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Abstract In this study, we demonstrate that it is possible to fit the resilience at the high temperature limit
using only the atomic mean square displacement determined from cryogenic temperature single crystal
diffraction data. Our method introduces the Debye phonon model, under which the atomic mean square
displacement displays quantum behavior at cryogenic temperatures and deviates from a linear temperature
dependence. From the resilience of Si extrapolated from cryogenic temperature X-ray diffraction data, one
can calculate the Si isotope fractionation using our recently developed force constants approach. We applied
our method to epidote and coesite, which are common minerals in ultra-high pressure metamorphic rocks, and
our predicted Si isotope fractionation Inag;30/¢ are consistent with mass spectroscopy observations of A*°Si
in Dabie eclogite and Alps whiteschist. Our results indicate that the geofluid involved in the fluid-rock
interaction in Dabie and Alps orogens doesn't significantly alter the Si-isotope composition of ultrahigh
pressure metamorphism. Our manuscript presents a novel experimental methodology to determine the high-
temperature resilience and equilibrium isotope fractionation factors of silicon in minerals, which can be
applied to the metastable upper mantle silicates that are non-quenchable at high temperatures and room
pressure.

Plain Language Summary This study revisited the published low temperature X-ray and neutron
diffraction data of epidote and coesite. By fitting the temperature dependence of atomic mean-square
displacement to the quantum Debye phonon model, we could estimate the resilience of the Si atoms in epidote
and coesite at temperatures higher than 600 K. The best-fit high temperature resilience of Si is used to estimate
the Si isotope fractionation with the recent-developed force constants approach and is consistent with mass
spectroscopy measurements on ultrahigh pressure metamorphic rocks. Our results suggest that the epidote and
quartz in Dabie eclogitic veins, as well as the coesite and pyrope in Alps whiteschists are in equilibrium from a
Si-isotope fractionation perspective. Our results also indicate that the geofluid involved in the fluid-rock
interaction in Dabie and Alps orogens doesn't significantly alter the Si-isotope composition of ultrahigh pressure
metamorphism.

1. Introduction

Stable isotope fractionation has been a central topic of interest in the geochemistry community. Among all el-
ements, the isotope fractionation of Si is of special interest to geochemists studying metamorphism, because Si
and O are the two most abundant elements in the earth's lithosphere, and Si isotope fractionation has been used to
study the fluid-rock interaction (Li et al., 2020; Qin et al., 2016), metasomatism (Yu et al., 2024) and chemical
weathering (Trail et al., 2018, 2019). Fluid-rock interaction plays an important role in crust-mantle mass ex-
change and is prevailing in ultra-high pressure (UHP) metamorphism and orogens (Li et al., 2020; Yu
etal., 2024), while most studies on the Si isotope fingerprint of fluid-rock interaction focus on the low temperature
region (T < 500 K). It is believed that during seawater-rock interaction, heavy Si isotope tends to fractionation
into the fluid while the light Si isotope tends to incorporate into the precipitated minerals (Li et al., 2020; Trail
et al., 2019; Yu et al., 2024). Such water-rock interaction is known to affect the O isotope fingerprint of UHP
metamorphic rocks (Trail et al., 2018; Zheng et al., 2003), yet studies have indicated that the Si isotope fingerprint
of the UHP metamorphic rocks hasn't been changed from their protolith (Li et al., 2020; Yu et al., 2024).
Knowledge on the Si isotope fractionation of UHP ecolgites will provide insight on the fluid composition
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(Li et al., 2020), amount of fluid and timing of fluid-rock interaction (Zheng et al., 2003) during the UHP
metamorphic process.

