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Abstract. The thermal expansion of two natural monticellite (CaMgSiO4) samples was measured by X-
ray powder diffraction between 298 and 1250 K. Axial expansion in monticellite is anisotropic with a(c) >
a(b) > a(a), with the volume expansion nearly equivalent to that of synthetic forsterite as measured in the same
laboratory, although forsterite axes expand as «(b) > a(c) > «(a). Kroll physical and Fei empirical models have
been used to describe the volume and axial thermal expansion of both minerals. High-temperature structural data
for these minerals show that the Ca-occupied M2 polyhedron in monticellite expands less than the Mg-occupied
site in forsterite, resulting in comparatively lower expansion along the b crystallographic axis. But greater ex-
pansion of the M1 polyhedron in monticellite accounts for greater expansion along its ¢ axis and, in turn, the
nearly equivalent volume expansion relative to that of forsterite.

1 Introduction

Thermal expansion is a key thermodynamic property of any
mineral or mineral assemblage and is indeed a basic prop-
erty associated with mechanical behaviour of the assemblage
wherever it is found. Thermal strain is a critical parameter in
structural geology and engineering; moreover, knowledge of
volume changes in materials as functions of temperature (7)
and pressure (P) is required in order to predict high 7'/ P
equilibria in natural, synthetic and industrial systems (e.g.
Holland and Powell, 2011).

The thermal expansion coefficient («) of a material is de-
fined as (0V/0T)/V. To obtain the latter it is necessary to
describe the functional relation between volume and temper-
ature. In minerals, thermal expansion has commonly been
approximated as constant due to the lack of data of a suit-
able quality, yet theoretical and experimental considerations
show more complex behaviour. Moreover, thermal expansion
is related to vibrational behaviour and therefore heat capac-
ity, which does not change linearly with temperature. Gener-
ally, therefore, the relationship of mineral volume to temper-
ature requires careful nonlinear modelling of V — T data.

Several proposed physical and empirical models describ-
ing V — T behaviour are summarised in Angel et al. (2014).
Experimentally, the measurement and expression of thermal

expansion with temperature are challenging because devia-
tions from linearity are relatively small at high 7 but con-
siderably more significant below room 7. Models, therefore,
require high-quality V — T data.

Although thermal expansion data for minerals have been
tabulated since 1990 (Fei, 1995), the need for higher-quality
data has prompted further investigation in the most common
mineral families, including plagioclase (Tribaudino et al.,
2011; Hovis et al., 2010), alkali feldspar (Hovis et al., 2008),
garnet (Angel et al., 2022), olivine (Suzuki, 1975; Kroll et
al., 2012), pyroxene (Knight and Price, 2008; Hovis et al.,
2021), amphibole (Tribaudino et al., 2008, 2022) and tour-
maline (Hovis et al., 2023), for which physical models have
been used to fit high-temperature volume data.

Natural olivine is a solid solution of forsterite (Fo;
Mg,Si04) and fayalite (Fa; Fe;SiO4), with minor Ca and
Mn. As a key phase in the upper mantle, it has been stud-
ied extensively. In their paper on olivine thermal expansion,
Kroll et al. (2012) provide a helpful synthesis of previous lit-
erature. They also model the thermal expansion of forsterite—
fayalite solid solutions, merging the results from as many as
16 different investigations on natural and synthetic samples.
The Kumar physical equation was used to model the volume
of forsterite—fayalite olivine with temperature at any com-
position. Previous results are discussed using a number of
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physical models, and a careful analysis is done for the ther-
modynamic implications of each model.

In contrast to the detailed investigation of olivine, the ther-
mal behaviour of Ca—Mg and Ca—Fe phases with an equiv-
alent structure to olivine, namely monticellite (CaMgSiO4)
and kirschsteinite (CaFeSiOy4), has been scarcely studied. In
natural settings, monticellite is found in siliceous and mag-
nesian limestones as well as high-temperature metamorphic
rocks or metasomatised skarns. It also occurs in industrial en-
vironments, such as steel-making slags, commonly as a main
constituent of the slag (e.g. Ferreira Neto et al., 2016), and
in bottom and fly ash from municipal solid-waste incinera-
tors (MSWIs; Ferraro et al., 2023). The thermal expansion
of monticellite is therefore of interest not only in modelling
metamorphic parageneses, but also from a socioeconomic
perspective. In fact, monticellite-bearing industrial waste is
secondary raw materials in cement and ceramics, where ther-
mal expansion is a critical feature related to the cracking of
the product after recycling.

To our knowledge, the only high-temperature investiga-
tion on monticellite is that of Lager and Meagher (1978),
who reported single-crystal high-temperature structures of
monticellite and two additional olivine-group minerals (glau-
cochroite CaMnSiO4 and Ni-olivine Ni;SiOy4) at three tem-
peratures in addition to room 7. Thermal expansion was
modelled linearly; differences in the volume thermal expan-
sion among olivines of different compositions were not con-
sidered, although a different pattern of axial expansion in Ca
vs. Mg—Fe olivines was noted. Expansion along the b axis
was determined to be related to that of the M2 polyhedron.

Here, we report unit-cell parameters measured between
298 and 1250K on two monticellite samples. These results
are part of the high-temperature measurements performed
over multiple years at Cambridge University and Lafayette
College, nearly all of which have been published (Hovis et
al., 1999, 2003, 2006, 2008, 2010, 2021, 2023; Tribaudino et
al., 2022). The present results were made at Lafayette Col-
lege using the same setup for both monticellite and synthetic
forsterite, as reported in more recent papers (e.g. Hovis et al.,
2021, 2023).

