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Abstract. The redox state of the Earth’s upper mantle (i.e., oxygen fugacity, fO2 ) is a key variable that influences
numerous processes occurring at depth like the mobility of volatile species, partial melting, and metasomatism.
It is linked to the oxidation state of peridotite rocks, which is normally determined through the available oxyther-
mobarometers after measuring the chemical composition of equilibrated rock-forming minerals and the Fe3+ in
redox-sensitive minerals like spinel or garnet. To date, accurate measurements of Fe3+ /

∑
Fe in peridotites have

been limited to those peridotites (e.g., harzburgites and lherzolites) for which an oxythermobarometer exists and
where spinel (or garnet) crystals can be easily separated and measured by conventional 57Fe Mössbauer spec-
troscopy. Wehrlitic rocks have been generally formed by the interaction of a lherzolite with carbonatitic melts
and, therefore, have recorded the passage of (metasomatic) fluids at mantle conditions. However, no oxythermo-
barometer exists to determine their equilibrium fO2 .

The aim of this study was to retrieve the fO2 of the mantle beneath Mt. Vulture volcano (Italy) through the
study of a wehrlitic lapillus emitted during the last eruption (∼ 140 kyr ago) that contain olivines with multiple
tiny spinel inclusions with sizes < 40 µm. To our knowledge, the Fe oxidation state of these inclusions has been
never determined with the Mössbauer technique due to their small sizes.

Here, we present measurements of the Fe3+ /
∑

Fe using in situ synchrotron Mössbauer spectroscopy coupled
with chemical and spectroscopic analysis of both host olivine and spinel inclusions.

The results show Fe3+ /
∑

Fe ratios of 0.03–0.05 for olivine and 0.40–0.45 for the included spinels, the latter
of which appear higher than those reported in literature for mantle spinel harzburgites and lherzolites. Given the
evidence of the mantle origin of the trapped spinels, we propose that the high fO2 (between 0.81 and 1.00 log
above the fayalite–magnetite–quartz buffer; FMQ) likely results from the interaction between the pristine spinel
lherzolite and a CO2-rich metasomatic agent prior to the spinel entrapment in olivines at mantle depths.
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1 Introduction

The redox state of Earth’s interior plays a fundamental role
in petrological processes including magma genesis, meta-
somatism, and deep volatile cycle. To date, the redox state
of the Earth’s upper mantle has been constrained by study-
ing the chemical composition of rock-forming minerals in
mantle xenoliths (i.e., peridotites and eclogites) supported
by measurements of Fe3+ /

∑
Fe of redox-sensitive minerals

like spinel and garnet. A linear correlation exists as reported
by Stagno (2019) between the Fe3+ /

∑
Fe of equilibrated

spinels or garnets and the oxygen fugacity (fO2 ) calculated
using common oxythermobarometers (Ballhaus et al., 1991;
Gudmundsson and Wood, 1995; Stagno et al., 2013), such as

6Fe(2+)2 SiO4
fayalite

+O2 = 3Fe(2+)2 Si2O6
ferrosilite

+ 2Fe(2+)Fe(3+)2 O4
magnetite

(1)

and

2Ca3Al2Si3O12
grossular

+ 4Fe(2+)2 SiO4
fayalite

+ 6MgSiO3
enstatite

+O2

= 2Ca3Fe(3+)2 Si3O12
andradite

+ 2Mg3Al2Si3O12
pyrope

+ 4Fe(2+)SiO3
ferrosilite

. (2)

This allows, at first approximation, an independent quali-
tative estimate of the redox state of mantle rocks simply by
looking at the Fe oxidation state in these minerals in the
case of lack of other silicates as required by the applica-
tion of equilibria in Eqs. (1) and (2). To date, accurate mea-
surements of Fe3+ /

∑
Fe in minerals have been performed

with conventional and milliprobe Mössbauer spectroscopy
(McCammon, 2004; Frost and McCammon, 2008), a tech-
nique that generally bypasses technical issues such as ma-
trix effects, crystal orientation, and the need for proper stan-
dards as in the case of alternative techniques like X-ray ab-
sorption near-edge structure (XANES) for glasses (Cottrell
et al., 2009; Berry et al., 2003) and minerals (Wilke et al.,
2001, 2005; Dyar et al., 2002, 2016; Schmid et al., 2003;
Rudra et al., 2021); the Flank method with an electron micro-
probe (EPMA; Fialin et al., 2007; Hoefer et al., 2003; Höfer
and Brey, 2007; Longo et al., 2011); stoichiometric calcu-
lations also performed with an electron microprobe (Droop,
1987; Wood and Virgo, 1989; Sobolev et al., 1999; Davis
et al., 2017). However, due to the limited spatial resolution
of the Mössbauer apparatus (> 100 µm; McCammon, 1994),
the oxidation state of micrometric inclusions (e.g., < 50 µm)
such as those trapped in minerals and, in turn, the role that
these might have on mineral redox equilibria can be diffi-
cult to address. A great improvement of the spatial reso-
lution of this technique is provided by the high-brilliance
source for synchrotron Mössbauer spectroscopy (SMS) at
beamline ID18 of the European Synchrotron Radiation Fa-
cility (ESRF, Grenoble) (Potapkin et al., 2012). Here, the

spot area being as small as ∼ 3× 8 µm2 allows challeng-
ing micrometer-scale investigation of the Fe3+ /

