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Abstract

We present revised tremolite powder thermal decomposition kinetics using previous and newly acquired data from longer tim
instead of months) and lower temperature experiments (< 1073 K). We also present kinetic results for decomposition of millimeter
centimeter-sized tremolite grains. Natural tremolite samples were heated at ambient pressure in flowing CO2 or N2 gas from 1023–1238 K
The tremolite decomposition products are a physical mixture of two pyroxene solid solutions (with the bulk composition Dp59En41),
a silica polymorph, and water vapor. Decomposition rates were calculated by using the mass loss of the heated samples.
crystals and crystalline powder decompositions follow different but related Avrami–Erofe’ev (nucleation and growth) kinetic
The rate equations for thermal decomposition of tremolite crystalline powder and the larger crystal grains are log10kpowder (h−1) =
18.69(±0.19) − 23,845(±833)/T and log10kcrystal (h

−1) = 19.82(±0.07) − 25,670(±916)/T . The associated apparent activation en

gies are 456(±16) kJ mol−1 and 491(±18) kJ mol−1, respectively. We propose a decomposition mechanism and suggest that decomp
and dehydroxylation occur simultaneously. The rate-limiting step is proposed to be structural rearrangement of the amphibole s
the two pyroxenes and silica. This step and the overall decomposition rate are predicted to be independent of pressure from 1 t
These kinetic analyses strengthen our previous conclusion (Johnson and Fegley, 2000, Icarus 146, 301–306) that if hydrous min
as tremolite, formed on Venus during a wetter past, then these minerals could still exist at current conditions on Venus’ surface tod
 2003 Elsevier Inc. All rights reserved.
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Introduction

Hydrous minerals, such as amphiboles, play important
roles in terrestrial geology from being characteristic late for-
mation minerals in contact and regionally metamorphosed
rocks to incorporating or releasing water in subduction
zones. There are numerous studies about amphiboles yet sur-
prisingly few that address amphibole thermal decomposition
rates. Amphibole thermal decomposition kinetics studies
have been generally limited to asbestos minerals that have
commercial value such as crocidolite (fibrous riebeckite) or
amosite (fibrous grunerite) (e.g., Hodgson, 1965; Hodgson
et al., 1965; Freeman, 1966; Clark, 1966; Clark and Free-
man, 1967; Ghose, 1981). However, thermal decomposition
of amphiboles is also important for understanding the min-
eralogy of Venus’ surface.

* Corresponding author.
E-mail address:njohnson@lepvax.gsfc.nasa.gov (N.M. Johnson).

As discussed by us previously (Johnson and Fegley,
2000a), if there had been more water in Venus’ past,
then hydrous minerals such as amphiboles and micas may
have formed on or within the surface. The high deu-
terium/hydrogen ratio in Venus’ atmosphere suggests that
Venus may have once had a greater abundance of water
(Donahue et al., 1997). If so, the detection of hydrous min-
erals on Venus would prove that Venus had more water in
the past. Equilibrium thermodynamic calculations predict
that amphiboles and micas decompose under current Venus
surface conditions (Zolotov et al., 1997). Thermodynamic
calculations provide information on mineral stabilities under
specific environmental conditions. However, these calcula-
tions do not provide any information on the rate at which
a mineral assemblage will transform or decompose under
those conditions. Such data can only be obtained experi-
mentally.

We previously studied thermal decomposition of tremo-
lite, an amphibole with the ideal formula of Ca2Mg5Si8O22-
(OH)2, at 1073–1238 K and concluded that it does not de-
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compose at Venus’ surface temperatures (Johnson and Feg-
ley, 2000a, 2000b). We continued these and additional ex-
periments at lower temperatures (50 degrees cooler), longer
times (years versus months), and for larger grain sizes
(millimeter- to centimeter-sized grains versus powder). Fur-
ther analysis of the data also showed that a different (though
related) kinetic model was more appropriate for the powder
decomposition data.

In this paper, we

(1) review our experimental method,
(2) identify and describe the decomposition products,
(3) give an analysis of the kinetic data and present a new

decomposition rate and activation energy,
(4) propose a mechanism using characterizations of the re-

acted samples, kinetic data, and literature activation en-
ergy data for cation and oxygen diffusion, and lastly,

(5) discuss implications of these results for Venus.

1. Experiments

The experiments reported here follow the same meth-
ods as described in Johnson and Fegley (2000a). We used
tremolite that originated from Canaan, Connecticut (pur-
chased from Ward’s Natural Science Company). Table 1
lists the chemical composition of ideal tremolite, Canaan
tremolite, decomposed Canaan tremolite, and decomposed
ideal tremolite. The chemical formula of the Canaan tremo-
lite calculated from our electron microprobe analyses is
K0.01(Ca1.94Na0.04)(Mg4.90Fe0.02)(Si7.98Al0.03)O22(OH)2.20,
based on 24(O,OH,F). The water content was calculated by
measuring the mass loss of three samples that were com-

Table 1
Tremolite chemical analyses

Oxides Ideal Tremolitea from Canaan, CT Decomposed

tremolite Initial Decomposedb ideal
10 pts (±1σ ) 11 pts (±1σ ) tremolite

SiO2 59.20 58.72 (0.30) 59.10 (0.80) 60.51
TiO2 b.d.l. b.d.l.
Al2O3 0.22 (0.06) 0.20 (0.04)
Cr2O3 b.d.l. b.d.l.
FeO 0.21 (0.03) 0.21 (0.05)
MnO b.d.l b.d.l.
MgO 24.80 24.20 (0.15) 25.02 (0.37) 25.37
CaO 13.80 13.29 (0.11) 13.47 (0.42) 14.12
Na2O 0.15 (0.05) 0.15 (0.03)
K2O 0.08 (0.04) 0.04 (0.02)
H2O 2.20 2.426 (0.041)c –
F b.d.l. b.d.l.
Total 100.00 99.30 98.19 100.00

b.d.l.: analyzed—considered below detection limits (1σ � measured
value< 0.10 wt%).

a Microprobe analyses of tremolite powder used in this study.
b Completely decomposed tremolitea (46 h, 1000◦ C).
c Determined by heating three tremolitea samples at∼ 1000◦ C and

measuring mass loss(1σ).

pletely devolatilized at 1273 K. All the mass loss was due to
water loss (Johnson and Fegley, 2000a).

We isolated tremolite grains that had no visible impurities
and ground a portion of these grains into powder. We heated
two types of tremolite samples: powder and larger crystalline
grains. Powder samples consisted of many micrometer-sized
crystallites and the larger crystalline grain samples contained
several millimeter- to centimeter-sized grains as multicrys-
talline chunks. The average initial mass of each sample
was approximately 100 mg. We heated each sample un-
der continuous gas flow using either instrument grade CO2
(99.99%) or ultra-high-purity (UHP) N2 (99.999%). The lin-
ear flow rates used were∼ 3 cm min−1 at standard temper-
ature (25◦ C) and pressure (1 bar). Before and after heating,
the tremolite sample and its container (an alumina combus-
tion boat or an alumina crucible) were weighed on an an-
alytical balance (with an accuracy of±1 µg). Each sample
was heated and weighed until mass loss reached a plateau.
Samples were heated at constant temperatures ranging from
1023 to 1238 K for times of 1 hour to over 3 years. The ex-
perimental data are given in Appendix A (Tables A.1–A.5).

We analyzed samples by X-ray diffraction (XRD), elec-
tron microscopy (EMP), scanning electron microscopy
(SEM), infrared spectroscopy, and optical microscopy. Ad-
ditional details of the sample preparation and analytical
procedures are given in Johnson and Fegley (2000a).

