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a Department of Earth and Environmental Sciences, University of Pavia, Via Adolfo Ferrata 1, 27100 Pavia, Italy
b Department of Earth System Sciences, Universität Hamburg, Grindelallee 48, 20146 Hamburg, Germany
c Bayerisches Geoinstitut, Universität Bayreuth, D-95440 Bayreuth, Germany
d Department of Earth Sciences, University of Milan, Via Sandro Botticelli 23, 20133 Milan, Italy

A R T I C L E I N F O

Editor: Claudia Romano

Keywords:
Omphacite
Elastic thermobarometry
Cationic order
Raman spectroscopy
High pressure

A B S T R A C T

Omphacite-in-garnet is a common host-inclusion system that has the potential to be used in Raman elastic
geobarometry. However, the application of omphacite for this purpose requires the study of the effect of cation
order on the phonon compressibility βω = (1/ω0)(dω/dP), i.e. on the pressure dependency of the relative
changes of phonon wavenumbers. Here, we report high-pressure Raman spectra of six omphacite crystals with
the same composition (~Jd52Di48) but having a different state of cation occupancy at the six- and eight-
coordinated (M) cation sites and compare results with those derived for ordered and disordered omphacite
with composition ~Jd43Di57. We demonstrate that the position of the well-resolved Raman peak near 688 cm− 1,
which originates from Si-O-Si bond bending, is strongly influenced by pressure but its phonon compressibility
remains unaffected by both the chemical composition and state of M-site cationic order. Thus, the Si-O-Si bond-
bending wavenumber can be used as a marker of the residual pressure in omphacite-garnet systems. However,
the omphacite grain has to be subsequently disclosed to determine the peak position at atmospheric pressure
because the phonon wavenumber also varies with the omphacite chemical composition. On the other hand, the
width of the peak near 688 cm− 1 varies with chemical order, but not with pressure, making it a valuable in-
dicator for determining the temperature of inclusion entrapment or the closure temperature of the system, as the
cationic order in omphacite provides insights into the closure temperature of the cation-exchange reaction.

1. Introduction

Conventional thermobarometry is difficult to apply to host-inclusion
systems from ultrahigh-pressure rocks, due to the potential re-
equilibration of minerals during the exhumation path (Gilio et al.,
2022). Elastic thermobarometry provides a complementary and non-
destructive method for determining pressure (P) and temperature (T)
conditions of the entrapment by analyzing the elastic properties of an
inclusion and its host (Angel et al., 2019; Gilio et al., 2021). Raman
spectroscopy has been proved to be the most popular experimental
technique used in elastic geothermobarometry (Anzolini et al., 2018;
Campomenosi et al., 2021; Gianola et al., 2023; Gilio et al., 2021; Kohn
et al., 2023; Korsakov et al., 2010; Nestola et al., 2018, 2024; Zhong
et al., 2019), because it can probe micrometer-size spatial regions of the
inclusion without extracting it from the host.

In particular, omphacite-in-garnet systems may be important for

determining both the entrapment pressure and temperature conditions
in eclogitic metabasites, where well studied systems as quartz in garnet
(e.g. Alvaro et al., 2020) are not present. This is because omphacite
exhibits cation order, which depends on the equilibrium temperature
and P-T-t history of the host rock (Carpenter et al., 1990a, 1990b; Rossi
et al., 1983). Single-crystal X-ray diffraction (SC-XRD) is commonly used
to determine the state of cation order in minerals (Alvaro et al., 2015;
Murri et al., 2016, 2018, 2019). Omphacite is a single-chain silicate with
the general formula M1M2T2O6, where T stands for tetrahedrally coor-
dinated Si, and M1 and M2 are six- and eight-coordinated sites,
respectively (see Fig. 1a). M1 is commonly occupied by high-charge
small cations as Mg, Al, Cr, Mn, Fe2+ or Fe3+, while M2 by large diva-
lent or monovalent cations as Ca, Na or Li. The cationic ordering process
in omphacite leads to a splitting of the two sites hosting cations with six
and eight coordination number, M1 and M2, into non-symmetrically
related M1 and M11, and M2 and M21, respectively (see Fig. 1b). The
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M1 site is preferentially occupied by Al, M11 by Mg, while M21 is
occupied by Na and M22 by Ca. As a result, the presence of cationic
order lowers the space group symmetry from C2/c to P2/n, which
consequently leads to the splitting of the 1017-cm− 1 Raman peak arising
from the SiO4 stretching. (Katerinopoulou et al., 2008). Besides, the
cationic ordering narrows the 688-cm− 1 Raman peak generated by the
Si-O-Si bond bending vibrations (Katerinopoulou et al., 2008).

In a recent work (Baratelli et al., 2024) we have thoroughly analyzed
the pressure dependence of highly ordered and fully disordered
omphacite with a composition Jd43Di57. Our results indicated that for
this chemical composition the wavenumber (ω) and phonon compress-
ibility (βω = 1

ω0
dω
dp ) of the Raman-active Si-O-Si bending mode near 688

cm− 1 are independent of cationic order. However, further studies of
omphacite with other chemical compositions and a variable degree ofM-
site occupancy order are required to verify the robustness of omphacite
in garnet systems in Raman elastic geothermobaromety. It is also
important to check the possibility of obtaining information on the cation
ordering degree (i.e. the closure temperature of the system) directly
from the Raman spectra. Thus, the goal of this study was to analyze the
influence of the cation ordering on the pressure dependence of Raman
scattering of omphacite with a different chemical composition,
~Jd52Di48, and six different states of cationic order and compare the
results with those previous obtained with omphacite Jd43Di57.