∑
Fe ratio

in minerals to be performed. Such a technique has brought
tremendous improvement to the quality of the measurement
of Fe oxidation state in minerals trapped in lithospheric and
sub-lithospheric diamonds (Nestola et al., 2016; Faccincani
et al., 2022; Kiseeva et al., 2018, 2022) as well as that of
minerals displaying either chemical zonation (e.g., garnet)
or late-stage alteration (e.g., clinopyroxene) as discussed by
Mikhailenko et al. (2020). In the former, the measurements
of Fe3+ /

∑
Fe are possible due to the transparency of the

diamond host to the X-rays, while in the latter case point
measurements on the core and rim of a mineral are made
possible by the combined collimated synchrotron radiation
and the motorized stage with micrometric precision (Nestola
et al., 2016) that allows spectra acquisition from the desired
area. Therefore, this technique can be further applied to mi-
crometer inclusions trapped in minerals other than diamonds
that display a poikilitic texture.

Spinel occurs as a primary mineral both in intrusive and
volcanic igneous rocks. Those occurring in mantle peri-
dotites are of fundamental importance to constrain the depth
of the host rock (Frost, 2008), as well as the extent of partial
melting experienced by the source rock (e.g., Hellebrand et
al., 2001). In addition, important oxythermobarometric cal-
culations on mantle rocks and crystallized lavas are made
possible by the coexistence of spinel with another rock-
forming mineral like olivine (Eq. 1, Ballhaus et al., 1991;
O’Neill et al., 1987; Wood and Virgo, 1989; Mallmann and
O’Neill, 2013; Coogan et al., 2014; Roskosz et al., 2015;
Sobolev et al., 2016). In the case of wehrlitic rocks (olivine
> 40 %), the scarcity of orthopyroxene (less than 5 %) with
respect to the dominant clinopyroxene and the presence of
spinel as an accessory mineral make the application of cur-
rently available oxythermobarometer (Eq. 1) very difficult.

In this study, we report for the first time in situ synchrotron
Mössbauer measurements of (1) the Fe oxidation state of one
olivine grain (three data points) and two spinel inclusions of
20–30 µm in size and (2) the Fe oxidation state of two spinels
included in a second olivine host from the same wehrlitic
sample. The obtained data were, then, integrated with an in
situ micro-Fourier transform infrared spectroscopy (micro-
FTIR) analysis on an inclusion-free olivine from the same
rock sample, energy-dispersive spectroscopy (EDS) element
mapping, and EPMA chemical analyses of 4 olivines and 12
spinel inclusions trapped in 2 of these olivines. Finally, we
determined the fO2 of the wehrlitic rock sample and dis-
cussed the results in terms of oxygen influx at the time of
encapsulation of the investigated spinels.

Eur. J. Mineral., 35, 665–678, 2023 https://doi.org/10.5194/ejm-35-665-2023



G. Marras et al.: First measurements of the Fe oxidation state of spinel inclusions 667

2 Materials and methods

2.1 Mineral samples and provenance

The investigated samples consist of a wehrlitic xenolith from
an ash-rich tuff phreatomagmatic deposit of the Lago Pic-
colo subsystem of the Vulture volcano district (Stoppa and
Principe, 1997; Jones et al., 2000; Giannandrea et al., 2006;
Carnevale et al., 2022). These ultramafic xenoliths are found
as the core of the pelletal lapillus (Fig. 1a) brought to the
surface from a depth of about 30 km during the last vol-
canic activity of Mt. Vulture (141± 11 ka; Villa and Buet-
tner, 2009) even if the volcano is still degassing mantle-
derived CO2 (Caracausi et al., 2015). Four olivine single
crystals (size ∼ 300 µm) from these xenoliths were hand-
picked to be representative of the whole wehrlitic sample.
Three of the four selected olivine grains show a distribu-
tion of opaque spinels from euhedral to rounded in shape lo-
cated near the rim (Fig. 1b). Once one of these was crushed
(Olivine Vul_1), two spinel single crystals of 20–30 µm in
size could be extracted (Ol1_Spinel_1 and Ol1_Spinel_2;
Fig. 1c) using a needle, placed on an adhesive tape and
mounted in a brass sample holder. Another two olivines with
evidence of spinel inclusions (Olivine Vul_2 and Olivine
Vul_3) were embedded in epoxy, along with an olivine free
of inclusions (Olivine Vul_rock) and a fragment of Olivine
Vul_1, and polished to expose the spinels. Two of the ex-
posed spinels from the same olivine (Olivine Vul_2) were
successively extracted (Spinel_5 and Spinel_6) with a nee-
dle and placed on adhesive tape like the previous inclusions.

