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Abstract

Previously published thermal expansion data for almandine and spessartine garnets are sparse and inconsistent. We have
therefore measured the thermal expansion of two garnets of compositions AIm90 Grs2.7 Py2.3 Ski4.5 (sample AlIm90) and
Sps81 Alm15 Grs3 Andl (sample Sps81) from ca. 90 K to ca. 780 K by synchrotron X-ray powder diffraction using quartz
as an internal calibrant for temperature. The adiabatic elastic tensors of these two samples have been determined by single-
crystal Brillouin scattering at room conditions; for the AIm90 sample ¢;; =302.0(5), ¢;,=111.3(4), ¢4, =93.3(1), giving K¢
= 174.9(4) GPa, and for the Sps81 sample c¢;;=303.1(4), ¢;,=109.5(4), c4,=93.6(2), giving Kgq = 174.0(4) GPa. These
new data have been used in combination with P-V, P-T-V and P-T-Ks data from the literature to determine the equations
of state (EoS) of end-member almandine and spessartine. The parameters of g-compromise Mie-Griineisen-Debye thermal
pressure EoS with a third-order Birch-Murnaghan EoS to describe the compressional properties at room temperature are:

Almandine Spessartine
V,: em*/mol 115.25 117.92
Ko GPa 174.1(4) 172.2(7)
K} 5.56(14) 5.6(3)
0p: K 549(4) 569(5)
Yo 1.186(4) 1.135(6)
Kys: GPa 175.6(4) 173.5(7)

The parameters are available in .eos files for the EosFit suite of programs in the supplementary data, and from www.
rossangel.com and www.mineralogylab.com. The most significant changes from the previous EoS are the lower Debye
temperatures because our data show higher thermal expansion above room temperature. The biggest consequence for host-
inclusion piezobarometry is that these new EoS lead to lower entrapment temperatures for zircon inclusions in garnet. We
also show that there is no significant difference in the P-V/V, behaviour of almandine and spessartine and that the avail-
able experimental data for intermediate compositions does not indicate any significant non-ideality in the compressional
or thermal expansion behaviour of almandine-spessartine garnets.
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Introduction

Garnets are common minerals in metamorphic rocks and
commonly trap other minerals as inclusions as they grow.
The measurement of the stress and strain state of such inclu-
sions can be used, if the equations of state (EoS) of both
host and inclusion are known, to determine the P and T con-
ditions of garnet growth (e.g. Angel et al. 2017b; Kohn et
al. 2023) or in some cases the conditions at which resetting
occurred (e.g. Campomenosi et al. 2023; Zhong et al. 2024).
Both cases provide constraints on the P-T histories of gar-
net-containing rocks that are independent of conventional
chemical thermobarometry based on equilibrium thermody-
namics. Further, partial resetting of inclusion stress states
during exhumation can be used to infer exhumation rates
(e.g. Zhong et al. 2018). All of these applications require
accurate and precise EoS that describe the variation of the
volumes and bulk modulus of both the host and inclusion
mineral as a function of P and T.

However, the review by Angel et al. (2022) showed that
thermal expansion data for both almandine and spessartine
garnets were both sparse and inconsistent. Therefore, sev-
eral arbitrary assumptions and decisions had to be made
about the choice of datasets to use to obtain a P-T-V EoS for
both of these garnet endmembers. This made the EoS pub-
lished by Angel et al. (2022) for almandine and spessartine
provisional and uncertain, in stark contrast to the very well
constrained EoS for grossular and pyrope.

We have now resolved this issue by collecting X-ray dif-
fraction data from 90 to ca. 780 K for two natural garnet
samples, one almandine-rich and one spessartine-rich, along
with Brillouin scattering data at room conditions to deter-
mine their elastic tensors and bulk moduli. We show that the
variation of thermal expansion and compressibility across
the almandine-spessartine join is sufficiently small that the
data from these samples can be combined with those from
endmembers to provide well-constrained EoS for both end-
member compositions. These can then be used to calculate
the variation of the volumes and bulk moduli for interme-
diate compositions. The implications of these new EoS for
host-inclusion piezobarometry involving almandine-spes-
sartine hosts are discussed.

