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ABSTRACT

The elastic interaction between an inclusion and its host is often employed to study metamorphic processes based
on the assumption that the host is not affected by processes such as creep that irreversibly releases stress.
However, it is not well understood how fast inelastic relaxation of stress may occur and under what conditions
the elastic regime holds for each inclusion-host system. To provide new constraints for the widely used systems of
quartz and zircon inclusions in garnet, we performed heating experiments on almandine-pyrope and spessartine
garnets under graphite, No+Hp, or HoO+Ar fluxed conditions at different temperatures. Raman spectroscopy was
used to measure the same quartz and zircon inclusions after different heating times. The Raman-band wave-
numbers undergo time-dependent decreases in quartz inclusions and increase in zircon inclusions under HyO+Ar
conditions and exhibit a greater final shift than under graphite and N+Hj; buffered conditions. Under graphite-
buffered conditions, the wavenumbers of Raman bands measured on zircon and quartz stabilise after the first
heating step, after which no change was observed. Electron backscatter diffraction results reveal greater
misorientation around the heated inclusions compared to unheated inclusions, implying a greater dislocation
density after heating. Raman mapping reveals that stress heterogeneity in the garnet host develops at an early
stage of heating and fades away afterward, indicating dispersal of dislocations into the host. Fitting a visco-elastic
model to the Raman data of garnet fluxed with Ny+H; or Ar+H,0 allows an estimate of flow-law parameters for
garnet around quartz inclusions, similar to those obtained by conventional deformation experiments. The results
demonstrate the weakening effect of aqueous fluid on garnet. The data also indicate that the garnet can hold
inclusion pressure at elevated temperatures under a dry and reducing environment. This study provides infor-
mation on the relaxation rate of pressurized inclusions in garnet at different temperatures and within different
external environments. Furthermore, the use of inclusion-host pairs for studying creep processes offers a com-
plementary approach to conventional deformation experiments to better understand the rheological behaviour of
earth materials.

1. Introduction

etal., 2017b; Gillet et al., 1984; Guiraud and Powell, 2006; Moulas et al.,
2020; Rosenfeld and Chase, 1961; Zhang, 1998; Zhong et al., 2021).

Pressure and temperature (P-T) are critical variables in the recon-
struction of geological histories of metamorphic and magmatic rocks.
Elastic thermobarometry is a method for estimating P-T conditions that
has been extensively used in recent petrological studies (e.g. Bayet et al.,
2020; Cisneros et al., 2022; Gonzalez et al., 2021). When a mineral in-
clusion was entrapped by a host at depth, its pressure is assumed to be
equal to that of the host. Due to the different elastic compressibilities
and thermal expansivities of the inclusion and host, the inclusion will
develop a different pressure than the host upon any P-T changes (Angel
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After exhumation, a residual pressure will be preserved in an entrapped
inclusion, which can be measured with Raman spectroscopy (e.g., Enami
et al., 2007). Using an elastic model, it is therefore possible to obtain
constraints on the entrapment pressure and temperature (Angel et al.,
2017b; Guiraud and Powell, 2006; Kohn, 2014; Zhang, 1998). The
application of elastic thermobarometry relies on accurate determination
of the equation of state (EoS) of both the mineral inclusion and host at
high P-T conditions (Angel et al., 2017a, 2022), and the system must
remain in the elastic regime. Meanwhile, several corrections have been
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investigated to account for complicating effects, such as the inclusion
shape (Mazzucchelli et al., 2018), inclusion depth (Mazzucchelli et al.,
2018; Zhong et al., 2019b), and elastic anisotropy of the inclusion (Murri
et al., 2018; Stangarone et al., 2019) or the host (Gonzalez et al., 2021).
The method has been experimentally tested by synthesizing
inclusion-host systems, such as quartz-in-garnet (e.g. Bonazzi et al.,
2019; Thomas and Spear, 2018), and has been applied in many petro-
logical and tectonic studies (Ashley et al., 2014; Bayet et al., 2018; Grof3
et al., 2020; Kohn, 2014; Moulas et al., 2020; Schwarzenbach et al.,
2021; Szczepanski et al., 2021; Taguchi et al., 2019). Inclusions of
different thermo-elastic moduli in the same sample have also been used
to constrain metamorphic histories (Baldwin et al., 2021; Gilio et al.,
2022; Zhong et al., 2019a).

Garnet, commonly considered as a strong metamorphic mineral with
a high yield stress (Karato et al., 1995), serves as an ideal vessel for
containing up to gigapascal-levels residual pressure of its inclusions.
However, a common observation made while applying quartz-in-garnet
elastic barometry, especially in regional studies, is that quartz inclusions
in the same sample may record significantly different residual pressures,
even though no explanation can be found based on microscale factors,
such as elongated shape, cracks, or proximity to the thin-section surfa-
ce/bottom (e.g., Bayet et al., 2020; Cisneros et al., 2022; GroB et al.,
2020). Considering that in a coherent geological unit with the same li-
thology spatially close samples should have experienced a similar
metamorphic P-T history, the question arises whether the modification
of the residual pressures of the inclusions is only related to elastic
anisotropy, inclusion shape, or inclusion depth, or whether it is related
heterogeneous strength, and hence localised weakness, of the host.

