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Quartz under stress: Raman calibration and applications to
geobarometry ofmetamorphic inclusions
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Abstract. An experimental calibration of thehifts of three majorRamanpeaksof quartz withhydrostaticpressureand
uniaxial differential stresds presentedand implications for their use in geobarometry based on Raman spectroscopy ¢
quartz inclusions is discussetihe position 0f206 cm® peak depends only onydrostaticpresure P, and its pressure
dependence is recalibrated with a peak fitting procedure that is more adequate for Raman barometry than pre\
calibratiors. The position of the 128 and 464 cnpeaks dependsn P and also on differential stress, which can be
determinedrom the position of these two peaks knowing hydrostatic pressure froposition of the 206 cn peak The
results obtainedhereare different from thosénferred previouslyfrom first-principles calculationsThe presentalibration
provides direct relationships between Raman shifts and stvi¢ghsa simpleformulationof residual pressure and differential
stressassuming uniaxial stress along th@xis of quartz inclusiondt is tested on data from experimental and natural
inclusions Residual pessuredrom the present calibratiosre similar within uncertainties tthose obtained with previous
experimentakalibration Residual differential stresses obtained from the 1284##icm® peaksare very sensitive to the
precision of Raman measurementspé&rimental inclusiongield residual pressuresonsistentwith synthesis pressure.
Differential stresses obtainean some experimental inclusiorsse sometimes incompatibl@roviding a criterion for
identifying inclusionsundercomplexstress conditionshat are not appropriate for geobarome®Rgcent data onatural
inclusionsshowself-consistentifferential stress consistent witithe assumptionf major stressalongthe symmetry axiof

the inclusioncrystals The averagepressurevalues from the 128 and 464 thpeaksis similar to the residual pressure from
the 206 cm' peak that depends only on hydrostatic pressurearitbe usedo obtain pressureshen the 206m * peak
position cannot be used due to interference with hmiseralpeaks Using the 128 and 464 ¢hpeals alone, or seradng
either 128 and 206 or 206 and 464 'tmeaks an induce systematic bias in the residual pressure determination.
Applications ofthe present result® natural inclusionsuggestthat combined determination of residual pressure and

differential stressnaybeusal bothfor barometry andhermometrypendingfurther calibration.
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1 Introduction

Raman spectroscopyas beerusedover two decadefor determining residual pressures in mineral inclusions in diamonds
(Izreali et al., 1999pnd metamorphic minerals, principally garnfEmnami et al., 2007; Parkinson and Katayama, 1999)
Entrapment pressures calculated from thestagic modeling provide a determination of metamorphic presqidmegel et

al.,, 2017a; Kohn, 2014; Zhong et al., 2019; Zhang, 199&) is independent of those obtained from metamorphic phase
equilibria through thermodynamic modelig@onnolly, 1990; Holland and Powell, 1998}he method has been validated
with experimental entrapment of quartz in garnet at controlled hydrostatic prefBorexzi et al., 2019; Thomas and
Spear, 2018)

Quartz is often used because it is a common mineralnobstpure compositionhence the position of its Raman peaks
depends on intensive parameters andomathemicalvariatiors. Accurate determinations of residual pressures aeipng
otherson precise determinations of the Raman peak shifts with pressure that are provided by diamond anvil cell (D/
experimentgSchmidt and Ziemann, 20Qpifferential stresseslso influence the calculations of residual pressures, and
determinations of strains from Raman frequency of quartz inclusiamsrelied onfirst-principlescdculations of Raman
peak shifts(Murri et al., 2019) a method that was also successfully used for determufifferential stresses in high
pressure experients (Reynard et al., 2019)put that is backed only by experimental data at lichetium temperature
(Briggs and Ramdad977; Tekippe et al., 197.3)

New experiments were performed tmlibrate directlythe Raman peak shifts induced by hydrostatic andhyalnostatic
stresses. Consequencesliarometricapplications are discussed bdn available data on artificial inclusions from piston
cylinder experiment§Bonazzi et al., 2019)and onrecentdatasets on naturalugrtz inclusions in different suites of

metamorphic rock&Cisneros et al., 2021; Gonzalez et al., 2019; Zhong et al., .2019)

2 Experiments

Raman spectrander stressvere obtainedn the backscattering geometryssinga Horib& HR Evolution (53231 nm
excitationfrom a DPSS lasgrand 1800 gr/mnat LGL in ENS de LyonOnly the three most intense Raman eatk128,
206 and 464 cil areanalyzd and will be referred to by these numbers in the reminder of theAtsetries of experiments
were first performed with calibraticegainst silicon standaldrystals #1 to 4)In order to check for instrumental drigharp
Hg 18312.55 oNe 18516.59 cit lines (269.46 and 478.cm' shift with respect to the excitation laser at 18786.05 cm
Fig. 1) were recorded along withll spectra in a second seriglsexperimentgcrygal#5 and higher)Maximum drift of the
reference lines position during one experimental sessidh5i cm® and was systematically correctefihe measured
separation between the two reference linem iaverage 0f204.8 cm'* with a maximum deviation of 0.15 ¢f The
splitting of thetwo components of th&28 cm* peakunder stress perpendicular to thaxiswas determined bfjtting two
peakswith identical width The incident polarization was rotdtparallel and perpendidar to the eaxis of the crystal face

