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Abstract. Inclusion-host elastic thermobarometers are widely used to determine the pressure and temperature
(P-T) histories of metamorphic rocks. Complex metamorphic P—T paths can affect the pressures that develop
in host—inclusion systems. There are limited experimental studies that investigate how changing P—-T conditions
may re-equilibrate or “reset” residual pressures of inclusions. To evaluate re-equilibration of the quartz-in-garnet
(QuiG) elastic thermobarometer, we performed single-, two-, and three-stage isothermal experiments. In the first
stage of the experiments, oxide starting materials hydrothermally crystallised to grow garnet crystals with quartz
inclusions between 700 and 800 °C and 1.0 and 3.2 GPa with constant P—T conditions for 48 h. In the second
and third stage of the experiments, we isothermally changed pressure by 1.0 to 1.2 GPa for durations up to 38 d.
We used Raman spectroscopy to measure strain-induced changes to the 128, 207, and 465 cm™! Raman bands of
quartz inclusions to determine the inclusion pressures (Pinc) and entrapment pressures (Pgap) at the experimental
temperature. The multi-stage experiments show that elasticity primarily controlled changes to Pj,. values that
occur from Py, through quenching to room conditions and that P, values measured at room conditions along
with elastic modelling can be used to accurately calculate Pyap. Quartz Pjpe values in two-stage experiments
re-equilibrated to give P values between P; and P,. The three-stage isothermal experiments show that the
observed changes to inclusion pressures are reversible along different P—T paths to restore the re-equilibrated
Pinc values back to their original entrapment isomeke at Pyrap. For rocks that underwent protracted metamorphism
along complicated P—T paths, the re-equilibration experiments and viscoelastic calculations show that QuiG

may underestimate maximum P, conditions.

1 Introduction

Determining the pressures (P), temperatures (7°), and tim-
ings (¢) of rock formation is of paramount fundamental im-
portance for petrogenetic interpretations. Rocks may contain
useful physical and chemical evidence to interpret their for-
mation histories. There are numerous geochemical methods
to determine the P-T histories of rocks (e.g. Essene, 1989;
Spear and Peacock, 1989; Spear et al., 1999; Holland and
Powell, 2011; Gonzalez et al., 2019; Osborne et al., 2019).
Elastic thermobarometry uses the thermoelastic properties
of host and inclusion minerals to estimate P—7 conditions
of mineral inclusion entrapment (Adams et al., 1975; An-
gel et al., 2014, 2015, 2024; Enami et al., 2007; Gonzalez
et al., 2021; Kohn, 2014; Kohn et al., 2023; Rosenfeld, 1969;
Rosenfeld and Chase, 1961; Sorby and Butler, 1868; Spear et
al., 2014; Van der Molen and Van Roermund, 1986; Zhang,

1998). The quartz-in-garnet (QuiG) elastic thermobarometer
is now widely used along with other thermobarometric meth-
ods to determine the P-T conditions of mineral crystallisa-
tion for garnet-bearing rocks.

When garnet crystallises, it commonly entraps near quartz
crystals as inclusions. At entrapment conditions (Pyyp), the
cavity in a host garnet perfectly accommodates the volume
of its quartz inclusion, and the pressure on the host mineral is
the same as the pressure on the inclusion mineral (e.g. Rosen-
feld and Chase, 1961; Adams et al., 1975; Angel et al., 2014,
2015, 2017b). There is a single P—T path, called an entrap-
ment isomeke (e.g. Rosenfeld and Chase, 1961; Adams et
al., 1975; Angel et al., 2014, 2015, 2017b), along which the
fractional volume changes in the host and the inclusion are
equivalent and the pressure applied to the host mineral (Phost)
is equivalent to the inclusion pressure ( Pjpc). Isomekes define
the P-T points along which inclusions with a specific inclu-
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sion pressure ( Pjpc) could have been entrapped. After entrap-
ment, changes in pressure, temperature, or both away from
the isomeke will cause unequal volumetric changes to the
host and inclusion minerals to produce Pj,c values that are
different than pressures applied to the host (Ppost) (Adams et
al., 1975; Angel et al., 2015; Rosenfeld and Chase, 1961;
Zhang, 1998). Because garnet has different thermoelastic
properties than quartz, volumetric changes to quartz inclu-
sions are constrained by the surrounding garnet host, which
strains the quartz inclusions to produce residual inclusion
pressures (i.e. P 7 Phost)- Elastic thermobarometry uses
Py to estimate the possible P—T conditions of entrapment.

Many metamorphic rocks experience complex P—T histo-
ries (Fig. 1). The potential that quartz inclusions entrapped
along a metamorphic path can give accurate crystallisation
conditions after complex P-T histories and exhumation re-
quires elasticity. Flasticity is the ability for an object to re-
turn to its original size and shape when stress is removed.
Elasticity is possible to a certain stress limit before the ob-
ject becomes permanently deformed by plastic deformation.
Any process that changes P, so that it does not reflect en-
trapment conditions effectively re-equilibrates strains in the
quartz inclusions to give apparent entrapment conditions.
Several studies considered how plastic deformation might re-
set pressures of quartz inclusions in garnet to give isomekes
that do not represent Pyap (e.g. Zhang, 1998; Dabrowski et
al., 2015; Moulas et al., 2020; Zhong et al., 2020; Gilio
et al.,, 2022; Moulas et al., 2023). An experimental study
that subjected zircon inclusions in garnet to high tempera-
tures at 0.001 GPa readily reset Pj,c values (Campomenosi
et al., 2023b). All thermobarometric applications of QuiG
require elasticity to determine Pj,. and the inclusion entrap-
ment pressure (Pyp). Quantifying timescales of viscoelastic
responses to P—T changes also requires that inclusion—host
systems behave elastically because the difference between
Phost and Py is the force driving plastic deformation (i.e.
viscous flow) in the host mineral.

Previous experimental studies that crystallised and en-
trapped quartz inclusions in garnet at a single P—T condition
followed by quenching to room conditions (i.e. 0.1 MPa and
25 °C) showed that QuiG accurately returns measured exper-
imental conditions (Thomas and Spear, 2018; Bonazzi et al.,
2019). An experimental study applied in situ high-pressure
Raman spectroscopic measurements of quartz inclusions in
garnet samples at room temperature and demonstrated elastic
behaviour well into the coesite stability field (Campomenosi
et al., 2023a). In the present study, we performed multi-stage
experiments at 700 and 800 °C to which the final measured
inclusion pressures are modified by isothermally changing
pressure after entrapment.

Eur. J. Mineral., 36, 581-597, 2024

25 T T T T T T T T 75
Garnet time 2

2.0] 60 &
©
=
@]
x.
=154 3 45 3
S 4 o)
0] @
~ o
Q 1.0 time 1 s 309
N . =
’;
0.5 15 3

0 T T T T T 0

100 200 300 400 500 600 700 800 900
T(°C)

Figure 1. Pressure—temperature diagram showing a hypothetical
path experienced by a rock during metamorphism with four periods
of garnet growth depicted in the schematic garnet with tan-coloured
quartz inclusions. Inset at lower right is an X-ray map showing Mn
zoning in garnet (1 mm diameter) from Vermont (red is high Mn and
blue is low; dark regions inside the garnet are quartz inclusions).
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Figure 2. Schematic drawings of the experimental assemblies used
in piston-cylinder experiments.