Although garnet is considered a strong mineral, it can creep under
differential stress, particularly at elevated temperatures (e.g., Karato
et al., 1995; Wang and Ji, 1999; Xu et al., 2013). Therefore, a critical
prerequisite for inferring the metamorphic P-T conditions using an
entrapped inclusion is that the inclusion pressure has not been modified
by creep, which leads to an irreversible stress release often at elevated
temperature after a certain deformation time (e.g. Karato, 2012). The
creep rate of garnet is a function of time and temperature, but other
factors, such as fluid influx, affecting the behavior of the host-inclusion
system might also be important. It is well known that aqueous fluids are
common in metamorphic systems (e.g., Austrheim, 1987; Kaatz et al.,
2022; Putnis and John, 2010; Wayte et al.,, 1989) and may weaken
nominally anhydrous minerals (Kaatz et al., 2023; Kohlstedt, 2006;
Wayte set al., 1989; Xu et al., 2013). Therefore, it is important to
quantify whether fluid influx has a significant impact on the efficiency of
stress relaxation in inclusion-host systems. Such constraints may allow
determination of whether an inclusion pressure has been modified to
achieve an accurate geological interpretation. In this study, we per-
formed high-T experiments on natural garnets that contain quartz and
zircon inclusions under various buffering conditions to study the rate of
viscous relaxation of the garnet host. Variations in relaxation rate under
the different conditions demonstrate that the garnet host can be sub-
stantially weakened by adding small amounts of water in the sur-
rounding environment, which drastically speeds up relaxation of the
inclusion pressure. The results provide important guidance for practical
applications of elastic thermobarometry and chronometry using relaxed
inclusion pressures in future works.

2. Sample and analytical method
2.1. Samples

Two samples were utilized for experiments. The first sample is an
eclogite collected from the Adula nappe, Ticino, Switzerland (Swiss
coordinate 732,180, 135,623). This sample contains mainly garnet,
omphacite, quartz and plagioclase. Abundant quartz, zircon and rutile
inclusions, along with minor apatite, are present in the garnet. The
garnets are chemically zoned with cores of Almg 43Grsg. 24Prpo.32Spso.o1

Earth and Planetary Science Letters 636 (2024) 118713

and rims of Almg 47Grsg 16Prpo.36SPso.01 (Fig. S1). The second garnet
sample is a spessartine from Sangulungulu, Loliondo, Tanzania. The
crystal is approximately 1 cm in diameter, occurs in a mica schist, and is
orange in colour with good transparency. Abundant zircon inclusions
are present. The garnet composition is Almg (3Grsg.06Prpo.14Spso.77 and
is spatially homogeneous according to point analyses performed at
different locations in the garnet (Table S1). Both samples were polished
on one side with 0.25 pm diamond suspension and subsequently cut into
slices about 200 pm thick and 1 ¢m? in area to make the inclusions
visible under transmitted light for experimental purposes.

2.2. Heating experiments

Heating experiments were performed using a Gero furnace. The
ceramic furnace tube was sealed with rubber rings and metal lids. The
experiments were performed under three sets of conditions. One set of
experiments was performed under graphite-buffered conditions main-
tained by placing the sample in a ceramic crucible filled with pre-dried
graphite and fluxing the tube with Ar gas. The graphite and sample were
heated to 400 °C with Ar gas flux for a few hours before setting to the
target temperature. A second set were performed under Ny+H> (5 vol%
Hp) fluxed conditions. A third set were performed under HyO+Ar gas
fluxed conditions, in which Ar gas first went through a reservoir of
demineralized water maintained at approximately 75 °C. The gas flux
rate was approximately 10 L/hour measured by a flowmeter. The con-
centration of H2O carried by the Ar gas was determined to be around 10
wt% by measuring the weight loss of HoO and the total Ar gas flux after
approximately 1 hour (supplementary Fig. S2).

The samples were heated, taken out and measured for the inclusion
pressures with Raman spectroscopy, and this procedure was repeated.
The number of heating steps and heating duration were chosen to
observe sufficient modification of the final residual inclusion pressure of
quartz and zircon compared to the initial one. To avoid the a-p quartz
transition at high temperature, temperatures and heating time were
chosen to keep the calculated inclusion pressure above the pressure of
the transition. The localities of quartz and zircon inclusions were
recorded before heating so that the same inclusions could be remeasured
after heating. The heating ramp of the furnace was set at 300 °C/h. After
the experiment, cooling of the furnace was assisted by the gas flow.
Starting from a temperature of 900 °C, the temperature dropped below
600 °C within one hour.

The oxygen fugacities, fo,, of the three buffering conditions were
calculated with FactSage (Bale et al., 2016). Between 750 °C and 900 °C,
the graphite buffered experiments provided f,, between 10~2%° Pa and
107192 Pa, the No+H, buffer provided between 107224 pa and 10710
Pa, and the HyO+Ar buffer provided between 107 Pa and 107%3 pa
(supplementary Fig. S4). Therefore, the three experiments span a wide
range of oxygen fugacity with the HoO+Ar buffer providing an extreme
oxidizing environment and the graphite and Ny+H; buffers providing
reducing environments. For the No+Hy fluxed conditions, a test was
performed by heating metallic iron powder for 20 h at 900 °C. The re-
sults indicate that the oxygen fugacity is indeed below the iron-wiistite
transition (i.e., below log1(fo,) ~ —17) as no wiistite nor magnetite was
detected by powder X-ray diffraction (XRD) (supplementary Fig. S5).
However, when water was added into the Ny+H, gas, magnetite was
formed as detected by XRD (Fig. S5).

2.3. Raman spectroscopy

A WiTec Alpha300-R confocal Raman spectrometer at the Freie
Universitat Berlin was used in this study. Zeiss EC Epiplan 50X/0.75 and
100X/0.95 objectives were used to measure inclusions. A polarized
solid-state laser was used with a wavelength of 532.1 nm. The laser
energy output was set to < 8 mW to avoid laser heating (see supple-
mentary Fig. S6). A UHTS300 VIS spectrometer with a grating of 1800
grooves/mm and a 1650-lines CCD area detector was used with a
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spectral range from 85 to 1254 cm™!. By measuring the full-width-half-
magnitude (FWHM) of the peaks from a Hg/Ar calibration lamp, we
estimated the spectral resolution to be approximately 1.5 cm™!. A silicon
plate was used to calibrate the Raman-band position every hour and the
variation was less than 0.2 cm™! (supplementary Fig. S7). Data pro-
cessing and inclusion selection criterion follow Zhong et al. (2019a).
Gem-quality quartz and zircon crystals were used as stress-free reference
material with reference spectra given in supplementary Fig. S8. The
integration time was approximately 5-10 s with 5 to 20 repetitions. For
mapping, the integration time was 4-10 s for each pixel and the spatial
resolution was 0.5 pm, resulting in maps of 60 x 60 pixels across a 30x30
pm area. After the heating experiments, some inclusions had developed
cracks around them and were therefore not measured. During mapping,
the laser focus was set slightly above the central plane of the quartz
inclusion to carry more signal from garnet. The residual pressures of the
inclusions were calculated based on the shifts of the 464 cm ™! band for
quartz and 1008 cm™! band for zircon compared to the stress-free
gem-quality quartz and zircon crystal following the hydrostatic cali-
bration from Schmidt et al. (2013); Schmidt and Ziemann (2000). The
non-hydrostatic stress tensor is later calculated using the calibration
from Reynard and Zhong (2023), where it was found that the 206 cm!
band position is only sensitive to the mean stress while the other bands
such as the 464 and 128 cm ™! bands are more sensitive to differential
stress. Therefore, the calibration requires using the band shift of the 464
em ™}, 206 cm ™! pair or the 128 cm™?, 206 cm ™! pair to simultaneously
calculate the mean stress and differential stress assuming symmetry in
the basal plane.