Experimental

Samples

The almandine is sample FRA-1 of Woodland et al. (1995)
and comes from a metamorphic complex near Collobri-

ereres, southern France. Mossbauer analysis showed that
some skiagite (Fe;*"Fe,**Si;0,,) component is present; the
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composition determined by combining Mossbauer and elec-
tron microprobe data is Almy,Grs, ;Py, 5Ski, s (Woodland et
al. 1995) and we refer to it as ‘Alm90’ in this paper.

The spessartine is a Smithsonian sample, NMNH-47705,
from Amelia Courthouse, Amelia Co., VA, USA. A new
Mossbauer analysis shows that the Fe** proportion is quite
low, about 3% of total Fe, indicating that there is no sig-
nificant skiagite component, less than 0.01 molar. With this
constraint new microprobe analyses gave a composition
Spsg; Alm;sGrs;And, (Table S1). We refer to it as ‘Sps81°.

X-ray diffraction

Garnets containing Fe and Mn are liable to oxidise at high
temperatures in air, so a small portion of each of Alm90 and
Sps81 garnets was ground to a fine powder and each was
sealed in a glass capillary with iron wire under argon to pre-
vent oxidation. Quartz was added as an internal standard for
temperature. Powder diffraction data were collected from
both samples with nominally identical procedures on the
same days on the beamline X04SA (Willmott et al. 2013) of
the Swiss Light Source at the Paul Scherrer Institute, Swit-
zerland with a ‘MYTHEN III’ linear detector with intrin-
sic resolution of 3.7 mdeg. in 20, covering 120 deg. in 20
(Andri et al. 2024). In our experiments the data were col-
lected up to 20=70° with an X-ray wavelength of 0.70893
A calibrated from the NIST SRM-640c Si standard at room
temperature.

Two data collection runs were performed for each sample.
The first one used a Cryostream cooler, with nominal (gas
jet) temperatures starting at 90 K and going up to 480 K,
and the second run used a hot air blower, with nominal gas
jet temperatures starting at room temperature and going
up to 873 K before cooling in steps to room temperature.
Each data collection was performed at a constant sample
temperature. Patterns were fitted by automated sequential
Rietveld refinement with Topas v.6 (Coelho 2018), keeping
the profile function fixed after refinement at room tempera-
ture. Because of the similar X-ray scattering power of Mn
and Fe, refinements were performed with fixed site occu-
pancies corresponding to the end-member compositions but
the variable coordinates and isotropic displacement factors
in both garnet and quartz were refined, as well as Gauss-
ian size broadening and Lorentzian strain broadening. In the
AIm90 sample the peaks coming from spessartine contami-
nation were fitted in the refinement with a model for spes-
sartine. Further details are provided in the supplementary
information.

Using an internal standard with symmetry lower than
cubic allows the internal consistency of the two datasets to
be evaluated, independent of the uncertainties from tem-
perature calibrations, in two ways; by plotting the unit-cell
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Fig. 1 The internal consistency of [
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volume of garnet against that of quartz (Fig. 1a) and by
plotting the a- and c-cell parameters of quartz against one
another (Fig. 1b). The smooth trends in both plots indicate
that there are no outliers in the dataset and that the data col-
lected on cooling agree within uncertainties with the trends
of data collected during the heating cycle. Together with
no significant difference in the cell parameters collected
at nominal room temperature before and after heating this
confirms the stability of the diffractometer over the period
of the experiment, and that the garnets did not undergo any
irreversible oxidation or other chemical change.