2 Experimental

Two natural monticellite specimens, one each from the US
National Museum of Natural History (NMNH) and the
American Museum of Natural History (AMNH), from the
localities of Magnet Cove, Hot Spring County, Arkansas
(NMNH C2796), and Crestmore, Riverside County, Califor-
nia (AMNH 27907), respectively, were investigated by X-ray
powder diffraction. The compositions of these samples are
Cag.997Mgo.869Fe0.107Mn0.036510.992004 (Schaller, 1935)

(£ =2.005) and Caj 917Mgo.916Fe;, %7OMH(J{ (2)062110.001 Sin.99504

(X =2.010), respectively (RRuff, courtesy of AMNH). The
chemical compositions were not re-measured. Room-
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Figure 1. Unit-cell volumes of pure forsterite with temperature
from the present investigation compared with results from Kroll et
al. (2012). As in the following figures, the error is smaller than the
size of the symbol.

temperature unit cells of the samples are very similar,
with a slightly larger volume (0.5 A3) for the Magnet
Cove specimen (Table 1), likely due to its higher Fe and
Mn content. X-ray powder diffraction measurements were
conducted on these samples from room 7 to ~ 1250K at
mostly 50K intervals on a Panalytical Empyrean X-ray
powder diffraction system equipped with an Anton Paar
HTK 1200N heating stage. NIST (NBS) 640a silicon
powder was mixed with each sample to serve as an internal
standard. Actual sample temperatures were checked through
independent experiments on several compounds that display
second-order phase transitions, as described in detail by
Hovis et al. (2021).

For comparison with monticellite, we also made high-
T X-ray powder diffraction (XRD) measurements on end-
member forsterite utilising a sample synthesised by Donald
Lindsley and provided to us by Melinda Darby Dyar. High-T'
unit-cell volume results for this sample (Fig. 1) are in excel-
lent agreement with the previous forsterite (Fojgp) data of
Kroll et al. (2012).

X-ray measurements were made at temperatures (7) rang-
ing from room 7' (taken as 22°C) to ~928°C on a Pan-
alytical Empyrean XRD system equipped with an Anton
Paar HTK 1200N heating stage. The actual sample tempera-
ture was checked periodically by conducting separate experi-
ments on four different compounds (KNO3, KCIO4, K>SOq4,
BaCO3), which collectively undergo reversible phase trans-
formations at temperatures covering the range ~ 130 to
~ 815 °C. Each of these samples was X-rayed at small T in-
crements across their phase transformation, then cooled in
small T increments across the same transition, heated again
and so on, while inspecting the X-ray pattern at each tem-
perature. Generally, it was found over time that the observed
temperatures of our experiments were 16 to 28 °C above the
set temperature displayed on the controller console. Appro-

https://doi.org/10.5194/ejm-37-181-2025



Table 1. Unit-cell parameters for monticellite and forsterite.
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priate adjustments were made during data reduction to cor-
rect for this difference.

Each mineral was X-rayed from room 7 to a set T of
900 °C at (mostly) 50°C intervals. X-ray scans were con-
ducted from 15 to 80° 20 over a 30min period at each
T, except for some Fe-bearing specimens for which run
times of 50 or 60 min were employed. All measurements
utilised Ni-filtered Cu K « radiation. Isometric silicon (NIST
SRM 640a) with a stated room-7 unit-cell dimension of
5.430825 A was used as an internal standard in all experi-
ments. Silicon peak positions were adjusted for temperature
utilising the Si thermal expansion data of Parrish (1953).

Generally, unit-cell dimensions were calculated utilising
the X-ray software of Holland and Redfern (1997). For both
monticellite and forsterite samples, the data for 23 to 30 well-
defined XRD maxima occurring between 20 and 77° 20 were
utilised to compute unit-cell dimensions; many of the diffrac-
tion maxima used for unit-cell calculations were common to
all refinements within each mineral. To avoid the automated
indexing of low-intensity X-ray peaks related to potential
phase impurities, the hkl identities of all peaks were as-
signed manually, for which the American Mineralogist Crys-
tal Structure Database (Downs and Hall-Wallace, 2003) was
invaluable. Because of manual indexing rather than the auto-
mated indexing now available on XRD systems, we consider
the stated standard deviations of the computed unit-cell di-
mensions to be realistic. The wavelength of Cu K« radia-
tion for all calculations was taken to be 1.540598 A.

In the appendix of this paper we also report data for fay-
alite and several natural olivine samples having intermedi-
ate Fe: Mg ratios. These provide comparative data relative
to literature values. Note, however, that stated compositions
for some of the natural NMNH samples are estimates based
on dj3p values, not on direct chemical determinations. Fur-
thermore, no buffer was added to avoid Fe oxidation. Un-
like monticellite and forsterite, then, oxidation of these Fe-
bearing samples was typically evidenced by brownish to red-
dish discolouration of unloaded samples at the conclusion
of an XRD experiment. This, of course, indicates changing
composition of Fe-bearing samples once oxidation is ini-
tiated during rising 7. Room- and high-temperature unit-
cell data for monticellite and forsterite are given in Table 1,
whereas data for other samples can be found in the appendix.

3 Results and discussion

3.1 Thermal expansion of monticellite and forsterite

In Fig. 2, we show the relative axial and volume expan-
sion of the forsterite and monticellite samples alongside the
Lager and Meagher (1978) monticellite. Volume expansion
of forsterite and both monticellites is superimposed. Expan-
sion along the a axis for monticellite and forsterite shows a
similar trend up to 900 K, but monticellite shows greater ex-
pansion above this temperature. Along the b axis, forsterite
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Figure 2. Axial and volume expansion in monticellite (present
work; Lager and Meagher, 1978) and forsterite (present work).

expands more than monticellite, whereas monticellite ex-
pands more than forsterite along c.