2.4. Electron-probe microanalysis (EPMA)

A JEOL JXA 8200 Superprobe at the Freie Universitat Berlin was
used to determine the chemical composition of garnet, using the
wavelength-dispersive detectors. The instrument was operated at an
acceleration voltage of 15 kV and beam current of 120 nA. The elements
Si, Al, Fe, Mg, Ca, Mn, Ti and Cr were analysed. The dwell time was 60
ms and the spatial increment was 1 pm. Quantitative point analyses were
made on the core, mantle, and rim of the garnet and the relationship
between photon intensity and the element concentration is obtained
using the ZAF correction.

2.5. Electron backscatter diffraction

Electron backscatter diffraction (EBSD) data were acquired on a FEI
Quanta 650 field-emission gun scanning electron microscope fitted with
a Bruker eFlash HD detector. Diffraction patterns were obtained at the
full 1600x1200 resolution of the detector at a specimen tilt of 70°,
accelerating voltage of 30 kV, and working distance of 27.7 mm. Step
sizes were in the range 0.3-0.7 um and maps contained between 52,470
points and 205,800 points. Three maps were obtained from a sample of
the eclogite that had not undergone heat treatment. Three maps were
obtained from a sample heated to 820 °C for 218 h in Ar + H50 gas. Two
maps were obtained from a sample heated to 900 °C for 41 h in Ar + HoO
gas. The MTEX toolbox for MATLAB® was used to plot maps of the
garnet host coloured by the misorientation angle of each pixel relative to
the average orientation of the garnet within each map area (Bachmann
et al., 2010).

2.6. Numerical model

A radially-symmetric visco-elastic model is applied to simulate the
stress evolution of quartz and zircon inclusions upon heating at atmo-
spheric confining pressure in an infinite garnet host (Zhong et al., 2020).
A finite-difference solver was employed in MATLAB to solve the system
of equations given in the supplementary materials. To simulate the
experiment, three steps are considered, that is (1) the stress build-up
during the initial heating ramp, 2) the visco-elastic relaxation process
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at the maximum temperature, and 3) the stress modification during
cooling. The first and third processes can be approximated as purely
elastic due to the fast heating and cooling rates and lower average
temperatures. The second process needs to be treated with a visco-elastic
model. To simulate time-dependent viscous relaxation of stress at high
temperature, the viscosity of the host garnet is needed. The viscosity is
assumed to be non-Newtonian and is defined as y = A\rrr|1’", where 7,;
is the radial deviatoric stress, A is a pre-factor and n is the stress expo-
nent, which is set as 3 (Wang and Ji, 1999; Xu et al., 2013). The equation
of state for quartz is from Angel et al. (2017b), that of zircon is from
Ehlers et al. (2022) and the endmembers of garnet is from Angel et al.
(2022). The PVT relation is averaged based on the molar proportions of
garnet endmembers. The outcome of the model is a predicted P-T-t path
of the inclusion during the heating-relaxation-cooling sequence. At the
end, the only variable, that is the pre-factor for viscosity, can be
inversely determined by fitting the modelled results and measured
Raman data with Newton’s method. The model considers isotropic in-
clusion in isotropic host, thus only the mean stress (pressure) is needed.
The fitted viscosity pre-factor is used to calculate the characteristic
timescale, t, of viscous relaxation following the equation presented by

Dabrowski et al. (2015), thatist = 3(321 3 £, where the effective viscosity

i =4(Pinc /n)' ™", K is the bulk modulus of the inclusion, and the inclu-
sion pressure, Pj,, is taken to be 1 GPa. This characteristic time is
derived assuming a viscous and incompressible host.

3. Results
3.1. Raman spectroscopy results

Examples of the Raman spectra from quartz and zircon inclusions are
given in Fig. 1. This sample was heated to 868 °C with Ar+H>0 gas. The
Raman-band wavenumbers exhibit a time-dependent increase for zircon
inclusions and decrease for quartz inclusions. The FWHM of the 910
cm ™! band in garnet is shown in Fig. 2 to monitor the garnet stability.
The FWHM remains unchanged after the applied heating duration under
H,0+Ar fluxed conditions. The bulk composition of garnet and shape of
the inclusions did not show noticeable changes by checking with EPMA
and optical microscope, respectively. Furthermore, no new Raman peaks
were found after heating. Therefore, the garnets did not break down
within the duration of heating.

In Fig. 3, the Raman shift with respect to the original peak position in
the unheated sample is plotted against heating time for each inclusion.
The 464 cm ™! band of quartz and the 1008 cm™! band of zircon are the
most intense and strongly affected by the stress/strain (Murri et al.,
2018; Reynard and Zhong, 2023; Schmidt et al., 2013; Schmidt and
Ziemann, 2000; Stangarone et al., 2019), thus they are chosen to
monitor the rate of viscous relaxation. In the graphite buffered experi-
ments performed at temperatures between 750 °C and 900 °C (Fig. 3a),
the position of the 464 cm ™! band of most quartz inclusions drops by less
than 1 cm ™! and stabilizes after approximately 50 h. The position of the
1008 cm ™! band of zircon increases by about 1.0, 1.5, and 2.3 em!
when heated to temperatures of 750 °C, 820 °C, and 900 °C, respec-
tively. Little change in peak position occurs after the first heating stage
in either quartz or zircon in the graphite buffered experiments.