For equilibrium isotope fractionation in crystalline solids, it has been demonstrated that the interatomic force
constants play an important role, and have been successfully used to constrain the equilibrium isotope frac-
tionation in elements like Fe (Blanchard et al., 2009; Dauphas et al., 2012; Polyakov & Mineev, 2000; Rabin
et al., 2021; Sossi & O'Neill, 2017), Sn (Dauphas et al., 2018; Polyakov et al., 2005) and Si (Meheut et al., 2009;
Meheut & Schauble, 2014; Qin et al., 2016; Zhang et al., 2021). There have been multiple ways to directly
measure the interatomic force constants using spectroscopic methods such as nuclear resonant scattering (Dau-
phas et al., 2012, 2018; Polyakov et al., 2005) and single crystal diffraction (Zhang et al., 2021, 2025). These
spectroscopic methods are mature, and over the past few decades a lot of spectroscopic data have been accu-
mulated on various minerals, many of which are potential candidates to constrain the isotope fractionation in earth
and planetary materials. However, since most of these spectroscopic data set were collected for different purposes
(e.g., to study thermal expansion (Gatta et al., 2012), phase transition and diagram (Gatta et al., 2010), and
chemical bonding (Smyth et al., 1987)), the data were not collected at the mantle conditions (7 > 600 K). Some
high pressure minerals (e.g., coesite) are metastable at ambient P-T condition, yet the crystals will not survive
high temperatures because they will transform to stable low pressure phases during heating. As a result, cryogenic
temperature single crystal diffraction provides the only variable-temperature crystallographic data for those
metastable minerals. Extrapolation from cryogenic temperature experimental condition (7 < 200 K) to mantle
condition (7" > 600 K) is necessary to study the isotopic behaviors in igneous and metamorphic rocks.

In this manuscript, we would like to demonstrate the following: The cryogenic temperature crystallographic data
show distinct behavior compared to the high temperature data, and produces interatomic force constants that are
significantly different if the high temperature linear relationship between atomic mean-square displacement and
temperature is used to fit the data; however, when cryogenic temperature data set is properly extrapolated to high
temperature using a quantum Debye phonon model, the interatomic force constants from two different data sets
converge, and the results are in agreement with the isotope fractionation behavior constrained by mass spec-
troscopy on samples of geological interest. Our crystallographic data set come from multiple studies published by
different groups, which reduces the subjective bias of this methodology. Finally, we will use our result to interpret
the Si isotope signature of UHP eclogites from Dabie and Alps orogens, which are two of the most representative
UHP metamorphic zones.

2. Theoretical Background: Atomic Mean-Square Displacement, Force Constant and
Debye Phonon Model

It is known that the atoms in minerals vibrates at finite temperatures (Trueblood et al., 1996). The amplitude of the
atomic vibrations is described by the atomic mean-square displacement ((#*)). One kind of force constant, the
resilience (N,), is determined by the temperature derivative of () at the high temperature limit (Zaccai, 2000):

Ne = d(u?)/dT’ M

where T is temperature and kg is the Boltzmann constant.

The value of <u2> is a function of temperature. Although at temperatures relevant to the mantle (7 > 600 K), the
temperature dependence of <u2> approximates to a linear trend, at cryogenic temperatures (7 < 200 K), the
quantum effect deviates the temperature dependence of <u2> from the linear trend at high temperatures (Dunitz
et al., 1988). In crystalline materials, the atomic vibrations are quantized as phonons (Dauphas et al., 2012;
Polyakov et al., 2005), so we could use phonon models to describe the atomic vibrational behavior at various
temperatures. In this paper we utilize the Debye phonon model, which properly describes the cryogenic tem-
perature thermodynamic behavior in many crystalline solids, to study the cryogenic temperature atomic vibrations
(Zhang et al., 2022). The Debye phonon model has the following phonon density of states (Zhang et al., 2022):
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where E is the phonon energy, and the parameter 6 is the material-specific Debye temperature. Under the Debye
phonon model, the temperature dependence of <u2> approximates to (Zhang et al., 2022):

3 [1 [T\ [ x
<”2>=Mk39[1+(5> fo - ldx]+<ug>, 3

where h is the reduced Planck constant and M is the atomic mass. () is the static disorder originating from the

crystal defect, and doesn't change with temperature (Parak & Knapp, 1984). At high temperature limit
(T - ), (i)~ %;gz + (ug), and (u?) is linearly dependent to temperature 7. Under the Debye model, the
resilience N, approximates to the following equation when E/kgT is sufficiently small (Hu et al., 2013):

N = M _ Mkyo®
LW 3

4)

It is worth mentioning that, based on Equation 4, at the high temperature limit, we have the following temperature
dependence of <u2> (Equation 5), which is equivalent to Equation 1. Equation 5 is usually used to calculate the
resilience of minerals from high-temperature X-ray diffraction data.

