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ABSTRACT

In order to examine the effects of chemical composition on thermal expansion in the pyroxene
mineral group, X-ray diffraction data have been collected from room temperature to ~925 °C on a
chemically diverse group of thirteen pyroxenes, including four orthorhombic and nine monoclinic
samples. Additionally, resulting unit-cell volumes computed from the XRD data have proven to be
good tests for a large number of thermal expansion models; the physical model by Kroll and coworkers
and the empirical one by Fei have been found to be especially useful. Modeling also has allowed the
connection of present data, collected at temperatures above 25 °C, to the volume data of other workers
for much lower temperatures, well below 0° C, and also extrapolation of values for volume and thermal
expansion well beyond the measurement range.

We have found for orthopyroxenes that Fe>*-Mg?* substitution has little effect on thermal
expansion coefficients for volume. For clinopyroxenes, however, greater thermal expansion occurs in
Ca?*- (diopside, augite, hedenbergite, johannsenite) than in Li*- (spodumene) or Na*-bearing members

(jadeite, aegirine, kosmochlor). Present data support the observation that differences in volume thermal
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expansion relate primarily to differences in expansion along the b crystallographic axis. This apparently
is due to the greater concentration of M1 polyhedra along the b crystallographic axis, where expansion
differences can be related to the shared O1-O1 polyhedral edge and inter-oxygen repulsion that is made

easier by divalent, as opposed to trivalent, cation occupancy of the M1 crystallographic site.

Keywords: pyroxenes, thermal expansion, modeling

INTRODUCTION

A principal line of research at Lafayette College over more than twenty years has been
investigation of the relationship of thermal expansion to the chemical compositions of minerals within
specific structural groups. Previously published results include investigation of the entire feldspar
system (Hovis et al. 2010, 2008, 1999; Hovis and Graeme-Barber 1997), nepheline — kalsilite
feldspathoids (Hovis et al. 2006, 2003), and both F-Cl and F-OH apatites (Hovis et al. 2014, 2015). We
now have expanded this work by collecting data on more than fifty mineral specimens covering wide
compositional ranges in five additional silicate mineral systems. In the present paper we explore
thermal expansion relationships among pyroxenes.

A primary goal of present and previous work has been to provide valuable research experiences for
undergraduate students at Lafayette College. Participants in the present work, now all graduated, are
coauthors of this paper. The analysis of thermal expansion data has progressed significantly in the last
decade, going far beyond questions asked in the previous studies listed above. In fact, high-quality
volume (V) - temperature (T) data can be utilized to test various mathematical formulations of V-T data
and also incorporated into thermodynamic data bases for the purpose of calculating phase equilibria at
elevated temperatures. Even though pyroxene thermal expansion has been studied previously

(references appropriate to specific minerals given later), an exploration of physical thermal expansion
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models for a systematic collection of pyroxenes is lacking. The current study provides data that can be
used for such a purpose, similar to studies on plagioclase and olivine by Tribaudino et al. (2011) and

Kroll et al. (2012), respectively-

SAMPLES AND METHODS

Pyroxene samples investigated

A total of four Mg?"-Fe?" orthopyroxenes and nine clinopyroxenes have been investigated. The
orthopyroxenes range in composition from nearly-pure-Mg enstatite to pure Fe?" ferrosilite. Monoclinic
pyroxenes include three calcic Ca-Mg-Fe specimens ranging in Mg:Fe?* ratio from diopside to “augite”
to hedenbergite, and also CaMn johannsenite. Investigated sodic clinopyroxenes include NaAl jadeite,
NaFe** aegirine, and NaCr** kosmochlor, the latter synthesized in our own laboratory. Additional
investigated clinopyroxenes include omphacite, a chemical intermediate between calcic and sodic
pyroxenes that crystallizes in a different space group with respect to the others, and LiAl spodumene.
Crystallographic, chemical, and other information pertaining to samples studied during this
investigation are recorded in Table 1. This will give the reader a feeling for how close or far each
sample is from the pertinent end-member composition and also allow compositional comparison among
different pyroxenes. Sample compositions from the records of the National Museum of Natural History
(Washington, D.C.) and the American Museum of Natural History (New York City), in some cases

unpublished, have been important to our work.

Methods
X-ray diffraction measurements were conducted at temperatures ranging from room T to ~928
°C on a PANalytical Emperian X-ray powder diffraction (XRD) system equipped with an Anton-Parr

HTK 1200N heating stage. Actual sample temperature was checked periodically by conducting

5

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7650. http://www.minsocam.org/

separate experiments on four different compounds (KNO3, KCl04, K2SO4, BaCO3), which collectively
undergo reversible phase transformations at temperatures covering the range ~130 °C to ~815 °C. Each
of these samples was X-rayed at small increasing-T increments across its phase transformation, then
subsequently cooled in small-T increments across the same transition, then heated again, and so on,
while inspecting the X-ray pattern at each temperature. Generally, it was found that the observed
temperatures of our experiments were 16 °C to 28 °C above the set temperature displayed on the
controller console. The latter stated range in temperature correction probably does not represent real
variation in instrumental vs. actual T over time, but likely reflects the standard deviation in average AT
values that became evident only after performing experiments on our new XRD system over an
extended period of time.

Each mineral was subjected to X-rays from room T to a set T of 900 °C at (mostly) 50 °C intervals.
X-ray scans were conducted from 15° to 80° 26 over a 30-minute period at each T, except for some Fe-
bearing specimens for which run times of 60 minutes were employed (details in Table 1). All
measurements utilized Ni-filtered Cu Ko radiation. Isometric silicon with a 25 °C unit-cell dimension
of 5.430825(36) A, as stated in the NIST certificate for Si Standard Reference Material 640a, was used
as an internal standard in all experiments to correct for zero offset. With temperatures calibrated as
discussed above, Si peak positions were adjusted for temperature utilizing the thermal expansion data
of Parrish (1953), with a linear thermal expansion coefficient for the a unit-cell dimension of 4.1489 x
104 AL

During review of this manuscript, we became aware of a different (and non-linear) formulation
for Si thermal expansion employed by Alvaro et al. (2015). To make comparisons with the latter, the Si
data of these authors were utilized to determine the unit-cell dimensions of our kosmochlor sample
(GH-1558) at temperatures of 22, 272, 522, 722, and 922 °C. Resulting unit-cell volumes for

kosmochlor based on the alternative Si data and formulation are generally lower by ~0.2 to 0.4 A3 than
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those reported in Table 2. Any such differences, however, would be systematic across all pyroxenes, in
no way affecting comparisons among samples. Note as well that the room-T unit-cell dimension for Si
[5.4303(4) A] reported by Alvaro et al. (ibid) for 297K is slightly different from that stated for the
NIST sample used here.