Under Ny+Hs fluxed conditions (Fig. 3b), the wavenumbers of the
464 cm~! Raman band measured on quartz inclusions exhibit slightly
more time-dependent decrease that was ongoing at the end of the set of
experiments. Under the same conditions, the wavenumber of the 1008
cm ™! Raman band in zircon increases by about 2 cm ™! and 3.5 cm ™! at
temperature 820 and 900 °C, respectively, and then remains approxi-
mately constant. For the 750 °C experiment, the difference of the rela-
tive shift between quartz and zircon is too small to separate them.

Under the HoO+Ar fluxed conditions (Fig. 3c), a continuous shift in
the position of the 464 em ! band of quartz occurs across all heating
times and at each temperature. The rate of wavenumber shift with time
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Fig. 1. Raman spectra of a quartz and a zircon inclusion in garnet measured at room temperature after different amounts of heating time. The experimental
temperature for the shown data is 868 °C with Ar + H,0 gas. The black curves show the spectra from reference stress-free quartz and zircon crystal.
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Fig. 2. a. Raman spectra (910 cm ™! band) of garnet host measured at the same location after different heating durations at 868 °C under H,O+Ar fluxed condition
(H2O+Ar gas fluxed). b. The FWHM of garnet around measured quartz and zircon inclusions. The mean value and 1-¢ are calculated based on the FWHM of all

spectra (about 10-30 points) after each duration of heating.

increases with temperature across the three sets of experiments. At 820
°C the wavenumber of this band shifts by about —1 cm ™! after approx-
imately 220 h (about 4.5 x 10~ em ™! per hour). At 868 °C and 900 °C
the wavenumber of the band shifts by about —2 cm ™ to —3 cm™! over
shorter durations, giving rates of approximately 1.7 x 1072 cm ™! per
hour and 5 x 102 em™! per hour (Fig. 3b). The experiment performed
at 750 °C shows less shift after 200 h heating compared to those at the
higher temperatures. For zircon, the wavenumber of the 1008 cm?
band increases most rapidly during the early stages of heating before
converging to a plateau. The time taken for the 1008 cm ™! wavenumber

to stabilise at a constant value decreases with increasing temperature.
For spessartine garnet, only the H,O+Ar buffered condition is
applied (Fig. 3d). No quartz inclusion was found in spessartine garnet.
The relative Raman shift is less than the eclogite garnet, possibly due to
composition difference. The dashed line (Fig. 3c and 3d) indicates the
modelled results assuming complete reset at experimental temperature,
i.e. inclusion and host are fully reset to room pressure at experimental
temperature and rapidly brought to room temperature. For spessartine
(Fig. 3d), the match is good in comparison to the eclogite garnet
(Fig. 3c). Potential reasons for the mismatch, e.g. excess volume, is
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Fig. 3. Time-dependent shifts in Raman band position of quartz and zircon inclusions. a, b and ¢ present the results from graphite buffered, Hy+N» and HyO+Ar gas
buffered experiments on eclogite garnet. d shows the HyO+Ar fluxed condition performed on Tanzania spessartine garnet. Zircon and quartz data are plotted
together, with zircon having positive shifts (wavenumber increases compared to that of the unheated sample) and quartz having negative shifts. The dashed lines in b
and d show the numerically modelled Raman band position if complete viscous reset occurs. In the plot, each dot represents an inclusion measured after different
heating time compared to its unheated state. The peak position’s uncertainty is <0.1 cm~' by monitoring a Si standard (Fig. S7).

discussed in supplementary materials.

Fig. 4 summarises the final wavenumber shifts that occurred under
each buffer. For zircon, the three buffering conditions result in separate
data clusters at 820 °C and 900 °C, between which the minimum and
maximum values of Raman shift are separated, and the shifts progres-
sively increase across the graphite, No+Hj, and HoO+Ar buffers. At 750
°C, the difference among the three buffering conditions is too small to be
completely separated. For quartz, the three data clusters are not
completely separated, potentially due to the heating times not being
sufficiently long, but the trend in the absolute magnitudes of the shifts
across the three different buffers is similar to that from zircon.

Raman mapping of quartz inclusions before and after heating shows
that inclusion shapes did not change significantly as shown in Fig. 5 and

Fig. S9. The 910 cm™! band of garnet and 464 cm™! band of quartz in-
clusions are shown to test for stress/strain heterogeneity. The wave-
number of the 464 cm™! band in quartz inclusions decreases
continuously in all three cases. For garnet, initially, the spatial distri-
bution of the wavenumber of the 910 cm™! band is heterogeneous with
variation on the order of 1 cm™!. After heating, the heterogeneity in the
shift of the 910 cm™! band is increased to about 2-3 cm™. The increase
in heterogeneity is most pronounced after 115 h at 868 °C (Fig. 5a) and
17 h at 900 °C (Fig. 5c). After longer heating times, the heterogeneity
starts to decrease and the pattern of the shift in the 910 cm ! band is
more homogeneous after 174 h and 60 h for these two cases, respec-
tively. Three profiles across the garnet demonstrate the temporal vari-
ation of the 910 cm™! band position. The maps and profiles of shifts in
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the 910 cm ™! band reveal that the maximum shift generated in the vi-
cinity of the inclusions after heating progressively decreases in magni-
tude whilst, at the same time, the area of the zone exhibiting shift around
the inclusion progressively increases. For example, the position of the
Raman band in Fig. 5a is initially at about 911.5 cm ™! in the far-field and
913.5 cm ™! closer to the inclusion. After 115 h of heating, the wave-
number of the central region close to the inclusion increases to around
915 cm'. After 174 h, the wavenumber in the central region drops
below 913.5 cm ™}, while the wavenumber in the far-field region has
increased to between 912.5 cm ™! and 913 em L.