2. Tremolite decomposition products

When heated, tremolite decomposes into two pyroxenes
(enstatite and diopside), silica, and water vapor as follows
(Deer et al., 1997):

Ca2Mg5Si8O22(OH)2
tremolite

(1)
= 2CaMgSi2O6 +3MgSiO3+SiO2 +H2O (gas).

diopside enstatite silica

Using infrared spectroscopy, we confirmed the loss of water
from the tremolite structure during decomposition (Johnson
and Fegley, 2000a). Pyroxenes form during tremolite decom-
position but not as pure endmembers as suggested by Eq. (1).
Posnjak and Bowen (1931) first established that the result-
ing pyroxenes did not have pure endmember compositions.
The bulk chemical composition of the pyroxene product rep-
resented in Eq. (1) can be expressed in several equivalent
ways: 5MgSiO3·2CaSiO3, Ca2Mg5Si7O21, as a combination
of 60 mol% enstatite and 40 mol% diopside, or as a combi-
nation of 41 wt% enstatite plus 59 wt% diopside (Dp59En41).
In this paper, we use Dp59En41 to represent the pyroxene
product bulk composition.

Figure 1 shows the enstatite–diopside phase diagram with
the composition Dp59En41 plotted within the two-phase field
of this diagram. The compositions of the two pyroxenes in
the physical mixture fall along the sides of the solvus and
depend on temperature. The proportions of the two pyrox-
enes in the physical mixture are calculated using the lever
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Fig. 1. An example of an enstatite (MgSiO3)–diopside (CaMgSi2O6) phase diagram at one atmosphere of pressure. The position of Dp59En41 is indicated
with a solid circle and the proportions and compositions of the solid-solution pyroxene phases are labeled. This diagram is a scaled down versiofied
from Boyd and Schairer (1964). A pyroxene phase diagram at lower temperatures is given by Carlson (1986).
rule. For example, at 1235◦ C (1508 K) the Dp59En41 bulk
composition corresponds to the mixture of 25 wt% Mg-
rich pyroxene (Dp12En88) and 75 wt% Ca-rich pyroxene
(Dp75En25).

Decomposed tremolite is porous and fine-grained (e.g.,
see Johnson and Fegley, 2000a, Fig. 4b) and electron mi-
croprobe analyses give a bulk composition that agrees with
the values calculated using Eq. (1) (see Table 1). However,
electron microprobe methods cannot distinguish between the
compositions of the individual phases because the product is
so fine-grained. X-ray diffraction is needed to identify the
pyroxenes and the silica phase.

Pyroxene identification. We attempted to identify the py-
roxene products via XRD by comparing the decomposed
tremolite against a physical mixture of pure enstatite and
diopside. However, this comparison did not give a satisfac-
tory match. We then synthesized pyroxene with the bulk
composition of Dp59En41 by mixing and heating stoichio-
metric proportions of reagent grade CaCO3, Mg(OH)2, and
silica. We followed a heating procedure similar to that used
by Boyd and Schairer (1964). The reactants were heated
to 1400◦ C (1673 K) for 1.25 h to achieve partial melting,
cooled to∼ 1235◦ C (1508 K), and held at this lower tem-
perature for 50 days. We used this temperature of 1235◦ C to
ensure that the reagents completely reacted and would equi-
librate in a reasonable length of time.

Electron microprobe analysis and XRD showed that we
produced a pyroxene product with the correct bulk composi-
tion. Figure 2 shows XRD patterns of the tremolite sample,
tremolite heated at 1235◦ C (1508 K), and the Dp59En41 py-
roxene produced at∼ 1235◦ C (1508 K).

The XRD d-spacings of the decomposed tremolite and
Dp59En41 pyroxene are in good agreement. This result
agrees with the earlier work of Posnjak and Bowen (1931)
who also compared synthesized pyroxene to decomposed
tremolite. We used this Dp59En41 XRD pattern to confirm
formation of pyroxene in tremolite that had decomposed at
cooler temperatures. Although the synthesized pyroxene was
made at a temperature 250 degrees higher than the hottest

Fig. 2. X-ray diffraction patterns of tremolite, tremolite decomposed at
1235◦ C (1508 K), and pyroxene, Dp59En41, synthesized at∼ 1235◦ C
(∼ 1508 K).

tremolite kinetic experiment, its XRD pattern proved to be
a more accurate reference than that produced by the physi-
cal mixture of pyroxene endmembers mentioned earlier. The
pyroxene XRD data needed to determine the proportions and
compositions of pyroxenes in the decomposed tremolite are
not currently available.

Silica identification. Three silica polymorphs are stable at
atmospheric pressure: quartz (up to 1140 K), tridymite (1140
to 1743 K), and cristobalite (1743 K to the melting point of
1996 K) (Sosman, 1965). Each is metastable within the other
temperature ranges. Based on these temperatures, we expect
that tridymite would be the resulting silica phase in about
half of our decomposition experiments. However, identifica-
tion of the silica phase by XRD in the decomposition prod-
ucts was inconclusive (Johnson, 2002). Either the main peak
positions of these silica phases were overlapped by pyroxene
and/or the peak intensities were too low to be distinguished
from the background noise. Silica forms 10% by volume of
the decomposition products shown in Eq. (1). This small vol-
ume lowers the overall intensity of the resulting silica XRD
pattern and could prevent detection of lower intensity peaks.
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Table 2
Summary of literature studies of tremolite thermal decomposition

Reference Temperature (◦ C) Purpose, method(s), and results

Posnjak and Bowen (1931) 115–1100 Water content, loss of adsorbed and structural water as a function of temperature, heate
structural water loss occurs between 750 and 1000◦ C, XRD, optical microscopy, no rate data
Product(s): solid solution pyroxene from diopside–clinoenstatite series (2CaSiO3·5MgSiO3) and
cristobalite

Thilo (1939) 1100 XRD study, heated in air(?) for 72 h, no rate data
Product(s): MgSiO3-diopside solid solution and cristobalite (apparently disordered)

Wittels (1951) 100–1050 Differential thermal analyses (DTA) study, XRD, optical microscopy, tremolitec-axis contracts at
825◦ C, irreversible transformation, evolves 2.76 cal g−1 (11.55 J g−1), no rate data
Product(s): not specified

Wittels (1952) 600–1125 DTA study, XRD, optical microscopy,�H = 6.4 cal g−1 (26.8 J g−1) ± 15%, structural
disintegration occurred between 925 and 1125◦ C, no rate data
Product(s): pseudomorph of pyroxene and cristobalite after amphibole

Vermaas (1952) 0–1200 DTA study, XRD, optical microscopy, electron microscopy, structural water loss at 930–98◦ C,
exothermic peaks between 815 and 824◦ C, no rate data
Product(s): pseudomorph of clinopyroxene (2CaSiO3·5MgSiO3) and cristobalite after tremolite

Freeman and Taylor (1960) 200–1100 Determine weight-loss curve, heated in N2, XRD, optical microscopy, proposed detailed
mechanism, no rate data
Product(s): pyroxene, one phase (possibly similar to clinopyroxene), no cristobalite

Freeman (1962) 200–1100 Chapter from PhD thesis, same as Freeman and Taylor (1960)
Freeman (1966) 100–1200 Compare weight-loss curve of tremolite dehydroxylation to those of other hydrous Mg-be

minerals
Product(s): not specified

Patterson and O’Conner (1966) 600–1000 Infrared absorption study, XRD, heated in air for 1 h, no rate data
Product(s): pyroxene at 1000◦ C, no change at lower temperatures

Xu et al. (1996) 700–780 Transmission electron microscopy (TEM) study, proposed mechanism but no rate data
Product(s): two clinopyroxenes, one of which is silica enriched (chemical formulas based on
analyses), surficial amorphous silica

Johnson and Fegley (2000a, 2000b) 800–965 Isothermal weight-loss study, crystalline powder heated in CO2 or N2, SEM, XRD, electron
microprobe, infrared spectroscopy, rate data, rate equation, apply results to Venus surface
temperatures
Product(s): not specified

Johnson and Fegley (2003) 905–981 Isothermal weight-loss study, gravimetric data for fluorine-bearing tremolite powder hea
CO2, XRD, SEM, electron microscopy, rate equation, apply results to Venus surface temper
Product(s): mixture of two solid-solution pyroxenes, high-temperature silica phase