2. Materials and methods

2.1. Sample description

We used omphacite crystals fromMünchberg Mass, Bavaria (Matthes
and Schmidt, 1974;O’Brien, 1993), which belong to the same omphacite
sample that has been previously analyzed with infrared (IR) spectros-
copy by Boffa Ballaran et al. (1998a, 1998b) (sample 74AM33) and high-
pressure single-crystal XRD by Pandolfo et al. (2012a, 2012b). The
single crystals have a low iron content (~0.064 apfu) which is expected
to have a negligible effect on the Raman spectra (Katerinopoulou et al.,
2008). For in situ high-pressure Raman spectroscopic measurements, we
used one natural sample (Jd52Di48), which exhibited a high degree of
cation ordering and space group P2/n, and five samples annealed at
950 ◦C for different times (1 h, 2.5 h, 5 h, 45 h, 458 h) to obtain different
degrees of order, gradually reducing the cationic order until reaching a
state of long-range cation disorder and space group C2/c. Hereafter the
annealed samples will be designated by their annealing time. Samples
2.5h, 45h and 458h are the same crystals studied by Boffa Ballaran et al.
(1998a). Samples 1h and 5h* were treated following the same procedure
used by Boffa Ballaran et al. (1998a). i.e. the crystal was placed in a Pt
crucible then sealed in an evacuated silica vial and annealed at 950 ◦C.
After the annealing experiments, quenching was performed by imme-
diately placing the silica vial in water. Note that sample 5h* exhibits a
more ordered state than sample 2.5h (Table 1) contrary to what ex-
pected, possibly because of the slightly off-centre position of the spec-
imen in the furnace.

Two fully disordered crystals studied by Pandolfo et al. (2015), with
composition Jd60Di40 and Jd80Di20, as well as reference diopside (Di)
and jadeite (Jd) from Museum der Natur Hamburg - Mineralogie were
also analyzed.

2.2. Single-crystal X-ray diffraction

Single-crystal XRD experiments were conducted to determine the
degree of long-range cation ordering at the M sites. Samples were
analyzed at the Department of Earth Sciences of the University of Milan,
using a Rigaku XtaLAB Synergy-S diffractometer equipped with a HyPix-
6000HE HPC area detector. A monochromatic X-ray incident beam with
an energy of 17.4 keV (λ = 0.71073 Å, i.e., MoKα) was used. Diffraction
data were collected using CrysalisPro v. 40.53 (Rigaku Oxford Diffrac-
tion, 2019). Structure refinements were performed using the SHELXL
program (Sheldrick, 2015), starting from the structural models of Boffa

Fig. 1. a) A structural fragment of disordered omphacite (space group C2/c)
and b) of ordered omphacite (space group P2/n). SiO4 tetrahedra are shown in
dark blue, M1 sites in orange, M11 sites in yellow, M2 in light blue, and M21 in
green. The structure was prepared using the VESTA software package (Momma
and Izumi, 2008). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 1
Sample nomenclature, space group, annealing time, order parameters, and chemical formulae in atoms per formula unit of the six studied samples. Annealed samples
were heated at 950 ◦C. Samples Jd52Di48 and 1h were lost during the polishing procedure before the EMPA analysis.

Sample Jd52Di48 1h 5h* 2.5h 45h 458h

Space group P2/n P2/n P2/n P2/n P2/n C2/c
Annealing time (h.) – 1 5 2.5 45 458

QoccM1 0.861(12) 0.739(13) 0.614(13) 0.518(13) 0.105(12) –
QdistM1 0.0683(4) 0.0579(5) 0.0483(5) 0.0419(4) 0.0088(4) –
QoccM2 0.457(9) 0.419(10) 0.317(11) 0.256(8) 0.033(9) –
QdistM2 0.0156(3) 0.0126(4) 0.0111(4) 0.0099(3) 0.0023(3) –

Chemical formula
Si – – 1.979(2) 1.978(4) 1.981(3) 1.979(5)
Al – – 0.557(5) 0.552(4) 0.541(5) 0.552(4)
Ti – – 0.002(1) 0.003(1) 0.003(1) 0.003(1)
Cr – – 0.001(1) 0.001(1) 0.001(1) 0.001(1)
Fe2+ – – 0.064(1) 0.065(2) 0.064(1) 0.064(2)
Mn – – 0.001(1) 0.001(1) 0.000(0) 0.000(0)
Mg – – 0.408(6) 0.415(3) 0.420(5) 0.413(7)
Ca – – 0.472(3) 0.476(1) 0.483(3) 0.477(4)
Na – – 0.509(9) 0.505(4) 0.503(6) 0.505(9)
K – – 0.001(1) 0.001(1) 0.001(1) 0.001(1)

Total – – 3.994(6) 3.995(5) 3.997(4) 3.995(7)
Jd52Di48 Jd52Di48 Jd52Di48 Jd52Di48 Jd52Di48 Jd52Di48

* Shows a lower degree of order, corresponding approximately at an annealing time of 2 h at 950 ◦C.
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Ballaran et al. (1998a) for crystal 74 AM33. The ordered and disordered
omphacite structures were refined in the P2/n and C2/c space groups,
respectively. Scattering curves were taken from The International
Tables for Crystallography (Wilson, 1995). Neutral vs. ionized scattering
factors were used to refine the occupancy of sites not involved in
chemical substitutions (i.e., O sites and T1Si in P2/n) (Hawthorne et al.,
1995), while ionized atoms scattering factors were used for T2Si and the
octahedrally coordinated M1, M11, M2, M21 sites. The site partitioning
was determined using the refinement model proposed by Boffa Ballaran
et al. (1998a), with chemical constraints derived from our electron
microprobe analyses (EMPA). Crystallographic information files (CIFs)
can be accessed as Supplementary Materials.