In a review on comparative crystal chemistry of orthosil-
icate minerals, Smyth et al. (2000) report “Linear vol-
ume thermal expansion coefficients at one atmosphere range
from a low of about 3.0 x 107> K~! for monticellite and
glaucochroite (Lager and Meagher, 1978) to about 4.4 x
1075 K ! for forsterite (Takéuchi et al., 1984)”, that is, a
much higher thermal expansion for forsterite than monti-
cellite. The apparent conflict with present data, however, is
invalid, as these authors interpret the variation in V with
T as linear, which is improper over large T ranges such
as 23 to 1600 °C for forsterite and 25 to 795 °C for mon-
ticellite. Indeed, Hovis et al. (2021) and numerous other
studies show clearly that linear fits ignore the existence of
nonlinear V — T relations, although comparisons over rela-
tively short T ranges can indeed be useful. Moreover, com-
parison of thermal expansion coefficients over T ranges
where V — T relations are nearly linear should be done
over equivalent temperature ranges. In fact, comparison of
present monticellite data with the forsterite data of Takéuchi
et al. (1984) via a linear fit over nearly the same tempera-
ture range (298-1223 K) produces nearly identical thermal
expansion coefficients, 3.58(30) for forsterite versus 3.53(4)
and 3.56(5) x 10~ K~! for the two monticellite samples.

Because monticellite is a magnesium refractory with a
melting point (1771 K, Cui et al., 2023) well beyond our ex-
perimental range, note that we have taken particular care in
modelling volume and thermal expansion at the highest tem-
peratures using both physical and empirical models.

It should be noted that Kroll et al. (2012) used the Kumar
physical model in their work, which gives results that are al-
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most equivalent to the models in Holland and Powell (2011)
and Tribaudino et al. (2011). These formulations were im-
plemented in the EosFit package under the name of “Kroll
model” (Angel et al., 2014). In that model, a scaled Einstein-
like formulation for lattice energy is proposed, and relations
of volume with temperature are explicitly written as

V = Vaog {1 — aaos K'95(e"/2% — 1) /[(95/298) %"/ 27%)]
[1/(€0E/T—1)—1/(619]5/298—1)]}_1/[(,. (1)

This model requires four parameters: (1) unit-cell volume,
(2) thermal expansion at the reference temperature (generally
298 K), (3) the first derivative of the bulk modulus (K) and
(4) the Einstein temperature (Jg). The latter two parameters
describe the deviation from linear behaviour; any uncertainty
in temperature and/or volume affects their value. These can-
not be refined together, as they are highly correlated. High-
pressure in situ investigation can determine the bulk mod-
ulus and its derivatives, but for monticellite only a single-
crystal high-pressure investigation exists (Sharp et al., 1987),
in which the first derivative of the bulk modulus with pres-
sure was not refined. As a result, we have assumed K’ to be
the same as that reported for forsterite in Kroll et al. (2012),
namely K’ =4.7. This value is similar to K’ =5.1 deter-
mined experimentally in forsterite by Nestola et al. (2011).
Slight differences from this value did not worsen the fit but
did change the Einstein temperature, with reference volume
and thermal expansion remaining almost unchanged.

To improve statistics, the two monticellite data sets were
modelled together after rescaling for the difference in vol-
ume. Moreover, in view of the apparent similarity between
forsterite and monticellite expansion, we fit the monticel-
lite data with and without the data below room temperature
for forsterite (Kroll et al., 2012). The thermal expansion of
forsterite was modelled by merging the data on synthetic
forsterite from this work with those of Kroll et al. (2012)
and Kajiyoshi and Suzuki (1996).

A refinement of volume with temperature was also done
using the Fei empirical model. This model has the advan-
tage of only requiring the experimental V — T data, without
the need for extra information from other physical quantities.
Results show that thermal expansion is related to temperature
as

a=ay+aT+a T2 )
and to volume as

Vo = Voexplao(T — Tret) + (T? — T2p)a1 /2

ref

—ax(1/T = 1/Teer)], 3)

where V) is the volume at the reference temperature, and ay,
aj and ay are refinable parameters; the reference temperature
was taken to be 298 K.

The volume thermal expansion with 7 is reported in
Fig. 3. Here, thermal expansion coefficients of monticellite

https://doi.org/10.5194/ejm-37-181-2025
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Figure 4. Axial expansion with temperature in monticellite and
forsterite.

with or without low-temperature forsterite are indistinguish-

able. Monticellite thermal expansion is very close to that of

forsterite up to the highest temperature. In addition, the Fei

model shows reasonable agreement with physical models,

which was not observed for forsterite by Kroll et al. (2012).
The parameters for each fit are reported in Table 2.

3.2 Axial thermal expansion

Axial linear thermal expansion parameters have also been
modelled in monticellite through physical and empirical ap-
proaches. For volume, the two monticellite data sets have
been merged, after rescaling. The first derivative for the ax-
ial bulk modulus was retrieved from Kroll et al. (2016), on
CoMg olivine, in the absence of reliable estimations on mon-
ticellite, whereas the Einstein temperature was refined. Data
for CoMg olivine were preferred because its axial expansion
is closer than other olivines to that of monticellite.

The axial expansion along c is higher at all temperatures
(Fig 4). Below 1200 K, b expansion is higher than that along
a. At higher temperatures, due to the higher Einstein tem-
perature, expansion along a keeps pace with that along b.
Parameters for the physical and Fei empirical models are re-
ported in Table 2.