2 Methods

2.1 Piston-cylinder experiments

We hydrothermally crystallised garnet with silica mineral
inclusions (quartz and coesite) from oxide starting materi-
als (Table 1) in end-loaded piston-cylinder devices (Boyd
and England, 1960) at pressures from 1.0 to 3.2 GPa and
temperatures ranging from 700 to 800 °C. Powdered start-

https://doi.org/10.5194/ejm-36-581-2024



B. A. Pummell and J. B. Thomas: Re-equilibration of quartz inclusions in garnet 583

Table 1. Major-element compositions of starting materials used to
grow garnets and the fayalite—magnetite—quartz assemblage crys-
tallised in adjacent capsules to control oxygen fugacity (fOy).

wt %

Garnet growth mix ‘ fOp mix

Oxide QuiG TR-14 | FMQ-5
Si0, 54.78 45.01 31.02
AI(OH);  21.79 24.97 -
Fe304 10.86 - 37
FeO - 25 31.98
FeTiO3  12.57 5.02 -

ing materials — SiO; glass, Al(OH)3, FeO, Fe304, and
FeTiO3 (Alfa Aesar) — were gently packed into silver cap-
sules (Table 1; Fig. 2). The diameters of silver capsules
were ~59mm for the 19mm assembly and ~3.5mm
for the 12.7mm assembly (Fig. 2). We added sufficient
water to completely wet the oxide powders. Almandine-
and pyrope-rich (Almy4Prps>Grsi14Sps;) garnet seed crys-
tals (Gore Mountain; North River, New York; Ferrero et al.,
2021) were added to experiments performed at P <2.0 GPa.
We controlled the oxygen fugacity by crystallising an assem-
blage of fayalite—-magnetite—quartz contained in a separate
adjacent capsule (Fig. 2). The capsules in the 19 mm diame-
ter assemblies contained ~ 30 mg of the oxide mixtures (Ta-
ble 1) and ~ 10-15mg H,O; capsules in the 12.7 mm di-
ameter assemblies contained ~ 10 mg of oxide mixtures and
3-5mg H,O (Fig. 2). It was important to leave ~ 0.5 mm
of headspace in the capsules to prevent contaminating the
tops of capsules with starting materials, which would com-
promise the seal. In our fO-buffered experiments tailored
for piston-cylinder assemblies (Jakobsson, 2012; Trail et al.,
2012), 150 um thick platinum disks were placed between the
open ends of the capsules containing the garnet-producing
oxide mixture and the fayalite-magnetite—quartz “buffer” as-
semblage that controlled the oxygen fugacity (Trail et al.,
2012; Thomas and Spear, 2018). Hydrogen diffusion across
the Pt disks separating the two capsules controlled the oxy-
gen fugacity in both capsules (Fig. 2). The capsule stacks
were sealed during cold pressurisation of each experiment.
NaCl-borosilicate-glass—MgO assemblies were used in all
piston-cylinder experiments (Thomas and Spear, 2018; Wat-
son et al., 2002). Experiments at P <2.0 GPa used the 19 mm
diameter piston-cylinder assemblies and higher-pressure ex-
periments utilised the 12.7 mm diameter assemblies (Fig. 2).
We wrapped a 90 um thick piece of Pb foil around the piston-
cylinder assemblies to hold the three-part NaCl sleeve com-
ponents together and mitigate friction between the assembly
and the vessel. Eurotherm nanodac PID controllers and type-
D thermocouples (Wg7Re3—W75Ress) with reported accura-
cies of <0.2% (Concept Alloys) controlled temperatures.
The capsules were stacked in the experimental assembly so
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that the thermocouples rested in the MgO within < 1 mm
from the closed end of the capsule containing the garnet-
producing mixture (Fig. 2). We measured the oil pressures
in the piston-cylinder hydraulic rams with Enerpac Bourdon-
tube gauges (20000 psi; 140 MPa) with 18 cm diameter di-
als. After end-loading the piston-cylinder devices, we pres-
surised to the target pressures at room temperature, followed
by ramping to experimental temperatures at 100 °C min~!.
After stabilising at target experimental conditions, oil pres-
sure to the piston was adjusted if it dropped 100 psi beneath
the target pressure, which is the smallest graduation on the
pressure gauges (100 psi equals 25 MPa with a 12.7 mm di-
ameter piston and 10 MPa with a 19 mm diameter piston).
Based on previous work evaluating measured pressures in
piston-cylinder devices (Thomas and Spear, 2018) that indi-
cated pressures of single-stage experiments are likely accu-
rate within < 0.05 GPa, we did not apply friction corrections
to pressures reported in Table 2.

Figure 3 and Table 2 show the ranges of experimental con-
ditions explored. We used single-stage experiments run at
one P-T condition to ensure that applying QuiG thermo-
barometry to experimental run products returned pressures
and temperatures similar to those measured with pressure
gauges and temperature controllers (Table 2; SR-21; Alm-1
is from Thomas and Spear, 2018). Single-stage experiments
ran from 10s to 72 h. In multi-stage experiments (Fig. 3), we
increased pressure with a hydraulic pump or opened a valve
to decrease pressure. Two-stage experiments involved main-
taining an initial pressure (P;) for 48—72 h and then isother-
mally changing to a second pressure stage (P») and holding
that pressure for the experimental duration. In multi-stage
pressurisation experiments (Fig. 3), we increased pressure
in < 10s. The two-stage depressurisation experiments with
P1> P, required a slower depressurisation (~ 0.1 GPa every
10 min) to minimise decrepitating quartz inclusions. A time
series of two-stage depressurisation experiments was con-
ducted with identical P-T paths in which the duration of the
second pressure stage (i.e. P») ranged up to 912 h.

Experimental errors may cause differences between mea-
sured pressures and the actual pressures (Bose and Ganguly,
1995; McDade et al., 2002). Pressurising an experiment to
P1 involves advancing the piston into the experimental ves-
sel (i.e. the cylinder) that contains the experimental assem-
bly (Fig. 2), and decreasing pressure in the piston-cylinder
device requires retracting the piston out of the cylinder. At
experimental P-T conditions the NaCl, borosilicate glass,
and the Pb foil softened to minimise friction between the as-
sembly components (Fig. 2) and between the assembly and
the tungsten-carbide core of the piston-cylinder vessel. Dur-
ing some experiments, a small amount of the Pb foil (Fig. 2)
may extrude downwards around the piston. It is probable that
any extruded Pb foil will inhibit piston motion in all types
of experiments, which leads to error in the measured experi-
mental pressure.
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Table 2. Experimental run conditions, number of inclusion measurements (), changes to Raman band positions (Aw; A128, A207, and A465 oBlJ, quartz inclusion pressure (Pjnc),
and calculated average entrapment pressures ( Pirap) using two equations of state for almandine listed in table notes. Py, Py, and P3 denote the first-, second-, and third-stage pressures

of the experiments, and 1, 15, and 73 are durations at Py, P, and P3, respectively. Values in parentheses are 20. See text for details on calculating Pipe and Pirap.