This work 750–965 Isothermal weight-loss study, gravimetric data for crystalline powder and crystals heated in2
or N2, XRD, SEM, electron microscopy, rate data, discussion of decomposition products, ki
and mechanism
Product(s): mixture of two solid-solution pyroxenes, silica polymorph (see text)
Identification of the silica phase in the tremolite decom-
position products is also unclear in the previous tremolite
thermal decomposition studies listed in Table 2. Only Posn-
jak and Bowen (1931) and Thilo (1939) identified and char-
acterized a distinct silica phase, cristobalite, in the tremolite
decomposition products. The remaining studies either did
not detect silica or did not give details about their iden-
tification process. Xu et al. (1996) reported the formation
of surficial amorphous SiO2 on their decomposed tremo-
lite sample and a silica-rich pyroxene. Freeman and Taylor
(1960) and Freeman (1962) attributed the absence of a sil-
ica product to a short heating period (5 h) that did not allow
enough time for silica formation. Another possibility is that
a silica phase formed but was too small to be detected. This
may have also been the case with Patterson and O’Conner
(1966) and Xu et al. (1996) who may not have heated their
tremolite samples long enough (1 and 10 h, respectively)
to form a silica phase or formed enough crystalline silica
to be detected. Pyroxene cannot host all the resulting SiO2

because stoichiometric single-chain silicates cannot accom-
modate more than two silicon atoms per formula unit (Klein
and Hurlbut, 1993). It is reasonable to expect that a silica
polymorph forms during tremolite decomposition if given
enough time at high temperature.

3. Kinetic results

As in Johnson and Fegley (2000a, 2000b, 2003), we de-
termined the tremolite decomposition kinetics by using mass
loss to measure the extent of reaction as a function of time.
The fraction reacted of tremolite,α, varies from 0 to 1 and
is calculated as

(2)α =
(

�m

mi

· 1

δmax

)
,

where�m is the mass change,mi is the initial mass, and
δmax is the maximum possible fractional mass loss. Here
δmax is 0.02426 as determined by complete decomposition at
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Fig. 3. Typical weight loss curves for tremolite powder decomposition. The
fraction reacted,α, is calculated from the mass loss (see text for details)
and is plotted here as a function of time. These samples were heated under
the same experimental conditions (CO2 gas, horizontal furnaces, cylindrical
crucibles).

1273 K (Johnson and Fegley, 2000a). The fractions reacted
(α) for all experiments are listed in Appendix A, Tables A.1–
A.5. Representative plots in Fig. 3 show the fraction reacted
as a function of time and illustrate that samples heated at
lower temperatures take longer to decompose.

To determine if tremolite decomposition follows the same
kinetic behavior at all temperatures studied, we plot the
fraction reacted,α, of all the experiments as a function of
reduced time. Reduced time is time normalized to 50% de-
composition time (treduced= t/t0.5). If the kinetic behavior is
the same for all conditions then the reduced data should plot
along the same curve. Figure 4 shows reduced time plots for
two different cases:
(a) powder experiments only, and
(b) powder and tremolite crystal experiments.
Figure 4a shows that the kinetic behavior is the same for
tremolite powder under different experimental conditions.

However, similar kinetic behavior is not observed be-
tween powder and crystals as shown by the reduced time
data in Fig. 4b. There are two major differences between
the powder and crystal data. First, there is a slope differ-
ence between the curves for the different data sets; second,
the crystal kinetic data deviate more from the overall data
trend as the fraction reacted approaches unity. This deviation
indicates a change in mechanism or kinetic process. This dif-
ference in kinetic behavior between tremolite powder and
tremolite crystals is not unexpected because of the different
size of the samples, i.e., micrometer- versus millimeter-sized
grains, and is addressed when we discuss the kinetic models
for the rate equation calculations.

Fig. 4. Reduced time plots that show the fraction reacted,α, of the samples
with reduced time. Reduced time is time normalized to 50% decomposition
time (treduced= t/t0.5).

We determined the reaction kinetics by fitting data to ki-
netic models via linear regressions. As discussed by Brown
et al. (1980) the selected model should give an accurate de-
scription of the reaction process and make an acceptable
linear regression to the majority of the data. We evaluated a
number of models but only four meet these criteria. These
four models are nucleation and growth, contracting vol-
ume, diffusion, and first-order reaction. The nucleation and
growth models, also known as Avrami–Erofe’ev models, are
represented by the equation

(3)f (α) = (− ln(1− α)
)1/n

,

wheren = β + λ. β describes nucleation as a function of
time (i.e., exponential (0< β < 1), linear (β = 1), and in-
stantaneous (β = 0)) andλ gives the dimensional growth
of the nuclei (λ = 1,2,3). The contracting volume model,
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with f (α) = 1 − (1 − α)1/3, accounts for decreasing unre-
acted volume with time. The diffusion model is similar to
the contracting volume model except that it includes move-
ment of a species through a reacted interface. The Ginstling–
Brounshtein model represented byf (α) = 1 − (2α/3) −
(1 − α)2/3, accounts for diffusion through a reacted in-
terface of decreasing size. The first-order reaction model,
f (α) = − ln(1 − α), commonly associated with gas-phase
reactions and radioactive decay, is a form of the Avrami–
Erofe’ev model, Eq. (3), wheren = 1. Decomposition of fine
powders can generally be described by using the first-order
model (Galwey and Brown, 1999). Descriptions of these and
other models can be found in any good text about decompo-
sition kinetics of solids (e.g., Brown et al., 1980; Galwey and
Brown, 1999).

In an ideal system, one model could describe a reaction
from beginning to end but in real life a reaction may fol-
low a different kinetic model at each reaction stage. In many
kinetic analyses a selected range of values is used to deter-
mine the overall reaction rate (Galwey and Brown, 1999).
We calculated linear regressions off (α) versus time for
each model for several different data ranges but did not in-
clude data whereα > 0.9 because of a potential change in
the late-stage reaction kinetics. The first-order kinetic model
(Avrami–Erofe’ev,n = 1) gives the best fit to powder de-
composition data over the widest range of values(0.0 < α <

0.8). This model is different from the one we used in John-
son and Fegley (2000a, 2000b). The continued analysis of
our previous and expanded data set led us to change our ki-
netic model for tremolite powder decomposition.

The larger tremolite grains most likely follow a differ-
ent reaction model as indicated by the slightly different
curves in the reduced time plots (see Fig. 4b). The best re-
gression for the larger grain kinetic data occurs with the
Avrami–Erofe’ev model, Eq. (3), wheren = 2. If n = 2 and
n = λ + β , we propose thatλ (dimensional growth) is 2
andβ (nucleation) is 0 (i.e., instantaneous nucleation). We
used alpha values less than or equal to 0.7 at each tempera-
ture for these linear regressions.

After determining which kinetic models to follow, we cal-
culated a rate constant for each set of experiments. The rate
constant is given by the relationshipk = f (α)/t , wherek is
the rate constant (h−1), t is time (h), andf (α) is the kinetic
model. The calculated rate constants are listed in Table 3.
Note that the rate constants for tremolite powder decompo-
sition are different than those listed in Johnson and Fegley
(2000a).