Above room temperature the ‘full curved boundary’ EoS
of quartz (Angel et al. 2017a) was used to determine the
temperatures from the measured unit-cell volumes of the
quartz in each sample. The Cryostream jet temperatures
were used for the data collected below room temperature.
Complete details of the temperature calibrations and esti-
mation of the temperature uncertainties are provided in
the supplementary information along with the refined unit
cell parameters in Tables S2 and S3. Note that the actual
maximum sample temperatures reached in the two measure-
ments differ by 12 K at the same highest nominal gas jet
temperature, which probably results from small differences
in the gas flow rate below the precision of the flowmeter.
This reinforces the need to use internal standards as we did
to determine temperatures in high-T experiments with gas
blowers.

Brillouin scattering

For both almandine and spessartine samples a randomly
oriented platelet was cut, ground to a final thickness of

115 116 490 492 494 4.96
a cell quartz: A

approximately 200 pm using SiC grinding paper and pol-
ished with diamond to a final 1 um diamond particle size.
The two faces of each platelet were parallel within 0.2
degrees. Acoustic velocities were determined by Brillouin
scattering measurements performed in symmetric forward
scattering geometry (Grimsditch and Polian 1989; Speziale
et al. 2014). The 532.15 nm line of a Nd-doped YVO, laser
source was focused on the sample. The scattered light was
collected at an external scattering angle of 60+0.1 degree.
The scattered light was analysed by a tandem Fabry-Perot
spectrometer (Sandercock 1982) and detected by a solid-
state single photon count detector. A total of 76 spectra were
collected in 41 directions for almandine and 57 spectra in 35
directions for spessartine. The individual spectra featured
two acoustic phonon modes (one quasi-longitudinal mode
and one quasi-transverse mode). The second quasi-trans-
verse acoustic mode was never observed due to the very low
elastic anisotropy of the two garnets, which causes spectral
overlap of the two quasi-transverse modes and unfavourable
acousto-optic coupling causing weak intensity of one of the
two quasi-transverse modes which cannot be alleviated in
the geometry used for these measurements (Cummins and
Schoen 1972). In 9 spectra for almandine and 1 spectrum
for spessartine the signal of the quasi-longitudinal phonon
mode was extremely weak, and it was not processed.

In order to obtain the elastic moduli from the Brillouin
scattering data the true density of the samples is needed.
This requires the true volume at 298 K. For this purpose
alone we scaled the measured unit cell volumes (Tables
S2,3) to a molar volume for quartz of 22.69 cm*/mol (Hol-
land and Powell 2011), which corresponds to a unit-cell
volume of 113.036 A®. This scaling introduces a correction
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Table 1 Elastic tensors of samples AIm90 and Sps81 at room condi-
tions

Units Alm90 Sps81
Composition mol% Alm90 Grs2.7  Sps81
Py2.3 Ski4.5 Alm15
Grs3
Andl
Molar volume cm’mol ™! 115.51 117.91
Density g.cm 3 4302 4.192
cn) GPa 302.0(5) 303.1(4)
cp GPa 111.3(4) 109.5(4)
Ca GPa 93.3(1) 93.6(2)
Kq GPa 174.9(4) 174.0(4)
Gg[1] GPa 94.1(2) 94.9(2)

Note [1] the Reuss and Voigt average adiabatic shear moduli are the
same within the estimated uncertainties

to our measured volumes of approximately 0.03% to give
the volumes and densities in Table 1. The three independent
components of the elastic tensor of each garnet (Table 1)
were determined using these densities by least squares
fitting of a set of Christoffel’s equations to the measured
acoustic velocities, refining both the values of the tensor
components and the orientation of the plate simultaneously.
Uncertainties in the density values are difficult to estimate,
but a change in the spessartine content by 1 mol% (and
almandine by an opposite amount) changes the calculated
density by only 0.0002, so the uncertainties in the reported
moduli are dominated by the uncertainties from the fitting
of the velocities.

Equations of state

Our guiding principle in determining the EoS of almandine
and spessartine was to use the largest possible number of
consistent data for the pressure, temperature and PT varia-
tion of the bulk modulus and volume of each of these gar-
nets. We therefore used the methods described in detail in
Angel et al. (2022). In brief, to avoid differences introduced
by instrument calibrations and minor variations in compo-
sition all sets of volume measurements were scaled to the
value measured in the same study at room conditions, and
then these were scaled to the standard molar volume (Hol-
land and Powell 2011) of the garnet. In doing so, we have
implicitly assumed that the elastic properties of the end-
member compositions are experimentally indistinguishable
from those of our measured samples; this seems justified by
the results, as we discuss later.