Experiment Py P Ps T f ) 13 n A128 A206 A465 Pine Ptrap Ptrap
(GPa) (GPa) (GPa) (°C) (h) (h)y (h) (cm™ 1 ) (cm™ 1 ) (cm™ 1 ) (GPa) Amwmv_ AQWNGN
Single-stage experiments
SR-21 2.0 - - 700 48 - - 52 | 4.852(0.132) 17.386 (0.560) 7.583 (0.202) | 0.739 (0.030) 2.042 (0.055) 1.920 (0.053)
TR-14 2.0 - - 800 10s - - - - - - - - -
QuiG-1 2.0 - - 800 22 - - - - - - - - -
Alm-1 3.0 - - 775 72 - - 40 | 7.555(0.190) 28.106 (0.624) 10.787 (0.262) | 1.243(0.029) 3.169 (0.063) 2.985 (0.061)
Two-stage pressurisation experiments
SR-112 1.0 2.0 - 700 48 48 — 222 | 3.670(0.142) 12.927 (0.376) 5.991 (0.178) | 0.538 (0.018) 1.691 (0.031) 1.583 (0.029)
SR-52 1.0 2.0 - 800 48 48 — 211 | 3.332(0.132) 10.590 (0.314) 5.663 (0.166) | 0.411(0.016) 1.668 (0.023) 1.554 (0.022)
QuiG-36 2.0 3.2 - 800 72 24 — 162 | 6.483(0.150) 24.254 (0.553) 9.624 (0.208) | 1.065(0.027) 2.841 (0.052) 2.665 (0.050)
Two-stage depressurisation experiments
SR-12 2.0 1.0 - 700 48 24 — 240 | 4.015(0.134) 14.743 (0.436) 6.666 (0.190) | 0.623 (0.020) 1.839 (0.035) 1.725(0.034)
SR-7 2.0 1.0 - 700 48 48 — 245 | 2760 (0.154) 10.326 (0.422) 4.747 (0.226) | 0.436(0.018) 1.524 (0.032) 1.423 (0.029)
SR-13 2.0 1.0 - 700 48 96 — 246 | 3.659(0.144) 13.450(0.450) 5.887 (0.202) | 0.574(0.012) 1.753 (0.034) 1.643 (0.033)
SR-23 2.0 1.0 - 700 48 400 — 253 | 3.889(0.164) 14.380 (0.496) 6.260 (0.222) | 0.615(0.022) 1.827(0.038) 1.713 (0.037)
SR-18 2.0 1.0 - 700 48 912 — 248 | 2.737(0.190) 11.138 (0.462) 4.661 (0.244) | 0.489(0.019) 1.610(0.032) 1.505 (0.030)
SR-3 2.0 1.0 - 800 48 48 - 228 | 1.782(0.178) 7.755 (0.324) 3.459 (0.244) | 0.338 (0.012) 1.560 (0.019) 1.453(0.017)
QuiG-35 3.2 2.0 - 800 48 48 - - - - - - - -
Three-stage cyclic experiments
SR-26P - - 2.0 700 - — 48 230 | 4.265(0.089) 16.124 (0.323) 6.506 (0.114) | 0.724 (0.014) 2.016 (0.026) 1.893 (0.025)
SR-27 2.0 1.0 2.0 700 48 48 48 225 | 4.667 (0.081) 16.927 (0.302) 7.060 (0.099) | 0.730(0.015) 2.027 (0.028) 1.904 (0.027)

1 Milani et al. (2015). 2 Angel et al. (2022). # Experiments using Gore Mountain garnet seed crystals. b Experiment used SR-7 run products as starting material.
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Figure 3. Silica phase diagram showing primary (P; — fully
shaded), secondary (P, — half shaded), and tertiary (P3 — empty)
pressure conditions for isothermal experiments (Table 2). Arrows
connecting corresponding pressure symbols indicate the pressurisa-
tion or depressurisation path of the experiments. The quartz—coesite
boundary is from Osborne et al. (2022), and the a-quartz—f-quartz
curved boundary is from Angel et al. (2017a).

We also evaluated how crossing the quartz—coesite phase
boundary affects inclusion pressures (QuiG-35 and 36;
Fig. 3; Table 2). Previous experimental work at 800 °C
demonstrated that coesite readily grows at 3.2 GPa (Os-
borne et al., 2022). Experiment QuiG-36 was stabilised at
800 °C and 2.0 GPa in the «-quartz stability field, followed
by isothermally increasing pressure well into the coesite sta-
bility field at 3.2 GPa (Fig. 3; Table 2). Experiment QuiG-35
followed the opposite path where the experiment was sta-
bilised initially at 3.2 GPa and 800 °C, followed by isother-
mally decreasing pressure over ~ 10s to 2.0 GPa in the a-
quartz stability field (Fig. 3; Table 2).

To evaluate reversibility of changes to inclusion pressures,
we performed two types of three-stage experiments at 700 °C
(SR-26 and SR-27; Fig. 3; Table 2) in which we adjusted
pressure back to the initial entrapment pressure (P3 = Pj). In
experiment SR-27, we performed a continuous experiment in
which we isothermally changed experimental pressure from
P =2.0to P, =1.0 and then back to P3 = P; =2.0GPa.
In experiment SR-26, we used previously characterised QuiG
garnets and other experimental run products from experiment
SR-7 (P} =2 GPa, P, = 1 GPa, 700 °C) as the starting mate-
rials. The SR-7 starting materials were loaded with H,O into
anew capsule and run at the original entrapment pressure and
temperature (Fig. 3; Table 2).

All experiments were terminated by shutting off the fur-
nace power, which quenched experiments to < 100 °C within
20s. The silver capsules were opened, and loose crystals
were washed out of capsules into sample boxes using ethyl
alcohol. We handpicked single crystals of garnet (and other
minerals), mounted them in epoxy, and polished them prior
to subsequent analyses.
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2.2 Analytical details

We carefully selected inclusions for Raman measurements
using an Olympus BX 53-P petrographic microscope. Crack-
free and isolated inclusions located > 2 inclusion radii from
any interface (e.g. crystal surfaces, other inclusions, frac-
tures) were measured. Experiment SR-26 produced garnets
with obvious core—rim relations in which experiment SR-
7’s starting material formed distinct cores overgrown by rims
that formed at P3; we measured inclusions that occurred only
in the cores. It is possible that some inclusions contained sub-
micrometric features that would be difficult to observe using
light microscopy during analytical sessions.

We measured the Raman spectra of fully encapsulated
quartz inclusions at room conditions (i.e. 25 °C and 0.1 MPa)
with a Renishaw inVia Raman microprobe in the Department
of Earth and Environmental Sciences at Syracuse Univer-
sity. A 532nm laser operated at ~3 mW (10 % laser out-
put) was focused onto analytical spots in the centre of in-
clusions using a Leica DM2500M microscope and a 100x
objective (numerical aperture (NA)=0.9). Few, if any, in-
clusions are perfectly spherical, which can cause stress con-
centrations within individual inclusions (Mazzucchelli et al.,
2018; Zhang, 1998). We operated the instrument in high-
confocal mode to maximise signal from quartz inclusions.
Raman-shifted light was backscattered (180° geometry) and
statically dispersed using 1800 groove per millimetre grat-
ings onto a charge-coupled device. Spectra were acquired for
20's. The Raman spectrometer has 0.5 cm™! spectral resolu-
tion and precision is typically < 0.1 cm™'. We calibrated the
spectrometer against numerous Ne lines, and spectral accu-
racy and linearity were checked throughout each analytical
session by measuring the Rayleigh-scattered light from the
532 nm laser and the 520.5 cm™! band of silicon metal stan-
dard.