2.2 Synchrotron Mössbauer measurements

In order to determine the Fe3+ /
∑

Fe ratio of the hand-
picked spinel crystals (see Table 1) measurements were car-
ried out by in situ synchrotron Mössbauer spectroscopy
(SMS) at the ID18 Nuclear Resonance Beamline (Rüffer
and Chumakov, 1996) of the European Synchrotron Radia-
tion Facility (ESRF, Grenoble, France) during two different
beam time sessions. The Mössbauer characteristic energy of
14.4 keV is obtained using the (111) Bragg reflection of a
57FeBO3 single crystal mounted on a Wissel velocity trans-
ducer driven with a sinusoidal waveform at room tempera-
ture (Potapkin et al., 2012; Cerantola et al., 2015). The X-
ray beam was focused using Kirkpatrick–Baez mirrors onto
different areas of about 3× 8 µm2 during the first beam time
session, and 6×15 µm2 during the second beam time session,
respectively, due to slight differences in the setup. The veloc-
ity scale was calibrated in the range −6 to 6 mm s−1 using a
25 µm thick α-Fe foil. Spectra were fitted using a full trans-
mission integral with normalized Lorentzian-squared source
lines through the MossA software package (Prescher et al.,
2012). About an hour and half were required to collect each
of the three spectra on one olivine grain (Olivine Vul_1) and
the spectra from the spinel grains (Table 2). The collected

SMS spectra were analyzed taking into account the weak ab-
sorption caused by the presence of tiny amount of Fe in the
Be window installed along the X-ray path at the beamline
(Mikhailenko et al., 2020).

2.3 Micro-transmittance Fourier transform infrared
(FTIR) spectroscopy

The FTIR measurements on Olivine Vul_rock (inclusion-
free; see Table 1) were performed at the SISSI beamline of
the ELETTRA synchrotron (Trieste, Italy). This beamline is
equipped with a FTIR spectrometer coupled to a collimated
infrared radiation generated by the synchrotron light source.
This setup generally provides a spatial resolution of 2 cm−1,
an exposed area down to 20 µm of diameter, and excellent
signal / noise ratio, all conditions that cannot be achieved us-
ing a standard laboratory FTIR spectrometer allowing, there-
fore, the detection of OH− bands along multiple transects
in the investigated minerals. The data presented here were,
however, collected using a Vertex 70V Bruker interferometer
coupled with a conventional Globar infrared source, a Hype-
rion IR microscope and a mercury cadmium telluride (MCT)
detector to focus and resolve the areas of interest in the full
spectral range. A total of four spectra from Olivine Vul_rock
were collected in transmission mode with a spectral resolu-
tion of 2 cm−1 and an exposed circular area of 40 µm. The
signal was averaged three times for 128 scans (128 s) on each
measurement spot. The spectra from the air were collected
as a reference. The water concentration was determined ac-
cording to the Lambert–Beer law based on Bell et al. (2003)
calibration.

2.4 Electron probe micro-analyzer (EPMA) and
energy-dispersive spectroscopy (EDS)

The chemical composition of olivines and spinels from the
wehrlitic core of the pelletal lapillus was measured on pol-
ished olivine grains embedded in epoxy resin using the
JEOL JXA-8200 electron microprobe available at the Na-
tional Institute of Geophysics and Volcanology (INGV) of
Rome (Fig. 2). The analytical conditions were 15 kV of ac-
celerating voltage and 7 nA beam current with a focused
beam spot of less than 2 µm. The employed standards were
olivine for Si, Mg and Ni; chromite for Al, Fe, Cr, Mn;
rutile for Ti; Na and K calibrated from a natural obsidian.
The chemical composition of four olivines was analyzed, in-
cluded the Olivine Vul_rock measured to verify the consis-
tency with the olivines investigated by Carnevale et al. (2022;
Table S1 of the Supplement). Four spinel inclusions (two
for rim and core) from Olivine Vul_2 and five spinel inclu-
sions (one for rim and core) from Olivine Vul_3 were ana-
lyzed. No composition of the two trapped spinels (Spinel_1
and Spinel_2 hosted in Olivine Vul_1; Table 2) is avail-
able, due to impossibility to recover the grains from the
tape after the SMS analysis. Semi-quantitative point mea-
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Figure 1. (a) Image of a lapillus with a wehrlitic core. (b) Olivine grains with tiny (< 40 µm) spinel inclusions (black dots). (c) Extracted
spinels (Ol1_Spinel_1 and Ol1_Spinel_2) were placed on a Fe-free adhesive tape transparent to the X-rays.

Figure 2. Back-scattered electron image of the analyzed Olivine
Vul_2 (dark) and the spinel inclusions (bright) distributed along the
olivine host rim with variable size.

surements and acquisition of chemical maps (Figs. S1–S3 of
the Supplement) were also performed using the ZEISS EVO
MA10 scanning electron microscope available at the Con-
siglio Nazionale delle Ricerche (CNR)–Istituto di Geologia
Ambientale e Geoingegneria (IGAG; Rome) equipped with
an AZTEC-integrated energy-dispersive X-ray spectrometer
at 15 kV and 1.1 nA using cobalt as the standard for the EDS.
The chemical maps were acquired to verify the presence of
chemical zonation in two additional spinel inclusions from
Olivine Vul_2 and in one spinel from Olivine Vul_3 (see no-
tation in Table 1).