() ="+ () )

r

Here we discuss how the uncertainty of resilience (dN,) is estimated in this study. For each kind of mineral, there
could be multiple Si sites and multiple measurements. Besides the error of each individual force constant mea-
surement for each site (012\,'), the values of force constants scatter among different sites and measurements.

Therefore, we use pooled variance to estimate the uncertainty for the N, of each mineral (Zhang et al., 2025).

. (6)

i=Myj=N  nr2 2 i=M.j=N 2
dN, = Dinija N+ oy,) _ (Zi':l,iil N;)
T MN M?N?

where N; is the resilience from each individual measurement on each Si site, oN, is the error of each individual

measurement, M is the total number of measurements and N is the total number of Si sites in each mineral. In this
study, the oN, of each Si sites is fitted using the LMFIT software package (Newville et al., 2025) using Equations 3
and 4. We notice that some minerals investigated in this study suffers the “sparse data” problem, that is, when the
total number of measurement M = 1, Equation 6 can't reflect the scatter of N, among different measurements
(Zhang et al., 2025). Hence for a mineral, if M = 1, we assign an overestimated dN, = 4 N/m, so that the dN, of
that specific mineral is comparable with other minerals that have multiple diffraction measurements (Zhang
et al., 2025).

3. From Cryogenic Temperature Crystallographic Data to the Force Constant of
Epidote

Epidote is a silicate mineral, that is, commonly found in metamorphic basalts and gabbros that are associated with
low grade metamorphism and hydrothermal events (T ~ 600 K, (Li et al., 2019; Li et al., 2020)). The ideal
chemical formula of endmember epidote is Ca,(Al,Fe*)(Si;0,,)(OH), and it has a P2,/m space group with three
unique Si sites (usually labeled as Sil, Si2 and Si3 in crystallographic studies (Gatta et al., 2012)). High quality
single crystal diffraction data have been obtained for epidote at temperatures ranging from 100 to 1000 K (Gatta
et al., 2010, 2012). Moreover, a recent study has measured the Si isotope composition in eclogitic epidote using
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high-precision mass spectroscopy (Li et al., 2020). Density Functional Theory (DFT) calculations have also been
carried out on epidote to build a geothermometer (Li et al., 2019), allowing for theoretical equilibrium Si isotope
fractionation to be compared with experimental result. Considering these aspects, epidote is an ideal candidate for
the scope of this manuscript.

To date, two high-quality crystallographic data at various temperatures have been published on epidote, by the
same group. Gatta et al. (2010) used single crystal neutron diffraction to study a natural epidote crystal between
293 and 1070 K. The crystal used in the 2010 study was from the intrusive metamorphic complex in Italian Alps
and had a composition of Ca; g55(Al, 565F€0 745)(Tig 004513.037012)(OH). In a later study, (Gatta et al., 2012)
studied the cryogenic temperature behavior of the same natural epidote between 100 and 295 K using X-ray
diffraction. In both studies, the crystal structure was well refined at each temperature. The atomic displace-
ment parameter of Si has been well documented. Over the temperature range investigated, the epidote crystal
demonstrated a chemical stability, and no dehydration or atomic diffusion were observed (Gatta et al., 2010,
2012).