We did not perform spectral processing prior to peak fit-
ting the three main Raman-active bands in quartz at approx-
imately 128, 207, and 465 cm™!. Throughout each analyti-
cal session we referenced the 128, 207, and 465 cm™! bands
from an unstrained, free quartz crystal (synthetic). The refer-
enced Raman band positions were subtracted from the 128,
207, and 465 cm™! bands of the quartz inclusions to deter-
mine changes to Raman bands (Aw) caused by strain in the
quartz inclusions. Errors from inclusion measurements arise
from challenges of measuring relatively small fully encap-
sulated quartz inclusions inside garnet crystals. The 128 and
465cm~! peaks are larger and narrower (full width at half
maximum (FWHM) < 10cm™") than the broader 206 cm™!
peak (FWHM ~22cm™!). The 206 cm™! peak of quartz is
also close to the 215cm™! peak of garnet and often over-
laps in measurements of strained inclusions. Only inclusion
measurements with all three bands present were used in this
study.
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To calculate pressures of quartz inclusions, we used the e c,g Ug _ % & § ';g
freely available stRAinMAN software (Angel et al., 2019) g N -8 I =Y Q §_ § £ 2
that uses Raman shifts of multiple peaks to implement the 2 lboo g|loo|3 g3 8 g E‘E ;1
mode Griineisen tensor and calculate strains on the a and > § 4 2 555
¢ axes of quartz. Using the axial strains on quartz inclu- L xxa 2 g2 Z 3 E| & %
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almandine (Angel et al., 2022; Milani et al., 2015) and the 3 o | E Ry
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perimental temperatures to calculate Py, from the isomekes L e S = =5 2 5 ~ = 5
(Table 2) at P;, P>, and P3. For the two-stage experiments, 72; > Dé % g
we predicted Pjnc at P, using both the EosFit-Pinc program - R o 3 3 P £
(Angel et al., 2017b) and the viscoelastic model code from E | qun &2 g § oA
Zhong et al. (2020) (refer to Zhong et al., 2020, for details s | E @ n e f:jf = &
and methods regarding the viscoelastic model). Table 3 lists 5 ~ 2 e ?;;
the room condition Py, and apparent Py, values predicted 2 § 5’; % g §
for an elastic response and a viscoelastic response to chang- s lo o oo PR g = &
. s . . <] o S Ww B 58 s =2 g
ing P-T conditions in the two-stage experiments. ?Z ST E 9 3 & S % % % ‘;
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Upon opening the silver capsules, experiments contained 5| w9 == —S = || & § e
aqueous fluid and loose crystals. Experiments typically crys- E . % g e, U%
tallised quartz, kyanite, rutile, ilmenite, and hundreds to 7 9 3 g 8 éq%
thousands of faceted, lavender- (700 °C) to red-coloured O oo oo 3 % § ~ g% g
(800 °C) garnet crystals ranging up to ~ 300 pm in diameter ; SESEN oA g S |3 s 2 %
(Fig. 4). The buffer capsules contained aqueous fluid, fay- s | T e MR- =&
alite, magnetite, and quartz. A “zero-time” experiment that % > | B E g g
ran for 10s (TR-14 in Table 2) grew garnets that ranged up B | o= — _— a % B &5 ?U
to a maximum diameter of 8 pm. The oxide mixture starting g Ry A Q;E 5:0 g g s (8'3' ~
compositions (Table 1) produced experimental garnet com- EC_ e " 7 ép é” 2 St,
positions that are > 99 % almandine. :: . = © E 2 :
Garnet crystals contained quartz inclusions ranging up to = 5% E § &
~ 10 um with most measuring <5 um in diameter (Fig. 4a— 3 cee oo Q E:; g % T. %
d). Garnet crystals commonly have sieve textures with abun- =R @ = é = R §_ g
dant inclusions of co-crystallising minerals in the cores % z i
of crystals and significantly fewer inclusions in the rims .z s f,g
(Fig. 4). All experiments contained some cracked inclusions, oo m - f?? ;g% o % g
but most garnets contained numerous crack-free quartz inclu- DA A =5 2 4% g g,'
sions. Cracking was more prevalent in the two-stage depres- '.5) % g
surisation experiments. Decrepitation textures ranged from 388
inclusions with radial fractures to garnets with holes presum- Z E 2
ably previously occupied by individual inclusions (Fig. 4e; 2 §
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Figure 4. Reflected and transmitted light photomicrographs of typical garnet crystals containing quartz inclusions grown in experiments.
Calculated apparent entrapment pressures are given for individual quartz inclusions.

Supplement Fig. S1). We did not measure any inclusions in
QuiG-35 because all the inclusions decrepitated.

In seeded experiments (P; <2 GPa; Fig. 3), quartz inclu-
sions are typically entrapped near the interface of the garnet
seed and the experimentally grown garnet (Fig. 4c). The only
observable boundary in the two-stage experiments is the dis-
tinct seed—overgrowth interfaces present in the experiments
at P;<2GPa that required garnet seeds (Table 2). Garnet
crystals do not contain physical evidence for growth or disso-
lution in the second stage of two-stage experiments. The seed
crystals in SR-5 and SR-11 produced an overgrowth rim of
garnet with a lower almandine composition than unseeded
experiments (Almg72Pyrg3Grs; 2Spsp.2). The composition
for the garnet overgrowth rims for seeded experiments was
measured with a Cameca SX-5 electron microprobe at the
Department of Earth and Environmental Sciences at Syra-
cuse University.

The three-stage experiment SR-26 (P3 =2 GPa, 700 °C;
Table 2) used garnets from experiment SR-7 (P} =2, P, =
1 GPa, 700 °C; Figs. 3 and 4b; Table 2) as the starting ma-
terial, which produced garnets with visible core—overgrowth
relationships. As shown in Fig. 4f, garnets in the SR-7 start-
ing material formed well-faceted cores ~ 100 um in diame-
ter, and new garnet overgrowths ~ 10—15 um wide formed
during experiment SR-26. Three-stage experiment SR-27
(Fig. 3; Table 2) produced garnets with quartz inclusions sim-
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ilar in appearance to those formed in single-stage and two-
stage pressurisation experiments.

The average Aw for the 128, 207, and 465 cm~! Ra-
man band positions and the respective standard errors
in the means (2o0yx) are in Table 2. Throughout the
analytical sessions, 79 measurements of the 128, 207,
and 465cm~! Raman bands of the unstrained quartz
crystal averaged 127.98+0.032, 207.029 +0.058, and
464.86640.036cm™!. Standard errors in the unstrained
quartz crystals translate to calculated Py,p values for ex-
perimental inclusions ranging =+ 0.002 GPa. To evaluate how
changing pressure affects the distribution of Py and Pyap
values, we measured > 160 individual inclusions for each of
the multi-stage experiments (n in Table 2; Fig. 5). Relative to
a free quartz crystal, the average Aw values for Raman bands
of all quartz inclusions are positive, and the magnitude of Aw
systematically varies with experimental run conditions. The
2075 for the 128, 207, and 465 cm~! in each individual exper-
iment is less than 0.190, 0.625, and 0.262 cm™!, respectively
(Table 2). Considering the 20% for the calculated experimen-
tal quartz peaks translates to Py,p values ranging approxi-
mately £ 0.009 GPa.

Table 2 lists the Pi,. values at room conditions used to cal-
culate entrapment isomekes and the Pyp values for the ex-
perimental run temperature using two equations of state for
almandine (Angel et al., 2022; Milani et al., 2015). All ex-
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Figure 5. Histograms showing normal distributions of the calcu-
lated Pirap values of inclusions for experiments (a) SR-21, (b) SR-
11, (¢) SR-3, (d) SR-26, and (e) SR-27. The solid, vertical black
lines are the average calculated Pyrap values with ZOY shown with
dashed lines (Table 2). P; and P, values shown on the x axis with
the direction of pressure change indicated with arrows.
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periments have unimodal distributions with individual Pe,p
determinations ranging approximately =+ 0.5 GPa around av-
erage calculated Py,p values (Fig. 5; Supplement Fig. S2)
and 2057 <0.063 GPa (Fig. 5; Table 2). Numerous factors may
contribute to the widths of the calculated Py, distributions
including experimental error, inclusion shape (Campomenosi
et al., 2018; Mazzucchelli et al., 2018; Zhong et al., 2021),
crystal imperfections (e.g. quartz entrapped with another in-
clusion phase), strain fields that overlap with adjacent inclu-
sions or interfaces, inelastic post-entrapment modifications
(e.g. cracking), and inaccurate Raman band measurement or
peak fitting of both the quartz reference material and inclu-
sions. Interestingly, the Py, and Py,p ranges and distribu-
tions for single-stage and multi-stage experiments are simi-
lar (Fig. 5). The range of Py,p distributions demonstrates that
using only a few QuiG measurements can yield inaccurate
P-T estimates.