3.2. EBSD results

EBSD results in Fig. 6 show large misorientation angle due to heat-
ing. The misorientation represents the angle between the crystal orien-
tation at each pixel point and the average orientation of garnet within
the map area. In Fig. 6, the top row presents the misorientation around
three quartz inclusions in an unheated eclogite garnet. The second row
(820 °C with HoO+Ar buffer) and the third row (900 °C with H,O+Ar
buffer) present the misorientation around heated quartz inclusions. In
general, unheated samples exhibit low magnitudes of misorientation,
whereas the heated samples exhibit greater misorientation, typically in
the range 0.5-1°, in a patchy distribution. The regions with high
misorientation are also typically more concentrated at the narrower tips
of the inclusions. There is no significant difference in the distributions of
misorientation around inclusions in the samples heated at 820 and 900
°C, potentially due to the longer heating time at 820 °C compared to 900
°C (Table 1). The patchy shape of the misorientated regions is in general
similar to the structure evident in the maps of Raman shifts in Fig. 5,
where the regions exhibiting significant shift are also distributed rather
heterogeneously.

3.3. Numerical modelling results

Examples of modelled P-T paths of a quartz inclusion and a zircon
inclusion heated to experimental temperature at room pressure are
presented in Fig. 7. Upon heating, the quartz inclusion develops higher
pressure due to its greater thermal expansivity than that of garnet. At the
maximal temperature of 820 °C, the pressure of the quartz inclusion
reaches approximately 1.1 GPa. The overpressure decreases as a func-
tion of heating time at the maximal temperature. Subsequently, the

temperature is brought back to room temperature (25 °C), which results
in the final residual pressure being less than the initial residual pressure.
The amount of pressure decrease depends on the temperature and time
at the maximum temperature.

Similar time-dependent behaviour but with the opposite trend is
predicted for zircon in Fig. 7C and 7D. Tensile stress starts to develop at
temperatures of 400-500 °C depending on the initial inclusion pressure.
The tensile stress is relaxed by viscous deformation at the maximal
temperature. This relaxation leads to an increase of the final residual
pressure compared to the initial residual pressure. Table 1 presents the
best-fit flow-law parameters obtained at different temperatures
following the inverse numerical method described in the supplementary
material. With the Monte-Carlo method, the uncertainties can be
calculated, and the histograms of calculated pre-factor A are presented
in supplementary Fig. S10. For conceptual comprehension, the pre-
factors for viscosity are converted into characteristic timescales of
viscous relaxation presented in Fig. 8. A linear trend is observed as ex-
pected between 1/T and the logarithmic relaxation time. The results of
the No+H, fluxed experiments yield a somewhat close, but slightly
longer, characteristic relaxation time compared to those obtained under
the HyO+Ar fluxed conditions. For zircon inclusions, the relaxation time
is approximately 2-3 orders of magnitude shorter than those of quartz
inclusions.

4. Discussions
4.1. Effects of aqueous fluid on pressure relaxation

In the HyO+Ar fluxed experiments, oxygen is present due to the
absence of a second buffer that absorbs all oxygen. In the No+Hj fluxed
experiment, the oxygen fugacity is below that of the iron-wiistite tran-
sition. Therefore, the three sets of experiments represent three situations
that are 1) hydrogen and oxygen absent (graphite-buffered), 2)
hydrogen present but oxygen absent (No+Hz fluxed), and 3) both
hydrogen and oxygen present (H2O+Ar fluxed). This range represents
the possible environments that a garnet may encounter during its
retrograde path and allows us to identify the individual effects of
hydrogen and oxygen on creep.

In the graphite buffered experiment, no time-dependent variation of
Raman-band position is observed after the first heating step (Fig. 3). It is
speculated that an initial trace amount of water in garnet may exist in
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Fig. 6. Misorientation maps from EBSD data. The first row (a to ¢) is from an unheated sample. The second and third rows (d to h) are from heated samples with the
heating experiment number indicated to the left. The misorientation is calculated from the average garnet orientation within the domain.

sealed pores, microscale fluid inclusions, or minor inclusions of hydrous
mineral. After the first heating step, water is removed from the garnet,
leading to the stable Raman-band position.

In the No+Hy fluxed experiment, the rate of stress relaxation for
zircon inclusions is faster than under the graphite-buffered conditions
but slower than under the HoO+Ar fluxed conditions at 820 °C condition
(Fig. 4). As for quartz inclusions, the difference is much smaller and it is
difficult to separate the Raman shift between the graphite-buffered and
the Ny+H; fluxed experiment due to the large scattering of different
inclusions (Fig. 4). A faster relaxation under Ny+H, fluxed experiment
may be attributed to the presence of extra hydrogen, as it has been
suggested that at high temperature hydrogen may enter the lattice and
modify the point-defect chemistry in a manner that facilitates disloca-
tion climb in crystal-plastic deformation (Kohlstedt, 2006). However,
this effect is rather small, especially for quartz inclusions (ca. 0.2 cm™!
shift in mean value compared to >1 cm™! scattering), and may as well be
simply due to statistical fluctuation or a small compositional variation of
garnet. An explanation for the small effect of hydrogen is that the
confining pressure is atmospheric, and the water/hydrogen solubility is
very low at low pressure (e.g. Fei and Katsura, 2020). Therefore, more
experiments, or ab-initio calculations at higher pressure is needed to
quantify the effect of hydrogen on garnet, e.g. as done in the experi-
ments by Xu et al. (2013) for water.

In comparison to hydrogen, the effect of oxygen is based on the re-
sults from the HyO+Ar fluxed experiment showing a linear dependence
of residual pressure with respect to heating duration (Fig. 3), and the
large variation in Raman shift of heated inclusions as compared to un-
heated ones (Fig. 4). The effect is also manifested by the greater
misorientation around quartz inclusions heated under H,O+Ar fluxed
conditions than around those in the unheated sample (Fig. 6). This

difference reflects a greater density of dislocations responsible for the
stress relaxation (Nye, 1953; Wallis et al., 2016; Wheeler et al., 2012).