The temperature dependences of the <u2> for the three Si sites in epidote (Sil, Si2 and Si3) are plotted in Figure 1.
Sil, Si2 and Si3 sites each has its own N, value because they have slightly different chemical environments, and in
this study, the N, of Sil, Si2 and Si3 sites are fitted individually using LMFIT package (Newville et al., 2025).
Since the ratio of Sil, Si2 and Si3 sites in epidote is 1:1:1, the average N, of the Sil, Si2 and Si3 sites are reported
as N, for the epidote mineral. To derive N, from the temperature dependence of <u2>, we utilized two methods.
The first one is the linear-fit, which assumes that the temperature dependence of (1?) follows Equation 5, so that
N, is computed following Equation 1. Based on the theory mentioned above, the linear-fit is valid for data
collected at high temperatures, so we fitted the high temperature neutron diffraction data using the linear-fit
method.

We have also fitted the low-temperature X-ray diffraction data with the linear-fit method, yet we have noticed that
the best-fit N, by linearly fitting all the cryogenic temperature X-ray data (62 = 9 N/m) is significantly higher than
the best-fit N, from the high temperature neutron data (39 £ 9 N/m). We propose that such deviation in linear-fit
N, is because the temperature dependence of (%) is no longer linear at cryogenic temperatures. We have carried
out two tests to examine our hypothesis. First, we fit the relatively higher temperature section (185-295 K) of the
cryogenic temperature diffraction data, which gives a N, of 48 = 11 N/m, that is, closer to the high temperature
neutron diffraction results. This indicates that the cryogenic temperature X-ray diffraction <u2> from Gatta
et al. (2012) deviates from the linear trend at the high temperature limit (Equation 5). Then, we numerically fit the
whole cryogenic temperature diffraction <u2> data set from Gatta et al. (2012) using a non-linear function
(Equation 3) to get the best-fit 0, and further calculate N, using Equation 4. The non-linear fitting resulted in a
best-fit N, of 42 + 3 N/m, that is, consistent with the high temperature neutron diffraction data from (Gatta
et al., 2010). All the best-fit N, from different data sets and models are summarized in Table 1. One observation,
that is, worth mentioning here is that N, constrained from the (1*) measured by the X-ray diffraction at high
temperature limits (42 + 3 N/m) is consistent with N, constrained from the (1) measured by neutron diffraction
(39 £ 9 N/m), although X-ray diffraction probes the electronic part of the atom while the neutron scattering probes
the nuclei of the atom. This observation demonstrates the fact that high quality diffraction data, whether collected
through X-ray diffraction or neutron diffraction, properly reflects the atomic vibrational properties in crystalline
minerals. In conclusion, while a linear-fit to the relative higher temperature (185-295 K) subset of the cryogenic
data yields a N, (48 £ 11 N/m) that is compatible to the neutron diffraction value (39 = 9 N/m), the Debye model
fit to the entire low-temperature data set provides a N, value (42 + 3 N/m), that is, both more precise and accurate.
This supports the superiority of the Debye model for extrapolation of N, from low temperature data set of <u2> to

high temperature.

Using the cryogenic temperature diffraction data set from Gatta et al. (2012), we are able to compare the coef-
ficient of determination (R*) from both the linear model and the Debye model, so as to assess the fitting quality for
each model. R? is defined as (Newville et al., 2025):

_ i ()’i _ﬁ)z ’
i _y)z
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Figure 1. Atomic mean square displacement ((uz)) for Sil (a), Si2 (b) and Si3

100 125 150

175 200 225 250 275 300
Temperature (K)

(c) sites in epidote constrained by cryogenic temperature single crystal
diffraction and their best-fit temperature dependence. Best-fit R* for each
model is labeled. Blue circles with error bar: reported atomic mean-square
displacement and its corresponding uncertainty from (Gatta et al., 2012).
Red solid curves: best-fit temperature dependence to all experimental data
based on Debye model. Red dashed line: best linear fit to all experimental
data. Green dashed line: best linear-fit to experimental data between 185 and

295 K.

where y; is each observed data, y is the mean of the observed data, and f; is
each modeled value. The larger the R? is, the better the model replicates the
data set. Over the full temperature range (100-295 K) investigated by (Gatta
et al., 2012), the linear model gives a best-fit R* = 0.81 for Sil site, R* = 0.91
for Si2 site and R* = 0.80 for Si3 site, whereas the Debye model gives a best-
fit R* = 0.81 for Sil site, R* = 0.90 for Si2 site and R* = 0.83 for Si3 site.
Statistically, the Debye model provides the same fitting quality in comparison
with the linear regression. We note here that R? is only a good measure for
fitting model with the same data set. Although linear regression with
T > 185 K data (HT-only model in Table 1) generates better R? (Figure 1),
because the HT-only model fits significantly smaller number of datapoints,
the best-fit N, from the HT-only model still has larger uncertainty (Table 1).