Datasets without measurements at room conditions
were used with refined scale factors (Ehlers et al. 2022),
as were elasticity data derived from experiments on poly-
crystalline samples to account for systematic effects such as
preferred orientation and buffer-rod corrections. Data con-
sistency between studies of the same type was assessed by
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Table 2 Parameters for g-compromise MGD plus BM3 EoS

Almandine Spessartine Pyrope* Grossular*
V,:cm¥/mol  115.25 117.92 113.13 125.35
Kyp : GPa 174.1(4) 172.2(7) 169.3(3) 167.0(2)
K} 5.56(14) 5.6(3) 4.55(5) 5.07(8)
0p:K 549(4) 569(5) 771(28) 750(13)
Yo 1.186(4) 1.135(6) 1.185(12)  1.156(6)
K : GPa 175.6(4) 173.5(7) 170.7(4) 168.2(3)

*Parameters from Angel et al. (2022)

direct comparison of the data values and not by comparison
of parameters of equations fitted to the data. After initial
assessment and elimination of outlier data, least-squares
refinement of EoS parameters was performed to all of the
available volume and bulk moduli simultaneously with
the EosFit-7c¢ program (Angel et al. 2014a; Milani et al.
2017). Data were evaluated for agreement with the refined
parameters, with aberrant data being excluded from subse-
quent refinements. More details about data sources and our
detailed evaluation of them are provided in Tables S4 and
Ss.

As for grossular and pyrope (Angel et al. 2022), we
found that g-compromise Mie-Griineisen-Debye thermal
pressure EoS (Angel et al. 2020) with third-order Birch-
Murnaghan EoS (e.g. Anderson 1995) for the compression
at room temperature adequately describe the data for alman-
dine and spessartine with the minimum number of refinable
parameters. The final refined EoS parameters are provided
in Table 2 along with those for pyrope and grossular (Angel
et al. 2022) for comparison. They are also available in the
supplementary information for this paper, and at www.ros-
sangel.com and as .eos files for the EosFit software suite. A
full comparison of the properties of the new EoS for alman-
dine and spessartine with those of the previous EoS (Angel
et al. 2022) is provided in Figures S2-S9.

Almandine

The thermal expansion of our previous EoS (Angel et al.
2022) was based solely on the data of Skinner (1956) for
a synthetic almandine of end-member composition, with
an adjustment to the reported temperatures derived from a
comparison of his results for pyrope and grossular to more
modern data. More recent data from Galkin and Gartvich
(2015) that was not considered in Angel et al. (2022) seem
to support this rescaling, but they do not agree with either
the 100 K datum of Armbruster et al. (1992) or our new
data (Fig. 2). The almandine volume at 106 K from Galkin
and Gartvich (2015) corresponds to the value we measured
at 200 K, suggesting that their temperature calibration was
in error. Their paper appears to suggest that they used an
internal Si standard for calibration of the 20 data, but there
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Fig. 2 Thermal expansion data for almandine. Data point colours cor-
respond to the coloured labels. In the analysis of Angel et al. (2022) the
original data of Skinner (1956) for AlIm100, shown here as open sym-
bols, were shifted down in temperature to the values shown as solid
symbols on the basis of his results for pyrope and grossular and used
in the refinement of the EoS. The data collected in this study exhibit a
much higher thermal expansion coefficient and agree with the datum
of Armbruster et al. (1992) at 100 K

is no indication of the measured cell parameter values for Si
at non-ambient temperatures, and it may be that their tem-
perature values relied on previous calibrations. Without this
information, the data of Galkin and Gartvich (2015) cannot
be evaluated or used.