3 Results

3.1 Chemical composition of the investigated olivine
host and spinel inclusions

The chemical composition of the investigated olivine grains
and spinel inclusions are shown in Table 1 in terms of major
oxides, Mg number (Fo) of olivine, and Cr and Mg num-
ber (i.e., Cr# and Mg#) of spinel. As can be seen from
Figs. 1 and 2, the Cr-spinel inclusion appears semi-opaque to
opaque, and it is embedded around the rim of the yellowish
olivine phenocrysts. The Cr-spinel inclusions vary in shape
from euhedral to rounded and are less than 100 µm in diam-
eter (∼ 20–40 µm across but also smaller; Fig. 2). As previ-
ously mentioned, in order to compare the chemical compo-
sition of spinel inclusions in olivine, it is important to verify
the chemical consistency of the selected olivine hosts with
those reported by Carnevale et al. (2022) relative to the same
wehrlitic olivines. Then, the spinels must also show clear ev-
idence of their mantle origin.

Four analyzed olivine grains (see Table 1) collected from
the same wehrlitic rock nodule reveal the same chemi-
cal composition with Mg# ranging from 89.7 to 90.7. The
olivines have similar CaO contents compared to those from
the olivine xenocrysts (Carnevale et al., 2022) but slightly
higher contents than the core of the pelletal lapilli (Carnevale
et al., 2022; Table S1) and those reported for wehrlitic
olivines from samples aj24 and aj34 (Jones et al., 2000; Ta-
ble S1). In Fig. 3a–d the Fo is plotted against CaO, NiO,
MnO, and Al2O3. Figure 3a shows a correlation between Fo
and CaO within the results of this study, which is otherwise
absent in the case of NiO, MnO, and Al2O3 (Fig. 3b–d),
where a general slight correlation is, in contrast, visible in
literature data from Carnevale et al. (2022; C22) and Jones et
al. (2000; J00) relative to the same Vulture wehrlitic nodules.
Therefore, Fig. 3a–d provide evidence that, within the uncer-
tainty of our measurements (Table 1), the analyzed olivines
have compositions in good agreement with mantle olivines
from the available data for Vulture xenoliths and show no
chemical affinity with liquidus olivines having Mg# < 88

Eur. J. Mineral., 35, 665–678, 2023 https://doi.org/10.5194/ejm-35-665-2023
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(Evans and Wright, 1972; Scowen et al., 1991; Kamenetsky
et al., 2001).

Once the chemical homogeneity of the selected olivines
is demonstrated, we proceed to discuss the composition of
the spinel inclusions. The spinel inclusions in Olivine Vul_2
have a Cr# of 0.40–048 and a Mg# of 0.60–0.67 with no
chemical variations observed in the two spinels where rim
and core were measured, while a third spinel (Spinel_5 from
Olivine Vul_2 in Table 1) shows a variation in both Cr# from
0.41 to 0.48 and Mg# from 0.60 to 0.67 (Fig. 4a) accompa-
nied by an increase of Al2O3 from 27.30 wt % to 31.30 wt %.
Spinels trapped in Olivine Vul_3 show more variability in
terms of Cr# from 0.32 to 0.42, overlapping with the compo-
sition of spinel in Olivine Vul_2 with Mg# that varies from
0.62 to 0.66 within all the six analyzed spinels. We con-
clude that no significant variations are observed at the core
and rim of two selected spinels (Spinel_1 and Spinel_6 from
Olivine Vul_2 and Olivine Vul_3 of Table 1) confirming their
mantle origin according to Arai (1994). The chemical maps
shown in Figs. S1–S3 further exclude the presence of zoned
spinels typical of liquidus chromites (Kamenetsky et al.,
2001) granting, therefore, a mantle origin. Except for three
spinels having Cr#< 0.38, the measured spinels have similar
TiO2 (0.41 wt %–0.60 wt %), MgO (16.00 wt %–19.40 wt %),
and NiO (0.18 wt %–0.30 wt %) with respect to sample aj34
described by Jones et al. (2000), classified as a wehrlite,
where minor amounts of orthopyroxenes and spinels are ob-
served. Finally, a possible interaction with metasomatic man-
tle fluids can be inferred from Fig. 4a where the increase of
Mg# with respect to Cr# (both from spinels) agrees with a
Mg enrichment driven by metasomatic interaction (El Dien
et al., 2019). Such interaction is confirmed also by the TiO2
increase at almost constant FeO content in Fig. 4b according
to Perinelli et al. (2008).