In forsterite, expansion along b and c is similar (Fig. 4) but
lower along a, at all temperatures. In fayalite, however, the
presence of Fe decreases expansion along b, an effect similar

https://doi.org/10.5194/ejm-37-181-2025
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Figure 5. Crystal structure of monticellite at 298 K (Lager and
Meagher, 1978). The relative size of thermal expansion in forsterite
and monticellite is shown.

to that observed in the replacement of Mg by Ca (Kroll et al.,
2014).

The relatively greater expansion along the b axis in
forsterite versus the ¢ axis in monticellite results in similar
volume thermal expansion for the two minerals. The con-
trasting behaviour along the two axes that results from Ca-
for-Mg exchange is likely related to the contrast in polyhe-
dral expansion for these minerals.

The structure of olivine (Fig. 5) is based on a chain of dis-
torted octahedra along the ¢ axis, centred by the M1 cation,
which lies in the special position 0, 0 and 0. The M1 octahe-
dra share an edge with the adjacent octahedra and with the
Si-centred tetrahedron. The M1 polyhedral chains are linked
by larger and more distorted octahedra in the M2 polyhedron,
whereas the SiO4 tetrahedra are located between the M1 and
M2 polyhedra. In monticellite, the M2 site is fully occupied
by Ca, whereas Fe, Mg and Mn occupy M1. In ferromagne-
sian olivine, the two sites are occupied by Fe and Mg with
no site preference by either cation. Forsterite, of course, has
both cation sites fully occupied by Mg.

Owing to the small amounts of Fe and Mn in the in-
vestigated monticellite specimens, forsterite and monticel-
lite differ only in the exchange of Ca for Mg in M2. The
length of the ¢ unit cell edge is mainly determined by
the size of the M1 polyhedra. Along the b axis, octahe-
dral chains are interposed by M2 polyhedra, which do not
form a chain, and provide links between the M1 chains.
Consequently, expansion along c relates to that of the M1
polyhedral chain, whereas that along b is determined by
the M2 cation. In monticellite, the M2 cation is Ca, which
makes the site larger and the bond distances greater than
in forsterite. Detailed analysis of thermal polyhedral expan-
sion is hindered by the lack of high-quality structural data
on forsterite and monticellite at high temperature. The avail-
able structures on monticellite (Lager and Meagher, 1978)
and forsterite (Hazen, 1976; Takéuchi et al., 1984) still pro-
vide interesting possibilities. The thermal expansion of M1
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Table 2. Parameters for the Kroll and Fei models of thermal expansion. Mo — monticellite, Fo(LT) — data between 100 and 298 K from
forsterite (Kroll et al., 2012) fitted together with those of the two monticellite specimens, Fo(LT4+HT) — forsterite refined (volume — data
from this work, Kroll et al. (2012), and Kajiyoshi and Suzuki (1996); a, b and ¢ parameters; this work and Fo(LT) from Kroll et al. (2012)),

n — number of data.

Kroll model Vaog(A3), Lygg(A) gy (K1) g (K) K’ n
Mo 1% 342.12(2) 2.60(6) 553(28) 47 38
Mo + Fo(LT)  V* 342.12(1) 2.56(2) 573(9) 47 60
Mo a 4.8241(3) 0.58(3) 864(54) 6.8 38
Mo 11.1088(4) 0.81(4) 612(53) 37 38
Mo c 6.3847(1) 1.03(3) 626(37) 47 38
Fo (LT+HT)  V** 290.05(1) 2.66(1) 543(7) 47 108
Fo (LT+HT) a 4.7549(1) 0.60(2) 715(32) 70 41
Fo (LT+HT) b 10.1961(1) 1.09(1) 534(17) 3.6 41
Fo (LT+HT) ¢ 5.9816(1) 0.89(2) 656(23) 46 41
Fei model Vagg(A3), Lagg(A)  ag (x1073)  aj (x1078) a n
Mo 1% 342.10(2) 2.64(18) 1207)  —0.121) 38
Mo a 4.8236(2) 0.37(11) 0.8(10)  03(13) 38
Mo b 11.1091(4) 1.24(12) —-0.1(11)  —0.4(14) 38
Mo c 6.3843(3) 1.00(11) 05(11)  0.1(14) 38

average polyhedral distances is significantly greater in mon-
ticellite (3.71(14) x 107> K1) than in forsterite, which was
assessed to be 3.12(28) x 107 K~! by Takéuchi et al. (1984)
and 3.04(74) x 1077 K1 by Hazen (1976). However, ther-
mal expansion of the average M2 bond lengths is higher in
forsterite (3.52(28) x 1079 K~! and 3.96(44) x 1079 K~1)
than in monticellite (3.15(21) x 107> K~!) (Lager and
Meagher, 1978). The overall effect of lower expansion of the
M2 polyhedron and greater expansion of M1, therefore, in
large part offsets the comparative volume expansion of the
two minerals.

4 Concluding summary

In the present investigation, we measured volume and axial
thermal expansion of both monticellite and forsterite. Con-
trary to previous observations, volume expansion was found
to be nearly equivalent in the two minerals.