2.3. Ambient- and high-pressure Raman spectroscopy

Raman spectra of the Jd60Di40 and Jd80Di20 synthetic samples
(Pandolfo et al., 2015) were collected at ambient pressure at the
Department of Earth and Environmental Sciences of the University of
Pavia with a Horiba LabRam HR Evolution spectrometer equipped with
an Olympus BX41 confocal microscope. Raman spectra were excited by
the 532-nm line of a solid-state (YAG) laser, focused to a 1 μm diameter
spot with a power of 10.3 mW on the sample surface. Raman spectra at
variable pressure conditions of the six selected crystals and the spectra at
ambient pressure of the Di and Jd crystals were acquired at the
Department of Earth System Sciences of the University of Hamburg
using a Horiba Jobin-Yvon S.A.S. T64000 triple monochromator spec-
trometer, equipped with an Olympus BX41 confocal microscope and a
Symphony liquid-N2-cooled CCD detector. Raman scattering was
induced by the 488.0-nm line of a Coherent Innova 90C Fred Ar+ laser,
using an Olympus LM Plan FLN 50× long-working distance objective
with a numerical aperture of 0.5. The linear size of the laser spot on the
sample surface was ~2 μm, while the laser power on the surface of the
upper anvil of the high-pressure cell was less than 7.9 mW; the exact
laser power on the sample inside the diamond-anvil cell cannot be
measured, but definitely it is low enough to avoid any undesired sample
overheating during the laser irradiation Both spectrometers were cali-
brated to the T2g mode at 520.5 cm− 1 of a Si wafer. The spectral reso-
lution of both LabRam and T64000 systems was approximately 2 cm− 1,
while the instrumental accuracy in determining the peak positions was
around 0.5 cm− 1 and 0.35 cm− 1, respectively.

In situ high-pressure Raman experiments were conducted using
Boehler-Almax diamond anvil cells equipped with diamonds with a culet
diameter of 600 μm. The sample chamber was made by a stainless-steel
gasket with a thickness of 0.25 mm, pre-indented to ~90 μm and with a
300 μm diameter hole. The pressure-transmitting medium used was
16:3:1 methanol–ethanol–water mixture, ensuring hydrostatic condi-
tions up to 10.5 GPa (Angel et al., 2007). The pressure was determined
with a precision of ~0.1 GPa using the ruby photoluminescence R1 line
(Munro et al., 1985).

We collected parallel polarized Raman spectra, where the polariza-
tion of incident light (Ei) was parallel to the polarization of the scattered
light (Es), in the range 50–1250 cm− 1 with acquisition time of 120 s
averaged over five accumulations. The relative intensities indicated that
the samples were oriented with the crystallographic c axis approxi-
mately parallel to Ei, except for sample 458h, where the c axis was
perpendicular to Ei. After each pressure increment, the Raman scattering
from the diamond anvils was measured to determine the extent of de-
polarization of Raman scattering caused by stress-related changes in the
optical properties of the diamond anvils (Mihailova et al., 2019).
Additionally, a background spectrum was collected aside from the
sample, with the same focus maintained. The background spectrum was
then subtracted from the sample spectrum to remove any contribution
from the pressure-transmitting medium. Finally, the spectra were
normalized by the Bose-Einstein population factor to account for the
temperature dependence of the Raman intensities, using the relation:

Ireduced = Imeasured/
[(
eℏω/kBT − 1

)− 1
+ 1

]
, where ħ, kB, ω, and T are the

reduced Planck’s constant, Boltzmann’s constant, phonon angular fre-
quency (in s− 1), and temperature (in K), respectively. The peak posi-
tions, full widths at half maximum (FWHMs), and integrated intensities
were determined by fitting the temperature-reduced spectra with
pseudo-Voigt peak-shape functions, which combine Lorentzian (L) and
Gaussian (G) functions using a variable weighting coefficient (q),
through the relation: PV = qL+(1-q)G, using the OriginLab 2018 soft-
ware package. The Raman peaks are designated according to their po-
sitions calculated from ab initio simulations (Baratelli et al., 2024).

2.4. Electron microprobe analysis (EMPA)

The same crystals used in the high-pressure Raman-scattering ex-
periments were subjected to wavelength-dispersive EMPA. After con-
ducting the Raman experiments, the omphacite crystals were embedded
into epoxy resin, polished, and carbon coated. The chemical composi-
tion was determined with a JEOL 8200 Super Probe electron microprobe
at the Department of Earth Sciences of the University of Milan, operating
at an acceleration voltage of 15 kV and beam current of 5 nA (beam size
= 3 μm). A ZAF correction (Z = atomic number, A = absorption coef-
ficient, F = fluorescence coefficient), using the PAP routine (Pouchou
and Pichoir, 1985) was applied. Standards, spectral lines, and analytical
crystals used were: grossular (Si, AlKα, TAP; CaKα, PET), ilmenite (TiKα,
PET), metallic Cr (CrKα, LIF), fayalite (FeKα, LIF), rhodonite (MnKα,
LIF), forsterite (MgKα, TAP), omphacite (NaKα, TAP) and K-feldspar
(KKα, PET).