The homogeneity between the equilibrated olivine host
and the spinel inclusions is shown through the diagrams
Mg#spl vs. Fool, TiO2spl vs. Al2O3ol, and Cr#spl vs. Fool
(Fig. 5a–c). Such plots are usually presented to discriminate
fast equilibration rather than crystallization from a melt in-
clusion (Wu et al., 2022). The narrow range of Mg#spl within
similar Fool (Fig. 5a) supports the diffusive re-equilibration
(e.g., Kamenetsky et al., 2001) owing to the rapid Fe–Mg in-
terdiffusion rate between spinel and its host olivine at upper
mantle temperatures (Ozawa, 1984). Such re-equilibration is
not expected to vary much the Mg/Fe ratio of spinel, but
it can cause a slight increase of Al in olivine (Wu et al.,
2022). Generally, the selected spinel inclusions in olivine
have lower TiO2 and higher Al2O3 contents than those re-
ported in spinel–olivine pairs of volcanic rocks used to re-
trieve the parental magma composition, but they match well
with the values from peridotite rocks (Arai, 1994; Jones et
al., 2000; Kamenetsky et al., 2001). The trends of decreasing
Cr# versus Mg# in spinel (Fig. 4a) agree with what is gen-
erally reported in literature (see references in the legend of
Fig. 4a) with spinel composition plotting along the olivine–

spinel mantle array (OSMA), established by the relation be-
tween the Cr# and the Fo content of olivine host (Arai, 1994;
El Dien et al., 2019). The Cr# of spinels from Olivine Vul_2
and Olivine Vul_3 overlaps, as well as the Fo of their olivine
host (Fig. 5c). In conclusion, our data show the following:

1. The selected olivines have negligible chemical varia-
tion, so these are representative of the Vulture wehrlitic
nodules.

2. The measured spinels are also homogeneous in com-
position and equilibrated at mantle conditions (likely
recorded metasomatic interaction prior to entrapment in
olivine; Fig. 4a–b).

3. There is consistency between the composition of
the spinel inclusions investigated in this study and
those reported for wehrlitic xenoliths by Stoppa and
Principe (1997) and Jones et al. (2000) (Fig. 4a–b; see
Table S2 in the Supplement).

This conclusion is enhanced by the absence of either signif-
icant core-to-rim chemical variation in spinels or the Mg#
versus Fo positive correlation typical of liquidus minerals.
According to Ballhaus et al. (1991) the (re-)equilibration T
of the wehrlitic nodules is calculated to be 1060 ◦C.

3.2 Fe oxidation state in olivine host and spinel
inclusions

The Mössbauer spectra were fitted with two doublets for
Fe2+ and one for Fe3+ in the case of olivine (Figs. 6a and
S4a–b of the Supplement) and with two doublets for Fe2+

and one for Fe3+ in the case of spinel (Figs. 6b and S4c–e
of the Supplement). No magnetic contribution was observed
in the spectra collected from the spinels. Table 2 summarizes
the hyperfine parameters for each analyzed mineral and the
calculated Fe3+ /

∑
Fe. The quadrupole splitting (QS) and

center shift (CS) are reported in Fig. 7a (olivine) and Fig. 7b
(spinel) along with the hyperfine parameter from Canil and
O’Neill (1996) and Ejima et al. (2018) for olivine and from
Canil and O’Neill (1996) and Marras et al. (2023) for spinel,
all related to literature spinels from mantle peridotites. The
contribution of Fe from the Be window was taken into ac-
count when fitting the olivine and spinel spectra by including
an extra singlet (CS of 0.2991 mm s−1), based on background
measurements performed during the analytical session. For
the olivine, the Fe3+ /

∑
Fe ratio along a transect for a to-

tal of three points ranges between 0.03 and 0.05 (± 0.01).
The Fe3+ /

∑
Fe of the extracted spinel inclusions varies be-

tween 0.40 and 0.45 within an uncertainty of ± 0.02 except
for spinel_6 from Olivine Vul_2, where the estimated error
is ± 0.06 due to the lower signal-to-noise ratio of the ac-
quired spectrum. By applying the correction proposed by De
Grave and Van Alboom (1991) for the effect of temperature,
namely for the different recoil-free fractions for Fe2+ and
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Figure 3. Fo olivine plotted against (a) CaO wt %, (b) NiO wt %, (c) MnO wt %, and (d) Al2O3 wt %, along with literature Vulture data from
Jones et al. (2000; J00) and Carnevale et al. (2022; C22).

Figure 4. (a) Cr# vs. Mg# of spinel and (b) FeO wt % vs. TiO2 wt % of spinel. Open symbols refer to rim measurements. Spinel 5 hosted in
Olivine Vul_2 shows chemical variability among core and rim, and it is highlighted in grey. Literature data of Stoppa and Principe (1997;
S97), Jones et al. (2000; J00), and Carnevale et al. (2022; C22) are also reported.

Fe3+, our measured Fe3+ /
∑

Fe ratios of spinel would de-
crease by about 0.05.

3.3 OH− content of olivine

The water concentration of one inclusion-free olivine was
estimated from the FTIR spectrum in Fig. 8 using the

Lambert–Beer law according to Bell et al. (2003) calibra-
tion based on an integrated molar absorption coefficient of
28.450± 1830 L mol−1 cm−2 and thickness of the sample of
∼ 300 µm in the case of unpolarized measurements. Interest-
ingly, the collected spectrum shows a pattern very similar
to the spectrum collected at 3.7 GPa on a slice cut parallel
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Figure 5. (a) Mg# spinel vs. Fo olivine, (b) TiO2 wt % spinel vs. Al2O3 olivine, and (c) Cr# spinel vs. Fo for Olivine Vul_2 and Vul_3 and
relative spinel inclusions. Open symbols refer to measurements at the rim of spinels.