We used the Arrhenius relationship shown in Eq. (4) to
calculate the temperature dependence of the rate constants.
The Arrhenius equation is

(4)k = Ae(−Ea/RT ),

whereA is the pre-exponential factor,T is the temperature
in Kelvin, R is the gas constant,Ea is the activation energy
(kJ mol−1), andk is the rate constant (h−1). The activation

Table 3
Tremolite rate data used to calculate rate equations and activation energies

Temperature Rate constant,k (h−1)
(K) ×10−3 ± 1σ

Powder exps,α: 0.0–0.8
Equation (3),n = 1: nucleation and growth

N2 gas seta

1237 171.3±5.60
1213 62.51±1.40
1202 60.36±1.00
1177 23.92±0.22
1150 4.651±0.055
1122 2.506±0.040

CO2 gas set 1a

1238 201.2±3.8
1213 74.58±1.08
1196 42.69±0.73
1178 21.37±0.25
1148 5.722±0.11
1120 2.055±0.040
1090 0.356±0.021

CO2 gas set 2b

1224 227.0±3.6
1212 166.8±1.3
1176 45.90±0.68
1152 19.62±0.26
1103 1.462±0.115
1073 0.395±0.020
1023 0.024±0.001

CO2 gas set 3c

1212 194.3±1.9
1177 48.13±0.35
1151 15.12±0.79
1103 1.811±0.013
1045 0.058±0.001

Crystal exps,α: 0.0–0.7
Equation (3),n = 2: nucleation and growth

1224 59.98±1.88
1212 49.68±1.96
1176 10.18±0.209
1148 3.306±0.067
1104 0.340±0.007

a Vertical furnace, cylindrical crucible.
b Horizontal furnace, combustion boat.
c Horizontal furnace, cylindrical crucible.

energy is generally considered to represent an energy bar-
rier, and the pre-exponential factor has been interpreted as a
reaction frequency (Galwey and Brown, 1999). The Arrhe-
nius equation gives a linear relationship between the log of
the rate constant and inverse temperature (Eq. (5)):

(5)log10k
(
h−1) = log10A + −Ea

R ln10
· 1

T
.

This linearity allows us to extrapolate the rate to tempera-
tures where it is difficult to measure rates in real time. Fig-
ure 5 shows an Arrhenius plot with our data and illustrates
the gap between Venus’ surface temperatures (e.g., 740 K in
the lowlands) and those used in our experiments.
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Fig. 5. Reaction rate constants versus 10,000/T shown in an Arrhenius plot.
Key to symbols: [O] vertical furnace, CO2 gas, cylindrical crucible; [1]
vertical furnace, N2 gas, cylindrical crucible;[∇] horizontal furnace, CO2
gas, cylindrical crucible;[�] horizontal furnace, CO2 gas, combustion boat.
One sigma error is smaller than the size of the symbols. The solid diamonds
are the rate constants for the tremolite crystal experiments. Table 3 lists
the rate constants for both powder and crystal data and the rate equations
are given in Eqs. (6) and (7). The solid line shows the linear regression of
the tremolite powder decomposition and the dashed lines indicate the 95%
confidence prediction interval of the regression.

Table 4 lists tremolite powder decomposition rate equa-
tions and activation energies associated with the different
types of kinetic models. We present this information to illus-
trate the similar magnitudes of values among the equations.
Nevertheless, we use the following equations to determine
the decomposition rate of tremolite powder and tremolite
crystals:

(6)

log10kpowder
(
h−1) = 18.69(±0.19)

− 23,845(±833)/T ,

(7)

log10kcrystal
(
h−1) = 19.82(±0.07)

− 25,670(±916)/T .

The activation energies associated with these rate equations
for tremolite powder and crystals are 456± 16 kJ mol−1 and
491± 18 kJ mol−1, respectively.

4. Tremolite decomposition mechanism

Previously proposed mechanisms for tremolite decompo-
sition range from a simple description of the reaction (Thilo,
1939) to a statement of silica tetrahedra rearrangement with
concurrent Ca and Mg interdiffusion (Xu et al., 1996). These
are general descriptions of the reaction mechanism but do
not specify reaction steps for the decomposition. Ideally,
the mechanism should describe a series of physical steps
needed for a particular reaction to proceed. We propose a
series of steps for tremolite thermal decomposition using the
following clues: atomic locations within the crystal lattice,
physical changes, simultaneous or consecutive decomposi-
tion and dehydroxylation, activation energy of the reaction,
bond lengths and strengths, and location of water formation.
We begin by introducing tremolite’s crystal structure.

Tremolite is composed of repeating double chains of sil-
ica tetrahedra (Si4O11) that run parallel to thec- or long axis
(Whittaker, 1960). It is this double chain that gives tremo-
lite its fibrous habit. Figure 6 shows structural schematics
of tremolite from two different views. The top schematic
is modified from a diagram given by Sueno et al. (1973)
and highlights the tetrahedral double chain. The second
schematic is a projection of the tremolite structure look-
ing down thec-axis and is modified from a diagram given
by Colville et al. (1966). The large A-sites, labeled within
the schematics, are typically vacant in tremolite but can be
10- to 12-coordinated when occupied. These A-sites form
channels that run parallel to thec-axis. The anion sites, O1
through O7, are typically filled with oxygen except for O3.
The O3 sites contain hydroxyl groups (OH−) and are located
approximately in the center of the A-site vacancies at the
level of the apical oxygen on the silica tetrahedra (O1 and
O2). There are four cation sites: M1, M2, M3, and M4. The
M4 site has 6- to 8-coordination, houses the larger Ca atom,
and borders the A-site vacancy. The three remaining cation
Table 4
Tremolitepowderdecomposition rate equations and activation energies for different kinetic models (α = 0.0–0.8)

Kinetic model Model equation Rate equation log10k (h−1) Activation energyEa (kJ mol−1)

First-order reactiona (preferred model) − ln(1− α) 18.69–23,845/T 456
Nucleation and growth(n = 2)b (− ln(1− α))1/2 17.87–23,157/T 443
Nucleation and growth(n = 3)b (− ln(1− α))1/3 17.52–22,912/T 439
Nucleation and growth(n = 4)b (− ln(1− α))1/4 17.30–22,786/T 436
Contracting volume 1− (1− α)1/3 17.87–23,583/T 451
Diffusionc 1− 2α/3− (1− α)2/3 18.13–24,447/T 468

a Also Avrami–Erofe’ev model,n = 1.
b Avrami–Erofe’ev model.
c Ginstling–Brounshtein model.
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,
ancies
,
the A-site
tered
1 and M3
Fig. 6. Top and side views of the amphibole structure. The top schematic, modified from Sueno et al. (1973), looks down on thec-axis; the bottom diagram
modified from Colville et al. (1966), gives a side view of the structure along thec-axis. In each diagram, several sites are labeled. These sites and occup
are described for ideal tremolite, Ca2Mg5Si8O22(OH)2. The A-sites are typically vacant and form channels that run parallel to thec-axis. The anion sites
O1 through O7, are filled with oxygen except for O3. The O3 sites contain hydroxyls, OH pairs, and are located approximately in the center of
vacancies at the level of the apical oxygen on the silica tetrahedra (O1 and O2). These hydroxyl sites are highlighted with solid circles with cendots.
There are four cation sites: M1, M2, M3, and M4. The M4 site contains Ca and the three remaining cation sites hold Mg. Hydroxyls are bound to M
(both Mg sites). The tetrahedra are composed of single Si cations surrounded by four bridging oxygen atoms.
sites are Mg octahedra. OH pairs are bound to the M1 and
M3 sites such that these Mg octahedra are each connected
to four oxygen ions and two OH groups (O3 sites). Whit-
taker (1960), Colville et al. (1966), Sueno et al. (1973), and
Klein and Hurlbut (1993) describe ion placement within the
amphibole structure in greater detail.

A clue to the decomposition mechanism is tremolite’s
decomposition products: a mixture of two solid-solution py-
roxenes, which are single-chain silicates, and a silica poly-
morph. If we view the tremolite structure shown in Fig. 6
simplistically, it appears straightforward to obtain a single
chain pyroxene by unzipping the double chain along thec-
axis. This splitting is an oversimplification but agrees with
observations that the decomposition products retain tremo-
lite’s original c-axis orientation (Thilo, 1939; Freeman and

Taylor, 1960; Freeman, 1962; Xu et al., 1996). The preferred
two-dimensional growth of the decomposed regions along
the c-axis (along the fiber) suggests structural control. We
do not observe an intermediate step of anhydrous tremolite
formation during decomposition. For example, during phlo-
gopite decomposition at temperatures of∼ 500◦ C, a mica
anhydride forms. This anhydride has essentially the same
XRD pattern as the original phlogopite and can be rehy-
drated back to phlogopite. Complete decomposition or de-
struction of the mica structure requires temperatures greater
than 1000◦ C (see discussion by Zolotov et al. (1997) and
references therein). In the case of phlogopite mica, dehy-
droxylation and decomposition are consecutive rather than
simultaneous. Conversely, we showed a 1:1 correlation be-
tween the decrease of the mid-IR hydroxyl peak and tremo-
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lite mass loss in Johnson and Fegley (2000a, 2000b). We
also found that pyroxene lines become stronger and tremolite
lines weaker as water loss occurs. Studies by Freeman and
Taylor (1960), Freeman (1962), and Patterson and O’Con-
ner (1966) also report that tremolite decomposition occurs
concurrently with dehydroxylation. The apparent simultane-
ous structural shift and loss of hydroxyl and absence of a
tremolite anhydride suggest that decomposition and dehy-
droxylation are interdependent or are indistinguishable.