3. Results

3.1. Crystal chemistry

Sample nomenclature, space group, annealing time, order parame-
ters, and chemical formulae in atoms per formula unit of the six studied
samples are given in Table 1. The complete EMPA results are reported in
Table S1 in the supplementary material. Note that samples Jd52Di48 and
1h were lost after the X-ray diffraction and Raman spectroscopy mea-
surements during the polishing procedure to prepare them for micro-
probe analysis. However, due to the very limited chemical variation
exhibited by the other four analyzed crystals belonging to the same
74AM33 sample, we assumed an average chemical composition when
performing the structural refinements with chemical constraints for
these two crystals.

The atomic structure of samples Jd52Di48, 1h, 5h*, 2.5h, and 45h was
refined in P2/n space group, as the presence of h+ k= 2n+ 1 reflections
with I > 3σI was observed, indicating violation of C-centered lattice
systematic extinctions and thus the presence of chemical ordering,
whereas the same reflections were not observed in sample 458h that
thus exhibits C2/c space symmetry, corresponding to chemically disor-
dered omphacites. The unit-cell parameters and structure refinement
parameters for all samples are given in Table S2 in the supplementary
material. Using the site occupancies obtained by chemically constrained
structure refinements (Table S3, supplementary material), the long-
range order parameters QoccM1 and QoccM2 were calculated (Carpenter
et al., 1990a, 1990b) as follows:

QoccM1 =

⃒
⃒
⃒
⃒
⃒

(Al+Fe3+)M1 − (Al+Fe
3+)M11

(Al+Fe3+)M1+(Al+Fe
3+)M11

⃒
⃒
⃒
⃒
⃒
+

⃒
⃒
⃒
⃒
⃒

(Mg+Fe2+)M1 − (Mg+Fe
2+)M11

(Mg+Fe2+)M1+(Mg+Fe
2+)M11

⃒
⃒
⃒
⃒
⃒

2

QoccM2 =

⃒
⃒
⃒
⃒
NaM2 − NaM21
NaM2+NaM21

⃒
⃒
⃒
⃒+

⃒
⃒
⃒
⃒
CaM2 − CaM21
CaM2+CaM21

⃒
⃒
⃒
⃒

2

The order parameters canbe also calculated usingmeanbonddistances
of the octahedrally coordinated sites (<M-O>, Table S3). Indeed, the
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atomic coordinates from refinements of SC-XRD analysis are usually better
constrained than the refined site occupancies.QdistM1 andQdistM2 are defined as:

QdistM1 =

⃒
⃒
⃒
⃒
⃒
⃒
⃒

< M1 − O > − < M11 − O >

1
2
( < M1 − O > + < M11 − O > )

⃒
⃒
⃒
⃒
⃒
⃒
⃒

QdistM2 =

⃒
⃒
⃒
⃒
⃒
⃒
⃒

< M2 − O > − < M21 − O >

1
2
( < M2 − O > + < M21 − O > )

⃒
⃒
⃒
⃒
⃒
⃒
⃒

and are correlated to the average site occupancies order parameters as
described by Carpenter et al. (1990a, 1990b):

QoccM1 = CM1QdistM1 QoccM2 = CM2QdistM2

where the coefficients CM1 and CM2 are constants.
A plot of QdistM1 vs. QdistM2 gives a very good correlation (Fig. 2a). The

same behavior is observed comparing QoccM1 vs. QoccM2 (Fig. 2b); in natural
samples, the long-range order parameter atM1 is commonly twice larger
than that at M2, i.e., QoccM1 ~ 2QoccM2. (Boffa Ballaran et al., 1998a; Skelton
and Walker, 2015). This was confirmed by our data, as shown in Fig. 2b.

Fig. 2. Correlation between QM1 and QM2, as determined from a) the average bond distances (QdistM2 = 0.230(1) QdistM1 ) and b) the average site occupancies (QoccM2 = 0.520
(4) QoccM1). Triangles represent Jd52Di48 omphacites, while squares represent Jd43Di57 omphacites (Baratelli et al., 2024); open symbols stand for fully disordered
omphacite samples. Sample 5h* shows a higher degree of order, corresponding approximately at an annealing time of 2 h at 950 ◦C.

Table 2
Experimental wavenumbers (ω, in cm− 1) of the Ag modes and fractional integrated intensities (I, in arb. units) of omphacite. The listed experimental intensities for
Jd52Di48, 1h, 5h* and 2.5h correspond to the square of (zz)-component of the Raman polarizability tensor measured in scattering geometry (c || Ei || Es), whereas the
experimental intensities for 45h and 458h correspond to a weighted sum of squared (xx)- and (yy)-components of the Raman polarizability tensor measured in
scattering geometry (c ⊥ Ei || Es), with weight coefficients depending on the b-axis orientation (random in our study) with respect to the laser-beam propagation.