4. Force Constant of Si in Coesite: Handling the Sparse
Data

Coesite is a common mineral indicator for ultrahigh pressure metamorphism.
Yu et al. (2024) has measured the Si isotope fractionation between coesite and
pyrope in Alps whiteschists and leucophyllites, and the authors found that the
Si isotope composition of these metamorphic samples are inherited from their
protoliths. The Alps whiteschist samples are estimated to be formed at ~730°
C (1003 K) and ~4 GPa (Yu et al., 2024). However, as Yu et al. (2024) has
pointed out, studies on the Inp of Si in coesite is lacking, because coesite has a
much more complex structure than other common silica polymorph. Coesite
crystal has a monoclinic C2/c space group, and its lattice parameters are
a~T14 A, b~ 1238 A, c ~ 7.18 A, and f ~ 120.3° (Smyth et al., 1987).
Coesite has two independent Si sites, namely Sil and Si2 (Smyth et al., 1987).
It's very challenging to carry out high temperature single crystal diffraction on
coesite, because it's a metastable phase at room pressure. So far, only one
variable-temperature single crystal diffraction data set of coesite is available
(Smyth et al., 1987), and the published diffraction data were measured at 15
and 292 K.

We attempt to extrapolate the Debye-Waller factor and resilience of coesite
from 15 to 1003 K (Figure 2), and calculate the Si Inf using our force-
constants approach (Zhang et al., 2021). For each Si site, only 2 data points
of (u*) — T are available. Equation 3 has only two independent variables,
namely the Debye temperature 6 and the static disorder (1), so it is possible
to numerically solve 0 and then calculate N, using Equation 4. We found
6 = 329 K for Sil site and 339 K for Si2 site in coesite, and their corre-
sponding N, are 29 N/m and 31 N/m, respectively. The average N, for coesite
based on Debye model is 30 N/m. Since coesite belongs to the “sparse data,”
the uncertainty of NV, is estimated as dN, = 4 N/m. We have also fitted the N,
using the linear model, and the estimated N, = 42 N/m. Similar to epidote, the
linear model over the full temperature range significantly overestimates N,
(Table 2). We would like to emphasize that, while the Debye model provides
a physically more reasonable extrapolation than the linear model for coesite,
the result is based on very sparse data and consequently carries a large un-
certainty. The estimation of dN, = 4 N/m is pragmatic and is based on our
statistics of other tetracoordinated silicates (Zhang et al., 2025). Future
studies with more low-temperature data points are needed to better constrain
the resilience of coesite.
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Table 1
Resilience (N,) of Each Si Site and Their Average Computed From Different Crystallographic Data Sets of Epidote

Resilience, N, (N/m)

Reference Condition Sil site Si2 site Si3 site Average
Gatta et al. (2010) Neutron, 293-1070 K, linear fit 38(4) 45(11) 35(7) 3909)
Gatta et al. (2012), all data XRD, 100-295 K, linear fit 69(8) 58(5) 59(7) 62(9)
Gatta et al. (2012), HT only XRD, 185-295 K, linear fit 58(11) 49(6) 39(5) 48(11)
Gatta et al. (2012) XRD, 100-295 K, Debye model 46(2) 41(1) 40(2) 42(3)

Note. The averaged resilience from Debye model (highlighted in bold) is used to calculate the Si isotope fractionation.
Numbers in the parenthesis are the uncertainty to the last significant digit determined using the methodology described in
Section 2.