Generally, at the conclusion of an experiment, a room-T X-ray scan was conducted to check for
possible sample breakdown. In the case of Fe?**-bearing samples it was common for materials to have
changed color to a rusty-red or brown by the conclusion of an experiment, correlating with the
identification of hematite in the resulting sample. In such samples, it was common to note deterioration
in the quality of X-ray peaks at some point during sample heating. More subtle sample breakdown was
indicated by the development of off-trend unit-cell dimensions with increasing T. In our data tables and
figures the breakdown of various samples is reflected by shortened temperature ranges (T < 900 °C) of
reported unit-cell dimensions.

The sample holder utilized for the Anton-Parr stage varied among specimens. In cases where
very small amounts of sample were available, the powdered sample (plus Si) was mixed with several
drops of iso-amyl acetate on a thin alumina disc, allowed to dry, then mounted on the heating stage.
The resulting X-ray patterns of such experiments invariably included corundum peaks, which were
ignored in the data reduction. In cases where sufficient amounts of sample were available, powders
were placed in a flat-bottomed macor cup, then smoothed off parallel to the top of the cup. Due to the
greater thickness of such samples, no extra X-ray peaks from the macor were generated.

Generally, unit-cell dimensions were calculated using the X-ray software of Holland and
Redfern (1997), which was downloaded from the unit-cell internet page of Prof. Timothy Holland,
University of Cambridge. To avoid automated indexing of low-intensity X-ray peaks related to phase
impurities, the Akl identities of all peaks were assigned manually, for which both the American

Mineralogist Crystal Structure Database (Downs and Hall-Wallace, 2003) and PANalytical Database
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were invaluable. Because of this manual indexing, rather than automated indexing now available on
various XRD systems, we regard the stated standard deviations of our computed unit-cell dimensions to
be realistic. The wavelength of Cu Kol radiation for all calculations was taken to be 1.540598 A,
which was the value inherent in PANalytical software.

Our calculated unit-cell dimensions for all pyroxenes are presented in Table 2. Reported
standard deviations from the Holland software represent 1 values, whereas these should be multiplied

by 2 or 3 to reflect truer values of the actual uncertainties.

MODELS FOR FITTING VOLUME-TEMPERATURE DATA
Models in the subsequent discussion are named as in Kroll et al. (2012) and Angel et al. (2014).
Interested readers also may refer to Angel et al. (2015, 2019 and 2020) and Zaftiro et al. (2019). For a
thorough discussion of models for fitting volume-temperature data, we refer readers to supplementary

material S1 provided with this paper.

A test of various models utilizing data for jadeite

To test the different formulations for V-T data, we have modelled our results for jadeite sample
AMNH 33399. Fits were done on data from 298 through 1195 K, then extrapolated to temperatures
below 298 K for comparison with high-quality V-T data between 1.5 and 270 K from the powder
neutron diffraction experiments of Knight and Price (2008). Such an exercise provides a good measure
of the capability of different models to predict low-temperature behavior and also produces a good
estimate of the room-temperature thermal expansion coefficient.

For this test we have utilized a total of five models, two based on physical descriptions (the
Einstein linear and Kroll fits), and three empirical models, the first-order (linear) and second-order

(quadratic) polynomials of V as f(T), plus the Fei model. Note that experimental data for AMNH 33399
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jadeite were rescaled, decreasing all measured V values by 0.40 A3, in order to merge the low- and
high-temperature data sets. Overall results are given in Table 3, as well as Figures 1 and 2. Most
models show a good visual fit to the experimental data (Fig. 1), as well as very good values for R?
(Table 3). An analysis of residuals shows that, on average, these are below 2c of the average
experimental error. The lone exception to this is the fit for the linear model (Table 2), which occurs
because V-T data above room T for jadeite and other minerals are normally concave-up. Linear fits to
concave-up V-T data give V residuals that are positive at the two ends of the T range, but negative at
intermediate temperatures. In fact, analysis of a lower-T (or higher-T) subset of such data produces a
different thermal expansion coefficient than does analysis over the entire T range. In the present case, a
linear fit to all data for jadeite above room temperature gives a thermal expansion coefficient of 2.69(2)
x 103 K-!, whereas a linear fit limited to data between 298 and 700 K gives the lower value of 2.46(4) x
1073 K-!. This has an important implication, namely that in order to accurately compare the linear
thermal expansion coefficients of different mineral samples, it is necessary to utilize data over the same
temperature range. This is a critical point, as many studies have utilized linear approximation to
compare thermal expansion coefficients.

It is only the Kroll model, with Og = 537 K calculated from Holland and Powell (2011) and K’
as a refinable parameter, that the V-T curve obtained from present high-T data for jadeite predicts
correct volume behavior at T <298 K. This is most likely because it is recast from models that account
for non-linear lattice energy vs. T relationships. At the same time, it is fair to point out that alternative
choices for O and K’ might not have provided equally good volume extrapolation to low temperatures
(Fig. 1).

It is important to recognize that extrapolation of V-T data to very low temperatures cannot be

accomplished with the Fei model. In this case, as T approaches 0 K, the T~ term causes thermal
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expansion to diverge towards infinity. Nevertheless, the Fei model can indeed be utilized to
successfully reproduce data within the measurement range of V-T experiments.

Differences among the various models for jadeite are apparent, even within the measurement
range, by analysis of the thermal expansion coefficient with temperature. Physical models predict that
the thermal expansion coefficient is zero at 0 K and show two inflections with temperature, one
concave-up and the other concave-down at lower and higher temperatures, respectively (Kroll et al.
2012). Neither the empirical linear nor polynomial fits fill such requirements, as they are respectively
constant and linear with temperature. The empirical Fei model predicts the higher-temperature
saturation but fails at lower temperature. It is only the Einstein and Kroll models, then, that can
accurately predict expected behavior of ay with T.