Calculated (HF/DFT)
Baratelli et al. (2024)

Jd52Di48 1h 5h* 2.5h 45h 458h

Mode ω I ω I ω I ω I ω I ω I ω I

Ag 142.34 10.69 147(1) 49.13 146(1) 46.09 146(1) 67.28 147(1) 62.52 Not observed
Ag 157.86 0.85 Not resolved Not resolved Not resolved Not resolved Not resolved
Ag 190.94 5.63 193(2) 38.43 194(1) 13.95 193(1) 15.67 193(3) 2.93 192(2) 3.26
Ag 215.48 6.47 218(2) 66.91 214(1) 56.55 214(2) 60.15 214(3) 104.61 211(1) 93.10 211(1) 94.72
Ag 229.60 1.67 Not observed 235(2) 12.93 Not observed Not observed Not observed
Ag 271.38 20.65 274(1) 41.03 273(1) 44.31 274(1) 19.30 272(2) 18.65 271(1) 34.83 273(1) 29.95
Ag 281.19 3.09 Not resolved Not resolved Not resolved Not resolved Not resolved
Ag 300.37 5.72 297(2) 7.86 295(2) 19.58 Not observed Not observed Not observed
Ag 329.34 44.44 Not resolved Not resolved Not resolved Not resolved 321(3) 11.68 312(6) 12.16
Ag 337.48 123.53 340(1) 305.48 337(1) 174.35 337(2) 130.86 342(2) 202.48 Not observed
Ag 348.91 29.83 355(2) 16.65 353(2) 400.02 354(2) 116.45 356(2) 48.81 358(1) 272.92 359(1) 354.87
Ag 375.24 43.96 377(1) 325.46 377(1) 70.50 Not observed Not observed Not observed
Ag 381.97 130.59 Not observed Not observed 383(1) 284.63 385(1) 333.52 Not observed 384(2) 10.61
Ag 401.91 8.08 401(2) 36.27 397(4) 308.20 Not observed Not observed 405(1) 193.44 408(1) 123.97
Ag 410.63 136.60 417(1) 83.30 416(1) 73.08 414(1) 117.37 416(1) 132.06 420(1) 6.14
Ag 452.38 0.88 499(3) 51.12 495(2) 34.07 Not observed Not observed Not observed
Ag 519.33 20.57 518(1) 55.69 517(1) 107.37 517(1) 89.54 517(2) 104.58 518(1) 122.26 518(1) 156.26
Ag 544.95 23.77 542(3) 150.27 539(2) 34.54 Not observed 544(2) 14.14 Not observed 548(3) 62.13
Ag 562.54 51.87 568(2) 165.43 566(2) 104.65 563(1) 164.61 564(2) 128.32 565(3) 121.31 570(1) 138.32
Ag 609.11 49.85 605(2) 46.29 602(2) 23.83 605(2) 24.87 597(4) 57.37 597(4) 22.19 593(6) 61.75
Ag 688.08 1000.00 683(1) 1000.00 682(1) 1000.00 683(1) 1000.00 684(1) 1000.00 683(1) 1000.00 684(1) 1000.00
Ag 734.64 17.16 Not observed 737(3) 151.14 717(8) 32.49 Not observed Not observed
Ag 899.22 35.84 Not observed 897(2) 96.07 889(3) 140.89 885(8) 124.80 894(2) 79.92
Ag 916.33 78.28 Not resolved Not resolved 919(2) 39.01 919(2) 68.79 Not observed
Ag 1007.44 601.98 1011(1) 532.86 1011(1) 418.84 1010(1) 396.73 1008(2) 151.41 1014(1) 422.97 1018(1) 877.67
Ag 1020.81 215.24 Not resolved Not resolved Not resolved Not resolved Not resolved
Ag 1028.96 840.22 1031(1) 358.33 1031(2) 291.34 1025(1) 698.25 1022(2) 532.64 1020(1) 598.83
Ag 1067.45 25.90 Not observed 1067(11) 150.78 Not observed Not observed Not observed

Ag1029-Ag1007 21.52 20(1) 20(2) 15(1) 14(2) 6(1) –

* Shows a lower degree of order, corresponding approximately at an annealing time of 2 h at 950 ◦C.
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To verify the reliability of the calculated order parameters we plot QdistM1
vs. QoccM1 (Supplementary material, Fig. S1a) and QdistM2 vs. QoccM2 (Fig. S1b)
of the samples studied in this work and samples from literature (Boffa
Ballaran et al., 1998a; Cámara et al., 1998; Carpenter et al., 1990a;
Pandolfo et al., 2012b; Zhang et al., 2016). The graph in Fig. S1b shows a
more pronounced scattering of the points, as already observed by
Cámara et al. (1998). The obtained coefficients CM1 and CM2 are 13.32
(7) and 29.2(5) respectively. The figure shows also the values obtained
by Baratelli et al. (2024) in natural omphacite crystals with Jd43Di57
composition. The refined values of the site occupancy factors, and the
subsequently calculated order parameters are reported in Table S3. As
mentioned, the 5h* sample has a long range cation order higher than the
sample annealed for 2.5 h. This is probably due to the fact that during
the annealing the 5h* crystal was not located exactly in the hotspot of
the vertical furnace and therefore it was annealed at a lower tempera-
ture than the other crystals. However, it shows an intermediate degree of
order and thus it is still useful for further discussion.