Our new data agree with the 100 K single-crystal datum
of Armbruster et al. (1992) and clearly show that the Debye
temperature of almandine is much lower than the MGD
EoS published in Angel et al. (2022). To determine a new
EoS we used these 34 VT data and the K, = 174.9(4) GPa
for sample Alm90 from the current study together with 20
room-temperature PV data (Zhang et al. 1999; Milani et al.
2015) and 49 P-T-Ks data (Arimoto et al. 2015). Details of
these datasets and the reasons for excluding other published
datasets for inconsistency are given in Table S4.

Final parameters for the EoS fitted to all of these data
are listed in Table 2. The previous analysis (Angel et al.
2022) showed that the Kg data above 1100 K from Arimoto
et al. (2015) were not consistent with the previous rescaled
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Fig.3 Thermal expansion of spessartine showing the data available for
the analysis of Angel et al. (2022) and the EoS derived in that study
(black line), overlain with data for the Sps81 sample. The Sps81 data
suggest that the data of Rodehorst et al. (2004) below 140 K are prob-
ably correct instead of that above 140 K

measurements of the thermal expansion (Skinner 1956). In
contrast, we now find that the entire dataset of Arimoto et al.
(2015), without their room PT value, is consistent with the
new VT data fitted with a g-compromise MGD EoS (Fig. 2),
with very little change in the parameter values when the
highest-T data are included. The PV behaviour at ambient
temperature of the new EoS is indistinguishable from that of
Angel et al. (2022) but the higher thermal expansion results
in significantly steeper isochors which lie at ca. 0.3 GPa
higher pressures at 700 °C (Figure S4).

Spessartine

Above room temperature our data for Sps81 (Fig. 3) agree
with the single-crystal datum of Geiger and Armbruster
(1997) at 500 K and indicate significantly larger thermal
expansion than the EoS of Angel et al. (2022) based on
the data of Skinner (1956), consistent with his results for
pyrope, grossular and almandine.

The only previously available low-temperature data for
spessartine (Rodehorst et al. 2004) has a step in the vol-
ume at ~145 K, which does not correspond to any phase

@ Springer
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transition. In their previous analysis Angel et al. (2022)
decided that the lower-T data were in error, and that the data
from 150 K to room temperature were correct. Our new data
for Sps81 now indicate that this conclusion was wrong, and
that the lower T data of Rodehorst et al. (2004) are approxi-
mately correct, at least in the range 140-100 K (Fig. 3). The
deviation of the Rodehorst et al. (2004) data below 100 K
from an extrapolation of the Sps81 data using the g-compro-
mise MGD EoS may reflect the over-simplification of the
phonon density of states in the MGD EoS, so we did not use
the data of Rodehorst et al. (2004). The parameters of the
MGD EoS of spessartine was therefore determined from the
38 VT data and Kg = 174.0(4) GPa for sample Sps81 from
the current study, plus 8 PV data (Zhang et al. 1999) and 23
PVT data (Gréaux and Yamada 2014) for synthetic Sps100
refining the data scale factors for both of these datasets from
the literature. Full details are provided in Table S5, and final
parameters for the EoS fitted to all of these data are listed in
Table 2. Note that the value of Kog=173.5(7) GPa is within
1 esu of the value we determined by Brillouin scattering. If
a value of K,g=178.8(8) GPa for Sps95AIm5 (Bass 1989)
is used instead in the fit of the EoS parameters, the refined
value of Kg is more than 2 esu’s lower than the experimen-
tal value suggesting that it is less consistent with the volume

data (Zhang et al. 1999; Gréaux and Yamada 2014) for end-
member spessartine.

The PV behaviour at room temperature of the new EoS
for spessartine is indistinguishable from that published
by Angel et al. (2022) because the lower value of Ky is
compensated by an increase in K| from 4.6(3) to 5.6(3),
the same value as for almandine. In combination with the
increase in thermal expansion coefficient, the decrease in
bulk modulus means that the isochors of the new EoS of
spessartine are indistinguishable (Figure S8) from those of
the EoS of Angel et al. (2022).