In monticellite, relative magnitudes of expansion along the
various unit-cell axes are «(c) > a(b) > a(a), but forsterite
axes expand relatively as «(b) > a(c) > a(a) (Kroll et al.,
2014). The pattern in monticellite thermal expansion is sim-
ilar to that observed in fayalite but with a axial expansion
seemingly overtaking that along b at lower temperatures rel-
ative to monticellite. The crossover occurs at 450K in fay-
alite vs. 1250 K in monticellite (Lager and Meagher, 1978).
It is also similar to Co olivine, where the a-axis expansion
approaches but does not overtake that along b, even at the
highest temperatures (Kroll et al., 2019). In Ni olivine, axial
expansion follows the «(c) > «(b) > a(a) pattern, with ex-
pansion along c¢ closer to that along b (Kroll et al., 2019).
Axial expansion of forsterite is instead similar to that of Mn
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olivine (Kroll et al., 2019). Patterns of axial expansion inter-
mediate to those of forsterite and fayalite/monticellite have
been found in Fe-Mg (FeMgSiO4) and Co—-Mg (CoMgSiO4)
olivine (Rinaldi et al., 2005; Kroll et al., 2014, 2016), with
a(c) Z a(b) > a(a). Although the explanation of different
axial expansion patterns in isostructural olivines is not clear,
present results show that the pattern of higher expansion
along c is not simply related to the presence of some feature
in transition metals, which are almost absent in the present
monticellite samples.

The present results also confirm that axial thermal expan-
sion and compression show different patterns. In monticel-
lite, as in olivine, compression is greater along b but less
along ¢ and a (Sharp et al., 1987). It is interesting that mon-
ticellite, fayalite, and Co and Ni olivine do not follow an in-
verse relation between pressure-induced axial compression
and temperature-induced thermal expansion.

Finally, the present work provides a basis for further in-
vestigation of thermal behaviour in natural and industrial
monticellite-bearing assemblages.

Appendix A: Additional data on the thermal
expansion of olivine

During the course of the investigation at Lafayette College,
several natural olivine samples of intermediate composition
along the forsterite—fayalite join were examined. We take this
opportunity to provide these results to interested communi-
ties (Supplement Table S1), recognising the current signif-
icant database. The present results will provide useful com-
parative data to the results of previous work. Compositions of
the examined samples are reported in Table S1. Again, some
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Fo contents are estimated using the dy3¢ interplanar spacing
(Yoder and Sahama, 1957). We also reiterate that upon re-
moval of Fe-bearing samples at the conclusion of each high-
T experiment, samples showed a reddish or reddish-brown
colour indicative of oxidation. Analyses of the data reflect
such effects, typically for data collected above 850 K. De-
terioration occurring at even lower 7 can be seen for sam-
ples with relatively high Fe contents. Figure A1 shows linear
thermal expansion coefficients based on data between room
temperature and 800 K. The linear equation, relating thermal
expansion with composition, is

ay = 3.45(3) — 0.0044(5)xF,. (A1)

Such T limitation was done to avoid iron oxidation effects
and Fe-Mg order—disorder in the M2 and M1 sites, which
would be kinetically inhibited at relatively low 7. These re-
sults, together with those from Redfern et al. (2000) and
Kroll et al. (2012), confirm that the substitution of Fe re-
duces thermal expansion, at least at these lowest tempera-
tures (Fig. Al).
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Figure A1. Thermal expansion between 298 and 800 K for mem-
bers of the forsterite—fayalite olivine system.
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Figure A2. Axial expansion along the b and ¢ axes with respect
to that along the a axis. In this work, the average of the data from
T >450K.
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Compared with high pressure, thermal expansion de-
creases continuously with forsterite, whereas in olivine, with
a composition between Fog,Fag and Fog,Fasg, the bulk mod-
ulus does not change in either volume or axial compressibil-
ity (Nestola et al., 2011). The unit-cell ratio at room pressure
isa/ayg:b/bg:c/co=1.00:2.15:1.26 for all compositions
at high pressure, whereas present data show that it changes
from 1:1.53(2): 1.37(3) in forsterite to 1 : 1.24(8) : 1.49(3)
in fayalite (Fig. A2). Note that expansion along the ¢ axis
changes considerably in the same range where axial com-
pressibility does not change.

Appendix B: Mineralogical research at non-ambient
conditions in ltaly: a dedication to Paola Bonazzi

In situ high-temperature research on materials was initi-
ated in Italy in the late 1980s. Prior to this era the crystal
structures of most common minerals had already been in-
vestigated, and only a few newly found mineral species or
difficult-to-solve structures were left to be described. Even
under these circumstances, however, certain types of worth-
while research on mineral families had not yet taken place.
For example, how does chemical composition affect crystal
structure within mineral families? With this subject in mind,
we dedicate this paper to Paola Bonazzi, who made truly im-
portant crystallographic contributions in helping to answer
this question for both the sulfide and the epidote mineral
groups.

Additionally, in the 1980s there was the related matter of
how minerals, even common ones, change their structures
with increasing temperature and/or pressure. This new di-
mension of mineral sciences was aided considerably by the
work Comparative Crystal Chemistry: Temperature, Pres-
sure, Composition and the Variation of Crystal Structure
(New York: Wiley) by Hazen and Finger (1982), which sum-
marised the results of a decade of investigation in this new
field of in situ high-pressure and high-temperature structural
investigation. The mineralogical and materials communities
quickly gained acquaintance with new laboratory facilities to
perform high-temperature investigations and for the group in
Perugia, led by Pierfrancesco Zanazzi, also high-pressure in-
vestigations.

Initially, the goal was to determine the crystal structures
that exist under elevated 7 /P conditions. These provided
important crystallographic information as to the response
of mineral structures to non-ambient conditions. A forward-
looking topic promoted by the group in Cambridge was that
of phase transitions in minerals and the link between ther-
modynamic behaviour and ferroelastic or co-elastic strain in-
duced by the transition. Yet, strain had to be measured via
accurate and precise data, which was inconsistent with stud-
ies where the determination of crystal structure was the key
aim of the investigation. This helped lead to improvements in
temperature (and pressure) calibration, as well as in the pre-
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cision of measurements, which in turn led to greater detail
and the discovery of subtle features such as strain coupling
and order parameter saturation.