3.2. Raman spectra

According to group theory, chemically disordered omphacite (C2/c)
has 14 Ag and 16 Bg Raman-active modes, whereas ordered omphacite
(P2/n) has 28 Ag and 32 Bg Raman-active modes, due to the doubling of
the asymmetric unit. Only Ag modes should appear in parallel polarized
Raman spectra measured when the pyroxene prism axis is parallel or
perpendicular to the polarization of the incident light, as it was in our
scattering geometry. However, in the measured spectra less peaks than
those predicted are observed (Table 2), probably due to peak

overlapping (e.g. the peaks near 1021 and 1029 cm− 1) or weak diagonal
components (e.g. the peaks near 158, 281 and 452 cm− 1) of the Raman
polarizability tensor, as indicated by Hartree-Fock/Density-Functional-
Theory (HF/DFT) calculations (Baratelli et al., 2024). Fig. 3 compares
the Raman spectra of chemically ordered and disordered Jd52Di48
analyzed in this work with the Raman spectrum of Jd43Di57 omphacite
(sample natural-8) studied by Baratelli et al. (2024). 12 peaks were
observed for chemically disordered omphacite, while 18 peaks were
resolved for chemically ordered omphacite. In particular, it can be
noticed that the Ag modes in the ranges from 340 to 420 cm− 1, and from
950 to 1050 cm− 1 chemically disordered omphacite exhibits less peaks
(at 359, 408, and 1018 cm− 1), whereas ordered omphacite is charac-
terized by the splitting of these peaks into two components (at 340 and
355, 407 and 417, and 1011 and 1031 cm− 1, respectively), due to the
reduction of the translational symmetry. The strong Raman peak at 688
cm− 1, typical of both chemically ordered and disordered omphacite,
arises from Ag mode comprising Si–Ob–Si bond bending vibrations
Baratelli et al. (2024), where Ob denotes the bridging oxygen atom
shared between two SiO4 tetrahedra. Fig. 3 also shows that the peaks in
the range 600–1200 cm− 1, which arise from silicate vibrations, are
shifted to higher wavenumbers for the omphacite sample with a higher
Jd content.

Fig. 4 shows the pressure dependence of the position of the Ag mode
at 688 cm− 1 of samples Jd52Di48 and 458 h, studied in this paper,
compared to samples Jd43Di57 (Natural-8) and 168h (Annealed-3)
studied by Baratelli et al. (2024). This Ag mode results from the Si-Ob-Si
bond bending vibrations (Baratelli et al., 2024). As it can be seen in
Fig. 4, the pressure dependence of ω of this peak follows a linear trend:
ω(P) = ω0 + (dω/dP) P, with the slope dω/dP being totally independent
of the cation order as well as of the chemical composition. However,
ω0 depends on the chemistry, having a value of 681(1) cm− 1 for
Jd43Di57, and of 683(1) for Jd52Di48 composition (see also Fig. S2). Note
that the wavenumber difference between Jd43Di57 and Jd52Di48, derived
from fitting the spectra measured at atmospheric pressure, is 3.74(2)
cm− 1 (see Fig. 4), which within uncertainties is the same as the differ-
ence in ω0.

Cation disorder at the octahedrally-coordinated sites causes broad-
ening of the Raman peaks, including of the Si-Ob-Si mode at 688 cm− 1.
This can be seen in Fig. 5a, displaying the pressure dependence of the

Fig. 3. Raman spectrum of Jd43Di57 omphacite (grey line, QoccM1 = 0.864(13))
studied by Baratelli et al. (2024) compared to the Raman spectra of ordered
(green line, QoccM1 = 0.861(12)) and fully disordered Jd52Di48 (Jd52Di48-458h,
blue line) collected in (c||Ei||Es) scattering geometry at room temperature and
atmospheric pressure. The raw spectra are represented by bold colored lines,
whereas all the fitted peaks and the cumulative fitted spectra are shown as thin
black lines. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 4. Pressure dependence of the wavenumber of the strongest Raman peak at
688 cm− 1. Triangles represent Jd52Di48 omphacites, while squares represent
Jd43Di57 omphacites (Baratelli et al., 2024); open symbols stand for fully
disordered omphacite samples. The chemical composition affects the peak po-
sition (ω), but does not influence its pressure dependence (dω/dP = 3.30(3)
cm− 1GPa− 1). Error bars are smaller than the symbol size.
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FWHM of the Ag mode at 688 cm− 1. The FWHM of this Ag mode in-
creases with decreasing cation order, ranging from about 12 cm− 1 for
natural omphacite to 16 cm− 1 for entirely disordered omphacite
(Fig. 5b). Also, for the same degree of chemical order its value increases
slightly with pressure but stays always within the instrumental spectral
resolution (i.e. 2 cm− 1) (Table 3).

It is worth noting that the splitting of the SiO4 stretching, generated
the Raman scattering between 1007 and 1029 cm− 1, correlates with the
QoccM1 order parameter, but the coefficient of proportionality depends on
the Jd content (see Fig. S3 in the supplementary material). Another

point to be made is that near 5 GPa the ordered sample Jd52Di48 exhibits
an anomaly in the phonon compressibility of the MO6 mode near 337
cm− 1 (see Fig. S4) and several other modes (Fig. S5), indicating subtle
local-scale structural rearrangements to adapt to the increasing external
pressure.

4. Discussion

It is well known that the substitution disorder in solid solutions, i.e.,
the co-presence of different types of cations at the same crystallographic
site, leads to inhomogeneous local strains, which in turn cause broad-
ening of phonon peaks due to the spatial inhomogeneous distribution of
phonon energies. Moreover, phonon spectroscopy (Raman and infrared)
probes the structure at the length scale of a few unit cells, whereas
conventional in-house XRD provides structural information that is
averaged over hundreds of unit cells. Infrared spectroscopy has been
successfully applied to examine the local-scale cationic order in
omphacite with a composition ranging from Di to Jd, on the basis of the
line broadening, measured as Δcorr, of the IR peaks in the range 100–200
cm− 1 and in the range Δcorr 610–800 cm− 1 (Boffa Ballaran et al., 1998a,
1998b). However, when using the KBr-pellet techniques, IR absorption
spectroscopy suffers from extra broadening of the peaks due to the
diffuse scattering of the probe radiation by the particles. Thus, Raman
spectroscopy gives the opportunity to better probe the local-scale
cationic order, because the only experimental artifact influencing the
peak broadening is the instrumental spectral resolution.