Figure 6. (a) SMS spectrum for Olivine Vul_1b (see Table 2) fitted with one doublet for Fe3+, two doublets for Fe2+, and one singlet for
the Be window. (b) SMS spectrum for Spinel_1, fitted with one doublet for Fe3+, two doublets for Fe2+, and one singlet for Be window.
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Table 1. Chemical composition (oxide wt %) of host olivines and spinel inclusions.

Sample SiO2 NiO MgO CaO FeO Al2O3 TiO2 MnO Cr2O3 Na2O K2O Total Fo

Olivine Vul_rocka 39.72 0.39 49.11 0.21 10.05 0.25 n.d. 0.12 0.13 0.03 0.00 100.01 89.70
SD 0.67 0.01 0.30 0.03 0.09 0.03 0.00 0.07 0.02 0.01 0.01 0.69 0.17

Host mineral

Olivine Vul_1b 39.66 0.36 49.90 0.08 9.05 0.12 n.d. 0.09 0.02 n.d. n.d. 99.30 90.7

Olivine Vul_2a 40.08 0.35 49.49 0.16 9.84 0.29 0.01 0.09 0.11 0.06 0.03 100.48 89.96
SD 0.20 0.10 0.24 0.03 0.69 0.06 0.02 0.04 0.10 0.01 0.00 0.61 0.65

Olivine Vul_3a 40.10 0.34 49.21 0.15 9.83 0.28 0.03 0.12 0.11 0.03 0.05 100.23 89.92
SD 0.12 0.07 0.26 0.06 0.19 0.07 0.05 0.03 0.03 0.01 0.04 0.43 0.20

Sample SiO2 NiO MgO CaO FeO Al2O3 TiO2 MnO Cr2O3 Na2O K2O Total Cr# Mg#

Host: Olivine Vul_2

Spinel 1 0.13 0.30 18.22 0.06 17.59 32.06 0.56 0.14 32.64 0.01 0.03 101.73 0.41 0.65
Spinel 2 core 0.07 0.30 17.43 0.03 17.86 31.22 0.59 0.22 32.87 n.d. 0.03 100.62 0.40 0.63
Spinel 2 rim 0.09 0.26 17.73 0.03 18.08 32.18 0.58 0.11 31.89 n.d. 0.04 100.98 0.40 0.64
Spinel 3 0.17 0.28 17.21 0.05 18.93 31.39 0.50 0.18 32.00 0.04 0.09 100.85 0.41 0.62
Spinel 4 0.14 0.18 17.43 n.d. 18.05 31.74 0.49 0.18 31.23 n.d. 0.02 99.46 0.40 0.63
Spinel 5 corec – – 16.00 – 18.90 27.30 – – 37.80 – – 100.00 0.48 0.60
Spinel 5 rimc – – 19.40 – 17.30 31.30 – – 32.00 – – 100.00 0.41 0.67
Spinel 6 corec 0.30 – 18.30 – 18.20 29.00 0.60 – 33.40 – – 99.80 0.44 0.64
Spinel 6 rimc 1.00 – 18.30 – 19.00 27.90 0.60 0.30 32.80 – – 99.90 0.44 0.63

Host: Olivine Vul_3

Spinel 1 core 0.16 0.22 17.09 0.03 18.40 30.58 0.49 0.14 33.06 n.d. n.d. 100.17 0.42 0.62
Spinel 1 rim 0.10 0.28 17.39 0.03 18.44 31.71 0.52 0.14 32.26 n.d. n.d. 100.88 0.41 0.63
Spinel 2 0.23 0.23 18.24 0.04 16.99 38.15 0.48 0.17 26.30 0.02 0.01 100.87 0.32 0.66
Spinel 3 0.17 0.33 18.15 0.08 17.51 36.78 0.41 0.15 26.82 0.01 n.d. 100.41 0.33 0.65
Spinel 4 0.13 0.21 17.56 0.19 17.43 34.65 0.54 0.11 28.94 0.03 0.02 99.82 0.36 0.64
Spinel 5 0.21 0.35 17.92 0.02 17.89 33.08 0.53 0.15 30.51 0.02 0.01 100.68 0.38 0.64
Spinel 6 corec 0.30 – 18.50 – 18.00 30.20 0.50 – 32.40 – – 99.90 0.42 0.65
Spinel 6 rimc 0.60 – 17.70 – 19.40 28.60 0.50 0.40 32.80 – – 99.60 0.43 0.62

a Each analysis is the average of three data points. b Single measurement performed on an olivine fragment < 30 µm. c Spinels for which SEM analyses are shown here along with maps in
the Supplement. n.d.: not detected. SD: standard deviation.