5. Si Isotope Fractionation in Metamorphic Rocks and Geochemical Implications

The purpose of determining N, of Si atoms in epidote and coesite is to constrain the equilibrium Si isotope
fractionation in epidote-bearing rocks using the recently developed force constants approach (Zhang et al., 2021).
The procedures to constrain the Si isotope fractionation p-factor in epidote are briefly outlined here. We first
convert resilience N, to stiffness N, using our established empirical calibration:

N,

N —r
AXN, +B

s

N,
N 8
cr ®

where A and B are best-fit calibration coefficients. Tetrahedral Si has been calibrated with best-fit A = 1.63
(6) X 107> m/N and B = —5.20(2) x 1073 (Zhang et al., 2021). The N; is then further corrected for crystal
distortion:

ECoN

Ny =Ny X ——, 9
sC s 4 ()

where ECoN is the effective coordination number (3.965 for epidote and
3.997 for coesite, (Gatta et al., 2012; Smyth et al., 1987)). Finally, the cor-
rected Nyc is used to compute the Si isotope fractionation B-factor using the
following equation:

0.018 1

0.016 1

0.014 1

0.012

0.010

0.008

Si mean-square displacement (42)

0.006 1

® Smyth 1987, Sil
—— Debye model, Sil

B Smyth 1987, Si2
——=- Debye model, Si2

’ 2 4 2
0 Ing, = L_i L&_L&
y o\ M)\8KE T2 2016kiM T
251° N3
eSO 76 ) (10)
326592k4M> T

where M and M* are the atomic masses of isotopes / and /*.

We estimate the uncertainty of In ;- using the following approach. Once the
N, and its pooled variance dN, is determined from XRD experiment (see
Section 2), N, is then derived from Equation 8, and its uncertainty is estimated

from the differential of Equation 8:

50 100

150

Temperature (K) _|BlaN,

200 250 300 350

(11)

s

" (AN, + B)*’

Figure 2. Atomic mean square displacement ({°)) for Sil (blue circle) and
Si2 (green square) sites in coesite constrained by cryogenic temperature

single crystal diffraction. The temperature dependence based on the Debye

where A and B are the best-fit calibration coefficients in Equation 8. The

phonon model for Sil (red solid curve) and Si2 (red dashed curve) is solved uncertainty range of the corresponding isotope fractionation Inf is esti-
using Equation 3.

mated by:

ZHANG ET AL.

6 of 10

85UB017 SUOWILLIOD BAIER1D 3|ceol|dde aupy Aq peusenob ae sejolie YO ‘@SN JO Sa|n. 1o} Akeiq1 T 8UlUO A3 UO (SUOPUOD-PUe-SWLBIALIOD A8 |IM AR 1ul JUO//Sd1Y) SUORIPUOD Pue swie 1 8y} 88S *[920z/0T/TT] uo Aridiauliuo Ae|1m ‘Alomiode ] feuolieN auuobly Aq 5292808rS202/620T 0T/I0p/woo A8 im AreiqipuljuosgndnBe//sdny woly pepeojumod ‘Z ‘9202 '95E669T2



NI

ADVANCING EARTH

AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2025JB032675

Temperature (K)

2000 1500 1250

Table 2
Resilience (N,) of Each Si Site and Their Average of Coesite Computed From Linear Model and Debye Model

Resilience, N, (N/m)

Reference Condition Sil site Si2 site Average
Smyth et al. (1987) Neutron, 15 and 292 K, linear model 40 44 42
Neutron, 15 and 292 K, Debye model 29 31 30

Note. Neutron diffraction data is retrieved from Smyth et al. (1987). The fitting error of N, is 0 and R> = 1 because there are
only two <u2> — T data points and each model has two free variables. The reported uncertainty of average N, of Si in coesite is
estimated to be £4 N/m so as to be consistent with other minerals with sparse data points (Zhang et al., 2025).