Single-stage experiments produced quartz inclusions in
garnet with P values that give isomekes with pressures cal-
culated at the experimental run temperature (i.e. Pyap) that
are similar to pressures measured on piston-cylinder gauges
(Fig. 5a; Table 2) (Bonazzi et al., 2019; Thomas and Spear,
2018). The average apparent Pyap values for the two-stage
experiments are between Py and P, measured on the piston-
cylinder gauges (Fig. 5b and c; Table 2). The calculated Pyap
values from the three-stage experiments are remarkably close
to pressures imposed at P; and Pz (Fig. 5d and e; Table 2).

The time series of experiments do not show a systematic
change to Py,p with increasing time at P, (Fig. 6; Tables 2
and 4). The five two-stage time-series experiments have a
cumulative average apparent Py,p value of 1.60 2 0.06 GPa
with a standard deviation of 0.12 GPa.

4 Discussion

The controlled experiments of this study permit us to eval-
uate how changing P-T conditions might affect QuiG ther-
mobarometry. Previous single-stage experiments (Bonazzi et
al., 2019; Thomas and Spear, 2018) showed that Pj,. val-
ues observed at room conditions reflected the pressures ex-
erted on garnets and quartz during entrapment, which means
that quenching and elasticity effectively preserved the stress
states of the host—inclusion system at Pyap. All QuiG applica-
tions assume that elasticity controls development of inclusion
pressures when P-T conditions change. Elasticity in QuiG
was demonstrated during in situ Raman analyses at room 7T
of characterised samples, returning to the expected Pi, val-
ues (Campomenosi et al., 2023a). However, previous stud-
ies did not demonstrate that the QuiG system behaved elasti-
cally during multi-stage changes to P—T conditions. An out-
standing question remained: “can quartz inclusions in garnet
survive significant changes to Pj,. that occur during meta-
morphism and exhumation?” Moreover, we did not know if
it was possible to quench (i.e. preserve) the inclusion—host
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Figure 6. Average apparent entrapment pressures ( Pirap) calculated
from quartz inclusions from the depressurisation time-series exper-
iments. The dashed green and blue lines show the respective pre-
dicted apparent Pirap values from the elastic EosFit-Pinc (Angel et
al., 2017b) and viscoelastic models (Zhong et al., 2020). The av-
erage apparent Pyrap of all the two-stage time-series experiments is
shown with the orange line, with the shaded area showing the 20%.

stress states that existed at pressures that were different from
Pyap in multi-stage experiments. The collective range of con-
ditions imposed on the QuiG system in the single-, two-, and
three-stage experiments (Fig. 3) are analogous to a cycle of
high-grade metamorphism followed by exhumation and re-
burial to high-grade conditions along multiple P-T paths.
Quenching the experiments at various stages of the cycle per-
mits us to examine how the inclusion—host system physically
responded to develop Pi,c values observed at room condi-
tions.

4.1  Textural development

When garnet crystallised in our experiments, it enclosed
nearby quartz crystals as inclusions. Garnet crystals grown in
10 s with a maximum diameter of 8 um (TR-14; Table 2) in-
dicate that garnet nucleation occurs early in the experiments.
Experiments conducted for < 24 h contain garnets with simi-
lar sizes to those of experiments run for > 900 h. In two-stage
experiments there is no correlation between the position of
quartz inclusions in garnet crystals (i.e. cores versus rims of
garnets) and Pi,. values. Adjacent inclusions may give Py
values that span the range of measurements (Fig. 4). The uni-
modal distributions of calculated Pyp values suggest inclu-
sion entrapment occurred at P; and then travelled through
P-T space during the multi-stage experiments (Fig. 5). The
zero-time experiment showed that mineral nucleation occurs
within the first few seconds of an experiment, followed by
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Figure 7. Quartz and almandine volumes calculated from the re-
spective equation of state (Angel et al., 2017a, 2022) for the 700
and 800 °C isotherms. The inflection points on the quartz curves are
the o—p transition.

rapid growth to near-maximum dimensions of minerals and
concomitant inclusion entrapment, followed by little subse-
quent increased diameter.

Most of the garnet hosts are not cracked around the quartz
inclusions (Fig. 4). Cracking was more prevalent in the two-
stage depressurisation experiments (SR-3 and QuiG-35) pre-
sumably because quartz inclusions increased in volume dur-
ing depressurisation (Fig. 7) so that the tangential stresses
on inclusions exceeded the elastic limit of host garnet crys-
tals (Wang and Ji, 1999; Zhang, 1998). For a free quartz
crystal isothermally depressurised from 2.0 to 1.0 GPa, the
quartz molar volume increases by 2.8 % and 3.3 % at 700
and 800 °C, respectively (Angel et al., 2017a; Fig. 7), and
the molar volume of a free almandine crystal following the
same P-T path increases by 0.61 % and 0.6 % at 700 and
800 °C, respectively (Angel et al., 2022; Milani et al., 2015;
Fig. 7). At P, in the two-stage depressurisation experiments,
Pinc values are always higher than the pressures applied to the
host garnet crystals, which caused cracking of some inclu-
sions in those experiments. Decrepitated garnets from exper-
iment QuiG-35 (Fig. 4e) likely formed during the phase tran-
sition from coesite to a-quartz. Depressurisation magnitude,
depressurisation rate, inclusion geometry (Campomenosi et
al., 2018), relative molar volume changes in the garnet host
and quartz inclusion, disposition relative to phase bound-
aries, and radial position of inclusions in garnet hosts must
affect the extent of cracking.

4.2 Post-entrapment changes to pressures of inclusions
4.2.1 Single-stage experiments

The single-stage experiments provide a simple case for ex-
amining how changing the P-T conditions affects the pres-
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sures of quartz inclusions in garnet. The calculated Py val-
ues were compared to pressures measured on piston-cylinder
pressure gauges to evaluate the accuracy of calculated en-
trapment pressures. The average Pj,. value of SR-21 is
0.739 GPa, which gives a calculated Pg,p at 700 °C of 2.04
and 1.92 GPa using the two almandine EoSs (Angel et al.,
2022; Milani et al., 2015) (Table 2; Fig. 8a). Pyap values cal-
culated using the two almandine EoSs bracket the measured
experimental pressure. The similarity of calculated Pyrp val-
ues and pressures measured on gauges demonstrates that the
inclusions developed elastic equilibrium at run conditions
that was preserved through the quenching and depressurisa-
tion steps of our experiments. Numerous other similar single-
stage experiments in Thomas and Spear (2018) and Bonazzi
et al. (2019) demonstrate that QuiG can reliably provide ac-
curate Pyyp values.