Almandine-spessartine solid solution

The difference in adiabatic bulk moduli between almandine
and spessartine end-member compositions from our EoS
is only 2.1(8) GPa (Table 2), so there is no distinguishable
difference between the Reuss and Voigt bounds of the bulk
moduli predicted for intermediate compositions (Fig. 4).
For almandine-rich compositions the available experimen-
tal measurements are in mutual agreement, and our value of
Kg determined by Brillouin scattering for the Sps81 sample
also agrees with the Reuss and Voigt bounds, as does the
datum for the intermediate composition of Verma (1960).
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Fig. 4 The variation of adiabatic bulk modulus at room conditions
across the spessartine-almandine join. Data are plotted as the molar
ratio of almandine to spessartine ignoring other components. Because
the difference between the end-member moduli in our EoS is ca. 1.2%
there is no significant difference between the Reuss (red solid line)
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and Voigt (black dashed line) bulk moduli predicted for intermediate
compositions. Sources of the data are: 1 - this study, 2 - Bass (1989),
3 - Verma (1960), 4 - Wang andSimmons (1974), 5 - Isaak and Graham
(1976), 6 - Wang and Ji (2001)
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Fig. 5 Compressional data (Fan et al. 2009, 2015) for intermediate
spessartine-almandine garnets show data scatter both above and below
the EoS for the endmembers (lines). Therefore, there is no experimen-
tal evidence for the intermediate compositions having EoS that deviate
beyond the Reuss and Voigt bounds derived from the endmembers.
The data of Fan et al. (2009) also indicate that there is no significant
effect on the EoS of 7 mol% pyrope component

The compressional part of the EoS of spessartine and
almandine expressed as fractional compression, V/V,, are
also indistinguishable (Fig. 5) and there is no evidence from
compressional studies of intermediate compositions (Fan et
al. 2009, 2015) of any excess in their elastic properties or
deviations beyond the Reuss and Voigt bounds derived from
the end members. The remaining scatter of K5 values about
the ideal mixing line (Fig. 5) may be due to experimental
uncertainties and the effects of other compositional compo-
nents in the measured samples.

We have been unable to locate any published data for
the thermal expansion of intermediate composition alman-
dine-spessartine garnets, although the EoS and data (Fig. 6)
suggest that differences in V/V|, could be measured experi-
mentally to determine how the weak non-ideality of the
volume of mixing at room conditions (e.g. Geiger 2016)
evolves with temperature. In the absence of such data, we
suggest that the V/V,, of these garnets at any P and T can be
approximated by an ideal mixing model of the end members,
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Fig. 6 A comparison of the thermal expansion of almandine and spes-
sartine garnets. The green line represents the volumes of an Alm-
50Sps50 composition calculated by Eq. (1) from the EoS of the two
endmembers

V(PT) _ XatmVaim (P.T) + XepsV

Voo XamVam (latm, 208K) + XopsV

s (P.T)
(latm, 298K) ()

sps

in which X, and X, are the molar fractions of the two

components, and the volumes V,,, and V, on the right-
hand side are calculated from the EoS of the correspond-
ing end members. This calculation can be performed in the
mphase utility of the EosFit7c program (Angel et al. 2023)
and are shown for the 50:50 composition in Fig. 6. If a
value for the actual volume is required, then we recommend
that the value from Eq. (1) is multiplied by the V, from an
appropriate model for the excess volume of mixing at room
conditions.

Implications for piezobarometry

We have shown that almandine-spessartine garnets have
indistinguishable P-V behaviour at room temperature
(Fig. 5) very similar to the previous EoS (e.g. Angel et
al. 2022). Therefore the Py, the pressure of the entrap-
ment isomeke at room temperature (Angel et al. 2014b),
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calculated from a measured inclusion pressure (P, ) in an
almandine-spessartine garnet host does not change sig-
nificantly with the new EoS, and neither is it sensitive to
the composition of the garnet host; if P;,. = 1.0 GPa for a
quartz inclusion, then the Py, for almandine and spessartine
hosts differ by 0.002 GPa. The implications of the new EoS
for host-inclusion piezobarometry therefore depend on the
slopes of the entrapment isomekes, which are determined by
the ratio of the difference in thermal expansion coefficients
of host and inclusion to the difference in their respective
compressibilities (e.g. Angel et al. 2014b; Kohn et al. 2023).