to enhance one component with respect to the dffigr 1) Quartz inclusions in eclogitic garnets from the Bergen Arc
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(Zhong et al., 2019)ere studied in Freie UniversitSt Berlin. Raman spectra were obtained with a Horiba ISA Dilor Labrai
confocal Raman spectrometer using the BB2line of a Nd:YAG, 1800 gr/mm gratings, and Olympus 50" and 100"
objectives. The laser energy was set at ca. 10 mW. Typical duration for each measurement was 1 to 2 min with >5 t
repetition to obtain good gmal to noise ratio. Immediately after each inclusion measurement, -guity quartz crystal

was measured as strdsse reference material to obtain the wavenumber shift of quartz inclusions due to residual stress.

Peak positions werfitted using symmetric Voigt profilealthough some bands, in particular the 206 * peak areslightly
asymmetrical in shapéhis ensures the present calibratiorcéasnparablewith data obtained on naturaiclusionswhere
Voigt profile must beused becausiterference with band of the host garnet do not allow to use more complex function tc
fit peak positionsNominal frequencies of the three main quartz peaks ofl{2)7206.1(2) and 464.2(2) are obtained from
internally calibrated spectr@ig. 1). For the sake of comparison with previous studiBsnazzi et al., 2019; Schmidt and
Ziemann, 2000; Cisneros et al., 2021; Gonzalez et al., 2019; Zhong et al,,20d&ga were normalized to match ambient
condition values of 128, 206, and 464'¢m

Raman spectra of quartz were measured under hydrostatic prassaambient temperaturen randomly oriented small
crystals €10 #m) in a DAC ina hydrostationethanolethanol-water mixture(Reynard et al., 2015; Reynard et al., 2019)
with small pressure steps up to 2 GRaessure wasneasuredwith ruby fluorescencePiermarini et al., 1975for
comparison with previous daf®&chmidt and Ziemann, 2000) Deber? 5kN compresion cell was used to compresis
ambient temperaturender uniaxial force parallelepipeds of quartz that veertealongor perpendicular téhe c-axis, in a
similar fashion to former experiments at 4 Rekippe et al., 1973Crystals were placed between the two flat anvils of the
systen. A buffer made of an anneal80-#m thick 301 stainlesssteel foil was placed between the crystal faces and the
anvils to lower the shear stress on the crystal ends through viscous flow of the metal. Apiezowageggeieetween
anvils, metal foils,and crysted to reduce shear stress. ThHecous greashelped maintaininghe crystal stuck to one anvil
while the system was being closed with a ford® N (pressure <2 MPa&ufficient to hold it in placeCutting aientation
was performedoptically with respect to crystalline face$ the initial crystal Orientationof final rod faceswith respect to
simple crystallographic orientationsere determined with conoscopic observations. The devidtmn crystallographic
axeswas determined on unused rods with Raman intensiffong et al., 2021b)and foundto lie within 2j range
(supplementary Fig. S1The appliedforce is converted to streby dividing with the cross section of the crystad, which
was measured with an estimated uncertainty of 2%supplementarydata sheet provideresults from successful

experimend (four out of twentyandoneexample ofunsuccessfubxperimentwith early crackingof the crystal

3. Elastic modeling

Interpretation of the Raman data on quartz inclusions relies on modeling of the residual presdifferantial stress for

inclusiors entrapped int@a given host, generally garnéthe residual stresses aralaulatedbased oran analyticalmodel



95

100

105

110

115

120

(Zhong et al., 2021a)erivedassuming a pure almandigarnet host. The model treats anisotropic inclusion entrapped in an
infinite and isotropic hostising the classical EshelbyOs solution and the equivalent eigenstrain (Esthely, 1957;
Mura, 1987) The unit cell parameters of quartz are fitted based on thrayXdata measured at ambient pressure high
temperaturdCarpenter et al., 1998and at ambient temperature high presgArgel et al., 1997yith an EoS taking into
account a curved alpHzeta tansition(Angel et al., 2017b)The fitted results represent the axial EoS applicable to high P
conditions considering the alptieeta transition. For the PVT relationship of almandine host, we used the EoS from Milani €
al. (2015). Entrapment stress is assumed to be hydrostatic. Due to the-#astitoanisotropy of the inclusion, the residual
stress becomes neydrostatic after cooling and decompression. Here, compressive stress is defined as Aegatila.
approach has been us@dvaro et al., 2019)n dealing with different axial stress (strain) for quartz inclusion entrapped into
an isotropic host.