Hence, the FWHM of the Raman peak at ~688 cm− 1, which
following the findings by Boffa Ballaran et al. (1998b) should not be
dependent on the Jd-Di solid solution in the range Jd40-Jd60, can be thus
considered indicative of the chemical cation order. The FWHM of the
688-cm− 1 peak remains almost constant with pressure, as shown in
Fig. 5a. The slopes of the linear fits to the data points FWHM(P) vary in

Fig. 5. a) Pressure dependence of the FWHM of the peak at 688 cm− 1 of the Jd52Di48 omphacites with different cationic order degree. b) The FWHM increases
exponentially with the increase in disorder. Samples Jd43Di57 and 168h (Baratelli et al., 2024) were not included in the fit due to the different composition. The
FWHM values at P = 0 GPa reported in b) are derived from the linear fits to data points given in a). The error bars refer to the uncertainties of the fitted parameters
obtained from the nonlinear regression. Legend as in Fig. 2.

Table 3
Results of the linear fit shown in Fig. 4a, compared to the value of the A688g FWHM measured in air (FWHM0).

Parameters Jd52Di48 1h 5h* 2.5h 45h 458h

FWHM0 11.83(7) 13.19(8) 13.83(10) 14.43(9) 15.63(7) 15.32(8)
Γ0 (cm− 1) 12.00(7) 13.02(7) 13.83(5) 14.29(8) 15.24(9) 15.37(8)

dΓ/dP (cm− 1GPa− 1) 0.069(11) 0.049(11) 0.104(8) 0.077(15) 0.081(14) 0.082(13)

Equation of the linear fit: Γ(p) = Γ0 +
dΓ
dp
p

* Shows a lower degree of order, corresponding approximately to an annealing time of two hours at 950 ◦C.

Fig. 6. Compositional dependence of FWHM of the Ag688 mode for C2/c
omphacites studied in this work and by Baratelli et al. (2024) (Jd43Di57, 168h).

L. Baratelli et al. Chemical Geology 678 (2025) 122650 

6 



between 0.049(11) and 0.108(8) cm− 1GPa− 1, with a mean value of
0.077 cm− 1GPa− 1, which is within the uncertainty in the peak width at
atmospheric pressure (FWHM0) determined by fitting the corresponding
spectra (Table 3). When an instrumental resolution of 2 cm− 1 is used,
ordered omphacite, with QoccM1 ≅ 2QoccM2 ≅ 0.86, shows a FWHM for the
688-cm− 1-peak around 12 cm− 1. This value increases exponentially with
the increase of disorder (see the parabolic curve shape, A688g FWHM =

15.43(3) cm− 1 – QM12 *4.49(6) cm− 1, Fig. 5b). This equation can thus be
used to calculate the order degree for a Jd52Di48 composition using
Raman spectroscopy instead of SC-XRD, which has been the only
method used until now for this calculation. A FWHM of 15.43(3) cm− 1 is
expected for a fully disordered omphacite of such composition. Sample
Jd43Di57 (Baratelli et al., 2024), with QoccM1 = 0.83 and FWHM = 12.55
(11) cm− 1, was not included in the fit due to its different composition,
but it falls within the trend. Fig. 6 shows the variation of the FWHM of
the Ag688 mode as a function of composition (Jd %) of the C2/c ompha-
cites studied in this work (458h, Jd52Di48), those studied by Baratelli
et al. (2024) (168h, Jd43Di57), as well as the fully disordered samples
studied by Pandolfo et al. (2015) (Jd60Di40, Jd80Di20), and gem-quality
Di and Jd reference samples from Museum der Natur Hamburg - Min-
eralogie. The graph shows a compositional dependence of the FWHM,
that increases for the solid solution samples, whereas the value of the
FWHM for near end-member Di and Jd is 9.5 ± 0.5 cm− 1. However, for
the intermediate compositions between Jd40Di60 and Jd60Di40, the
FWHM is clearly larger and remains constant 14.5 ± 0.5, allowing for
the calculation of cationic order within this range: a compositional
correction does not need to be applied, and the formula presented in
Fig. 5b can be used. This behavior was also observed for IR Δcorr (Boffa
Ballaran et al., 1998b) of the phonon lines in the range 100–200 cm− 1, at
about 650 cm− 1 and between 800 and 1400 cm− 1 (Fig. 6b-8b-9b, Boffa
Ballaran et al., 1998b). The IR Δcorr of the modes related to the C2/c
crystals does not change significantly between 40 and 60 XJd+Ac (Ac =
aegirine).