Next came the “discovery” of synchrotron radiation along
with neutron diffraction facilities equipped with high-quality
high pressure (HP) and high-temperature (HT) capabili-
ties run by well-trained experimentalists. The availability of
higher-quality data from non-conventional sources and var-
ious laboratories (including especially Bayerisches Geoin-
stitut) opened another field of investigation, namely that of
basic thermodynamic properties, such as Griineisen parame-
ters and both Debye and Einstein temperatures, which could
be linked by the thermal expansion measured experimentally
via X-ray diffraction. To this end, unit-cell data below room
temperature (down to 0 K), commonly affected by magnetic
transitions, were of interest. New studies do continue, and the
quality of such results is ever improving. Presently, the aim is
not with respect to the mineral itself, but rather applications
to petrology and the materials sciences.

It is with these thoughts in mind that we conclude this
paper by honouring Paola Bonazzi for her work performed
under non-ambient temperature conditions (as in the present
monticellite investigation), alongside Chelazzi et al. (2011),
where crystal structure at high temperature was determined
on the CaySbyO7 weberite-type compound, and Bindi and
Bonazzi (2003), where the wave vector of an incommensu-
rate structure was measured at low temperature.

Code availability. Data fitting was performed via EOSFIT-7c
software, available at http://www.rossangel.com/home.htm (Angel
et al., 2014).

Data availability. The data used in this investigation are publicly
available at https://doi.org/10.5281/zenodo.15024149 (Hovis and
Tribaudino, 2025).

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/ejm-37-181-2025-supplement.

Author contributions. GH: resources and investigation, high-
temperature measurements, and XRD data analysis. MT: writing
and preparation of original draft. MT and GH: data analysis, review
and editing.

Competing interests. The contact author has declared that nei-
ther of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-

Eur. J. Mineral., 37, 181-190, 2025

resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Special issue statement. This article is part of the special issue
“Celebrating the outstanding contribution of Paola Bonazzi to min-
eralogy”. It is not associated with a conference.

Acknowledgements. We thank Melinda Darby Dyar for the con-
tribution of the synthetic forsterite and Donald Lindsley for the syn-
thesis of this sample. We also thank the staff of the National Mu-
seum of Natural History and George Harlow of the American Mu-
seum of Natural History for donating the monticellite samples.

Review statement. This paper was edited by Luca Bindi and re-
viewed by two anonymous referees.

References

Angel, R. J., Gonzalez-Platas, J., and Alvaro, M.: EosFit-7c and
a Fortran module (library) for equation of state calculations,
Z. Kristallogr., 229, 405-419, https://doi.org/10.1515/zkri-2013-
1711, 2014 (code available at: http://www.rossangel.com/home.
htm, last access: 1 September 2024).

Angel, R. J., Gilio, M., Mazzucchelli, M., and Alvaro, M.: Garnet
EoS: a critical review and synthesis, Contrib. Mineral. Petr., 177,
54, https://doi.org/10.1007/s00410-022-01918-5, 2022.

Bindi, L. and Bonazzi, P.: Low-temperature study of natural melilite
(Cay 89Sr0.01Nag.08K0.02)(Mg0.92Al0.08)(Si1.97Alg.03)0 7: to-
wards a commensurate value of the q vector, Phys. Chem. Min.,
30, 523-526, https://doi.org/10.1007/s00269-003-0346-y, 2003.

Chelazzi, L., Ballaran, T. B., Bindi, L., and Bonazzi, P.: In situ
high-temperature X-ray powder diffraction study of the synthetic
CaypSb,rO7 weberite-type compound, Period. Mineral., 80, 145-
154, https://doi.org/10.2451/2011PM0012, 2011.

Cui, Y, Qu, D. Luwo, X., Zheng, Y.,
P: Modification of low-melting phase monticellite
(CMS) by Lay0O3, Ceram. Int, 49, 18061-18067,
https://doi.org/10.1016/j.ceramint.2023.02.174, 2023.

Downs, R. T. and Hall-Wallace, H.: The American Mineralogist
crystal structure database, Am. Mineral., 88, 247-250, 2003.
Fei, Y.: Thermal Expansion, in: Mineral Physics & Crystallography,
edited by: Ahrens, T. J., https://doi.org/10.1029/RF002p0029,

1995.

Ferreira Neto, J. B., Faria, J. O. G., Fredericci, C., Chotoli, F. E,,
Silva, A. N. L., Ferraro, B. B., Ribeiro, T. R., Malynowskyj, A.,
Quarcioni, V. A., and Lotto, A. A.: Modification of molten steel-
making slag for cement application, J. Sustain. Metall., 2, 13-27,
https://doi.org/10.1007/s40831-015-0031-7, 2016.

Ferraro, A., Ducman, V., Colangelo, F., Korat, L., Spasiano, D.,
and Farina, I.: Production and characterization of lightweight ag-
gregates from municipal solid waste incineration fly-ash through
single-and double-step pelletization process, J. Clean. Prod., 383,
135275, https://doi.org/10.1016/j.jclepro.2022.135275, 2023.

and Wang,

https://doi.org/10.5194/ejm-37-181-2025


http://www.rossangel.com/home.htm
https://doi.org/10.5281/zenodo.15024149
https://doi.org/10.5194/ejm-37-181-2025-supplement
https://doi.org/10.1515/zkri-2013-1711
https://doi.org/10.1515/zkri-2013-1711
http://www.rossangel.com/home.htm
http://www.rossangel.com/home.htm
https://doi.org/10.1007/s00410-022-01918-5
https://doi.org/10.1007/s00269-003-0346-y
https://doi.org/10.2451/2011PM0012
https://doi.org/10.1016/j.ceramint.2023.02.174
https://doi.org/10.1029/RF002p0029
https://doi.org/10.1007/s40831-015-0031-7
https://doi.org/10.1016/j.jclepro.2022.135275

G. Hovis and M. Tribaudino: The thermal expansion of monticellite and olivine 189

Hazen, R. M.: Effects of temperature and pressure on the crystal
structure of forsterite, Am. Mineral., 61, 1280-1293, 1976.