In empirical models, constant (linear model) or linear (polynomial model) thermal expansion is
overestimated at room temperature relative to physical models (Fig. 1). The Fei model at higher
temperature is close to physical-model predictions, even though for olivine this is not the case (Kroll et
al. 2012). Note that thermal expansion coefficients modelled from physical and polynomial fits are
generally very similar to one another between 200 and 800 °C.

One possible bias in the Kroll model is the presence of four refinable parameters, which in an
unconstrained refinement are highly correlated, having a correlation coefficient >0.85 with Vo and
>(0.95 with other parameters. To judge how refinement constraints could affect thermal expansion
parameters, values for O and K’ were alternately constrained (one each or both) to the experimental
values of K’= 4.4 GPa (Nestola et al. 2007) and 0 = 537 K, the latter based on entropy data tabulated
in Holland and Powell (2011). Although an unconstrained fit that includes low-temperature data gives
results close to the experimental ones, i.e. O =490(10) K and K’ = 5.6(8) GPa, the unconstrained

refinement based on higher-T data alone gives an unreasonable negative value for K’.
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ANALYSIS OF PRESENT AND PREVIOUS DATA

As shown for jadeite in Table 4, when alternately fixing either K’ or Og, the result for the
alternate parameter is close to the experimental value. For the analysis of present data and comparison
among various pyroxenes, therefore, it seemed reasonable to utilize the Kroll model in which both
parameters are fixed, where K' is obtained from pyroxene high-P equations of state and O from the
data of Holland and Powell (2011), with linear interpolation between end members. Consider again that
such a constrained fit for jadeite, based on present data above room T, did well in predicting
independently-measured low-T data (Fig. 2).

In addition, we have employed the Fei equation in V-T fits, using full expansion in cases where
refinements gave significant values for ao, a1, and a, parameters, which occurred in five of 12 samples,
namely enstatite, diopside, jadeite, kosmochlor and augite. In other pyroxenes only the ap and a;
parameters were refined, resulting in second-order polynomials. For hedenbergite the a; parameter was
smaller than the error, producing a close-to-linear fit. Results of these calculations are shown in Table
5.

One may also compare values of 2 for fits to the same dataset using both the Fei and Kroll
models. Because 2 reflects agreement of any model with the data, one might expect it to be similar for
the two models. On the other hand, because the Fei fit is simply an empirical best-fit to the data, one
would expect better agreement for the latter, which is indeed observed (Table 6). Although higher
values in y2 for the physical model could indicate incorrect choices for physical constants K’ and O,
Table 6 shows both %2 values and room-temperature volumes for the two models to be very similar.

Another comparison of the two models comes from calculating thermal expansion at a given
temperature. We did this for 298 and 1073 K, where thermal expansion for the Kroll model was
obtained directly from the code and that for Fei by deriving the fit at the given temperature. The

greatest difference between the two models was observed for hedenbergite, for which the almost-linear
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fit (possibly related to the lower quality of the data) overshoots at higher temperatures and
underestimates at lower temperatures. At 298 K the two models differ most, whereas at 1073 K there is
good agreement (Fig. 3). This is consistent with our observations for jadeite, for which there is good
agreement among thermal expansion coefficients based on different models for the temperature range
from 500 to 1100 K. Indeed, differences between the models at 298 K are expected, as the empirical
Fei model is less effective in describing low-T thermal expansion, with ar becoming infinite at 0 K.
Note as well that a larger difference at 298 K between the Fei and Kroll models is observed for

omphacite, aegirine and spodumene, for which data did not allow refinement of all Fei parameters.

Orthopyroxenes from enstatite to ferrosilite

Because they are major rock forming minerals, several papers have been published on the
thermal expansion of orthopyroxenes studied via X-ray diffraction (Jackson et al. 2003, Hugh-Jones
1997, Zhao et al. 1995, Yang and Ghose 1994, Frisillo and Buljan 1972, Smyth 1973, Sueno et al.
1976) or dilatometric methods (Dietrich and Arndt 1982, Sarver and Hummell 1962). V/V ratios for
enstatite are shown in Figure 4 from the most recent investigations that utilized X-ray diffraction
techniques. Note that the use of V/Vjto compare end-member thermal expansion, rather than volume
alone, mitigates small differences in unit-cell parameters at room temperature that are the result of
chemical impurities and/or differences in laboratory techniques. The data of Jackson et al. (2003) show
relatively high scatter, which is likely due to lower precision inherent in the EDX detection methods
used by these workers. This prevented data analysis using a physical equation, so a linear fit to their
data was done instead. Note that the latter results deviate above 1000 K from those of other
investigations. Unfortunately, high scatter in the data of Hugh-Jones (1997), as well, prevented useful
analysis using present methods. As for current enstatite data (Fig. 5), refinement using the Fei equation

indicates that all parameters are statistically significant. Moreover, the latter closely connect with those
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of previous work by Yang and Ghose (1994). The room-temperature thermal expansion obtained for
this study agrees well with that from Yang and Ghose (0298 = 2.602(9) and 2.62(2) x 1073 K).

Natural orthopyroxenes show some degree of Fe?*-for-Mg substitution, so it is pertinent to ask
what effect such substitution has on thermal expansion. Despite a large number of experiments, data
from the literature that address this question show a high degree of scatter, with thermal expansion
values ranging from 2.4 to 4.77 x 1073 K*! for orthoenstatite and 2.03 to 3.93 x 103 K-! for
orthoferrosilite (Hugh-Jones 1997). The latter paper also compares the thermal expansion of clino- and
orthoenstatite to that of ferrosilite, concluding for the two orthorhombic phases that ferrosilite shows
lower thermal expansion, 2.75(15) x 10 K- vs. 3.22 (11) x 1073 K-! based on linear fits to data between
293 and 900 K. The data of Yang and Ghose (1994) for intermediate enstatite-ferrosilite solid
solutions, on the other hand, indicate that Fe**-for-Mg substitution increases thermal expansion at room
temperature, but slightly decreases the latter at the highest temperatures.