Once the degree of cation order is derived from Raman scattering
data, it is possible to estimate the equilibrium temperature for the
omphacite inclusion. As the degree of order should vary with composi-
tion following a bell-shaped curve (Carpenter and Smith, 1981), Rossi
et al. (1983) proposed a plot in which the degree of order is compared to
the composition by using structural data (Fig. 7 in Rossi et al., 1983). In
the mentioned study, the degree of order is represented by the ratio of

the volumes of the two octahedral sites of the P2/n structure (VM1/VM11)
whereas the composition is represented with the average volume of the
two M1 and M11 sites (<VM1>). In Fig. 7a different bell-shaped values
for each equilibrium temperature range of different samples are shown,
including data on Fe-rich [Nevado-Filábride Complex, Spain, 630 ◦C;
Flemsøy, Norway, 700 ◦C. (Cámara et al., 1998)] and Fe-poor ompha-
cites [Val Mesolcina, Western Alps, 650 ◦C; Nybö, Norway, 700–750 ◦C
(Rossi et al., 1983); Liset, Norway, 750 ◦C (PrevideMassara, 1990); Dora
Maira, 530–590 ◦C and Sesia Lanzo, 590–650 ◦C, Western Alps (Boffa
Ballaran et al., 1998a); Münchberg Mass, Germany, 600–650 ◦C
(Carpenter et al., 1990a)]. Fig. 7a was modified after Fig. 6a in Cámara
et al. (1998), adding the samples analyzed in this study and by Baratelli
et al. (2024). Fig. 7b shows an analogous graph with the omphacites
studied in this work and by Baratelli et al. (2024), using the FWHM of
the peak at about 688 cm− 1 as an indicator of cation order, and the
chemical composition calculated from EMPA. The bell-shaped curves
that are related to the equilibrium T of the metamorphic events were
drawn based on the curves shown in Fig. 7a. The vertical spacing of the
bell-shaped curves increases as the equilibrium temperature increases.
The natural crystals analyzed in this work align with the 650 ◦C-curve as
the other samples from Münchberg Mass studied by Carpenter et al.
(1990a) and according to O’Brien (1993). The annealed crystals of this
study display a variable order parameter obtained isothermally in a ki-
netic study (950 ◦C). Thus, they do not represent variable closing tem-
peratures. Nevertheless, they represent a dataset with intermediate
degree of order values then showing the potential of Raman spectros-
copy for retrieving variable degree of equilibrium order in omphacites
and hence allowing to extract equilibrium closing temperatures from
natural inclusions.

Our results confirm the findings by Baratelli et al. (2024), on a
Jd43Di57 sample, about the Raman peak wavenumber and the phonon
compressibility [βω = dω/(ω0 dP) ] of the Si-O-Si bending mode near
688 cm− 1 for a new composition, Jd52Di48. While further studies of
omphacite with other chemical compositions would be necessary to
entail the chemical composition dependence of this phonon compress-
ibility, the results of the present study show that the phonon
compressibility is independent on the presence or absence of cation
order at the M-sites. On top of that, a variable degree of M-site occu-
pancy order can be extracted directly from the width of the Raman peak
near 688 cm− 1 and this information can be used to obtain a thermal

Fig. 7. a) Ratio of the volumes of the two octahedrally-coordinated sites (VM1/VM11), that represents the degree of order in omphacite, as a function of the average
octahedral volume (<VM1>), that depends on the chemical composition, at T estimated from exchange geothermometry (modified after Cámara et al., 1998 and Rossi
et al., 1983). b) The same plot using this time the FWHM of the peak at about 688 cm− 1 as an indicator of cation order as a function of the chemical composition from
the microprobe analysis. Legend as in Fig. 2; samples from the Nevado-Filábride Complex (Spain), Flemsøy (Norway) (Cámara et al., 1998), Val Mesolcina (Western
Alps), Nybö (Norway) (Rossi et al., 1983), Liset (Norway, Previde Massara, 1990), Dora Maira and Sesia Lanzo (Western Alps, Boffa Ballaran et al., 1998a), and
Münchberg Mass (Germany, Carpenter et al., 1990a).
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range constraint. As garnets do not show any Raman scattering in this
spectral range (Kolesov and Geiger, 1998), the position of this well-
resolved peak seems to be a promising candidate to be used for esti-
mating the residual pressure for omphacite-in-garnet inclusion-host
systems for elastic geothermobarometry purposes, while the FWHM of
the same peak can be used to determine the equilibrium temperature of
the cation-exchange reaction. This highlights the robustness of
omphacite-in-garnet systems in Raman elastic geothermobarometry.
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Murri, M., Cámara, F., Adam, J., Domeneghetti, M.C., Alvaro, M., 2018. Intracrystalline
“geothermometry” assessed on clino and orthopyroxene bearing synthetic rocks.
Geochim. Cosmochim. Acta 227, 133–142. https://doi.org/10.1016/j.
gca.2018.02.010.

Murri, M., Domeneghetti, M.C., Fioretti, A.M., Nestola, F., Vetere, F., Perugini, D.,
Pisello, A., Faccenda, M., Alvaro, M., 2019. Cooling history and emplacement of a
pyroxenitic lava as proxy for understanding Martian lava flows. Sci. Rep. 9, 17051.
https://doi.org/10.1038/s41598-019-53142-0.

Nestola, F., Prencipe, M., Nimis, P., Sgreva, N., Perritt, S.H., Chinn, I.L., Zaffiro, G., 2018.
Toward a robust elastic geobarometry of kyanite inclusions in eclogitic diamonds.
J. Geophys. Res. Solid Earth 123, 6411–6423. https://doi.org/10.1029/
2018JB016012.

Nestola, F., Zhang, Q., Day, M.C., Lorenzon, S., Pamato, M.G., Rocchetti, I.,
Bendazzoli, C., Novella, D., Mazzoli, C., Sassi, R., Pearson, D.G., Smith, E.M.,
Scott, M., Barbaro, A., Brenker, F.E., Santello, L., Molinari, S., Qu, K., Wang, Y.,
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