical sig-

nificance a doe the familiar 'order' of a chemi
cal reaction. 

Nevertheless, (1), viewed as an empirical re
lation, serves the purpose of describing the rate 
and has otherwise the same usefulness as the 
analogous equation in chemical kinetics. 

An explanation of the observed tail-off is pre
sented on the basis of three independent 
processes: (a) the confining effect of the piston 
in the vessel, due to friction, (b) the effect 
of nucleation, and (c) the effect of introduced 
strain energy. Bridgman [1915J studied solid
solid transformation rates with his vessel held 
at constant volume, and the tail-off of his 
curves resulted primarily from the return of 
pressure to near that at the equilibrium bound
ary as the transition proceeded. Although the 
present experiments were maintained as nearly 
as possible at constant pressure, it is quite pos
sible that some of the tail-off observed could re
sult from pressure changes coming from retarded 
piston movement in the vessel. 

That such a process cannot account for all of 
the tail-off is shown by the rate curves obtained 
from the high-temperature stage (Figure 4, C 
and D). In this arrangement the samples were 
also compressed pellets, but were lying on the 
heating strip of the stage open to the atmos
phere. Therefore, it is proposed that much of 
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this tail-off results from the last two processes 
listed above. When the sample material is finely 
powdered and compressed into a pellet, it is 
reasonable to expect nucleation from many cen
ters (such as corners and edges of grain, and 
defect sites). It is very likely that such nuclea
tion is similar to that observed in calcite anneal
ing experiments such as those carried out by 
Griggs et al. [1960a, p. 31J. These authors ob
served from 5 to 10 new crystal nuclei growing 
from an individual calcite ho t grain. Further
more, a compressed pellet will retain strain en
ergy (anelastic) which, because of its distribu
tion on edges and corners of a grain, can aid in 
surmounting the energy barrier for the trans
formation. Stored strain energy is known to 
lower the annealing temperature of cold-worked 
aggregates [Buerger and Washken, 1947; Griggs 
et al., 1960aJ and is thought to have increased 
the transition rate enstatite --'> elino-enstatite 
[Griggs et al., 1960b, p. 62J. 

Because the first parts of the grains to trans
form are the edges and corners, it follows that 
the transition rate will decrease as these regions 
are eliminated from the reactant phase. The tail
off observed is thus the combined effect of a de
crease in available sites for nucleation and a de
crease in anelastic strain energy. It is distinctly 
possible that there are other processes that may 
so modify the rate of transformation, but, if one 
considers onIy the two discussed above, the 
transformation curves can be more appropri
ately described by the relation 

dx/ dt = Ko + Knexo - x)" + K .exo - x)' 
(3) 

where the rate constant Ko describes pure 
growth of the boundary separating reactant 
from product phase, and the last two terms, 
equivalent in form to the right-hand member of 
(1), describe the nucleation rate and the rate of 
dissipation of strain energy during the trans
formation. Little can be done with (3) until 
more is known about the order of rates of nu
cleation in solid-state processes such as anneal
ing and polymorphic transformation. However, 
on the basis of the present hypothesis it would 
be expected that the value of p in (1), for rates 
in which the sample is a uniformly heated and 
annealed loose powder, would be very small. 
This effect would be due to the lack of strain 
energy that otherwise would be introduced into 

the sample if a pellet were to be made. The 
linear rates observed by Brown et al. for loose 
powders spread on a heating block appears to 
offer some qualitative experimental verification 
of this hypothesis. 

Effect of temperature and pressure and geo
logic implications. Table 1 and Figure 5 
demonstrate the marked effect of temperature 
on the am01mt of tail-off (value of p) and mag
nitude of the rate con tanto If the mechanism~ 
of transformation previously described are op
erative, these mechanisms change with lowering 
temperature and with increasing pressure. How
ever, a constant activation energy is indicated 
by the linear relation hip of I/ ToK versu -log 
K, and I/ ToK vel' us log time for 40% tranl'
formation. The activation energy for the arag
onite ....:.. calcite transformation at 1 bar is cal
culated from the Arrhenius equation to be 106 
kcaljmole. Chaudron [1952J obtained a variet~' 

of values for the activation energy for this tran. ·
formation, depending on the sample used. For a 
natural aragonite he obtained 80 kcaljmole, 
whereas for synthetically precipitated aragonite 
he obtained half this value. 