1 1\’ Ne+dN, 5E* (N +dN,)? 257° (N £ dN,)
lnﬁl/l*+ S\ 2 2 - 4 6 6 . (12)
= O\M° M)\8kg T 2016k M T 326592k M> T

The uncertainty range of the corresponding isotope fractionation Ino between two minerals A and B is esti-
mated by:

Inaypy=Ingy, —Inpp (13)
Inay_p_=Inpy_—Inpy,

We used the average N, of Si from the non-linear fit of the cryogenic temperature XRD data from Gatta
et al. (2012) (42 £ 3 N/m). N, of Si for quartz is determined to be 27 £ 1 N/m (Zhang et al., 2025). Using these
numbers, we have computed the Si equilibrium isotope fractionation o factor between quartz and epidote, and
have compared it with both DFT calculations (Li et al., 2019) and mass spectroscopy measurements of A*°Si (Li
et al., 2020; Figure 3). We found that the Ina calculated by DFT from Li et al. (2019) is ~30% higher than the mass
spectroscopy measurements and our force constants calculations at temperature of 950 K, which is expected to be
the vein crystallization temperature for the eclogitic magma estimated by
self-consistent thermodynamic modeling (NCKFMASH, (Guo et al., 2012;

1000 875 750 Guo et al., 2015)). The NCKFMASH modeling has a precision of 30 K

*9 T hoto. oFr (Holland & Powell, 1998; Powell et al., 1998; White et al., 2001). The Si
084 This study, Linear model isotope geothermometer from Li et al. (2019) overestimated the equilibrium
. T Iihzi:;;‘:/lys' Debye model temperature by ~100-200 K, which the authors owed to kinetic processes
such as chemical and thermal diffusion or experimental uncertainty. Our
0.6 results on the Si isotope fractionation suggests that the quartz and epidote
‘E 05 1 should be in chemical equilibrium in the mass spectroscopy-investigated
t:? Dabie eclogite host rock at its formation temperature of 950 K. Using
§ 0.4 1 normalization isocon diagram and mass balance calculations (Guo
- 03 et al., 2009), the Dabie eclogite rock investigated by mass spectroscopy is
estimated to have lost 20 + 10% of Si in the bulk rock during the fluid-rock
0.2 4 interaction (Guo et al., 2012, 2015), whereas our Si isotope fractionation
014 model at 950 K still fits the measured A3°Si in Dabie eclogite. Therefore, we
conclude that the lower temperature rock-fluid interaction didn't modify the
0-%00 055 050 o045 100 155 150 195 2.00 Si isotopic signature. Our result supports the hypothesis that the fluid
105/T2 (K-2) percolation did not significantly change the Si isotopic composition in Dabie
eclogite, and the geofluid likely have a similar Si isotopic signature with the

Figure 3. Calculated In og;3,,,5 between quartz and epidote, compared to eclogite (Li et al., 2020).

mass spectroscopy measurements on Dabie eclogitic veins (blue circles; Li

et al., 2020). Green curve: DFT calculated In og;3055 (Li et al., 2019). Red We have also investigated the Ina between coesite and pyrope (Figure 4). In

solid curve: In og;30/,¢ determined from the force constants approach and
epidote resilience fitted using the Debye model (N, = 42 N/m). Red dotted
curve: In ag;30/,5 When epidote resilience fitted using the linear model over the

our calculation, the N, of Si in coesite is determined as 30 £+ 4 N/m and the N, of
Si in pyrope is determined to be 58 £ 5 N/m (Zhang et al., 2025). Using the

whole temperature range (N, = 62 N/m). Red shaded region highlights the garnet—clinopyroxene—phengite  thermometer based on self-consistent

uncertainty

estimated by Equation 13.

KCMASH thermodynamic modeling, the Alps whiteschist's formation

ZHANG ET AL.