Figure 7. Hyperfine parameters (CS and QS) of the analyzed samples plotted with literature for (a) olivine (Canil and O’Neill, 1996; Ejima
et al., 2018) and (b) spinel (Canil and O’Neill, 1996; Marras et al., 2023).
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Table 2. Olivines (host) and spinels (inclusion) analyzed by in situ SMS along with the hyperfine parameters (central shift – CS, and
quadrupole splitting – QS) and the relative Fe3+ /

∑
Fe ratio.

Sample Collecting Assignment CS QS Fe3+ /
∑

Fe
time (h) (mm s−1) (mm s−1) ratio

Olivine Vul_1a 1.5
Fe2+ 1.13 3.01

0.03 (1)Fe2+ 1.12 2.90
Fe3+ 0.26 0.49

Olivine Vul_1b 1.5
Fe2+ 1.15 3.06

0.04 (1)Fe2+ 1.11 2.88
Fe3+ 0.40 0.61

Olivine Vul_1c 1.5
Fe2+ 1.14 3.07

0.05 (1)Fe2+ 1.11 2.84
Fe3+ 0.45 0.61

Host: Olivine Vul_1

Ol1_Spinel_1a 1.5
Fe2+ 0.93 1.90

0.40 (2)Fe2+ 0.91 1.17
Fe3+ 0.30 0.64

Ol1_Spinel_2a 1
Fe2+ 0.96 1.99

0.41 (2)Fe2+ 0.94 1.17
Fe3+ 0.34 0.64

Host: Olivine Vul_2

Spinel_5b 1.5
Fe2+ 0.97 1.95

0.45 (2)Fe2+ 0.89 1.29
Fe3+ 0.30 0.66

Spinel_6b 1.5
Fe2+ 1.01 1.90

0.41 (6)Fe2+ 0.91 1.20
Fe3+ 0.27 0.69

Estimated standard errors: CS± 0.02 mm s−1; QS± 0.05 mm s−1. a For these spinels no chemical data could be
acquired. b The chemical composition and map are provided in Table 1 and the Supplement.

to (100) plane by Peslier et al. (2010). The calculated wa-
ter content is 30 ppm, which is also well within the typical
water content of olivines from peridotite xenoliths of ancient
cratons (Peslier et al., 2010).

4 Discussion

4.1 Oxidation state of spinel inclusions and comparison
with literature data

The Fe3+ /
∑

Fe ratios measured in the olivine host and
spinel inclusions are slightly higher but overall consistent
with those reported by Ejima et al. (2018) and Canil and
O’Neill (1996), respectively, in the case of mantle peri-
dotites. The Fe3+ /

∑
Fe of the included spinels is compara-

ble to values reported by Jones et al. (2000; see their Table 6)
on a stoichiometric basis ranging from 0.25 to 0.38. The
Fe3+ /

∑
Fe in spinel inclusions is also consistent with the

general trend observed for spinel peridotites (Stagno, 2019).
The DFe3+

ol/spl was not reported by Canil and O’Neill (1996)
since no Fe3+ was detected in their olivines. Our Fe3+ /

∑
Fe

data from olivine (host) and spinel (inclusion) allow the de-
termination of the DFe3+

ol/spl, which ranges between 0.06 and
0.13, confirming that the amount of Fe3+ incorporated in
mantle olivines is negligible. This DFe3+

ol/spl agrees with the
0.08 calculated from the Mössbauer data reported by Ejima et
al. (2018) and collected on touching olivine and spinel from
a lherzolite sampled in the Tariat Depression (Mongolia).

4.2 Oxythermobarometric implications and volatile
speciation

The knowledge of the Fe3+ /
∑

Fe in the spinel inclusions
allows the calculation of the fO2 of the mantle host rock ac-
cording to Eq. (1). However, in order to apply Eq. (1), the
presence and composition of the equilibrated orthopyrox-
ene are required in order to assess the saturation of the sil-
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ica activity (aSiO2 ) according to Ballhaus et al. (1991). The
wehrlitic sample used in the context of this study does not
contain visible orthopyroxene or spinel disperse in the ma-
trix. However, we pointed out that our olivine and spinel in-
clusion compositions agree with those reported by Jones et
al. (2000) for the same Vulture wehrlites where orthopyrox-
ene is present and characterized by low compositional vari-
ations. Therefore, the absence of spinel occurring within the
xenolith matrix is here overcome by the fact that the chemi-
cal composition of the investigated spinel inclusions is con-
sistent with that of spinels from Vulture wehrlite, sample aj8,
reported by Jones et al. (2000). The application of the spinel
oxythermobarometer also requires the knowledge of the P –
T conditions. In our case, we employ a P of 1.6–1.8 GPa and
T of 1000–1100 ◦C as proposed by Jones et al. (2000) for
wehrlite aj24 using different geothermobarometers (Wood
and Banno, 1973 – TWB; Wells, 1977 – TW; Sachtleben
and Secks, 1991 – TSS; Brey and Kohler, 1990 – TBXN;
Köhler and Brey, 1990 – TCaOP; Mercier, 1980 – Men-sp;
Mercier, 1980 – Mdi-sp). A preliminary determination of the
logfO2 results in values between 0.81 and 1.00 (± 0.6) log
units above the FMQ reference buffer (O’Neill, 1987) using
the calculated Fe3+ /