Resllts show that expected residual pressures are generally positive for most crustal metamorphic conditions, and ce
negative if the entrapment conditions are low pressures close and beydiv theartz transition (Fig. 2). The residual
differential stess is uniaxial with the symmetry axis of the stress parallel to-#xésof the quartz inclusion. Stress on the
inclusion is hydrostatic! (! 6,=0) for a thermal gradient of ~220 jC/GPa or ~6 jC/km. Stress alongdRes is higher than
along theg-axis for higher temperature and lower pressure conditions, and lower for lower temperatures and higl
pressures that are uncommon in metamorphic rocks. Residual pressure is more sensitive to entrapment pressure and
stress to entrapment temperatuFig. 2). A combined determination of the two has potential geothermobarometric

application(Alvaro et al., 2019)

4. Results
4.1. Hydrostatic compression

The hydrostatic pressure effects were calibrated imahge0-2 GPa that covers applicationsRamanpiezo-spectroscopy

to metamorphic quartz inclusioBig. 3) For the 128 and 464 ¢hpeaks, the present results are consistent with previous
calibrations (Schmidt and Ziemann, 200@)ith a maximum deviation of 0.4 ¢ and an average deviation of 0.1'énie.
within the inferred accuracy of Raman spectroscopy when internal standards provided here by Ne or Hg emission line:
used.

For the sake of comparison with former studdegta were fittedvith the expression:
P= A$Vh + B$Vh2 (1)1

where$v, is the shiftunder hydrostatic stresgith respect to the ambient conditions wavenumbgof the Raman peak

Values ofA and Breportedn Table 1 for the three main peaks of quaftze Raman shifand its derivative are

$v, = [- A + (A%+ 4BP)"9/2B (2),



(%I9%). = (A?+ 4BP)™? Q).

It is worth noting that if the calibration is permed including data at pressures above 2 GPte initial slope is
underestimateavith respect to the present value, especially for the 208 peak Thisis related to the complex pressure
125 dependence of quartz Raman spectrum beybad GPa pressure ranfdorana et al., 2020; Hemley, 1981)sing our
own data above 2 GR&eynard et al., 2019Wwe noticed a similar systematic deviatidme present calibratiowith its
small pressure steps (I®intswithin 2 GPa)is particularly adapted for applications to quartz inclusitiveg are under
residual pressures below 2 GRacondition that applies eventtwsethat underwenmaximum pressureonditionsnearthe

stability field of coesitavith maximumresidual presse aroundl.3 GPaAlvaro et al., 2019; Korsakov et al., 2009)

130 4.2. Uniaxial compression

The effects of uniaxial stresapplied either parallel or perpeicularto thec-axis of quartzdiffer strongly from peak to
peak(Table 1) Stress effects are linear within uncertainties within theestigated range of stress up 6-GPabeyond
which crystak break No symmetry breaking could be detected for compression alexgsén spite oRj deviationfrom the
exact crystallographidirection (supplementary Fig. Slhence analysis in the trigonal symmetry is vaBymmetry
135 breaking was observed for compression perpendicular te-#xés, marked by th splitting of the two componenof he

128 cnt* E mode in line with former expéments(Briggs and Ramdas, 1977; Tekippe et al., 1973)

For the 206 cnt peak, the effects of stress aimilar within uncertaintieperpendicular and parallel teaxis (Fig.3c), with
a stress dependence of (@) and 10.8(2 cm /GPa respectivelyBecause the shifttahe 206 cm' peak is independent of
the stress orientation within uncertainty, its position gives an absolute reading of the pResguether the stress is
140 hydrostatic or notSimilar stressnduced shift are obtained for crystal rods with different aspect ratio (1 and 4 along the
axis, and ~2.5 and 4 along thexis), ruling out potential geometrical effecsupplementaryrable).For the 128 and 464
cm' !, the shift is very different when stress is kb perpendicularor parallel to the ¢ axis. For stress appliedlong
directiors perpendicular ta, thetwo components of th28 cm® mode & E symmetry splidue to thesymmetry breaking
(Tekippe et al 1973) The splitting ismaximumfor uniaxid stress m the basal plane of quartz, a property that was used to
145 measure differential stresses in floydrostatic experiments with DAReynard et al.2019) The shiftsof the 128 and 464

cm * peaksrelative to the 206 ch peak are linear within the investigatstessange (Fig4).

As a check of the internal consistency of the measured shift, the sum of axiairsttessl shif$ (i.e. twice theshift
perpendicular tothe c-axis plus shift parallel to it) should compare with the slope of tielk hydrostatic pressure
dependence at zero press(Beiggs and Ramdas, 1977Jhe sum of the axial stress dependences of@iecn peak is
150 30.8(10) cnt/GPa, similar to the bulk pressure induced shift of 30.7(13)/GRa at ambient pressyrs well agor the
128 and 464 cth peaks, with values of 7.1 and 10.5 for the sum of axial stress dependemt&s9 and 9.4 chiGPa for

the hydrostaticpressure dependence, respectivifjg. 3, Table 1) The consistencyetween the sum of axial stress
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dependence and hydrostatic pressure experiseggestghat the effecbf symmetry breaking in uniaxial compressiom