Analysis of present data for end-member orthoferrosilite using the Kroll equation is hindered by
sample degradation (due to iron oxidation) above 700 K, a temperature above which Hugh-Jones
(1997) also observed anomalous decrease in thermal expansion. To address this, we utilized the Kroll
equation to fit present data as merged with those from Sueno et al. (1976). Results confirm the findings
of Yang and Ghose (1994) that at about 700 K the thermal expansion coetficient becomes greater in
enstatite, but that between 500 and 1100 K the difference is hardly significant. This is consistent with
results between 298 and 700 K for present samples having intermediate Mg:Fe ratios (Fig 6). Like
ferrosilite, the iron-richer orthopyroxenes show sharp XRD peaks at low T that strongly degrade with
rising temperature (thus the reporting of lower-T unit-cell data only). Linear fits to intermediate
orthopyroxenes between 298 and 700 K may be compared with those for ferrosilite and enstatite.
Within error, changes in volume due to the presence of Fe?* are hardly distinguishable, with slightly

higher expansion for ferrosilite. Note that the higher standard deviation of data for enstatite (Fig. 6)
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relates to the greater curvature of its V-T trend, corresponding to a predictable greater increase in

thermal expansion, not to scatter in the data.

Calcic clinopyroxenes

Diopside. Diopside (CaMgSi,0¢) is an important end-member pyroxene having the typical
structure of group members possessing C 2/c space group symmetry. Indeed, it was on diopside that the
first investigation of pyroxene thermal expansion was accomplished up to 1273K by Kozu and Ueda
(1933) using dilatometric methods. Initial studies on diopside thermal expansion using X-ray
diffraction were reported by Deganello (1973) and Cameron et al. (1973) in their comprehensive
analysis of clinopyroxene crystal structures at high temperature. Because these studies determined unit-
cell dimensions at just four and five temperatures, respectively, volume data were fit according to a
linear model. Later work up to 800°C by Finger and Ohashi (1976) measured diopside unit-cell
dimensions at a closer T interval and examined the strain tensor with temperature. Richet et al. (1998)
measured unit-cell dimensions to just below diopside's melting point in parallel with high-T in-situ
Raman spectroscopy. More recently, Ferrari et al. (2014) and Pandolfo et al. (2015) provided unit-cell
data at closely spaced temperatures, allowing data analysis using both the Berman polynomial and
empirical Holland models, with no attempt at a physical model. Results from the latter investigations
(Fig. 7) are more-or-less scattered but follow similar trends, except for the higher-T data of Richet et al.
(1998) that deviate significantly from the other studies above 900 K; the latter negates development of
a single equation of state for their data at both low- and high-temperatures.

A fit of present diopside V-T data shows significance for all parameters of the Fei equation
(Table 6). In the same table, the Kroll fit shows higher residuals and a poorer weighted > parameter
than the latter, which could indicate that the physical parameters fixed for O or K’ are either over- or

underestimated. As shown by Xu et al. (2019), several determinations of K’ for diopside range from 6.8
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(Tribaudino et al. 2000) to 3.8 (Thompson and Downs 2008). A fit to present data using the 3.8 value is
somewhat better, with weighted y? very close to that from a fit using the Fei equation.

Hedenbergite. Several studies have been accomplished on hedenbergite using single-crystal
techniques (Cameron et al 1973, Tribaudino et al 2008b, Ferrari et al 2014). Cameron et al. (1973) and
Tribaudino et al. (2008b) fit V-T data linearly; an application of a polynomial fit to the 2008 data
shows a concave-down V-T curve that predicts an unrealistic decrease in the thermal expansion
coefficient with T. Results from the more recent study by Ferrari et al. (2014) utilized a polynomial fit,
showing an upward concave behavior for data up to 773 K. Figure 7 demonstrates that data from the
three studies are closely grouped up to 800K, a temperature at which data from present work reflect
sample degradation. Note that some scatter is shown for data at higher temperature by both Cameron et
al. (1973) and Tribaudino et al. (2008b).

Comparison of data for diopside to those of hedenbergite is pertinent, as many natural
clinopyroxenes are solid solutions between these end members. Ferrari et al. (2014) showed that at
room temperature thermal expansion coefficients for the two pyroxenes are equal. That Fe-Mg
exchange in the M1 site does not measurably affect thermal expansion is reflected by equivalence of
the two polynomial coefficients in Berman fits for the two minerals (Table 6, Ferrari et al. 2014).

Although Kroll fits to our diopside and hedenbergite data show similar results, those for
hedenbergite are based on a more limited T range and also have higher errors that are likely the result
of peak broadening due to chemical zoning in the present sample. Clarification may reside in present
data for augitic pyroxene (NMNH 16168) of intermediate composition (DissHdse), for which data
quality is comparable to that of diopside. Thermal expansion for this specimen is similar to those of the
end members, although below 500 K aned™>0taug™0li, Whereas at higher temperatures the opposite is true.
Such differences, however, are hardly measurable and in general confirm that thermal expansion is

little affected by Mg-Fe?" substitution.
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Johannsenite. To our knowledge, no previous high temperature in situ determination of the
thermal expansion of johansennite have been done. We expected that the V-T measurements on
johannsenite (CaMnSi2Og; specimen NMNH 97484 ) should have resulted simply in determination of
the effect of Mn?*-for-Mg/Fe?* M 1-site substitution on thermal expansion. However, present data for
johannsenite show significant peak broadening at temperatures above ~400 °C, which is most likely
due to onset of the phase transformation from johannsenite to bustamite (reported by Angel 1984), even
though the major XRD peaks for johannsenite continue to higher temperatures. The discontinuity in
unit-cell data are shown particularly well on a plot of the a unit-cell dimension against temperature
(Fig. 8). Because of this issue, analysis of present data is limited to temperatures below 400 °C. A
linear fit to such data indicates a higher thermal expansion coefficient for johannsenite than for either
diopside or hedenbergite, where the linear thermal expansion coefficient for johannsenite (ov=3.12(4) x
1073 K') between 25 and 400 °C is within two standard deviations of the linear thermal expansion

calculated for diopside, augite and hedenbergite (0,=2.98(7), 2.99(3), 3.02(5) x 103 K!).