The activation energy can be calculated by fitting the viscosity pre-
factor A to the Arrhenius equation A = Apexp(Q /RT), where Ay is the
pre-factor for A and Q is the activation energy. For the quartz-in-garnet
system, the activation energy is 263+45 kJ/mol under HoO+Ar fluxed
conditions and 232+80 kJ/mol under Ny+H, fluxed conditions,
consistent with the reported value for wet garnet of 215+45 kJ/mol (Xu
et al., 2013). Our calculated value is lower than the recalculated values
of 417426 kJ/mol from Karato et al. (1995) and 470+65 kJ/mol and
Wang and Ji (1999) for dry, almandine-rich garnet. Xu et al. (2013)
proposed that the incorportation of hydrogen into garnet is associated
with the metal site as [(OH)y] = [Hy.), where the Kroger and Vink
(1956) notation is used. It is suggested that dislocation climb is
rate-limited by the slowest diffusing element, e.g., Si (Kohlstedt, 2006).
Xu et al. (2013) has proposed a mechanism explaining the effect of
hydrogen on creep rate whereby hydrogen sits on the Si site and the Si
diffusivity is increased by increasing water fugacity with an exponent of
one. In our data, the water fugacity is not varied and remains substan-
tially lower than the water fugacity tested by Xu et al. (2013), but our
calculated activation energy of 263+45 kJ/mol is within error of the
value of 215445 kJ/mol presented by Xu et al. (2013). Within our
experimental conditions, oxygen dominants the weakening of garnet.
This is based on the observation that Raman peak shift from the HoO+Ar
experiment being much higher than the Ny+H; and graphite-buffered
experiment. However, the effect of hydrogen is not fully explored in
this work due to the low partial pressure of H in the Ny+Hj, environment.

For zircon inclusions, the relaxation time is shorter than that of
quartz inclusions by approximately 2-3 orders of magnitude, but the
slope with respect to 1/T is similar (Fig. 8). This observation is similar to
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Table 1

Experimental conditions. The formula for characteristic relaxation time is given
in Discussions. The stress exponent n is set to 3 for dislocation creep. Viscous pre-
factor A is fitted for 820 to 900 °C experiments and used to calculate the char-
acteristic relaxation time.

No. Sample T Buffer Total Pre- Relaxation
Q) time factor A time (h)
(h) (Pa®.s)

#1 Eclogite 750 Graphite + 252 N/A N/A
Ar gas

#2 Eclogite 820 Graphite + 210 N/A N/A
Ar gas

#3 Eclogite 900 Graphite + 284 N/A N/A
Ar gas

#4 Eclogite 750  Ar + Hy0 206 N/A N/A
gas

#5 Eclogite 820  Ar+H,0 218 10350+ 1038%02 ()
gas o1 (a)

#6 Eclogite 868  Ar + H,0 174 10344 = 103201 (q)
gas o1 (a)

#7 Eclogite 900  Ar + H,0 41 10341 * 1029 %01 ()
gas 0.1 (a)

#8 Spessartine 750 Ar + H,0 206 N/A N/A
gas

#9 Spessartine 820  Ar + Hy0 218 10%21 = 10°-8 04 (b)
gas 04 (b)

#10  Spessartine 900  Ar + H,0 49 10313 * 10°1 £97 (b)
gas 7 (b)

#11  Eclogite 750 N+ H, 251 N/A N/A
gas(c)

#12  Eclogite 820 Ny +H, 281 10%52 * 1040 %01 (q)
gas(c) 0.1 (a)

#13  Eclogite 900 Ny +H, 153 10344 % 103202 ()
gas(c) 0.2 (@)

(a) is fitted based on quartz inclusion data; (b) is fitted based on zircon inclusion
data; (c) the No+H> gas contains 5 vol% of Hy and 95 vol% of N (forming gas).
For experiment #4~10, the water reservoir is set at the temperature ca. 75 °C.
The water solubility in Ar gas is measured and can be found in Fig. S2.

that of Campomenosi et al. (2023), where the pressure of a zircon in-
clusion was reset nearly instantaneously by continuously heating the
garnet. One possibile cause proposed by Campomenosi et al. (2023) is
that garnet is weaker under tensile stress than compressive stress around
a zircon inclusion. In addition, we checked the FWHM and shift of the
1008 cm ! peak of zircon. Before heating, we did not observe any cor-
relation between the FWHM and shift of the 1008 cm™! peak. After
heating, shifts of the 1008 em™? peak position indicate the increase of
residual pressure but no change of FWHM is found (supplementary
Fig. S11).

4.2. Time scale of creep versus timescale of diffusion

The characteristic time scale of viscous relaxation of a pressurized
quartz inclusion at high temperature is compared to the time scale of
chemical diffusion in garnet (Fig. 8). The characteristic diffusion time
scale is evaluated using L2/D, where L is the characteristic length and D
is the diffusion coefficient. Characteristic lengths of 10 pm and 100 pm
are used as examples to represent the length scales of chemical hetero-
geneity in garnet. The Fe-Mg exchange diffusion coefficient is calculated
with the results from Chakraborty and Ganguly (1992) and Chu and
Ague (2015), which are all for dry garnet. The oxygen fugacity is set at
the graphite buffer. The diffusion coefficient for Fe-Mg exchange in wet
garnet is from Zhang et al. (2019). The Si self-diffusion coefficient in dry
garnet is based on Shimojuku et al. (2014), and no equivalent for wet
garnet has been reported to our knowledge. Our determined time scale
of viscous relaxation is within two orders of magnitude of the charac-
teristic diffusion timescales for Fe-Mg exchange from Chakraborty and
Ganguly (1992), Chu and Ague (2015), and Zhang et al. (2019). The
determined stress-relaxation timescale is substantially shorter than the
characteristic timescale of Si diffusion in dry garnet by approximately
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four orders of magnitude (Shimojuku et al., 2014).