stressinduced shifts is of second order

5. Comparison with former studies
5.1. Hydrostatic compression

The present variation of the 206 'dnpeak shows an increasing discrepancy with that of Schmidt and Zig@@o)with
increasing pressure, reaching about 1.5'@n1.5 GPa (Fig. 3a), above the accuracy of the measurement. This discrepanc
is due to the usef a symmetric Voigt function in the present study when Schmidt and Zie(2800)used an asymmetric
PearsonV distribution. For piezospectroscopic applications, the Voigt function is widely used to fit the 2b@eak
position(Alvaro et al., 2019; Bonazzi et al., 2019; Cisneros et al., 2020; Cisneros et al., 2021; Enami et al., 2007; Gonz
et al., 2019; Thomas and Spear, 0Zhong et al., 2019%ecause it avoid unrealistic fits due to interference with host
mineral Raman peaks (garnet in most cases). Thus the present hyduasitatition of the 206 cm peak position is
appropriate for common practice in quairizlusion Raman geobarometry. The pressure difference between the twc
calibrations is about 2%, it does not affect significantly the pressure estimates but improsel-d¢besistency in the
calculations of residual differential stress on inclusitha is very sensitive to minute uncertaintiese below)GrYneisen

plot (Fig. %) showsthat the assumption of constant GrYneisen param(gtege! et al., 2019)s not validin quartz except

for the 464 cm' peak Gr¥neisen parametér) dependence ovolumeis taken into account in fitting the da@able 1)with

two parametergdReynard et al., 2012)the ambient pressure valyg, and its volume dependence; expressed as
g=(%ny/%n¥). Pressure was converted to volume using equation of ¢fatgel et al., 1997)Non-linear GrYneisen
parameters contribute to discrepancies between the present results girthfiigles calculations on which constanvere

fitted (Murri et al., 2019)

5.2. Nonthydrostatic compression

The relative shifts of the 128 and 464'¢mpeaks with respect to the 206 '¢rpeak are remarkably constant between present
experiments at 295 K and those at 4Fekippe et al., 1973)Absolute values of stredaduced shifts ardigher (~1.5
factor) in the present ambient temperature experintbah at 4 Kwhere quartz is stiffer and has a lower volume
corresponding to thaidf compression at about 0.25 G&aambient temperaturghifts from the firstprinciplescalculatiors
(Murri et al., 2019)@arecomparedo the experimental onésrough the GrYneisen parameters listed in Tabl® Herive the
GrYneisentersor componentsrom the present measurement®ie needs to convert between stress and strain via the

stiffness tensofThe Raman shift is related to stress as follows assumihg! , due to symmetry:

s(=2(3%) a+(5) o @)
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Where(a!%) and(lal—v) are directly fitted from experiment (Table 1) and assumed constant. From linear elasticity, we
c17

I3 L) o1

have:
=gt e e ! Cizes ),
Py =2Ci36 + C33!5 (6),

where(;; are the componesitof the elasticstiffnesstensor The shearcomponents of strain and stress are not present

because for symmetry preserved crystal [i,€. ¢,), andthe oftdiagonal strain components are all zero du€é,jo=

—! . . Substituting!; anda; into equation (4)and collecting common terms ferand ¢, , we have

!1! [! (aa!_vl)!l C13! (aa!_:)a C33] !3 (7)

The GrYneisetiensor components agbtained by dividing the terms aguare bracket by theeakposition at zero streds:

ov

S 2|(3), @ vt (7, 6

Y1 = [(06—:1) g+l + (!GTV)! C13] /Vo (8),

I3 3

;= [! (%) o+ (73)” 033] /h 9).

o3
Using the values fo(;—V) , (,'—) obtained herandpublished values of;; (Heyliger et al., 2003)we obtain the values
Y1/ | ol o1

reported inTable 1

Shifts with uniaxial stresdrom first-principles calculationgMurri et al., 2019 are roughly consistent with experimental
valuesfor the 464cm'® peals, and divergentfor the 128 and 20&m' ! mode. These differences apessibly due to
shortcomings of the firgbrinciples calculations such asaccounted foanharmonic effector to assumption of constant
GrYneisen parameters used in fitting theoretical reshitiastant GrYneisen parameters are inconsistent with the pressur:
shifts of the 128 and 206 ¢Mmpeaks (Fig 8). It showsthat the discrepancyetween theory andxperimers, although
reasonablgiven the absence of fitted parameters in the-firstciples modelsis significant when trying to apply results to
quartz piezobarometryrhus we reexamine in the following the relationships between Raman peak positions ane pressi

and differential stress for quartz inclusiomish the experimental shifts determined here

6. Applications to piezospectroscopy of quartz inclusions

A sphericalmonocrystallineinclusion is subjected to triaxial normal stresses with principal composgiats o;. The
Raman shiftv is a function of these principal stresses and their orientation with respect to that of the ldeystave sel,

parallel to thec-axis of theinclusion For the 206 cit peak, the shifts withdifferential stress are similar along and

7



perpendicular to the-axis, and the Raman frequency will depend only on the residual preRsigéined as the first

invariant of the stress tensaoP & %) It is only for the 464 and 128 ¢hpeaks that the different stresses will

influence the Raman shift in response to bdthnd thedifferential stressesSincethe splitting of the 128 cit peakis not
210 observed imaturalquartz inclusions, it is assumed that there is no significant difference betyaed! , .