Sodic clinopyroxenes

Jadeite. Sodium pyroxenes have been widely studied as major phases in both alkaline volcanics
and high-pressure metamorphic rocks. Among these, jadeite (NaAlISi,0O¢) has been the most
investigated pyroxene at high P-T. To our knowledge, Cameron et al. (1973) performed the first
thermal expansion study on jadeite, followed by work at both high P and T by Zhao et al. (1997), who
fit their high-T data to a Fei equation excluding the T-? term. Synthetic end-member jadeite was
studied by Tribaudino et al. (2008b), whose work also included intermediate compositions of jadeite-
hedenbergite and jadeite-aegirine series. This work demonstrated that Al-Fe** exchange between
jadeite and aegirine has little effect on thermal expansion. On the other hand, coupled CaFe?**-NaAl

exchange from hedenbergite to jadeite does indeed increase thermal expansion. Pandolfo et al. (2015)
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measured unit-cell dimensions along a jadeite-diopside series; the fit to data using a Berman equation
indicated that thermal expansion at room temperature decreased with increasing jadeite component.
Additionally, Knight and Price (2008) used time-of-flight neutron diffraction to study unit-cell
dimensions from room temperature to 1.5 K. The data were fit according to the Wallace formulation of
the Einstein equation. As shown in Figure 9, this work and previous investigations match a similar
trend. In detail, it appears that Cameron et al. (1973) slightly underestimate thermal expansion relative
to more recent investigations.

Aegirine. The effect of Fe*"-Al exchange on thermal expansion in sodic pyroxenes can be
studied via data for the jadeite-aegirine series. Aegirine previously has been investigated at high
temperature by both Cameron et al. (1973) and Tribaudino et al. (2008b). No significant difference in
thermal expansion for jadeite, aegirine, or their intermediate compositions was found. Note that
Redhammer et al. (2006) also investigated aegirine at low T, but with particular focus on crystal
structures and Mdssbauer behavior. Figure 10 shows that the data of Cameron et al. (1973) and
Tribaudino et al. (2008b) are somewhat scattered, whereas those from the current study are between the
others and more regular in variation. Present results, fit with a Kroll equation together with the low-
temperature data for acgirine (Redhammer et al. 2006), confirm similarity in the thermal expansion of
jadeite and aegirine. Just as for ferrosilite and hedenbergite, the Fe-bearing component shows slightly
higher thermal expansion at lower temperature, but lower expansion at higher temperature.

Kosmochlor. The effect of Cr** on thermal expansion in Na-pyroxenes can be studied utilizing
kosmochlor, (NaCrSi,0O¢). This component, most important in meteoritic pyroxenes, was first
investigated by Cameron et al. (1973), whose data at three temperatures indicate a significantly lower
average thermal expansion than for either jadeite or aegirine. A Kroll fit on V-T data at nineteen

temperatures between 298 to 1195 K from the present work, combined with low-temperature unit-cell
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data at 10 K of Nenert et al. (2010), demonstrates that thermal expansion is indeed less in kosmochlor

than in either jadeite or aegirine over all temperatures.

Na-Ca/Al-Mg-Fe pyroxenes

Omphacite. In order to determine the effect of coupled Na-Ca and Al-(Mg,Fe) pyroxene
substitution on thermal expansion, we include V-T data from the present study on natural omphacite,
(Cag50Nag s0)(Alg.4sMgo asFe>*0.01Fe**0.05Cro.04)Si206, essentially intermediate in composition between
diopside and jadeite. Figure 9 demonstrates that thermal expansion coefficients for this specimen are
indeed intermediate relative to those of the latter minerals. This also confirms the observation of lower

thermal expansion for sodic pyroxenes at any temperature.

Lithium pyroxene

Spodumene. In natural clinopyroxenes the M2 site is generally filled by Ca or Na, with or
without some Mg and/or Fe**. Only Li can fully exchange for Na as a monovalent cation in the M2
site. Several studies collected diffraction data at temperatures higher or lower than 298 K on synthetic
Li-Fe, Li-Cr or LiNi pyroxenes with silicon or germanium in the T site (Behruzi et al. 1984,
Redhammer et al. 2001, 2004, 2015, 2016, 2017, Camara et al. 2009, Tribaudino et al. 2009), aiming to
understand phase transitions and the magnetic behavior of these phases. Such studies, however,
excluded the only naturally occurring Li-pyroxene end member, spodumene (LiAlSi,0s). Until now,
the only published high-temperature data on spodumene were collected by Cameron et al. (1973),
supplemented by the low-T data of Tribaudino et al. (2003) at 54 K from a single-crystal neutron
diffraction experiment. The data of Cameron et al. (1973) at four temperatures demonstrate that

spodumene has lower thermal expansion than either jadeite or kosmochlor. A Kroll fit to present data at
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nineteen temperatures (Figure 11) confirms that spodumene has lower thermal expansion than jadeite,

but does not demonstrate a difference with kosmochlor (compare Figs. 11 and 10b).

Al-bearing-orthopyroxene and Ca-Tschermak pyroxene

Other than in pyroxenes with a monovalent cation in the M2 site, such as Li and Na, Al enters
clino- and orthopyroxenes via a coupled Ca-Tschermak substitution of Al for Mg, Fe and Si in M1 and
T sites. This substitution was investigated in present work through V-T measurements on a natural Al-
bearing orthopyroxene. A fit with the Kroll equation demonstrates that for T > 298 K, the Al-bearing
pyroxene shows lower thermal expansion than either enstatite or ferrosilite.

In the present work, we have not investigated the effect of Tschermak substitution, in
clinopyroxenes. Previous studies, however, do include high-temperature V-T data for synthetic Ca-
Tschermak (CaAl>SiOs, or CaTs, Haselton et al. 1984), as well as for intermediate solid solutions
CaTssoDiso and CaTs3oDizo (Tribaudino 1996). Both investigations show large experimental errors,
which limits data analysis to an assumption of constant thermal expansion (Fig. 12). Results indicate
that Tschermak substitution decreases thermal expansion, which confirms previous observations that
thermal expansion is less in pyroxenes having a trivalent cation in the M1 site (e.g. Cameron et al.

1973).