Both the activation energy and pre-exponential factor
have the potential to constrain a reaction mechanism. A sur-
vey by Galwey (1994) shows that our pre-exponential val-
ues, while high, fall within the range of values reported for
other solid-state thermal decomposition reactions. The pre-
exponential factor (A in Eq. (4)) has been interpreted as a
molecular collision frequency (in gas–gas reactions) or as a
lattice vibration (Brown et al., 1980). Unfortunately, there
is no consensus about the physical significance of the pre-
exponential factor in solid decompositions (e.g., Galwey,
1994). Therefore, the pre-exponential factor is not discussed
further. On the other hand, the activation energy,Ea, is gen-
erally acknowledged to represent a reaction barrier. These
barriers can be physical (e.g., molecular diffusion through
a layer), energetic (e.g., breaking and/or forming chemical
bonds), or a combination of the two (Galwey and Brown,
1999). The magnitude of theEa value may reflect the rate-
limiting step, i.e., the process that takes the most energy to
overcome. Gas diffusion through a reacted layer or a sim-
ple dehydration process usually results in a low activation
energy, generally less than 150 kJ mol−1 for dehydration as
seen for thermal decomposition of hydrated salts (see Brown
et al. (1980, Table 10) and references therein).

Higher activation energies, such as seen here, indicate
breaking of chemical bonds or ionic diffusion through a
crystal lattice (Galwey and Brown, 1999). The ions in tremo-
lite are Ca2+, Mg2+, Si4+, O2−, and OH−. TheEa for inter-
diffusion of hydroxyl and fluorine in tremolite was measured
as 41 kJ mol−1 under hydrothermal conditions (Brabander
et al., 1995). The activation energy for hydrogen diffusion
in amphiboles under hydrothermal conditions ranges from
67 to 105 kJ mol−1 (Graham et al., 1984). The measured
value of Ea for oxygen self-diffusion under hydrothermal
conditions in tremolite is 163 kJ mol−1 (Farver and Giletti,
1985) and 226 kJ mol−1 for diopside (Farver, 1989). Under
anhydrous conditions, theEa for oxygen self-diffusion in
diopside was reported to be as high as 477 kJ mol−1 (McK-
eegan and Ryerson, 1990). The activation energy for silicon
diffusion in enstatite was measured at 400 kJ mol−1 (Fisler et
al., 1997). TheEa values for Mg self-diffusion under anhy-
drous conditions in enstatite range from 265 to 360 kJ mol−1

depending on the crystal axis (Schwandt et al., 1998). Diffu-
sion of Ca and Mg in clinopyroxene under anhydrous con-
ditions has anEa of 360 kJ mol−1 (Brady and McCallister,
1983). In a review of measured pyroxene activation energies,
Freer et al. (1982) calculated anEa of 469 kJ mol−1 for Ca
diffusion in pyroxenes under anhydrous conditions.

We measured an apparent activation energy of∼ 460
kJ mol−1 for decomposition of tremolite powder. This value
is about 35 kJ less than the activation energy measured for
decomposition of tremolite crystals. We suspect that this dif-
ference reflects the extra energy needed to create nucleation
sites on the crystals. The activation energies of both systems
are relatively close to the other within error, so presum-
ably the mechanism is the same for both. TheEa of ∼ 460
kJ mol−1 is comparable to the reported activation energies
for Ca or oxygen diffusion in pyroxenes under anhydrous
conditions. The reported activation energies for Si and Mg
diffusion are∼ 60 to 100 kJ mol−1 lower, respectively, than
ourEa for tremolite decomposition.

We also note that theEa of ∼ 460 kJ mol−1 is proba-
bly much higher than that needed for diffusion of molecu-
lar H2O through the tremolite structure. The vacant A-sites
that form channels within tremolite are individually large
enough (∼ 47–58 Å3) to allow passage of a water molecule
(< 11–30 Å3) and these sites expand during heating (Sueno
et al., 1973). These channels are effective conduits for phys-
ical molecular diffusion, and if diffusion of H2O were the
rate-limiting step it would result in a low activation energy.
Scanning electron microscopy of reacted tremolite indicates
that water vapor diffusion should be rapid because the de-
composed regions are very porous. If physical diffusion is
not the rate-limiting step, then ionic diffusion is the proba-
ble reaction barrier.

The strength of the chemical bonds may also constrain the
reaction mechanism. The bond strength and bond length are
related so that when a chemical bond lengthens, the bond
strength decreases (Cotton and Wilkinson, 1972). When
tremolite is heated, the bonds between the cations and their
respective oxygen atoms lengthen (refer to Sueno et al.
(1973) for details). The largest bond stretching occurs in the
M4 site that houses the 8-coordinated Ca2+ atom and has
the longest bonds at room temperature. The 6-coordinated
Mg2+ sites, M1, M2, and M3, are also stretched with M1
affected most and M3 least. Within the temperature range
of our study, the changes in the Si–O bond length are in-
significant; the silica tetrahedra appear to shift and the Si–O
bonds do not break. Using this information, we can quali-
tatively state that Ca has the weakest bonds and silica has
the strongest. We can also calculate the relative strengths of
the different bonds by using the electrostatic valence rule
as outlined by Pauling (1960). Pauling defined the electro-
static bond strength as the cation’s valence charge divided
by its coordination number and postulated that “in a stable
ionic structure the valence of each anion. . . (equals). . . the
sum of the strengths of the electrostatic bonds to it from
the adjacent cations.” This rule also applies to silicate min-
erals. Of the three aforementioned bonds in tremolite (Si–O,
Ca–O, and Mg–O), Ca–O has the weakest bond strength (us-
ing the forementional definition) with a value of 0.25. The
bond strength values for Si–O and Mg–O in tremolite are
1.0 and 0.3, respectively. These values agree with our quali-
tative assessment that Ca has the weaker bonds. Phillips et al.
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Fig. 7. A simplified view of the tremolite structure from Fig. 6 and a
schematic of OH– and Mg– bonding. In this figure, the amphibole double
chain is “unzipped” to form the pyroxene single chain. The M1 sites contain
the closest neighboring hydroxyls in O3 sites that are located on opposite
sides of the Mg– polyhedra layer and central to the A-site vacancies. Dur-
ing heating, we propose that these hydroxyls combine to form water, water
escapes, and the remaining structure shifts to maintain electrical neutrality.

(1988) suggested that in riebeckites (double-chain silicates),
the bond strength between OH and Mg (O3 site) is lowered.
If the bond between OH and Mg is weakened, then the weak-
est bonds in tremolite are held by Ca–O and Mg–OH.