With a uniaxialdifferential stress along the major symmetry axis of the quartz inclusion, the stress tensor can be written:

P—-1/30 0 0
( 0 I —1130 ! ) (20),
! 0 11 1/30
wherel =1, —a,!=0, — g, is the residual differential stress in the incluswimerea andc refer to the crystallographic

axes of quartzThe shift$v,, of a Raman peak afavenumbew with the differential stress is:

215 $vy=$v"$w=2/30 (—) " 2031 () (1).

! o M
3/, 1/ g5

where$v, is the hydrostatic shift from equation (v is the measuredshift with respect to ambient conditionand

(;T) are fitted slopes to the data under uniaxial compresKi@gnworth noting that whil¢he shifts with pressumequired
(E

fitting with a quadratic expressiothe shifs with stress(%) areassumedinear (Fig. 3and 4 Table 1).

Combining(11) and @) and solving for thestresswe obtain

220 o $32[$v" (" A+ (A*+4B" Pug™2B)/ () " () 1 (12),

aa'! oy

whereP,qs is the pressure obtained from the position of the 206 perk andA and B are the fitted coefficients from the
hydrostatic experiment given in TableThe nonhydrostatic stress can be obtained from the positiotwibfthe 464 and
128peaks and checked for setfonsistencylUsingthevalues in Tabld, where for the 12@eakthe averagslopes forthe

two splitcomponentsareused stresses (in GPajeobtained
225 1 (464)$1.5" [$v(464)" ("0.107+ (0.107+ 0.0032" P109Y3/0.0016]/(" 2.7) (13),
1 (128)$ 1.5" [$v(128 " ("0.127+ (0.127+ 0.0204" P509*3/0.0102]/(1.8) (14).

To summarize, discrepancies between pressures obtained from the three Raman peaks are expected with increasing
differential stress.The position ofthe 206 cm' peakis independent of differential strelss and gives the hydrostatic
pressurelf the residual differential stress is narro, residualpressures obtaineflom the 128 and 46dm * peaks should

230 be shifted with respedb values obtained witthe 206cm * peak by amounts of opposite sign& routine for calculating
pressure and stses from the Raman peak positions is provided in the supplementary Excel spreddsheetth noting

that the calibration established here translates directymtb@sued shifts of Raman peaks into streise geologically

8
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relevant variablgwhile approaches using the GrYneisen tensor translate peak shift into strains that have to be converte

stresses using the elastic tensor.

As Raman measurements are subject to statistical fluctuagonwgiill the pressure (equation,land the two sesses
calculated from equations (13,1hat thereforare likely to differ for a given inclusiosupplementaryrable) Uncertainty

in pressure will arise from uncertainty in the position of the @@ peak. Uncertainty on stress will arise from unaiety

in the position of the 128m* and 464cm® peaks, and also in the position of the 206" peak that is used to calculate
pressure in equations (13,14) sensitivity analysis waperformedto quantify the effect of small fluctuation in Raman peak
position on the calculated differential stress (supplemerii@ryS?. It is demonstrated that fluctuat®mas small af.2 to

0.4 cm' in Raman band position can lead to a scattegihgp to 0.5 GPa in differential stress. This explains the wide
scattering of natural and experimental data as shown in Fig. 5 and 6. iliusgates the origin of thanticorrelation
betweens (128 and! (464) observeih Fig. 5 and 6rom the largeuncertainty on the 206 ¢hpeak position than on other

peaks

If a sufficient number of inclusions is measured, and if they belong to the same population (i.e. if they formed in a sin
event under similar pressure and temperature conditions), thagavpressure and stress values can be obtained with a
greater accuracy since the standard error of the mean will be greatly rédwsggte of the fluctuationsAn alternative
approach would be to use the odetermination of the system (2 unknowns andd®pendent equations or more if more
peaks are used) to obtain the bi#stalues of pressure and differential stramsthe strairs (Bonazzi et al 2019, Murri et al
2019). It is our choice to compare the stresses obtained froatieas(13,14) becauestheir sensitivity to uncertainties
allows discussing the setbnsistency of the Raman measurements that may otherwise be blurred if a sinfilevblest is

calculated for each inclusion

6.1. Comparison with experimental inclusions

Bonazzi et al.(2019) synthesized quartz inclusions in almandine at 2.5 GPa 800;C and 3 GPa 775;C. The prest
calibration was tested aheir selectiorof inclusions based on optical criteria (absence of cracks, sufficient distance frorn
garnet rim and other inclusions, ..Bor most of thesénclusionsthe residual pressures inferred from the 206 tpeak
position are consistent with those egped fromelastic modeling of quenching and decompression from the experimental
equilibration conditiongFig. 5a).