DISCUSSION
General trends in the thermal expansion of pyroxenes
The above results show significant differences among the investigated end members. These
differences may in part be interpreted in terms of crystal-chemical distinctions between the clino- and
orthopyroxene groups. A plot of unit-cell volume vs. thermal expansion coefficient at 298 K (Fig. 13)

demonstrates for most clinopyroxenes that thermal expansion is directly proportional to unit-cell
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volume. The lone exceptions to the latter are aegirine and kosmochlor, which show lower room-T unit
cells than those expected from room-T thermal expansion coefficient. Note as well that orthopyroxenes
generally show greater thermal expansion than clinopyroxenes based on room-T unit-cell volume. This
figure also demonstrates that Ca-pyroxenes show higher thermal expansion than either Na- or Li- end
members.

The mechanism for thermal expansion in pyroxenes has been discussed in many of the papers
listed above. Beginning with the work of Finger and Ohashi (1976), interpretation has involved
analysis of axial thermal expansion in terms of size and orientation of the strain ellipsoid based on the
strain tensor, with focus on structural changes that occur along greater and lesser deformation
directions. Interested readers may refer to such literature for discussions of specific pyroxenes.
Generally, however, higher thermal expansion has been found to occur along the b crystallographic
axis, with the other deformation axes on (010). Tribaudino and Mantovani (2014) have pointed out that
deformation with temperature on the (010) plane does differ slightly among pyroxenes, but agree that
the main differences in thermal expansion are related to differences in deformation along b.

In previous investigations deformation with temperature was studied simply by comparing
high-T with low-T unit cells, without focus on changes in the size and orientation of the strain tensor.
Because thermal expansion coefficients change with temperature, axial deformation should change as
well. Therefore, it will be informative to model such changes in order to understand the mechanics of

volume behavior.

Thermal strain with temperature
The thermal strain tensor shows the directions of deformation with temperature in a given
crystal. The geometric expression of thermal expansion is a property ellipsoid whose semi-axes are the

eigenvalues of the tensor. Orientation of the thermal ellipsoid is constrained by symmetry. For

20

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2021-7650. http://www.minsocam.org/

orthorhombic substances axes of the ellipsoid coincide with the crystallographic axes, and the
eigenvalues can readily be obtained from the ratio of high- to low-temperature unit-cell parameters. In
monoclinic pyroxenes this applies only to the b axis, whereas on (010) orientations of the other axes are
not fixed. The thermal strain tensor is obtained by comparing high- and low-temperature unit cells;
eigenvalues of the diagonalized tensor are the axial strain values. Program strain by Ohashi (1982),
now improved and implemented by the Angel et al. (2014) EOSfit7¢c program, has been used to
determine the orientation and size of the strain axes in monoclinic pyroxenes.

To investigate the changes of strain with temperature, we have modelled the unit-cell
parameters with a second-order polynomial. Although this approach is not exactly correct, as a physical
model should better fit the data, it does provide a reasonable description of how the individual cell
parameters change with temperature. As discussed above, the derivative of the polynomial is a straight
line whose slope enables modelling of the extent of changes with temperature for a given component.
For monoclinic symmetry there are just four non-zero components in the strain tensor, all of which can

be obtained at each temperature as follows:
(12) av=1/a(0a/cl) + (0 B */cT)cot B *
(13) a»= 1/b(0b/ T
(14) ass= 1/c(0c/dT)
(15) as= 0.5 cot 8 *[1/c(Oc/dT) — 1/a(0al/dT)] + 0.5(0 B */07T)
Here we follow the Brown setting (Angel et al. 2014), that is, for monoclinic symmetry the reference

system is a11 = a*, a»= b, a33= c. For orthorhombic symmetry the angular components are missing

and a3 is 0. The strain was calculated from unit cells based on polynomial modeling using the EosFitc

code of Angel et al. (2014). Results are reported in Figure 14.
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Axial to volume expansion contribution and crystallographic features

Clinopyroxenes. As shown in Figure 14, all investigated clinopyroxenes show greater thermal
expansion along the b axis and less along the a* and ¢ axes. For members with Ca in the M2 site
expansion along b is greater than for those having Na in M2, yet similar to the latter in other structural
directions. This confirms the observation by Tribaudino and Mantovani (2014) that higher expansion
along b accounts for the greater overall volume expansion in Ca-bearing vs. Na-bearing pyroxenes.
Differences in expansion along the b axis are related to greater contribution to thermal expansion by
M1 octahedra along this axis. Expansion is higher when M1 polyhedra are occupied by divalent cations
as a result of weaker bonding relative to polyhedra occupied by trivalent cations, as is the case in sodic
pyroxenes. This point seems to be confirmed in spodumene, with AI** in the M1 polyhedron but Li*
instead of Na* in the M2 polyhedron, which produces thermal expansion along b that is similar to that
in jadeite. In omphacite, with intermediate trivalent:divalent ratio in M1, one observes intermediate
thermal expansion.

Thermal expansion along the b axis changes more with temperature in Ca-pyroxenes than in Li-
or Na-pyroxenes such that at higher temperatures the difference in thermal expansion between Ca vs.
Li or Na pyroxenes increases. Because other components show only small changes with temperature,
changes along the b axis account also for the steeper change in thermal expansion at higher temperature
in calcic vs. sodic pyroxenes, just as for diopside vs. jadeite; once again, omphacite shows intermediate
expansion behavior relative to the latter (Fig. 14).

Thermal expansion along the ¢ direction (as3) ranges from 0.4 to 0.7 x 103 K-! and changes
little with temperature. This comes from the relative stiffness of the tetrahedral chains, which are
parallel to c, and can be elongated-simply by kinking of the latter. Such kinking with temperature is
quite small in C2/c pyroxenes (at most an increase of 3° for hedenbergite between 25 and 1000 °C;

Cameron et al 1973), so the increase along c is small as well. Moreover, the axial expansion along ¢
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does not change with temperature, even decreasing in augite and aegirine. Thermal expansion normal
to the tetrahedral chain plane, i.e. (100), is reflected by the a;; value. In this direction deformation is
similar at room temperature, ~0.7 x 103 K-! (0.5 in augite and spodumene). This increases with
temperature, except in hedenbergite. It is not clear whether the decrease in hedenbergite is due to a
sample degradation associated with the onset of transformation to bustamite or some other behavior.