In single-stage experiments, pressures of quartz inclusions
that are different from pressures applied to host garnets de-
velop when experiments are quenched to room conditions
(Fig. 8a). The P-T path followed by an experiment dur-
ing quenching depends on the experimental assembly de-
sign (Fig. 2) and the P-T conditions. During the quench to
room temperature, experimental pressures decreased linearly
by ~ 15 %—45 % and experiments followed decompression
paths that were not coincident with entrapment isomekes.
Thus, in single-stage experiments, the pressure applied to
the host garnet (Phost) equals Pinc only at Peap (Fig. 8). We
used P and T conditions along the experimental quench path
to calculate pressure development in quartz inclusions. Af-
ter quenching experiment SR-21 to 25 °C, the pressure ap-
plied to the garnet hosts was 1.43 GPa, Pj,. values were
1.36 GPa, and the calculated foot of the entrapment isomeke
was 1.31 GPa (Fig. 8a). Once depressurised to room condi-
tions below the foot of the isomeke, quartz inclusions had
Pinc > Phost, Wwhich caused elastic relaxation in the host gar-
net (Angel et al., 2014), and the inclusions developed an av-
erage Pi, value of 0.739 GPa (Fig. 8a; Table 2).

4.2.2 Two-stage experiments

In two-stage experiments, pressure developed in the host—
inclusion system when pressure was isothermally adjusted
from Py to P, so that Py # Phost and during quenching
and depressurisation to room conditions (Fig. 8b and c). For
example, in experiment SR-7, quartz inclusions were en-
trapped at 2.0 GPa and 700 °C followed by isothermal de-
pressurisation to 1.0 GPa (Table 2). Upon depressurisation
to P, = 1 GPa, the garnet hosts “shielded” the quartz inclu-
sions from the external pressure applied to the garnet crys-
tals. For experiment SR-7, the observed average Pj,. value of
0.436 GPa gives an apparent Py,p value at 700 °C of ~ 1.42—
1.52 GPa (Milani et al., 2015; Angel et al., 2022; Table 2;
Fig. 8b). Calculations using the EoSs and EosFit-Pinc (An-
gel et al., 2017b), assuming elasticity for SR-7, predict a re-
equilibrated isomeke with an apparent Pyap = 1.56 GPa at P,
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(Figs. 6 and 8b; Table 3). The room-condition Pj,¢ value rep-
resentative of actual Pyqp at 2.0 GPa and 700 °C is approxi-
mately 0.7-0.8 GPa (Angel et al., 2022; Milani et al., 2015).
Similar calculations assuming elasticity show that had the
inclusions fully reset to P, = 1.0 GPa, room-condition mea-
surements would give a Pjp. value of approximately 0.08—
0.10 GPa (Angel et al., 2022; Milani et al., 2015). Because
the isothermal change in garnet volume is smaller than the
change in quartz volume (Fig. 7), an elastic response to
changes in pressure will produce a re-equilibrated isomeke
that is intermediate of the expected isomekes for P; and P>
(Fig. 8b and c). For the two-stage depressurisation experi-
ments, P, values are always significantly higher than the
pressures applied to the host garnets at P», during quench-
ing, and during depressurisation (Fig. 8b).

For the two-stage pressurisation experiments, P val-
ues are always significantly lower than pressures applied
to the host garnets at P, and during quenching. Calcula-
tions using run conditions for experiment QuiG-36 (P; =2,
P, =3.2GPa, 800 °C; Table 2) predict an apparent Py,p =
2.55GPa at P, (Fig. 8c; Table 3). Similar to natural gar-
nets that entrapped quartz inclusions followed by transport
to the coesite field (Alvaro et al., 2019), none of the quartz
inclusions in our experiments entrapped at P; transformed to
coesite at P, because the garnet hosts “shielded” the quartz
inclusions from the external pressure applied to the garnet
crystals. The observed average Pj,. for experiment QuiG-
36 is 1.065 GPa, which gives a calculated apparent Pyp at
800 °C of 2.66 GPa using the published almandine EoS from
Angel et al. (2022), which agrees reasonably well with the
predicted elastic resetting of P at P> caused by isother-
mal pressurisation (Fig. 8c; Table 3). The almandine EoS
from Milani et al. (2015) gives a higher apparent Pyap of
2.84 GPa but still well within the quartz stability field (Ta-
ble 2). Our results demonstrate that re-equilibration occurs
in <48h of dwelling at P,. Importantly, for both types of
two-stage experiments, the re-equilibrated Pj,. at P, was
preserved through experimental quenching and depressuri-
sation. The resulting Pi,c at the experimental temperature
represents apparent entrapment at a pressure matching the
predicted Pi,. developed elastically as a result of the exter-
nal pressure change from P; to P, (Fig. 8b and c; Table 3).
Thus, these re-equilibrated Pj,. values do not represent the
actual Pyap.

4.2.3 Three-stage cyclic experiments

The two-stage experiments provide strong evidence that the
re-equilibration is driven by the elastically generated Pjyc
in the relatively short duration experiments. Elasticity is re-
versible. Thus, if the Pj,c values were reset from Py to P> by
elastic processes, then it should be possible to reverse the re-
equilibrated Pjpc values (P3 = P)) to give isomekes that rep-
resent Py,p at Py. As described above in the Methods section,
we performed two types of three-stage reversal experiments
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Figure 8. Experimental P—T paths of (a) static experiment SR-21, (b) two-stage depressurisation experiment SR-7, (¢) two-stage pressuri-
sation experiment QuiG-36, and (d) three-stage cyclic experiments SR-26 and SR-27. Each plot shows the experimental P—T path (Phogst)
and the resulting Pj,. path that follows. Calculated isomekes for the average apparent Pirap values are given for both almandine equations
of state (Milani et al., 2015; Angel et al., 2022). The predicted apparent Pyap values are shown. Errors for apparent Pyrap values are smaller

than the symbols used in the plots. In plot (d), P&ap and Pt%ap
EoSs, respectively.

by re-pressurising to P3 = P; = 2.0 GPa. The average Pinc
for experiment SR-26 is 0.724 GPa, which gives a calculated
apparent Py, at 700 °C of 2.02 to 1.89 GPa using the two
almandine EoSs (Table 2; Fig. 8d). Experiment SR-27 has
an average Py = 0.730 GPa, which gives a calculated Pyyp
at 700 °C of 2.03 GPa to 1.90 GPa using the two almandine
EoSs.

Figure 8d shows the changes to P, that occurred through-
out the two types of three-stage experiments. For experiment
SR-27 that ran continuously without quenching to room con-
ditions, Py changed from P; = 2.0 GPa at 700 °C to approx-
imately P, = 1.5 GPa after isothermal depressurisation to

https://doi.org/10.5194/ejm-36-581-2024

are calculated using the Milani et al. (2015) and Angel et al. (2022) almandine

P>, =1.0GPa (Table 2). Upon isothermal re-pressurisation
back to Pz = P} =2.0GPa, Py, reversed back to approxi-
mately 2.027 and 1.904 GPa (Milani et al., 2015; Angel et
al., 2022; Fig. 8d; Table 2). Experiment SR-26 shows re-
versibility along a more complicated P—T path. As shown in
Fig. 8d, applying 2.0 GPa of hydrostatic pressure to the exte-
rior surfaces of the garnets from experiment SR-7 increased
Pinc from a measured value of 0.436 to ~ 1.6 GPa. By heat-
ing to 700 °C at 100 °C min~! back to P; conditions, Piyc
increased to 2.016 and 1.893 GPa (Milani et al., 2015; Angel
et al., 2022; Fig. 8d; Table 2). Similar to the single-stage ex-
periments, the calculated apparent Py, values from the two
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almandine EoSs bracket the measured experimental pressure.
Both types of three-stage cyclic experiments give calculated
Pyap values that closely agree with the Py and P3 conditions.
The excursions through P-T space for the three stages of
SR-7, SR-26, and SR-27 demonstrate remarkable integrity
and reversible elastic responses of the quartz inclusion and
almandine host system to attain mechanical equilibrium in-
dependent of P—T path in <48h.