Severalinclusions synthesized at 3 GBiaplayresidualpressurelower than expectednd that are inconsistent between the
three peaks (Fig. 5b)ndicating large differentiatesidual differential strees (Fig. 5c) For those, lie inferredresidual
differential stresses are of opposite signs when estimated using the 128 or' 4@éaks, with values af between-"0.5

and2 GPausingthe 464 o' ' peak, and between0.5and" 3 GPausingthe 128 cnt peak It indicatesthese inclusions are

under a stress pattern that is not consistent with simple elastic defornfdwiotarge residual differential stresses are likely



due to unobserved defectoand inclusionsBonazzi et al(2019)proposed a correction for similar effects in strains using
265 the firstprinciples straiAnduced shiftgMurri et al., 2019)

We proposéo use the inconsistency residualdifferential stressalculated here directly from Raman peak positions and

equations 1,13,14) as a guide to eliminatéhose inclusions under complex stress state from dmalysis of residual

pressuresThus we discarded from the analysis inclusions waittabsolutalifference inresidualdifferential stresgrom the

128 and 464 chi peak positionsarger thama value ofl GPadefined from the sensitivity analysisee supplementaijable
270 and Fig. S? This changes the average residpadssurdrom 1.06(3) to 1.113) GPa Both residual pressure averages are

within uncertaintieof the value of 1.08 GPa expected from the elastic mdded. average value o€sidualdifferential

stresgsafter selectiorof 0.00(10) and" 0.03(11)is close to that of 0.GPaexpected from elastic modeling (Fig., @yhen

the one prior to selection is"9.52) and 0.42) GPa for the 128 and 464 chpeaks, respectively

The inclusionssynthesized a2.5 GPayield residualpressuref 0.82(1) after selection with the abodefined criterion
275 from differential stresses usirtge 128and 464 cm' peakpositiors (Fig. 5h supplementaryable. Theyare consistenwith

those of the elastic modef 0.86 GPaResidual pressuresoim the 128 cnt peak are systematically lower b§.1 GPaAs

a result, esidualdifferential stress is' 0.01(4)for the 464 cm' peak, and of " 0.4(1) for the 128 cm' peak, whera value

of " 0.05 GPds expected from the elastic model2.5GPa and 800iCFig. 2). The systematicshift of residualstress values

from the 1:1 line(Fig. 5c)would correspond to a systematleviation of only 0.5 cth in the 206 peak positiotior this
280 particular set of inclusionglue for instanceo interference with garnet peakfhe methodusehere allows detectingnd

illustratingthe effects of such minute deviation

6.2. Comparison withnatural inclusions

We usedrecentdatasets omatural inclusiongrom threedifferent metamorphic suite4) blueschiss from Syrosin garnet
formed at~1.4D1.7 GPaand5008650 C, and irretrograde epidote gravbetween ~181.5 GPa 408600 {C and ~1.0 GPa
285 and 400 jC(Cisneros et al., 2021®) Holsn¢y eclogite from the Bergen Ardsqrway) where inclusions formed at4b1.6
GPa, 688760 jC consistent with previous estimabasedon phase equilibrié&Zhong et al., 2019; Bhowany et al., 20,18)
gneiss from Papua New Guinea with formatiomditons estimated from Ti in quartz and quartz in garnet inclusions as
~1.0 GPaand 6@ jC, which are interpreted as th®Pconditions ofgarnet growth and entrapment of quartz inclusions
(Gonzalez et al., 2019)
290 The residualpressures estimated from the present calibration are within uncertahttesse published using earlier
calibrations. The major difference comes from the possibility of estimating here the residual diffstexgaind to use it
as a criten for validating measuremer({section6.1). Residual pessures from the 128 and 464' Cpeaksarerespectively
higher and lower thahydrostatic pressure from the 206'¢mpeakin rocks from Papuflew Guineajndicating significant
residual differential stres§heyarealmost indistinguishablevithin uncertainties for blueschists of Syrasdicating little