The timescales for stress relaxation and diffusional exchange of Fe-
Mg over distances of 10-100 pm in wet garnet are similar. The petro-
logical implication is that, if water was present and pre-existing chem-
ical zonation in a 10-100 pm garnet has been removed by diffusion, then
it is likely that quartz or zircon inclusions will have been reset soon after
water entered the system. Under dry conditions at T < 800 °C, Si
diffusion is about two orders of magnitude slower than that of the metal
elements (Fig. 8). If the rate of stress relaxation is limited by the rate of
dislocation climb, which in turn is controlled by diffusion of point de-
fects, the measured slower Si diffusion rate would be consistent with our
data showing slow stress relaxation under graphite-buffered conditions
(Fig. 3a). Such slow relaxation rates will allow inclusions to preserve
information on the conditions of their entrapment. To reset the inclusion
pressure to the ambient pressure, a higher temperature is required to
create more point defects and increase the rate of dislocation motion. It
needs to be noted that diffusion length is present in the equation for
chemical homogenization time but it is absent in that for viscous
relaxation time. For garnet with a different size, adjustment needs to be
made for t = L%/D.

3.4. Departure of residual stress from hydrostatic

The significance of elastic anisotropy can be evaluated by calculating
the non-hydrostatic residual stress preserved in the inclusions. For
quartz inclusions, the residual stress is calculated using two approaches,
that is the Griineisen tensor (Murri et al., 2018) and experimental cali-
brations (Reynard and Zhong, 2023). For zircon, only the Griineisen
tensor is available (Stangarone et al., 2019). For quartz, the 128, 206
and 464 cm ™! peaks are used and for zircon the 439, 975 and 1008 cm ™!
peaks are used. Due to the symmetry, only o, (stress along the a-axis)
and o, (stress along the c-axis) are needed and the departure from hy-
drostatic can be evaluated by the differential stress 6. — 0,. In Fig. 9, we
plot the pressure (negative mean stress) against the differential stress
(0. — 0,) for the HoO+Ar experiment where the shift is more significant
compared to the other two buffering conditions. Compressive stress is
taken as negative.

For quartz inclusions, the calculated residual differential stress is
negative based on the experimental calibration from Reynard and Zhong
(2023) with an average of —0.18+0.08 GPa, consistent with numerical
modelling results (Mazzucchelli et al., 2019; Reynard and Zhong, 2023).
Using the Griineisen tensor (Murri et al., 2018), the calculated differ-
ential stresses span between negative and positive values, and show a
wider scattering of 0.2840.13 GPa, potentially due to the limited
number of Raman peaks used. For the differential stress of zircon, a
small variation from —0.10+0.05 to —0.18+0.07 GPa is observed after
heating. As the difference is within the uncertainty, it is not conclusive
whether the magnitude of differential stress increased or not after
heating. For both quartz and zircon, the measured differential stress as a
proxy for a departure from hydrostatic condition is mostly within 0.2
GPa.

4.3. Geological and geodynamical implications

When extrapolated to lower temperatures around 700 °C, the char-
acteristic timescale of viscous relaxation for quartz inclusions is on the
order of 10°-106 h (about 10-100 years) under HyO+Ar fluxed condi-
tions. These timescales suggest that if free water was interacting with the
rock and hence the garnet for more than 10-100 years during the
retrograde evolution at temperatures around 700 °C, it is possible that
the inclusion pressure will be reset to the external confining pressure
during retrogression. Similarly, at a temperature of 600 °C the charac-
teristic timescale of relaxation is about 1000 years under HyO-+Ar fluxed
conditions (Fig. 8). These estimates imply that at these temperatures, to
preserve unrelaxed residual pressures that can be used to recover the
entrapment pressure, the retrograde evolution needs to be either dry, or
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Fig. 7. a. Modelled quartz inclusion pressure in a garnet host against temperature as an example. The initial quartz inclusion pressure is 0.5 GPa. The confining
pressure is 1 bar. The inclusion-host system is heated to 820 °C at room P. The inclusion pressure builds up due to different thermal expansivities between the
inclusion and host. At peak-T, the inclusion pressure relaxes as a function of time, leading to a lower final residual inclusion pressure. The heating time is 300 h using
the given flow law in Table 1. b. The measured average residual pressure (points with error bars) and numerically modelled residual pressure (curves) using the best-
fitted pre-factor A (Table 1) with an assumed stress exponent n = 3. ¢ and d are similar to a and b but for zircon inclusions initially at 0.4 GPa. Zircon first experiences
a transition from compressive to tensile stress due to heating and the tensile stress relaxes, leading to a “viscous pressurization” effect. The residual inclusion pressure
is calculated using the published calibration curve given in the main text. The error bars in b and d are obtained from multiple inclusions as shown in Fig. 3, and the

error is propagated into the pre-factor A using the bootstrap method.

the residence time of aqueous fluid, if any, is shorter than the charac-
teristic relaxation timescale. For zircon inclusions, viscous relaxation of
the pressure is much faster (Fig. 8). In Campomenosi et al. (2023), this is
explained to be due to that garnet is weaker under tensile stress, which
leads the zircon to reset during isothermal decompression.

On the other hand, our experimental results imply that quartz in-
clusions entrapped along the prograde path can undergo viscous reset-
ting in the presence of fluids during progressive metamorphism. For
example, if a quartz inclusion is entrapped along the prograde P-T path,
e.g., on entering the stability field of garnet, it may develop an under-
pressure due to its greater compressibility during the prograde P-T
evolution. Viscous resetting may also affect those underpressurized
quartz inclusions at peak P-T conditions, leading to an apparent over-
stepping effect (Zhong et al., 2020). The difference in pressures esti-
mated by quartz-inclusion elastic barometry and phase-equilibrium
modelling has been used to invoke that garnet reaction boundary needs
to be overstepped to crystalize garnet (Castro and Spear, 2017). Our
results suggested that if fluid was produced from the breakdown of
hydrous minerals or external fluid enters during subduction, partial
viscous resetting may occur that results in a higher apparent entrapment
pressure for quartz inclusions. Examination of isotope chemistry of

10

prograde/retrograde minerals (e.g. Bovay et al., 2021) or pm-sized in-
clusion’s mineralogy (e.g. Spengler et al., 2023) may provide informa-
tion on the P-T condition of fluid infiltration.