Re-equilibration can change Pj,. values so that they do
not reflect the true entrapment conditions (e.g. Zhang, 1998;
Wang and Ji, 1999; Dabrowski et al., 2015; Ferrero and An-
gel, 2018; Alvaro et al., 2019; Moulas et al., 2020; Zhong et
al., 2020; Morana et al., 2023; Moulas et al., 2023). If pres-
sure changed from P; to P, and then garnets with quartz
inclusions were rapidly exhumed, for example by kimberlite
or maar eruptions (e.g. Alvaro et al., 2019), QuiG would re-
turn pressures between P; and P, in a response similar to our
two-stage experiments. Importantly, if the garnet with quartz
inclusions was returned to its original entrapment condition
similar to our three-stage experiments, it would re-equilibrate
leaving no evidence of its P—T path. The response of quartz
inclusions in garnet to changes in P—T conditions in our ex-
periments occurs rapidly compared to temperature-, time-,
and A P-dependent changes to inclusion pressures caused by
plastic deformation (e.g. Dabrowski et al., 2015; Ferrero and
Angel, 2018; Moulas et al., 2020; Zhong et al., 2020; Morana
et al., 2023; Moulas et al., 2023).

4.3 The role of plastic deformation on resetting Pnc
values

Rate-dependent plastic deformation must occur over pro-
tracted periods of time and eventually diminish stress gra-
dients around quartz inclusions. Given sufficient time, A P,
and elevated temperatures at P, # Pyyp conditions, rate-
dependent plastic deformation can completely reset Ppc to
give an isomeke indicating P>. In simple terms, there must
be sufficient energy and time available at P, to reorganise
the host and inclusion so that P, = P. The rate at which
plastic deformation can change the Pi, values is highest im-
mediately after changing to a new P-T condition, and the
rate decreases as A P between P, and Ppost decreases.

The Zhong et al. (2020) viscoelastic model implements an
elastic response and plastic response according to changes in
P-T conditions (e.g. P; to P>) to the quartz inclusion and en-
tire garnet host to determine the re-equilibrated Piyc (Tables 3
and 4). Stress fields localised around the quartz inclusion are
described in this model. Applying the Zhong et al. (2020)
viscoelastic model to the time-series experiments (Tables 2—
4) indicates that rate-dependent plastic deformations do not
affect the Pj. of our time-series experiments. Considering
the experimental conditions of the time-series experiments
(P1=2, P,=1,T =700, t up to 912 h; Table 2), each ex-
periment was predicted to have an apparent Py, =1.57 GPa
(Table 4). The experiment-to-experiment variability in the
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Table 4. Predicted inclusion pressures (Pi,.) for extended dura-
tions of P, of the time-series experiments (i.e. P =2.0GPa, P, =
1.0GPa, T =700 °C; Table 2) using the Zhong et al. (2020) vis-
coelastic model.

Duration of Py Py, at P (GPa)

24h 1.57196
48h 1.57195
96h 1.57195
400h 1.57193
912h 1.5719
100 years 1.53191
1000 years 1.41166
10000 years 1.23851
100000 years 1.10883
1 Myr 1.0434
10 Myr 1.01619
100 Myr 1.00584

measured Pi,c values in our time-series experiments gives
an indication of combined experimental and analytical errors
(Fig. 6; see Methods section). If we performed repeat exper-
iments for the multi-stage experiments, averages of numer-
ous experiments would likely be even closer to the predicted
elastic response than observed (Fig. 6). For the time series
of experiments with P; =2 and P, = 1 GPa at 700 °C, elas-
tic calculations using EosFit-Pinc predict Pj,. at P, should
be 1.56 GPa, which is in close agreement with the average
1.60 £ 0.12 GPa calculated from all the measured Pj,. from
the time-series experiments (Fig. 6; Table 3).

Given sufficient time at the elevated temperatures of this
study, plastic deformation will significantly change Pi,c val-
ues. Considering the same P-T path as the time-series ex-
periments (P; =2 and P, =1GPa at 700°C), the Zhong
et al. (2020) viscoelastic model predicts that it will take
~ 100 years at P, for plastic deformation to change Pi,. by
0.04 GPa (Table 4). It would take ~ 100 Myr to reset Piy¢ to
be ~ 1.006 GPa at P, (Table 4). At temperatures explored in
our study, the viscoelastic model from Zhong et al. (2020)
predicts that the timescales of resetting by rate-dependent
plastic deformation are significantly longer than feasible in
our laboratory-based experiments (Tables 2-3).

To compare a viscoelastic response to an elastic response
along a P-T path, we applied the viscoelastic model from
Zhong et al. (2020) to the clockwise path shown in Fig. 1.
This P-T path is shown with four metamorphic events at-
tributed to garnet growth (#;—4). We assume instantaneous
garnet growth with concomitant quartz entrapment at each
event, followed by dwelling at the same P—T conditions for
5 Myr. Transport to the next P—T point was modelled to take
another 5 Myr, followed by another episode of garnet growth
and quartz inclusion entrapment, which was repeated until
the entire P—T loop spanned 35 Myr (Fig. 9a—d; Table 5).
A purely elastic response without any plastic deformation
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Table 5. Changes to Py, of quartz inclusions in garnet caused by elastic and viscoelastic responses to changes in P—T conditions along four
points (t1—t4) of the P—T—t path shown in Figs. 1 and 9 assuming instantaneous garnet growth and quartz inclusion entrapment followed by
dwelling at that point for 5 Myr and then transport to the next P—T condition over a 5 Myr duration.

Growth event P-T path Piyc resulting from an Pjc resulting from a viscoelastic
elastic response (GPa)1 response (GPa)2

P(GPa) T (°C) t(Myr) | n th 13 1 | 1 t 13 14
1 1.00 450 0 | 1.000 - - - | 1.000 - - -
: 2.30 690 51 1.752 - - - | 2212 - - -
2 2.30 690 10 | 1.752  2.300 - - | 2275 2300 - -
; 1.30 640 15 | 1.284 1.801 - — | 1441 1447 - -
3 1.30 640 20 | 1.284 1.801 1.300 - | 1369 1.374 1.300 -
; 0.49 550 25 | 0.874 1.374 0.888 - | 0.680 0.684 0.670 -
4 0.49 550 30 | 0.874 1374 0.888 0.490 | 0.679 0.683 0.669 0.490
Pjpc at room 0.0001 25 35| 0346 0.885 0364 —0.092 | 0.124 0.129 0.113 —0.093
conditions

All Py values were calculated using the exact relaxation model in EosFit-Pinc (Angel et al., 2017b). I Milani et al. (2015). 2 Zhong et al. (2020).

would produce a core-to-rim zoned garnet (Fig. 9e) that has
quartz inclusions with room-condition Pi, values of 0.346,
0.885, 0.364, and —0.092 GPa. Assuming elastic behaviour
throughout the P-T loop, the quartz inclusions in garnet
would accurately reflect entrapment conditions of each gar-
net growth zone. If the garnet behaved similar to our exper-
iments and quenched along the P-T path like our experi-
ments (Fig. 8), the inclusions would preserve re-equilibrated
Pinc values.