295 residual differential streq§ig. 63 supplementary table

10



Residual ifferential stresses;,g andogsss are self-consistent andow, with average values of less thar3 GPa(Fig. 6h
supplementary tab)eAt these deviatoric stress levels, symmetry breaking effects are likely neg(igiibie et al., 2022)
Average values are well defined except in inclusions from Norway where the 12§eak position is imprecise due to
spectrometeconfiguration, and because of the small number of measurable incluBiendispersion of individual values
300 is accounted foby uncertainties in Raman peak position &b and S2. The smaller dispersion aésidualdifferential
stresses in naturahélusions than in experimental orldsely reflects longergrowth rates and potential anelagttaxation
timesthan in the relatively short experimeffitlowed byfast quenching and pressure rele&gch processes may affect the
reconstructed initialP-T conditions and would deserve further investigatidfith the method and calibration proposed here
all but five measured natural inclusiorfsee supplementary tabl&ll within the conditions defined for the calibration of
305 uniaxial differential stresalong the major symmetry axis of the quartz inclusibthe beginning of section the method
using strain anisotropy resulted in the rejection of 74 inclusions out B82zalez et al., 20193 high rejection ratenay
stem from the different rejection criteria
Average values of residudifferential stressfrom both the 128 and 464 thpeaksare" 0.04(4) GPa " 0.18(3) GPa and
"0.16(14) GPafor Syros, Papudlew Guinea, andNorway, respectivelywith a similar trendto valuesexpected from the
310 elastic modelof " 0.063), " 0.13(3) and" 0.14(4), respectively (Fig. 2)Taken at face values, residutifferential stresses in
Syros and Papudew Guinea translate into temperature8406-600 and640-830;C, respectively, to beompared with 500
550 and 600jC estimated from independent phase equilibria and geothermq@sieesos et al., 2021; Gonzalez et al.,
2019) For theHolsn¢y eclogite (NorwayYhe mearvalue of residual stresgields ~750;C within the range of 68060;C
from previous estimateZhong et al., 2019)althoughthe temperature ranges not precisely defined owing the large
315 uncertainty on residual streds suggests thaindependent constrain on temperature of entrapmmeayt be obtained from
residual diferential stresses on inclusiorithis would requirereducing uncertainties byeasuringresidualpressures and
differential stresses on a large number of inclusjomg systematic calibration of Raman measurements Méhor Hg
emission lines (section 2y3nd calibration orsamplesformed in wellicharacterized metamorphic conditiofitie effect of
large numbers of analyses on improving the accuracgsidualstress measurements is clearly seen when comparing mear
320 values and uncertainti€kig. 6b)from small (Norway, 11 inclusion medium(Syros 22) and large(PapuaNew Guinea,
92) dataset.

7. Concluding remarks

The present calibration can be useddicectly estimatethe residual pressures and differential stresssi®ig simple
relationships established between Raman shifts, pressure and uniaxial .sfresssesitivity analysison calculated uniaxial
325 stressess proposed that allows detecting and evaluagiygjematic deviations in the Raman data. Accurate averagsure

and deviatoric stress are obtained after checking that populations of inclusions belong to pogingitonformed at
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340
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350
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360

similar conditions, and averaging over tpigpulation It can be applied provideBaman peak positiorsre published in
studies using elastic geobarometry.

Hydrostatic pressuris obtained from the 206 ¢fhpeak positiorthat isinsensitive to residual stresSelf-consistency of
residual differential stresses obtained from the 1@8'' and 464cm' ' peak posibns is an objective filter to detect
inclusions that are under stress conditions wlzsimptions used for elastic modeling of entraprneentlitionsdo not
apply. Residual stress effects on the pressures determined with 12&wth464 cnt peaks are oimilar magnitude and
opposite sign, hence the averagfethese two values a good estimate of the hydrostatic pressure if the 2086 peak
cannot be measureatcuratelydue to interference with host mineral pealdsing the 128 and 464 ¢mpeak alone, or
averaging either 128 and 206 or 206 and 464" pmaks can induce systematic bias in the residual pressure determination.
Restual differential stresses observed in suites of metamorphic rock inclusioygesthey depend otemperature tathe
time of entrapmentReduction of uncertaintieand calibrationon rocks with various conditions of formatiamuld be
necessaryor use as quantitativegeothermometetr.arge numbers of inclusions should be measured and uncertainties or
Raman dataeduced with the systematic use of internal calibration liReduction of uncertaintiamay alsorequireRaman
measurements at combined high pressure and high ,sttesgntly an experimental challengand elasticconstant

determinatios at combined high pressure and temperatuifenit extrapostion in elastic model predictions
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Figure 1. Typical spectraf quartzobtained in the baekcattering geometrgt ambient conditions (0 N) and under uniaxial
force of 2400 N(corresponding to a stress of ~0.6 GRarpendicular téhe c-axisthat appears vertical under the
microscopeSpectra were measured wititidentpolarizationparallel (Oj)and perpendicular (90j) to tkeaxisto better
characterize theplitting of the 128 cit peakunder stressNo polarizer was put along the scattered light pasterisks

mark thecalibrationNe and Hg lines near 269.5 and 473.5tm
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Figure 2. Modelresidual pressure and residual differential stress on quartz included in almé&xgieeted reislual
pressureand stressorresponding to conditions of entrapment of experimental and natural inclusions ard@hown
comparison with meased values (Figs. 5 and.@ctual pressuresor natural inclusions may be shifteg less than 0.05
GPadue to compositional effects on garnet equation of state.
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Figure 3. Dependencef the 206 cm' peakon (a) hydrostatic pressurat ambient temperatusnd (8 uniaxial stressThe
small discrepanchetweermpresent hydrostatic compression dataformer experimental dai@chmidt and Ziemann, 2000)
is due to fitting with different peak shafgymmetrical Voigt used here instead of asymmetrical PearsoD8pendencen
uniaxial stres@btained herarehigher tharthose measureat 4 K (Briggs and Ramdas, 1977; Tekippe et al., 19d8¢ to
temperatureeffects The variations inpeak positiondependiittle on compression direction for the 206 cnpeakin both
studies,indicatng its position depends essentially on hydrostatic press{meGrYneisen plofor hydrostatic compression
showing constant GrYneisen paramégefor the 464 cnt peak and strong curvature for other peakstves were fittedo
the datawith a volume dependeacof y expressed as thg parameter (see text and Table Epr the sake of easy
comparisonrelative fequency shifts are multiplied by 2 and 4 for the 128 and 462 peaks, respectivelPressure wa

converted to volume using quartz equation of qtateyel et al., 1997)