The mechanism of water formation during tremolite de-
composition is also important. Wilkins and Vedder (1969)
suggested that H+ diffused to the surface to form water in
Fe-bearing micas and amphiboles. This mechanism might
be applicable for Fe oxidation but may not be viable for Fe-
free tremolite because there is no oxidation. An alternative
scenario for tremolite is that water forms in situ during de-
composition and quickly escapes. To make a water molecule,
we need two hydroxyls in close proximity. Hydroxyls exist
in the O3 sites (see Fig. 6) and the two closest neighbor-
ing O3 sites are located on opposite sides of the same Mg–
polyhedra layer. Figure 7 shows a simpler view of the tremo-

lite structure and a schematic of the OH– and Mg– bonding.
Each of the M1 sites contain two neighboring OH bonds as
shown in the stick diagrams in Fig. 7. Of the three Mg poly-
hedra, the M1 site undergoes the greatest expansion; there-
fore, the M1 site should have the weaker bonds. At some
point during heating, it is probable that it is more energeti-
cally favorable for the hydroxyls to combine and form water
than to remain with the silicate structure. Once H2O forms,
the remaining bonds shift to maintain electrical neutrality.
Once this adjustment begins, decomposition proceeds along
the path of least resistance which appears to be along the A-
site channels orc-axis. Calcium, the cation with the overall
weakest bonds, borders the A-vacancies in the M4 site and
is probably relatively quick to shift position. Alternatively,
the Ca bond could break first, the structure shifts, and then
water forms. It is unclear which bonds, Ca or Mg, break first
but it is not surprising that decomposition and dehydroxyla-
tion are closely linked. The decomposition pattern suggests
structural control and if indeed water forms as described,
this provides an easy yet elegant method for unzipping the
double-chain silica tetrahedra.

We rule out the breakdown of the Mg–OH bond as the
rate-limiting step. Brucite, Mg(OH)2, is a hydroxide where
each Mg atom is octahedrally coordinated with OH. Dur-
ing decomposition, these bonds must be broken and the ap-
parent activation energy of brucite decomposition is∼ 125
kJ mol−1 (Gordon and Kingery, 1967). This value is much
lower than our measuredEa thus eliminating Mg–OH bond
breaking as the main contributor to the activation energy for
tremolite decomposition. Dehydroxylation and decomposi-
tion are simultaneous, which leads us to the scenario that
water formation and release is rapid with the subsequent
unzipping/rearrangement of the double chain serving as the
rate-limiting step.

We propose the following thermal decomposition mech-
anism for tremolite:

(1) the atomic bonds undergo thermal expansion and the A-
sites expand (Sueno et al., 1973),

(2) two adjacent hydroxyls on the Mg-M1 sites react to
form water via 2OH− → H2O+ O2−,

(3) water escapes,
(4) the remaining cations undergo bond breaking/shifting/

reforming with bridging oxygen, and
(5) silica tetrahedra shift to maintain electronic neutrality

(single chains appear first then the more complex silica
phase).

This mechanism would apply to both powder and crystal
samples. We suspect that the activation energy of the pow-
der decomposition is lower than that for the crystals because
of the higher potential for nucleation caused by the powders’
greater surface area and perhaps greater defect density intro-
duced by grinding. It is unclear whether step 4 or 5 is rate
limiting. The fifth step, tetrahedral shifting, cannot be elim-
inated as rate limiting but the fourth step is more probable
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years)
Table 5
Times for 50% decomposition using rate Eqs. (6) and (7) (see text)

Temperature (K) Tremolite powdera Tremolite crystalsa

1200 (4 h) 11 h (27 h) (18 h) 31 h (53 h)
1100 (11 days) 28 days (72 days) (59 days) 113 days (216 days)
1000 (4 years) 11 years (33 years) (22 years) 67 years (200 years)
900 (1300 years) 5000 years (19,000 years) (8000 years) 48,000 years (290,000
800 (2 Myr) 10 Myr (61 Myr) (12 Myr) 175 Myr (3000 Myr)
740 (0.32 Gyr) 2.7 Gyr (23 Gyr) (2.4 Gyr) 70 Gyr (2000 Gyr)

a Values within parentheses indicate the 95% confidence prediction interval of the calculated value.
because of the similarity of ourEa values withEa values
associated with ionic diffusion of Ca or oxygen.

5. Discussion

Tremolite longevity on Venus.Our expanded data set yields
revised rate constants (Table 3) and new rate equations
for tremolite thermal decomposition (Eqs. (6) and (7)). As
shown by the Arrhenius plot in Fig. 5, there is a sizable gap
between our experimental temperatures and Venus’ surface
temperatures. The rate equations are valid for the temper-
ature range of the experiments and are explicitly assumed
to be valid at the lower temperatures. We can extrapolate to
these lower temperatures because cation diffusion in tremo-
lite (as in all natural silicates) is probably in the extrinsic dif-
fusion regime (Freer, 1981; Chakraborty et al., 1994). This
means that defects due to impurities are greater than those
inherent to absolutely pure tremolite. As a result, the appar-
ent activation energy (the slope) is constant because there is
no transition from the intrinsic diffusion regime (thermally
generated defects in absolutely pure tremolite) to the extrin-
sic diffusion regime. Table 5 lists the times required for 50%
decomposition of powder and crystal tremolite at different
temperatures. There are two key points to take away from
this table:

(1) decomposition slows dramatically as the temperature
decreases, and

(2) the larger tremolite crystals take longer to decompose by
an order of magnitude compared to the tremolite pow-
der.

The second point supports our statement in Johnson and
Fegley (2000a) that decomposition is slower for larger grain
sizes. This finding has direct implications for tremolite sur-
vival in rocks. Tremolite found in terrestrial metamorphic
rocks is typically larger than powder (e.g., millimeter- versus
micrometer-sized particulates); therefore, we expect tremo-
lite grains in rocks to have lifetimes like those of our crystals
instead of our powders. The 50% decomposition time for
tremolite powder (micrometer-sized grains) at Venus’ sur-
face temperature of 740 K is 2.7 Gyr. This value is shorter
than the previous result of 4 Gyr presented in Johnson and
Fegley (2000a). On an absolute scale, 2.7 Gyr is still a

very long time, bearing in mind that complete decomposi-
tion takes up to 10 times longer (see normalized time plots
in Fig. 5). In an ongoing experiment, a tremolite powder
sample heated for approximately 4 years at 740 K has not
decomposed. This sample is still “cooking” but we do not
expect any changes. These results strengthen our previous
conclusions from Johnson and Fegley (2000a, 2000b) that
tremolite can survive on Venus over geologic time scales at
current surface conditions.

Tremolite decomposition at Venus’ surface pressure.The
atmospheric pressure on Venus’ surface is 95.6 bar (at the
modal planetary radius) (Ford and Pettengill, 1992) or about
100 times greater than the surface pressure on Earth. Ac-
cording to our proposed mechanism, the tremolite decom-
position rate is determined by a combination of bond break-
ing and ionic movement which is limited by energy bar-
riers that are breached at higher temperatures. The molar
volume of tremolite decreases by 0.01% at Venus’s surface
pressure. (Tremolite’s bulk modulus is 850 kbar (Comodi et
al., 1991).) Comodi et al. (1991) suggest that the pressure-
induced volume change is a result of polyhedral tilting and
show that tremolite is more easily compressed along thea-
axis. In other words, higher pressure reduces the size of the
A-site vacancies whereas temperature has the opposite effect
(Sueno et al., 1973). The∼ 0.01% volume decrease should
have an insignificant effect on ionic diffusion and structural
rearrangement in tremolite. In support of this suggestion,
there is very little change in the Mg2+ diffusion coefficient in
forsterite at 100-bar pressure (see Chakraborty et al., 1994,
Fig. 4). We predict that the tremolite decomposition rate and
its apparent activation energy are unaffected by Venus’ sur-
face pressure under anhydrous conditions.
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Appendix A

Table A.1
Tremolite dehydroxylation experiments in CO2, with vertical furnaces and cylindrical crucibles

Experiment Time Mass loss Fraction Experiment Time Mass loss Fraction
(h) (mg) reacteda (α) (h) (mg) reacteda (α)