In sodic pyroxenes thermal expansion is more isotropic than in Ca-bearing ones, this related to
lower expansion along the b axis. Another difference, previously noted, lies in different deformation on
the (010) plane. For jadeite vs. aegirine thermal expansion along the b and ¢ axes at lower temperature
1s greater in aegirine. As temperature increases, however, jadeite shows greater increase along b, while
thermal expansion in aegirine decreases along c. This likely accounts for the inversion in thermal
expansion between aegirine and jadeite at high temperature.

The a;3 component is present only in monoclinic pyroxenes and accounts for changes in the
interaxial angle . To describe the parameter in terms of structural features, it is useful to determine the
orientation of the strain ellipsoid onto the (010) plane. This was done on data between 25 and
approximately 420°C, the temperature at which johansennite shows early signs of the transition to
bustamite and hedenbergite data degrades apparently due to iron oxidation. Results are reported in
Table 7. As shown in Figure 15, Ca-bearing pyroxenes show a very similar orientation of the
deformation onto the (010) plane, with the major deformation at about 140° from the ¢ axis. In sodic
pyroxenes the major deformation occurs along a direction close to a*, whereas in Li-bearing
spodumene it occurs in a direction normal to that in Ca-pyroxenes. This pattern has been interpreted by
Tribaudino and Mantovani (2014) to be related to the shift in tetrahedral chains, as reflected by changes
in the  parameter, which (a) increases with temperature in Ca-pyroxenes, (b) is constant in jadeite, and

(c) decreases in aegirine, kosmochlor, and (especially) spodumene. Orientation of the larger
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deformation on (010) changes somewhat at higher temperature, with an approach in diopside to the a
axis.

Orthopyroxenes. For orthopyroxenes modelling of axial thermal expansion with temperature
was possible only for enstatite, EnssFs»s, and the Al-bearing sample, whereas the ferrosilite end
member produced good-quality data over a greatly shortened temperature range that allowed only
linear fits to cell-parameter data and thus constant axial expansion. For the EnssFs»s sample unit-cell
parameters above 500°C show an apparent decrease in thermal expansion at higher temperature along
the b axis, whereas other orthopyroxenes show no such trend (Fig. 16). A decrease in thermal
expansion along b at higher temperature was observed also in Fs-richer samples by Yang and Ghose
(1994). For ortho- vs. clinopyroxenes, thermal expansion along the b axis is similar, but along ¢ is
greater in orthopyroxenes, the latter correlating with elongation of the tetrahedral chains. Thermal
expansion along the a axis in orthopyroxenes is relatively minor and similar to that along the
structurally-corresponding a* direction in clinopyroxenes. The higher expansion along ¢ provides a
rationale for the higher-than-predicted unit-cell volume expansion in ortho- vs. clinopyroxenes.

It is an interesting exercise to compare thermal expansion along the various crystallographic
axes for all investigated orthopyroxenes. Generally, clinopyroxenes exhibit greater expansion along the
b axis at lower temperature, but in enstatite, EnssFs»s, and the Al-bearing orthopyroxene expansion
along the c axis rivals or exceeds that along b at higher temperatures. Greater thermal expansion along
the c axis at elevated temperature was also found in Mn-bearing pyroxene by Scandolo et al 2015, and
in Fe-Mg orthopyroxenes by Yang and Ghose (1994). This contrasts with the nearly constant expansion
behavior of ¢ with temperature in clinopyroxenes. Because c is the direction along which tetrahedral
and octahedral chains are elongated, this suggests progressively greater deformation along the
tetrahedral chain with increasing T. Indeed, because the tetrahedra in pyroxenes show only minor

changes in size with temperature, any expansion along the c axis requires rearrangement of the
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tetrahedral chain. This implies progressive opening of the O3-03-03 kinking angle, as suggested in
several previous papers (e.g., Thompson and Downs 2004). C2/c clinopyroxenes have a single
tetrahedral chain by symmetry that shows only a minor increase (3° at most) in the kinking angle with
temperature (Cameron et al. 1973). Pbca orthopyroxenes, on the other hand, have two symmetrically
independent tetrahedral chains, one that is highly kinked at room temperature, opening to 12° at higher
T in a non-linear fashion (e.g. Smyth 1973), perhaps leading to a phase transition. Consequently, the ¢
axis and thus volume increase is more in orthopyroxenes. Such change is related to the P-type structure.
Indeed, in Ca-poor pigeonitic P2/c pyroxenes, we find -similar behavior at high temperature, with
strong change in thermal expansion along the ¢ axis, and values along the a and b axes comparable to
those of other clinopyroxenes, showing little change with temperature. This, in fact, has been observed
for a synthetic Di15Engs pyroxene (Tribaudino et al. 2002) in connection with the high-temperature

phase transition to C2/c symmetry (Fig. 17).

SUMMARY AND CONCLUSIONS

The initial aim of this study was (1) to collect both accurate and precise volume data as a
function of temperature on a compositionally diverse set of pyroxene minerals and (2) to understand
the reasons for differences in thermal expansion among various members of this mineral group.
Toward these ends, we utilized NIST 640a silicon as an internal standard in all unit-cell calculations.
We also checked instrumental temperatures through separate XRD experiments on materials that
exhibit second-order phase transformations at known temperatures. And, of course, we have provided
chemical data for the various samples.

Altogether we studied thirteen different samples, four orthopyroxenes and nine clinopyroxenes.
Complete unit-cell data sets at ~50 °C intervals from room temperature to ~925 °C are the result of

computations for seven of the thirteen samples, one orthopyroxene and six clinopyroxenes. For Fe?*-
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and Mn?*-bearing pyroxene samples, shortened reported data ranges are the result of iron or manganese
oxidation at elevated temperature, and in the case of johannsenite also the apparent onset of phase
transformation to bustamite. Overall, the reported data show high precision and smooth variation with
temperature (Table 2, Fig. 2). Note that the present study provides data at closer temperature intervals
than some of the previous work on these minerals, which has proven to be especially advantageous in
modelling V-T relationships.

For minerals having volume data over extensive temperature ranges, the thermal expansion
models of Kroll et al. (2012) and Fei (1995) have been found to be particularly useful, with
computations aided considerably by the software of Angel et al. (2014). The modelling of V-T relations
also connects present data collected above room temperature to those of previous investigators for
temperatures well below 0 °C, as well as to tabulated pyroxene thermodynamic data such as those
given in Holland and Powell (2011).