Furthermore, our experimental results of quartz inclusions also give
insights into metamorphic conditions that lead to the preservation of
coesite inclusions in garnet. Natural coesite-bearing samples often
exhibit almost no spectroscopic signal from the hydroxyl band (e.g.,
Katayama et al., 2006; Rossman and Smyth, 1990), although synthetic
coesite may contain tens to hundreds of parts per million of water
(Koch-Miiller et al., 2001; Yan et al., 2021). It has long been recognized
that coesite, if perfectly sealed in a garnet host, may experience an
overpressure compared to the lithostatic pressure along the
coesite-quartz transition curve until a low temperature is reached that
hinders the reaction kinetics (Gillet et al., 1984; Parkinson, 2000).
However, this analysis is based on consideration that the inclusion and
host are in elastic regime. If water is present inside the garnet during the
retrograde evolution, the overpressure in the inclusion would be rapidly
relaxed. Then the transition will only depend on the reaction kinetics
from coesite to quartz, which again can be fast under wet conditions
(Lathe et al., 2005; Perrillat et al., 2003). Therefore, the results may
explain the dry nature of the surviving coesite inclusions, not only from
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Fig. 8. a. Characteristic timescales of viscous relaxation as functions of temperature for inclusions of quartz and zircon. The flow laws for dry garnet from Karato
et al. (1995) and Wang and Ji (1999) and wet garnet from Xu et al. (2013) are shown. For the flow law for wet garnet, the water fugacity is set to 10* Pa, and
confining pressure is set to 1 bar for comparison with our experimental results. The inclusion pressure is set to 1 GPa. The uncertainty is calculated with a
Monte-Carlo method. Alm-Prp garnet flow law is taken from Karato et al. (1995) and Wang and Ji (1999). b. Diffusion timescale (t = LZ/D, with L = 100 pm as solid
lines and L = 10 pm as dashed lines) as functions of temperature. The diffusion coefficients for Fe-Mg exchange in dry garnet are from Chakraborty and Ganguly
(1992); Chu and Ague (2015). Si trace diffusion is from Shimojuku et al. (2014) and that of Fe-Mg diffusion is wet garnet is from Zhang et al. (2019). Confining

pressure is set at 1 bar for comparison with timescale of viscous relaxation.
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peak, which is insensitive to nonhydrostatic stress. b is calculated with the Griineisen tensor for quartz (Murri et al., 2018). ¢ is calculated with the Griineisen tensor
for zircon (Stangarone et al., 2019). The experiment is performed at 820 °C with H,O+Ar buffer condition. The black and blue dots represent before and after heating
for 218 h, respectively. The used Raman peaks for quartz are 128, 206 and 464 cm ™! and for zircon are 439, 975 and 1008 cm ™.

the perspective of reaction kinetics, but also from the mechanical
perspective.

Lastly, the flow law is a key component in geodynamic modelling
and geophysical exploration (Biirgmann and Dresen, 2008; Kaatz et al.,
2023) and is often determined by deformation experiments and
geophysical observations (e.g., Karato and Wu, 1993). As we have
shown here, the use of inclusion-host systems for studying the
time-dependent creep processes of single crystals provides a useful
alternative for investigating the rheological behaviour of earth mate-
rials. In this work, the furnace is used to control buffering environment.
However, the lab-intensive nature of furnace setup may limit the num-
ber of datasets that can be collected. An alternative approach is to
perform the experiment with a heating stage, similar to the work by
Campomenosi et al. (2023), but with different controlled buffer such as
water, hydrogen, CO—COa, etc., or a diamond anvil cell to add pressure
so that the inclusion overpressure can be better controlled. An

advantage of such heating experiments is that they can be performed for
longer durations. Then the need for measuring stress and strain (rate)
with mechanical instruments is in principle replaced by spectroscopic
measurements, such as Raman spectroscopy. The variety of mineral
inclusion-host pairs (Kohn, 2014) also provides a wide range of differ-
ence in thermal expansivity that allows compressive as well as tensile
stress to be applied to single crystals. The determined strengths of
minerals may also be useful in larger scale geophysical problems and
geodynamic modelling.

5. Conclusions

We performed heating experiments on natural inclusion-host sys-
tems under graphite buffered, No+H; fluxed and HyO+Ar fluxed con-
ditions. In the experiment fluxed with aqueous fluid, time-dependent
stress relaxation occurred, indicating that aqueous fluid is an important
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factor that weaken the garnet. In graphite buffered experiments, only a
small amount of stress relaxation occurs during the first heating step and
is negligible thereafter, even at 900 °C, implying that the garnet can be a
strong pressure vessel under dry conditions. Raman maps of garnet hosts
surrounding quartz inclusions reveal first an increase and then a
decrease of spatial heterogeneity in shift magnitudes and the pattern
shows a progressive dispersal away from the garnet. Misorientation
maps based on EBSD data exhibit patterns with a higher dislocation
density for heated samples compared to unheated ones. Numerical
modelling provides the garnet viscosity and activation energy under wet
conditions. The resulting timescale and activation energy are consistent
with previous studies. The characteristic viscous relaxation timescale is
compared to diffusion homogenization timescales based on published
data. The results indicate that under H,O+Ar fluxed conditions, both
diffusion and stress relaxation occur rapidly, leading to complete
chemical and mechanical resetting. Under dry conditions, stress relax-
ation can be slow, leading to the preservation of stress at high temper-
ature. The determined flow-law parameters can be useful in geodynamic
modelling and may provide an alternative to study the long-term
rheology of single-crystal minerals.
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