Quartz has a high thermal expansion coefficient below the
o-p phase boundary and therefore the increase of the thermal
expansion coefficients of the garnets only slightly reduces
the slopes of the isomekes for quartz in garnet (QuiG). The
new almandine EoS gives isomekes with a-quartz that lie
about 0.1 GPa lower at 2 GPa and 800 °C than the published
EoS (Fig. 7a). For spessartine the compensating effects of
slightly lower bulk modulus (and higher compressibility) at
low pressures and higher thermal expansion coefficient lead
to QuiG isomekes that are <0.03 GPa lower than previously
(Fig. 7b). Given the typical uncertainties in Py, of 0.1-0.2
GPa (e.g. Gilio et al. 2021; Gilio et al. 2025) arising from
uncertainties in the measurement of P, these differences
are not significant. In addition, the isomekes for almandine
and spessartine (Fig. 7c) for the same P, . are separated by
less than 0.1 GPa throughout the stability field of a-quartz,
s0 0.1 GPa is the maximum uncertainty for P, even if the
almandine: spessartine ratio of the garnet host is unknown.
If the composition is known, the linear addition in propor-
tion to their molar proportions of Py, values calculated with
the end-members (Eq. 7 of Angel et al. 2022) instead of via
Eq. (1) leads to insignificant errors in P, at the 0.002 GPa
level.

The B-phase of quartz has a very small or zero volume
thermal expansion coefficient (e.g. Carpenter et al. 1998;
Angel et al. 2017a), so the resulting large contrast to the
thermal expansion coefficients of the garnets means that
the slopes of their isomekes with B-quartz are not signifi-
cantly changed by the new EoS. However, for both garnets
the slightly lower isomeke pressures with a-quartz have
the effect of significantly reducing the P and T at which a
given isomeke crosses the o-f-phase boundary. This shifts
the isomekes to lower temperatures in the stability field of
B-quartz. by ca. 70 °C (almandine) and ca. 45 °C (spessar-
tine) (Figs. 7a, b).

trap

Isomekes of zircon with garnet (ZinG) are steeper in P-T
space (Fig. 8) than those of QuiG because the compress-
ibility of zircon is more similar to that of garnet than is
quartz. This makes ZinG a good geothermometer. As a con-
sequence, the slopes of the isomekes are more sensitive to
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compared to those of the EoS of Angel et al. (2022). ¢ Comparison
of QuiG isomekes for almandine and spessartine with the new EoS.
Numbers in boxes are the inclusion pressures in GPa that would be
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compared to those of the EoS of Angel et al. (2022). (¢c) Comparison
of ZinG isomekes for almandine and spessartine with the new EoS.
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the contrast in thermal expansion coefficients of host garnet
and zircon inclusions. Both new EoS result in significantly
steeper isomekes that lie ca. 100 °C (almandine) and ca.
50 °C (spessartine) below those of the previous EoS at geo-
logically relevant temperatures (Fig. 8a, b).

For ZinG, and QuiG in the stability field of B-quartz, the
steeper isomekes mean that entrapment conditions are bet-
ter expressed as temperatures at a given pressure. In these
two cases, the isomekes for almandine and spessartine are
far enough apart in temperature (Figs. 7c and 8c) that the
effect of the almandine:spessartine ratio on the entrapment
isomekes should be considered. This can be done by using
the volumes of the garnet calculated via Eq. 1. Or entrap-
ment temperatures can be reliably estimated within 5 °C by
a linear combination of the T, calculated for the two end-
members in a manner similar to Eq. 7 of Angel et al. (2022),
thus:

jvnim

trap — XalmTtC;»l;Z + XspsTsps 2

trap
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