Temperature: 1238 K, initial mass: 103.678 mg Temperature: 1148 K, initial mass: 132.642 mg
e45a 1.0 0.874 0.347 e41a 1.0 0.442 0.137
e45b 2.0 1.187 0.472 e41b 3.0 0.518 0.161
e45c 3.0 1.427 0.567 e41c 5.0 0.565 0.176
e45d 4.5 1.726 0.686 e41d 11.5 0.679 0.211
e45e 6.0 1.911 0.760 e41e 28.5 0.931 0.289
e45f 8.0 2.083 0.828 e41f 52.5 1.227 0.381
e45g 11.0 2.234 0.888 e41g 89.0 1.573 0.489
e45h 16.0 2.348 0.933 e41h 127.7 1.891 0.588
e45i 24.0 2.411 0.959 e41i 411.9 2.827 0.879
e45j 37.0 2.449 0.974 e41j 617.98 2.937 0.913

e41k 783.48 3.001 0.933
Temp: 1213 K, initial mass: 98.037 mg e41l 942.48 3.017 0.938

e44a 1.0 0.557 0.234 e41m 1036.58 3.027 0.941
e44b 2.5 0.781 0.328
e44c 4.0 0.943 0.396 Temperature: 1120 K, initial mass: 98.192 mg
e44d 6.0 1.152 0.484 e40a 1.0 0.307 0.129
e44e 9.25 1.431 0.602 e40b 3.0 0.358 0.150
e44f 13.5 1.685 0.708 e40c 7.0 0.389 0.163
e44g 19.0 1.901 0.799 e40d 16.2 0.445 0.187
e44h 26.0 2.049 0.862 e40e 31.2 0.506 0.212
e44i 36.0 2.160 0.908 e40f 53.2 0.591 0.248
e44j 49.0 2.222 0.934 e40g 97.8 0.742 0.311
e44k 67.0 2.246 0.944 e40h 141.8 0.887 0.372
e44l 92.0 2.284 0.960 e40i 189.63 1.041 0.437

e40j 248.38 1.187 0.498
Temperature: 1196 K, initial mass: 102.507 mg e40k 532.46 1.753 0.736

e42a 1.0 0.508 0.204 e40l 738.46 1.916 0.804
e42b 2.5 0.664 0.267 e40m 770.46 1.940 0.814
e42c 4.5 0.833 0.335 e40n 962.46 2.060 0.865
e42d 9.25 1.146 0.461 e40o 1198.46 2.127 0.893
e42e 17.25 1.524 0.613 e40p 1366.46 2.169 0.911
e42f 25.25 1.790 0.720 e40q 1696.46 2.217 0.931
e42g 35.75 2.016 0.811
e42h 44.0 2.120 0.852 Temperature: 1090 K, initial mass: 97.328 mg
e42i 53.0 2.194 0.882 e43a 1.0 0.238 0.101
e42j 66.0 2.266 0.911 e43b 5.75 0.300 0.127
e42k 82.0 2.310 0.929 e43c 17.25 0.338 0.143
e42l 103.0 2.326 0.935 e43d 42.0 0.383 0.162
e42m 135.0 2.367 0.952 e43e 104.0 0.438 0.186
e42n 180.0 2.379 0.957 e43f 174.0 0.470 0.199

e43g 297.0 0.552 0.234
Temperature: 1178 K, initial mass: 89.238 mg e43h 513.0 0.687 0.291

e39a 1.0 0.417 0.193 e43i 645.0 0.777 0.329
e39b 2.62 0.505 0.233 e43j 1071.0 0.937 0.397
e39c 4.15 0.574 0.265
e39d 6.15 0.645 0.298
e39e 10.15 0.793 0.366
e39f 16.23 0.940 0.434
e39g 25.23 1.145 0.529
e39h 40.23 1.436 0.663
e39i 62.23 1.699 0.785
e39j 85.23 1.851 0.855
e39k 109.25 1.947 0.899
e39l 134.25 1.996 0.922
e39m 163.25 2.021 0.934
e39n 186.42 2.032 0.939

a Calculated using max % mass loss: 2.426 wt% (3 pts, 1σ = 0.041).



Tremolite decomposition on Venus 329

Table A.2
Tremolite dehydroxylation experiments in N2, with vertical furnaces and cylindrical crucibles

Experiment Time Mass loss Fraction Experiment Time Mass loss Fraction
(h) (mg) reacteda (α) (h) (mg) reacteda (α)

Temperature: 1237 K, initial mass: 97.659 mg Temperature: 1150 K, initial mass: 93.361 mg
e52a 1.0 0.796 0.336 e54a 1.0 0.318 0.140
e52b 2.0 1.042 0.440 e54b 4.5 0.384 0.170
e52c 3.0 1.289 0.544 e54c 10.0 0.453 0.200
e52d 5.0 1.613 0.681 e54d 21.0 0.540 0.238
e52e 7.5 1.847 0.780 e54e 41.0 0.702 0.310
e52f 11.0 2.049 0.865 e54f 71.0 0.916 0.404
e52g 16.0 2.166 0.914 e54g 111.0 1.150 0.508
e52h 24.0 2.266 0.956 e54h 160.25 1.379 0.609

e54i 212.25 1.551 0.685
Temperature: 1213 K, initial mass: 93.443 mg e54j 286.0 1.753 0.774

e50a 1.0 0.505 0.223 e54k 382.0 1.902 0.840
e50b 2.5 0.698 0.308 e54l 502.0 2.014 0.889
e50c 4.75 0.907 0.400 e54m 648.0 2.074 0.916
e50d 8.25 1.195 0.527 e54n 816.0 2.111 0.932
e50e 14.0 1.526 0.673 e54o 1050.0 2.135 0.943
e50f 22.0 1.792 0.790
e50g 30.0 1.926 0.850 Temperature: 1122 K, initial mass: 95.955 mg
e50h 38.0 2.024 0.893 e55a 1.0 0.307 0.132
e50i 54.0 2.098 0.925 e55b 4.5 0.375 0.161

e55c 10.0 0.422 0.181
Temperature: 1202 K, initial mass: 94.231 mg e55d 21.0 0.482 0.207

e49a 1.0 0.494 0.216 e55e 41.0 0.589 0.253
e49b 2.5 0.686 0.300 e55f 71.0 0.724 0.311
e49c 4.75 0.896 0.392 e55g 119.0 0.917 0.394
e49d 8.25 1.169 0.511 e55h 181.0 1.121 0.482
e49e 14.0 1.500 0.656 e55i 253.0 1.302 0.559
e49f 22.0 1.784 0.780 e55j 349.0 1.514 0.650
e49g 30.0 1.925 0.842 e55k 482.0 1.735 0.745
e49h 38.0 2.022 0.884 e55l 648.0 1.895 0.814
e49i 54.0 2.104 0.920 e55m 846.0 2.023 0.869

e55n 1113.0 2.099 0.902
Temperature: 1177 K, initial mass: 103.845 mg

e53a 1.0 0.431 0.171
e53b 3.25 0.574 0.228
e53c 7.50 0.784 0.311
e53d 14.0 1.018 0.404
e53e 22.0 1.285 0.510
e53f 37.0 1.656 0.657
e53g 55.0 1.951 0.774
e53h 80.0 2.147 0.852
e53i 129.0 2.300 0.913

a Calculated using max % mass loss: 2.426 wt% (3 pts, 1σ = 0.041).
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Table A.3
Tremolite dehydroxylation experiments in CO2, with horizontal furnaces and combustion boats

Experiment Time Mass loss Fraction Experiment Time Mass loss Fraction
(h) (mg) reacteda (α) (h) (mg) reacteda (α)

Temperature: 1224 K, initial mass: 90.940 mg Temperature: 1152 K, initial mass: 96.756 mg
e58a 1.0 0.779 0.353 e67a 1.0 0.406 0.173
e58b 2.0 1.078 0.489 e67b 5.0 0.586 0.250
e58c 3.0 1.319 0.598 e67c 15.0 0.927 0.395
e58d 4.05 1.479 0.670 e67d 30.0 1.289 0.549
e58e 5.0 1.632 0.740 e67e 47.0 1.572 0.670
e58f 6.0 1.753 0.795 e67f 74.0 1.890 0.805
e58g 8.0 1.931 0.875 e67g 113.0 2.057 0.876
e58h 11.0 2.076 0.941 e67h 161.0 2.136 0.910
e58i 15.0 2.099 0.951 e67i 207.0 2.163 0.921
e58j 21.0 2.167 0.982 e67j 278.0 2.220 0.946
e58k 45.0 2.178 0.987 e67k 377.0 2.223 0.947