Relative to the chemical effects on thermal expansion of pyroxene-group minerals, the
substitution of Fe** for Mg?* in orthopyroxenes seems to have only minimal effect on thermal
expansion coefficients for volume. This is not the case for clinopyroxenes, however, which show
greater thermal expansion for Ca®*- as opposed to Li*- and Na'-bearing members. As observed by
previous workers, the magnitudes of thermal expansion coefficients for volume are associated
primarily with differences in expansion along the b crystallographic axis. Tribaudino and Mantovani
(2014) note that this is largely the result of the greater concentration of M1 polyhedra along the b axis,
where extension of the O1-O1 shared polyhedral edge resulting from inter-oxygen repulsion is made
easier by divalent, as opposed to trivalent, cation occupancy of the M1 site. Present data for Ca®*- vs.
Na'- or Li*-bearing pyroxenes are indeed consistent with this idea, as is the relatively small effect of
Fe?*-Mg?" substitution on thermal expansion among the various orthopyroxenes, as well the relative

dampening of expansion in our Al-bearing orthopyroxene sample.
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With the completion of work on pyroxenes, we look forward to presenting our thermal

expansion data for minerals in the garnet, olivine, amphibole, and tourmaline systems.

IMPLICATIONS

The most obvious implication of the present work is the ability to update existing datasets used
to calculate thermodynamic equilibria of mineral assemblages, for example, using Thermocalc
(Holland and Powell 2011) or Perple X (Connoly 2005). Comparison with previous papers infers good
data precision and accuracy, confirmed by recent determinations on two pyroxene phases, diopside
(Ferrari et al. (2014) and jadeite (Pandolfo et al. 2015). We also have demonstrated that physical
thermal expansion models can be used to extrapolate molar volume beyond the temperature limits
imposed by laboratory heating devices.

In addition, we have contributed to modelling of the thermal tensor with temperature. In
previous investigations, except that of Yang and Ghose (1994) for orthopyroxenes, axial thermal
expansion was modelled by linear extrapolation, and the thermal expansion tensor was not determined.
Yet the anisotropy of thermal expansion and its changes with temperature play an important role in
modelling the hydrostatic vs. non-hydrostatic pressure field of inclusions in minerals (e.g., Murri et al.
2019, Mazzucchelli et al. 2019, Alvaro et al. 2020) and in modelling the high pressure and temperature
equation of state. For instance, Angel et al. (2019) have shown that the Mie-Gruneisen equation, most
commonly used to model volume at high pressure and temperature, has strong limitations for samples
in which the effects of P vs. T on the strain axes are not opposite, in turn inducing anisotropic behavior

of thermal pressure.
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FIGURE CAPTIONS
Figure 1: (a) volume and (b) thermal expansion coefficient vs. temperature for jadeite based on
different models. Fits utilized data at T > 298 K from present work only.
Figure 2: Unit-cell volume data used in the Kroll fits, except for johannsenite high-T data represented
by less-prominent diamonds. Volume data at T > 298 K are from the current work. Sources and
symbols for the low-temperature data are: hedenbergite full blue diamonds (Redhammer et al. 2010),
aegirine open blue diamonds (Redhammer et al. 2010), kosmochlor open red diamond (Nenert et al.
2010), spodumene open magenta diamond (Tribaudino et al. 2003).
Figure 3: (a) Thermal expansion coefficient at T = 1073 K according to the empirical Fei vs. the
physical Kroll model. Red circles are for orthopyroxenes, diamonds for clinopyroxenes, green Na-

pyroxenes, dark green omphacite, purple spodumene, and black Ca-pyroxenes. The line indicates the
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ideal plot if coefficients were the same for the two models. (b) Volume thermal expansion for enstatite
comparing the Fei and Kroll models based on fits to the same data.

Figure 4: V/V( vs. T for orthoenstatite and orthoferrosilite from data of previous investigations and
also current work.

Figure 5: Volume and volume thermal expansion in orthopyroxenes vs. absolute temperature based on
present work and the data of Yang and Ghose (1994), as discussed in the text.

Figure 6: Linear thermal expansion coefficient of orthoenstatite along the series orthoenstatite-
orthoferrosilite.

Figure 7: V/V( vs. T for (a) diopside and (b) hedenbergite. (¢c) Thermal expansion coefficients for
diopside, hedenbergite, and johannsenite.

Figure 8: Unit-cell parameter a vs. T for johannsenite of the present study. Note that the linear trend
becomes irregular above ~400 °C.

Figure 9: (a) V/Vo vs. T for jadeite based on data from both present and previous investigations and (b)
volume thermal expansion coefficient for jadeite and omphacite compared with diopside (K’ = 6.8); all
data from present work.

Figure 10: (a) V/V vs. T for aegirine based on data from present and previous investigations and (b)
comparison of volume thermal expansion coefficients for jadeite, aegirine, and kosmochlor.

Figure 11: Variation of volume thermal expansion coefficient with temperature for spodumene vs.
jadeite.

Figure 12: Linear thermal expansion coefficient in synthetic pyroxenes along the series diopside - Ca-
Tschermak pyroxene. Data are from Haselton et al. (1984) for Ca-Tschermak, Tribaudino (1996) for
intermediate compositions, and present work for diopside.

Figure 13: Thermal expansion coefficient at 298 K vs. unit-cell volume (halved for orthopyroxenes)

based on present data.
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Figure 14: Changes in the components of thermal strain with temperature in clinopyroxenes.

Figure 15: Higher deformation (second highest) on (010) at low and high temperature, calculated (a)
between T =298 and 748 K and (b) between T = 748 and 1073 K. The length of the sticks is
proportional to the deformation on (010). Only the higher deformation axis is shown, as the other is
normal to the page. High-temperature data for hedenbergite and johannsenite are not shown, as data in
the high-temperature range are either missing or affected by phase transformation (see text).

Figure 16: Unit-cell parameters with temperature for (a) enstatite and (b) En7sFss. The arrow indicates
turnover in the b and ¢ parameters for EnssFs»s, possibly related to a phase transition.

Figure 17: Thermal tensor coefficients for present enstatite and EnssFs»s samples, as well as the

Dii5Engs synthetic pyroxene of Tribaudino et al. (2002), as discussed in the text.
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REVISED FIGURE 8
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