There is also an obvious retarding effect or 
pressure on the aragonite --'> calcite transforma
tion. Consider, for example, the relative trans
formation rates at 1 bar and at 8 ± 1 kb for a 
temperature of 400°C. To calculate the tran~
formation times we integrate (1) to obtain 

1 (( )1-" e )1-"] t = (p _ 1)[( Xo - x - Xo (4) 

in which the constant of integration was de
termined from the initial conditions x = Xo at 
t = O. Taking values of p and k from Table 1 
we obtain for 99% conversion t = 3.18 X 10' 
min at 400°C and 1 bar and t = 2.3 X 10" 
min at 400°C and 8 ±1 kb. This results in a 
pressure effect at this temperature of 100 for 
nearly complete conversion. Note, however, 
from Figures 2B and 3A that when x < 50 the 
pressure effect is less than 20: 1. This phenom
enon is not lmexpected when one considers the 
different degrees of tail-off (i.e., differing magni
tudes of p) for each transformation curve. 

Even though such conclusions as that pre
sented above are made less reliable by the existing 
pressure uncertainty, the results are sufficiently 
quantitative to allow construction of a series of 
isochronous (equal time) lines in a portion of 
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the calcite stability field (Figure 6). The curves 
were constructed from the data of Table 1 as 
well as calculated transformation times using 
(1); they represent the time in minutes (5.3 X 
10" min/year) required to obtain 99% conversion 
of aragonite to calcite. The curves approach the 
phase boundary asymptotically, as is compat
ible with conditions of equilibrium. Of interest 
is the fact that in any retrograde geologic situa
tion aragonite would undergo changing condi
tions of pressure and temperature along a near
linear geothermal gradient and would cross 
several isochrons twice, first very close to the 
equilibrium boundary and then again at lower 
temperatures and pressures. The bulk of the 
transformation would still take place along the 
higher reaches of the geothermal gradient, how
ever, where the pressures are only a few hundred 
bars below the phase boundary. 

The results of this study lead to a value for 
the paleogeothermal gradient in the Franciscan 

metamorphic rocks of 11 to 12 deg/km, which 
is somewhat higher than the 10 degjkm pro
posed by Brown et al. [1962]. Such calculations 
are made by assuming that the bulk of the con
version takes place along a restricted high-tem
perature portion of the gradient curve that lies 
far enough below the intersection of gradient 
curve and calcite-aragonite equilibrium bound
ary to permit one to estimate the magnitude of 
the pressure effect on the rates. The pressure 
effect used here was 10·. Our calculations are 
based on the Kamsdorf aragonite transformation 
times, which are roughly one-fourth as large 
for complete conversion as the metamorphic ma
terial (see Figure 4C). This difference will not 
affect our conclusions appreciably: The major 

3 Because of the smaller transformation rates of 
the metamorphic aragonite, the value allowable 
for the paleogeothermal gradient would be slightly 
greater than that for the Kamsdorf aragonite. 
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factor responsible for the difference in the gradi
ent obtained by Brown et al. and by us appears 
to be the magnitude of the pressure effect on the 
transition . The former authors allow only a fac
tor of 10 for a pressure effect 1 kb below the 
phase boundary. 

At best such calculations are only approxi
mate inasmuch as they rest on the assumption 
that the Franciscan rocks were dry during un
loading and that the changing of pressure-tem
perature conditions of the aragonite material 
down the geothermal gradient (i.e., rate of un
loading) was slow enough to allow sufficient time 
at the higher temperatures for transformation to 
take place. 

Of further interest is the fact that the rates of 
the calcite -" aragonite transformation at 375 
to 405°C and 15 ± 1 kb are of the same order of 
magnitude as those for the reverse transforma
tion at 400°C and 1 bar. It is apparent that the 
amount of overstepping of the equilibrium pres
sure has roughly the same effect in rate accelera
tion as the degree of understepping. One might 
also expect (although on a less certain experi
mental basis) that a set of isochrons similar to 
that proposed for the calcite field is applicable 
to the aragonite field. 
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