Temperature: 1212 K, initial mass: 119.299 mg Temperature: 1103 K, initial mass: 108.891 mg
e71a 1.0 0.873 0.302 e60a 144.0 0.957 0.362
e71b 2.5 1.327 0.459 e60b 505.0 1.725 0.653
e71c 4.75 1.825 0.631 e60c 935.0 2.114 0.800
e71d 8.0 2.265 0.783 e60d 1410.0 2.258 0.855
e71e 13.75 2.578 0.891 e60e 1884.0 2.403 0.910
e71f 20.0 2.693 0.930
e71g 27.0 2.764 0.955 Temperature: 1073 K, initial mass: 102.732 mg
e71h 43.0 2.792 0.965 e61a 144.0 0.509 0.204
e71i 68.0 2.801 0.968 e61b 504.0 0.757 0.304

e61c 934.0 0.992 0.398
Temperature: 1176 K, initial mass: 92.528 mg e61d 1408.0 1.167 0.468

e63a 1.0 0.460 0.205 e61e 1910.0 1.438 0.577
e63b 3.0 0.641 0.286 e61f 2503.0 1.624 0.652
e63c 7.0 0.904 0.403 e61g 3585.0 2.001 0.803
e63d 17.0 1.378 0.614 e61h 4757.0 2.205 0.885
e63e 25.0 1.661 0.740 e61i 6531.0 2.301 0.923
e63f 41.0 1.919 0.855 e61j 9219.0 2.359 0.947
e63g 61.0 2.055 0.915
e63h 82.0 2.069 0.922 Temperature: 1023 K, initial mass: 99.495 mg
e63i 179.0 2.134 0.951 e97a 1508.0 0.405 0.168

e97b 3215.0 0.474 0.196
e97c 4823.0 0.530 0.220
e97d 7031.0 0.645 0.267
e97e 9687.0 0.750 0.311
e97f 12689.0 0.866 0.359

a Calculated using max % mass loss: 2.426 wt% (3 pts, 1σ = 0.041).
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Table A.4
Tremolite dehydroxylation experiments in CO2, with horizontal furnaces and cylindrical crucibles

Experiment Time Mass loss Fraction Experiment Time Mass loss Fraction
(h) (mg) reacteda (α) (h) (mg) reacteda (α)

Temperature: 1212 K, initial mass: 97.796 mg Temperature: 1103 K, initial mass: 98.256 mg
e70a 1.0 0.771 0.325 e64a 25.0 0.449 0.188
e70b 2.5 1.168 0.492 e64b 47.0 0.518 0.217
e70c 4.75 1.599 0.674 e64c 96.0 0.691 0.290
e70d 8.0 1.944 0.819 e64d 162.0 0.875 0.367
e70e 13.75 2.179 0.918 e64e 260.0 1.112 0.467
e70f 20.0 2.269 0.956 e64f 400.0 1.413 0.593
e70g 27.0 2.320 0.978 e64g 593.0 1.689 0.709
e70h 43.0 2.332 0.983 e64h 857.0 1.948 0.817
e70i 68.0 2.335 0.984 e64i 1240.0 2.125 0.891

e64j 1739.0 2.207 0.926
Temperature: 1177 K, initial mass: 91.546 mg e64k 2771.0 2.246 0.942

e62a 1.0 0.456 0.205
e62b 3.0 0.636 0.286 Temperature: 1045 K, initial mass: 96.055 mg
e62c 7.0 0.911 0.410 e73a 286.0 0.385 0.165
e62d 17.0 1.402 0.631 e73b 618.0 0.446 0.191
e62e 25.0 1.670 0.752 e73c 1149.0 0.507 0.218
e62f 41.0 1.938 0.873 e73d 1889.0 0.595 0.255
e62g 61.0 2.052 0.924 e73e 2966.0 0.677 0.291
e62h 84.0 2.107 0.949 e73f 5080.0 0.827 0.355
e62i 179.0 2.131 0.960 e73g 7412.0 1.011 0.434

e73h 10783.0 1.228 0.527
Temperature: 1151 K, initial mass: 102.698 mg e73i 14480.0 1.440 0.618

e66a 1.0 0.436 0.175 e73j 18346.0 1.671 0.717
e66b 5.0 0.631 0.253 e73k 22545.0 1.817 0.780
e66c 15.0 0.953 0.383 e73l 27030.0 1.943 0.834
e66d 30.0 1.276 0.512
e66e 47.0 1.565 0.628
e66f 74.0 1.810 0.726
e66g 113.0 2.143 0.860
e66h 161.0 2.250 0.903
e66i 207.0 2.302 0.924
e66j 278.0 2.383 0.956
e66k 378.0 2.398 0.962

a Calculated using max % mass loss: 2.426 wt% (3 pts, 1σ = 0.041).
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Table A.5
Tremolite crystal dehydroxylation experiments in CO2, with horizontal furnaces and combustion boats

Experiment Time Mass loss Fraction Experiment Time Mass loss Fraction
(h) (mg) reacteda (α) (h) (mg) reacteda (α)

Temperature: 1224 K, initial mass: 35.673 mg Temperature: 1148 K, initial mass: 93.891 mg
e57a 1.0 0.106 0.122 e68a 1.0 0.079 0.035
e57b 2.25 0.157 0.182 e68b 15.0 0.123 0.054
e57c 4.0 0.224 0.259 e68c 46.0 0.265 0.116
e57d 7.0 0.373 0.431 e68d 85.0 0.491 0.216
e57e 11.0 0.520 0.600 e68e 139.0 0.794 0.349
e57f 15.0 0.641 0.741 e68f 213.0 1.244 0.546
e57g 19.0 0.749 0.866 e68g 326.0 1.640 0.720
e57h 24.0 0.836 0.966 e68h 494.0 1.901 0.835
e57i 31.0 0.867 1.001 e68i 756.0 2.035 0.893
e57j 37.0 0.867 1.001 e68j 1116.0 2.068 0.908
e57k 58.0 0.867 1.001 e68k 1666.0 2.068 0.908

Temperature: 1212 K, initial mass: 108.884 mg Temperature: 1104 K, initial mass: 113.336 mg
e72a 1.0 0.387 0.147 e65a 23.0 0.146 0.053
e72b 2.5 0.548 0.207 e65b 45.0 0.169 0.061
e72c 4.75 0.825 0.312 e65c 96.0 0.192 0.070
e72d 8.0 1.212 0.459 e65d 186.0 0.241 0.088
e72e 13.75 1.728 0.654 e65e 309.0 0.326 0.119
e72f 20.0 2.092 0.792 e65f 545.0 0.484 0.176
e72g 27.0 2.332 0.883 e65g 902.0 0.758 0.276
e72h 43.0 2.493 0.944 e65h 1498.0 1.222 0.444
e72i 68.0 2.584 0.978 e65i 2220.0 1.691 0.615
e72j 118.0 2.609 0.988 e65j 3372.0 2.143 0.779
e72k 207.0 2.628 0.995 e65k 4543.0 2.287 0.832

e65l 7640.0 2.486 0.904
Temperature: 1176 K, initial mass: 99.358 mg

e69a 2.0 0.188 0.078
e69b 13.0 0.378 0.157
e69c 32.5 0.742 0.308
e69d 56.5 1.229 0.510
e69e 97.0 1.758 0.729
e69f 145.0 2.019 0.838
e69g 194.0 2.149 0.892
e69h 261.0 2.225 0.923
e69i 359.0 2.263 0.939
e69j 474.0 2.274 0.943

a Calculated using max % mass loss: 2.426 wt% (3 pts, 1σ = 0.041).
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