Plastic deformation of the host garnet can partially to fully
re-equilibrate Pj,. values, thereby erasing QuiG-based evi-
dence of the P-T path experienced by the inclusion—host
system (Gilio et al., 2022). Along the 5 Myr prograde path
from #; (1.0 GPa, 450 °C) to ; (2.3 GPa, 690 °C; Figs. 1 and
9; Table 5), plastic deformation would cause Pi,c values to
deviate significantly from the elastic response at ~ 550 °C
(Fig. 9a; Table 5) so that the Pi,c values of the inclusion
entrapped at #; would change from 1.0 to 2.12 GPa. After
dwelling at 7, for 5 Myr, plastic deformation would further
change the same #; inclusion Pi,c to 2.275 GPa (Table 5;
Fig. 9a). Along the retrograde path to 73 (1.3 GPa, 640 °C), an
inclusion entrapped at #, with a Pj,. value of 2.3 GPa would
change to 1.447 GPa (Table 5; Fig. 9a and b). After dwelling
at #3 for 5 Myr, plastic deformation would further change the
1y inclusion Pjpc to 1.374 GPa (Table 5; Fig. 9a and b). Con-
tinuing along the retrograde path from #3 to 74 (0.49 GPa,
550 °C) over 5 Myr, plastic deformation would cause previ-
ously reset quartz inclusions with Pj,. values of ~ 1.3 GPa
to change to ~ 0.68 GPa (Table 5; Fig. 9a—c). Dwelling at
t4 for 5SMyr would further change the P, of previously
entrapped inclusions by <0.01 GPa (Table 5; Fig. 9a—c).
Entrapment of quartz inclusions at ¢4 followed by exhuma-
tion over 5 Myr to room conditions would produce a garnet
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with respective quartz inclusion Pj, values in zones #1—f4
of 0.679, 0.683, 0.669, and —0.093 (Fig. 9d and f; Table 5).
Considering observed distributions of Py, values in our sim-
ple experiments (Fig. 5), the reset Pj,c values for zones #1—#3
would be essentially indistinguishable from one another de-
spite significantly different entrapment conditions. Only in-
clusions entrapped at the lower P—T conditions at #4 would
retain inclusion pressures that reflect the entrapment condi-
tions (Fig. 9d).

5 Conclusions

Experimental results showed that quartz inclusions and al-
mandine hosts primarily responded elastically to isother-
mal pressure changes. At Pyap, Pinc values were the same
as Phost- Changing pressure applied to garnet hosts dur-
ing isothermal pressure adjustments and during experimental
quenching to room conditions produced Pj, values signifi-
cantly different than Ppog because the garnet host shielded
the quartz inclusions from external pressures applied to the
garnet crystals. Some inclusions cracked, indicating inelas-
tic behaviour, but most inclusions survived the rapid changes
to pressure without cracking. A preponderance of uncracked
quartz inclusions in single-stage experiments shows that elas-
ticity primarily controlled changes to Pj, values that occur
from quenching to room conditions. Pi,. values measured
for two-stage experiments re-equilibrated to give Py, values
between P; and P», indicating an apparent entrapment pres-
sure between P; and P,. This indicates that the inclusions
were not completely equilibrated with the external pressure.
Instead, the garnet host around each inclusion was mechani-
cally re-equilibrated with the inclusion to the inclusion pres-
sure, indicating a localised process of re-equilibration (Cam-
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Figure 9. (a—d) Pressures of quartz inclusions in garnet (Pj,c) entrapped along the hypothetical P-T path in Fig. 1 and Table 5. The
elastic P;p¢ path was calculated using EosFit-Pinc (Angel et al., 2017b), and the viscoelastic Pj,. path was calculated using the viscoelastic
model from Zhong et al. (2020). Insets highlight schematic growth zones of garnet formed during four episodes of garnet growth at P-T
conditions in Fig. 1 and Table 5. Schematic zoned garnets showing room condition P, values that would develop from purely elastic (e)
and viscoelastic (f) responses to changes in P—T conditions. See text for details.

pomenosi et al., 2023b). The three-stage isothermal exper-
iments (P3 = P;) unequivocally demonstrate that the ob-
served changes to inclusion pressures are reversible along
vastly different P—T paths to restore the re-equilibrated P
values back to their original entrapment isomeke at Py,p. We
find it especially remarkable that it is possible to quench the
stress states of the quartz inclusions and garnets to capture
the elastic responses that occur along complex P—T paths.

Eur. J. Mineral., 36, 581-597, 2024

Beyond the permanent deformation that fractured a mi-
nor fraction of garnet hosts, there is no evidence for
rate-dependent plastic deformation at the temperatures and
timescales of our experiments. More evidence for plastic de-
formation may be gathered with transmission electron mi-
croscopy imaging of the quartz inclusion and surrounding
garnet host. For laboratory-based experiments, resetting by
rate-dependent plastic deformation must occur on signifi-
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cantly longer timescales than obtainable at 700 °C, at higher
temperatures, and/or with greater A P. We showed that re-
equilibration can change Pj,. values so that they do not
reflect the original Py,p conditions. Re-equilibration may
significantly affect Pj,. values in rapidly transported rocks
with multi-stage storage histories (e.g. kimberlites, maars).
Viscoelastic modelling demonstrates that viscoelasticity can
change QuiG Pi,. values in rocks that undergo protracted
metamorphism. Accurately applying QuiG to rocks with
multi-stage P-T histories requires additional thermobaro-
metric and geochronological constraints to obtain AP and
durations of each metamorphic condition. Unlike chemically
zoned crystals in which initially sharp boundaries between
chemical zones relax by diffusion over time and thus leave
a record of the temperature—time path (Fig. 1), the entireties
of quartz inclusions in garnet will re-equilibrate to new P-T
conditions and leave no record of the magnitude of pressure
changes that occurred (Fig. 9f). For this reason, quartz inclu-
sions in garnets may give apparent Py,p values that underes-
timate the maximum pressures imposed on the rocks (Alvaro
et al., 2019; Angel et al., 2015; Moulas et al., 2023; Zhang,
1998; Zhong et al., 2020). Based on our re-equilibration ex-
periments and viscoelastic calculations, calculated reaction
overstepping of the garnet isograd based on QuiG results
(e.g. Spear et al., 2014; Castro and Spear, 2017; Spear and
Pattison, 2017; Moulas et al., 2020; Spear and Wolfe, 2020;
Zhong et al., 2020) may underestimate the total amount of
overstepping required to nucleate garnet in many rocks.

Our multi-stage experiments were purposely simple and
limited. Future research efforts must focus on exploring
larger ranges of experimental conditions to examine re-
equilibration processes that affect QuiG Pj, values. Explor-
ing larger differences between P; and P, may further re-
veal elastic limits of the QuiG host—inclusion system. In this
study, we explored isothermal experiments at 700 and 800 °C
at several different pressures with Py,p in the a-quartz sta-
bility field, but clearly a wider range of temperature condi-
tions would permit us to evaluate potential temperature limits
at which QuiG may re-equilibrate. Also, higher-temperature
experiments may produce detectable resetting by viscous
creep. Results from isothermal and isobaric experiments may
guide research on more complicated P-T paths that rocks
encounter during exhumation. Additional experimentation
may also improve our understanding of changes to Pi,c that
occur across the quartz o—B phase transition (Gonzalez et
al., 2024) and reveal conditions required to preserve SiO;
polymorphs (Morana et al., 2023; Van der Molen and Van
Roermund, 1986) across the quartz—coesite phase boundary.

Data availability. Raman data (Aw) for individual inclusions for
each experiment are available in the Supplement.
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