Hazen, R. M. and Finger L. W.: Comparative Crystal Chemistry,
John Wiley & Sons, New York, ISBN 047110268, 1982.

Holland, T. J. B. and Powell, R.: An improved and extended in-
ternally consistent thermodynamic dataset for phases of petro-
logical interest, involving a new equation of state for solids, J.
Metamorph. Geol., 29, 333-383, https://doi.org/10.1111/j.1525-
1314.2010.00923.x, 2011.

Holland, T. J. B. and Redfern, S. A. T.. Unit-cell re-
finement: Changing the dependent variable and use
of regression diagnostics, Mineral. Mag., 61, 65-77,
https://doi.org/10.1180/minmag.1997.061.404.07, 1997.

Hovis, G. and Tribaudino, M.: mtribaud/monticellite: 1.0.0 (1.0.0),
Zenodo [data set], https://doi.org/10.5281/zenodo.15024149,
2025.

Hovis, G. L., Tribaudino, M., Leaman, A., Almer, C., Altomare,
C., Morris, M., Maksymiw, N., Morris, D., Jackson, K., Scott,
B., Tomaino, G., and Mantovani, L.: Thermal expansion of
minerals in the pyroxene system and examination of vari-
ous thermal expansion models, Am. Mineral., 106, 883-899,
https://doi.org/10.2138/am-2021-7650, 2021.

Hovis, G. L., Tribaudino, M., Altomare, C., and Bosi F.: Thermal
expansion of minerals in the tourmaline supergroup, Am. Min-
eral., 108, 1053-1063, https://doi.org/10.2138/am-2022-8580,
2023.

Hovis, G. L., Brennan, S., Keohane, M., and Crelling, J.: High-
temperature X-ray investigation of sanidine — analbite crystalline
solutions: Thermal expansion, phase transitions, and volumes of
mixing, Can. Mineral., 37, 701-709, 1999.

Hovis, G. L., Crelling, J., Wattles, D., Dreibelbis, A., Denni-
son, A., Keohane, M., and Brennan, S.: Thermal expansion of
nepheline-kalsilite crystalline solutions, Mineral. Mag., 67, 535—
546, https://doi.org/10.1180/0026461036730115, 2003.

Hovis, G. L., Person, E., Spooner, A., and Roux, J.: Ther-
mal expansion of highly silicic nepheline - Kkalsilite
crystalline  solutions, Mineral. Mag., 70, 383-396,
https://doi.org/10.1180/0026461067040339, 2006.

Hovis, G. L., Morabito, J. R., Spooner, R., Mott, A., Person, E. L.,
Henderson, C. M. B., Roux, J., and Harlov, D.: A simple pre-
dictive model for the thermal expansion of AlSi3 feldspars, Am.
Mineral., 93, 1568-1573, https://doi.org/10.2138/am.2008.2793,
2008.

Hovis, G. L., Medford, A., Conlon, M., Tether, A., and Romanoski,
A.: Principles of thermal expansion in the feldspar system, Am.
Mineral., 95, 10601068, https://doi.org/10.2138/am.2010.3484,
2010.

Kajiyoshi, K. and Suzuki, I.: Thermal Expansion of Forsterite,
Mg2SiO4: 1. Measurements, Okayama University Earth Science
Report, 3, 25-32, https://doi.org/10.18926/ESR/13930, 1996.

Knight, K. S. and Price, G. D.: Powder neutron-diffraction stud-
ies of clinopyroxenes. I: The crystal structure and thermoelastic
properties of jadeite between 1.5 and 270 K, Can. Mineral., 46,
1593-1622, https://doi.org/10.3749/canmin.46.6.1593, 2008.

Kroll, H., Kirfel, A., Heinemann, R., and Barbier, B.: Volume ther-
mal expansion and related thermophysical parameters in the Mg,
Fe olivine solid-solution series, Eur. J. Mineral., 24, 935-956,
https://doi.org/10.1127/0935-1221/2012/0024-2235, 2012.

https://doi.org/10.5194/ejm-37-181-2025

Kroll, H., Kirfel, A., and Heinemann, R.: Axial thermal expan-
sion and related thermophysical parameters in the Mg, Fe
olivine solid-solution series, Eur. J. Mineral., 26, 607-621,
https://doi.org/10.1127/0935-1221/2014/0026-2398, 2014.

Kroll, H., Kirfel, A., Sutanto, P., Kockelmann, W., Knapp,
M., Schmid-Beurmann, P., Sell, A., and Biischer, J.:
CoMg olivine: cation partitioning, thermal expansion and
structural variation studied by in situ neutron and syn-
chrotron powder diffraction, Eur. J. Mineral., 28, 703-719,
https://doi.org/10.1127/ejm/2016/0028-2554, 2016.

Kroll, H., Schmid-Beurmann, P., Sell, A., Biischer, J., Dohr, R., and
Kirfel, A.: Thermal expansion and thermal pressure in Co and
Ni olivines: a comparison with Mn and Fe olivines, Eur. J. Min-
eral., 31, 313-324, https://doi.org/10.1127/ejm/2019/0031-2805,
2019.