∑
Fe ratios in spinel inclusions (from

of 0.40 and 0.45). The calculated logfO2 of wehrlite aj7 for
which Jones et al. (2000) provide the composition of olivine,
orthopyroxene, and spinel is 0.85 log units (FMQ), consis-
tent, therefore, with values obtained for our samples. The
Fe3+ /

∑
Fe of spinel inclusions plotted versus the calcu-

lated logfO2 agrees with the general trend observed for man-
tle peridotites (Stagno, 2019) (Fig. 9). It is noteworthy that
these values are the highest compared to the fO2 of spinel
peridotites and plot above the water saturation curve deter-
mined along a typical geothermal gradient of 44 mW m−2

(Fig. 9; Stagno and Aulbach, 2021; Stagno and Fei, 2020).
This is supported by the presence of H2O in olivine, similar
to that proposed by Peslier et al. (2010). Since this conclu-
sion is based on H2O measurement in one single olivine inte-
grated with the determinations of Fe3+ /

∑
Fe in few spinel

inclusions, obviously it would benefit from more statistically
significant data. In this work, we provide a strong argument
for a new way of obtaining fO2 data from wehrlitic xeno-
liths using the Fe3+ /

∑
Fe determined in both olivine host

and spinel inclusions in addition to their respective chemi-
cal compositions. The high Fe oxidation state in spinels in-
cluded in olivine and their chemical composition along with
the calculated logfO2 support the geochemical evidence that
these rocks would have experienced interaction with an oxi-
dized metasomatic fluid (Bragagni et al., 2022). In particular,
the CO2-dominant nature of the fluid inclusions analyzed in
olivines by Carnevale et al. (2022) coupled with the observa-
tion of carbonate-bearing microveins in Vulture olivines by
Frezzotti and Touret (2014) highlights the possible presence
of a carbonated fluid here supported by the high fO2 .

To date, the fO2 of wehrlitic rocks could not be calcu-
lated because of the lack of representative redox equilibria

Figure 8. FTIR spectrum of olivine in the mid infrared region of
fundamental O–H stretching vibrations.

that can be either thermodynamically or experimentally cali-
brated. One possibility to overcome this issue is represented
by the finding of rare orthopyroxene and spinel crystals equi-
librated with the more abundant olivine and clinopyroxene.
The opportunity to access to the composition of those spinels
included in olivine showing a marked mantle affinity (i.e.,
entrapped by recrystallized olivines at mantle depths; Avè
Lallement and Carter, 1970; Falus et al., 2011; Karato et al.,
1980; Karato, 1988; Matthews et al., 2021) represents a valid
tool to bypass such an issue. In the case of spinel inclusions
in olivines from Vulture wehrlites, we propose that the fO2 is
that recorded at the time of the first interaction of the (spinel)
peridotite with a carbonated oxidized fluid that, eventually,
caused re-crystallization of olivine and entrapment of euhe-
dral chromites. Alternatively, the spinel–olivine pairs might
have recorded the oxidation event prior to the transport up to
shallower conditions by a CO2-bearing melt. If this was the
case, either the olivine–spinel pair experienced very fast as-
cent by a low-viscosity magma in agreement with the fast
ascent of the pristine magmas that transported to the sur-
face the mantle materials (Carnevale et al., 2022) or they re-
equilibrated at lithosphere–asthenosphere boundary (LAB)
depths so as to retain their mantle affinity. In both cases,
no chemical zonation is expected to form, which is what we
show for the analyzed samples.

5 Conclusions

We determined the Fe oxidation state of host olivine and
spinel inclusions from Vulture wehrlite rock samples. The
chemical analyses show evidence that these spinels are not
liquidus chromites; rather they (re)equilibrated at mantle
conditions, and likely they were entrapped during olivine
recrystallization. The extracted spinels single crystals show
high Fe3+ /

∑
Fe determined by in situ SMS that is higher

than that reported in literature, resulting, therefore, in
logfO2 >FMQ buffer. We propose that these oxidized condi-
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Figure 9. The spinel Fe3+ /
∑

Fe ratio against the logfO2 for our
Vulture wehrlite samples plotted along with literature data (Stagno,
2019, and references therein; Marras et al., 2023, and references
therein). We estimated the logfO2 for a wehrlite sample (aj7; Jones
et al., 2000) according to the calculated spinel Fe3+ /

∑
Fe ratio at

the proposed P and T conditions.

tions coupled with geochemical evidence of CO2-dominant
fluids trapped in olivine might originate from the interaction
of the pristine lherzolite with a CO2-rich metasomatic agent
that occurred in the mantle either before the entrapment of
spinel in olivine or prior to the transport of pair olivine–spinel
to shallow depths. We point out the importance that the re-
sults from this study have in order to retrieve information
about the redox state of mantle peridotites by measuring the
Fe3+ /

∑
Fe and chemical composition of spinel inclusions

in olivines.
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