7 of 10

85UB017 SUOWILLIOD BAIER1D 3|ceol|dde aupy Aq peusenob ae sejolie YO ‘@SN JO Sa|n. 1o} Akeiq1 T 8UlUO A3 UO (SUOPUOD-PUe-SWLBIALIOD A8 |IM AR 1ul JUO//Sd1Y) SUORIPUOD Pue swie 1 8y} 88S *[920z/0T/TT] uo Aridiauliuo Ae|1m ‘Alomiode ] feuolieN auuobly Aq 5292808rS202/620T 0T/I0p/woo A8 im AreiqipuljuosgndnBe//sdny woly pepeojumod ‘Z ‘9202 '95E669T2



NI Journal of Geophysical Research: Solid Earth 10.1029/2025JB032675

ADVANCING EARTH
AND SPACE SCIENCES

Temperature (K) temperature is estimated to be 1003 = 60 K (730 + 60°C, Castelli
2000 1500 1250 1000 875 750

0.9 . . . . . . etal. (2007), Krogh Ravna and Terry (2004), Yu et al. (2024)). Our modeled
""" This study, Linear model Ino between coesite and pyrope at 1003 K is 0.38 + 0.14%o, which is close to

0.8 4 — This study, Debye model 30g; i i i
& Yu2024, MS the average A™"Si ..o measured by mass spectroscopy in Alps whiteschists
0.7 - (0.42 £ 0.16%0, (Yu et al., 2024)). Our result indicates that the coesite and
— pyrope are in equilibrium for Si isotopes during the formation of Alps
8 067 whiteschists. Similar to Dabie eclogite, this observed Si isotopic equilibria is
é 0.5 an indicator that the geofluid involved in the metamorphic process doesn't
g 0 significantly alter the Si-isotope composition, and as a result, the Si isotope
§ ’ o= signature of the metamorphic rocks preserves their protolith composition (Li
o3{ 1 . et al., 2020; Yu et al., 2024). We also note that A*Si.._, in the Alps
02 e whiteschists have a huge variation in values, which likely comes from the
B - R pressure variation in the whiteschist formation (Huang et al., 2014). Due to
o1y e the lack of high pressure data, we can't constrain the effect of pressure on
------------- Inot,e_qr- It's possible that the pressure will affect the Inf} of both coesite and

0.0 4€ ; . . ; ; . . ; &
000 025 050 075 100 125 150 175  2.00 pyrope, which leads to the variation in the observed Intcge., (Yu
10°/T2 (K™2) etal., 2024).

Figure 4. Calculated In ag;5,/,5 between coesite and pyrope, compared to mass
spectroscopy measurements on Alps whiteschists (blue circles; Yu

et al., 2024). Red solid curve: In 0g;5/,¢ determined from the force constants
approach and coesite resilience fitted using the Debye model (N, = 30 N/m).
Red dotted curve: In og;5,,,5 When coesite resilience fitted using the linear model

6. Conclusions

In this study, we revisited the published X-ray and neutron diffraction data
of epidote and coesite from 15 to 1070 K. The temperature dependence of

(N, = 42 N/m). Red shaded region highlights the uncertainty estimated by <u2> collected at cryogenic temperatures (7 < 200 K) allows to fit the

Equation 13.
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quantum Debye phonon model, so that we could fit the N, of the Si atoms

in epidote and coesite at high temperatures (7' > 600 K) more accurately.

Our methodology has demonstrated how to properly extrapolate the in-
formation extracted from low-temperature X-ray diffraction data sets to high temperatures. Considering that
there are many commercially available diffractometers equipped with cryogenic temperature stages, while
diffraction experiments around 1000 K are still challenging, our method should significantly reduce the diffi-
culty to reliably measure resilience in crystalline minerals. Our results also show that, when one studies the
atomic vibrational behaviors in crystals at temperatures below 200 K, the quantum Debye phonon model should
be used, and this model can be extrapolated to mantle temperatures while still properly reflecting the atomic
vibrational behaviors.

The best-fit high temperature N, of Si is used to compute the Si isotope fractionation with our force constants
approach. Our results suggest that the epidote and quartz in Dabie eclogitic veins, as well as the coesite and pyrope
in Alps whiteschists are in equilibrium from a Si-isotope fractionation perspective. Our results also indicate that
the geofluid involved in the fluid-rock interaction in Dabie and Alps orogens doesn't significantly alter the Si-
isotope composition of ultrahigh pressure metamorphism. As a result, the Si isotope signature of the meta-
morphic rocks should preserve their protolith composition.
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