Lager, G. A. and Meagher, E. P.: High temperature structure study
of six olivines, Am. Mineral., 63, 365-377, 1978.

Nestola, F., Pasqual, D., Smyth, J. R., Novella, D., Secco, L.,
Manghnani, M. H., and Dal Negro, A.: New accurate elastic pa-
rameters for the forsterite-fayalite solid solution, Am. Mineral.,
96, 1742-1747, https://doi.org/10.2138/am.2011.3829, 2011.

Parrish, W.: X-ray reflection angle tables for several standards.
Technical Report No. 68, Philips Laboratories Incorporated, Irv-
ington on Hudson, New York, 1-14, 1953.

Redfern, S., Artioli, G., Rinaldi, R., Henderson, C. M. B., Knight,
K. S., and Wood, B. J.: Octahedral cation ordering in olivine at
high temperature. II: an in situ neutron powder diffraction study
on synthetic MgFeSiO4 (Fa50), Phys. Chem. Min., 27, 630-637,
https://doi.org/10.1007/s002690000109, 2000.

Rinaldi, R., Gatta, G. D., Knight, K. S., Geiger, C., and Artioli, G.:
Crystal chemistry, cation ordering and thermoelastic behaviour
of CoMgSiOy4 olivine at high temperature as studied by in-situ
neutron powder diffraction, Phys. Chem. Minerals, 32, 655-664,
https://doi.org/10.1007/s00269-005-0040-3, 2005.

Schaller, W. T.: Monticellite from San Bernardino County, Cali-
fornia, and the monticellite series, Am. Mineral., 20, 815-827,
1935.

Sharp, Z. D., Hazen, R. M., and Finger, L. W.: High-pressure crystal
chemistry of monticellite CaMgSiO4, Am. Mineral., 72, 748—
755, 1987.

Smyth, J. R., Jacobsen, S. D., and Hazen, R. M.. Com-
parative crystal chemistry of orthosilicate minerals, Re-
views in Mineralogy and Geochemistry, 41, 187-209,
https://doi.org/10.2138/rmg.2000.41.7, 2000.

Suzuki, I.: Thermal expansion of periclase and olivine, and
their anharmonic properties, J. Phys. Earth, 23, 145-159,
https://doi.org/10.4294/jpe1952.23.145, 1975.

Takéuchi, T., Yamanaka T., Haga, H., and Hirano, M.: High-
temperature crystallography of olivines and spinels, in: Materials
Science of the Earth’s Interior, edited by: Sunagawa, 1., 191-231,
Terra, Tokyo, ISBN 90-277-1649-8, 1984.

Tribaudino, M., Bruno, M., lezzi, G., Della Ventura, G., and Mar-
giolaki, I.: The thermal behavior of richterite, Am. Mineral., 93,
1659-1665, https://doi.org/10.2138/am.2008.2895, 2008.

Tribaudino, M., Hovis, G. L., Almer, C., and Leaman, A.: Thermal
expansion of minerals in the amphibole supergroup, Am. Min-
eral., 107, 1302-1311, https://doi.org/10.2138/am-2022-7988,
2022.

Eur. J. Mineral., 37, 181-190, 2025


https://doi.org/10.1111/j.1525-1314.2010.00923.x
https://doi.org/10.1111/j.1525-1314.2010.00923.x
https://doi.org/10.1180/minmag.1997.061.404.07
https://doi.org/10.5281/zenodo.15024149
https://doi.org/10.2138/am-2021-7650
https://doi.org/10.2138/am-2022-8580
https://doi.org/10.1180/0026461036730115
https://doi.org/10.1180/0026461067040339
https://doi.org/10.2138/am.2008.2793
https://doi.org/10.2138/am.2010.3484
https://doi.org/10.18926/ESR/13930
https://doi.org/10.3749/canmin.46.6.1593
https://doi.org/10.1127/0935-1221/2012/0024-2235
https://doi.org/10.1127/0935-1221/2014/0026-2398
https://doi.org/10.1127/ejm/2016/0028-2554
https://doi.org/10.1127/ejm/2019/0031-2805
https://doi.org/10.2138/am.2011.3829
https://doi.org/10.1007/s002690000109
https://doi.org/10.1007/s00269-005-0040-3
https://doi.org/10.2138/rmg.2000.41.7
https://doi.org/10.4294/jpe1952.23.145
https://doi.org/10.2138/am.2008.2895
https://doi.org/10.2138/am-2022-7988

190 G. Hovis and M. Tribaudino: The thermal expansion of monticellite and olivine

Tribaudino, M., Bruno, M., Nestola, F., Pasqual, D., and Angel, R. Yoder Jr., H. S. and Sahama, T. G.: Olivine X-ray determinative
J.: Thermoelastic and thermodynamic properties of plagioclase curve, Am. Mineral., 42, 475-491, 1957.
feldspars from thermal expansion measurements, Am. Mineral.,
96, 992-1002, https://doi.org/10.2138/am.2011.3722, 2011.

Eur. J. Mineral., 37, 181-190, 2025 https://doi.org/10.5194/ejm-37-181-2025


https://doi.org/10.2138/am.2011.3722

	Abstract
	Introduction
	Experimental
	Results and discussion
	Thermal expansion of monticellite and forsterite
	Axial thermal expansion

	Concluding summary
	Appendix A: Additional data on the thermal expansion of olivine
	Appendix B: Mineralogical research at non-ambient conditions in Italy: a dedication to Paola Bonazzi
	Code availability
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Acknowledgements
	Review statement
	References