17



465

470

475

469 — 1
468 _—e- G

467 -

(cm™)

465 -

&
o 2 ¥
) ,Q':*"(t

464

— ———
N\
\

p 7

Briggs & Ramdas 1977

@)

463 )
205 210

1
Vaos (cm™)

215

127 L 1 L 1 L 1 L 1 L 1

Figure 4. Stress dependence of tii@) 464 and(b) 128 cm® peaks relative to the 206 chpeak at ambient temperature
Black linesshow therelative shift from experiments at ambient conditions (this stubite arrows therelative shifts for a

uniaxid stress of 0.5 GPat 4 K (Briggs and Ramdas, 1977; Tekippe et al., 19y the 128 ciht peak, thetwo

component®f the E modere split by compression perpendicular to thexis (open circles and ssws). Stress dependence

(long-dashed linejs the average dahat ofthetwo component¢Briggs and Ramdas, 1977; Tekippe et al., 19&A3Fpw data

points were collected at effective stresses higher than 0.6itGPartially broken crystals, ande stress is then not

calibrated because the crystal section is not known anymibese points plot alongxtrapolation of the linear trends even

though they were not included in the fit.
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Figure 5. Pressuresind stressegbtained from experimental quartz inclusigB®nazzi et al., 2019)a) Residual pressures
from thermoelastic modeling (Fig. 2) as a function of pressfroem the 206 cr peakfor selected inclusions at the

480 indicated conditions of formatiorEmpty ectangles show the meavalueinterval at95% confidencdevel (2 standard
error). Solid 1:1 line, dashed lines with 0.1 GPa offset are shown. Horizontal bar shows the uncertainty associated wi
cm' * uncertainty on the 206 cfhpeak position(b) Pressures fronthe 128 and @ cm® peaksas a function of pressure
from the206 cm® peak Residual pressures aregeneralagreement except for a group of experimental inclusions that show
significant departure frorthe 1:1 line Ellipse shows the uncertainties associated and 0'5 wneertainties on the 124854

485 cm'! peak positions(c) Residual differential stressémm the 128 and 464 crhpeaksare consistent within uncertainties
except for the group of inclusions departimgnfi the 1:1 lineby more than 1 GPa (see tex)lipse shove the uncertainties
associated with 1 and 0.5 chuncertaintieson the 206 and 12864 cm® peak positions, respectiveljnti-correlated
uncertainies areassociated withthe 1 cm® uncertainty on the 206 crhpeak positionthat has opposite effects on the
differential stresses calculated for th28 and 464 cnhl peaksusing equations (13) and (14), respectividge text and

490 supplementary Fig. S2)
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495 Figure 6. Streses obtainedrom natural quartz inclusionga) Pressures from the 128nd 464 cm' peaksdeviate from
pressure from the 206 ¢mpeakwith roughly opposite effects of similar magnitude in Papuacks,and differences are
negligible in Syros blueschist(b) Residual differential stresses from the 128 and 464 tpeaks Mean values and
confidence interval at 95 % are shown as colored ellif3spersionof individual measurementare accounted foiby
systematic uncertainties on Raman measuremblask(emptyellipse same as in Fig. 5cResidual Besses araegativein

500 PapuaNew Guineaand Norwayrocksand close to zerm Syros blueschist®ata from Cisneros et gR021)for inclusions
in garnet(filled symbols)and epidotdempty symbols)n blueschistdrom Syrcs (Cyclade islands, Gree¢c€onzalez et al.
(2019) for rocks from PapuaNew Guinea Zhong et al.(2019) for eclogitic inclusions from the Bergen Arcs (Norway)
Eleveneclogiticinclusionsfrom Norwaywere remeasured for this study with systematic comparison to reference spectrum
Largeuncertainties othe 128 cm® peak position on this dataset associated withhe high cutoff of the notch filteof the

505 spectrometer in Berlin
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Table 1.Pressureand uniaxial stresdependence of the three major Raman peaks of quartz.

A : G, © o G, & o5

GPa/cm! GPa/cnf  cmY/GPa cmYGPa cmY/GPa .

128 0.127(6) 0.061(5) 7.9(4) 2.26(4) 4.7(5) 04(3)° 121" 0.11 099 .21 2.69

128 55(3) 4.14 2.02
206 0.026(14) 0.00048(4) 30.7(13) 5.04(6) 6.4(3) 10.0(4) 10.8(2) 5.18 6.71 3.64 525
464 0.107(3) 0.0008(2) 9.4(3) 0.76(0) -* 26(2) 531)° 066 1.3 060 1.19

° First-principles result$or trigonalstrainsfrom Murri et al. (2019)re shown in italigs compression perpendicular to the
c-axis, the 128 cm® E mode issplit due to symmetry reduction to monocliniccompression parallel te-axis * q is not
fitted for the 464 cnt peak
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