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ABSTRACT
Metasomatic fluids are thought to be oxidising agents that react with the surrounding mantle rocks, causing changes in the 
bulk Fe3+/ΣFe, their redox state, and affecting the partitioning of trace elements and the fractionation of O isotopes. Worldwide 
distributed metasomatized peridotites represent the ideal case study to investigate the role that crystal chemistry has on the 
O-isotope fractionation. We present mineral-chemical data of mantle peridotites from Tallante (Spain) such as major and trace 
elements, oxygen fugacity, and O-isotope data. Our results show that the O-isotope composition of volumetrically minor spinel in 
the residual mantle can be significantly affected by the oxidising metasomatic melts or fluids, likely implying that the oxidation 
of Fe2+ to Fe3+ favours 18O uptake in spinel structure with respect to 16O.

1   |   Introduction

Fluids and melts that formed upon subduction and by partial 
melting of mantle rocks cause metasomatism and, therefore, 
redox reactions (Evans  2012; Cannaò and Malaspina  2018; 
Stagno and Fei  2020). This process influences the O-isotope 
composition (δ18O) of mantle minerals due to isotopic frac-
tionation occurring between the (metasomatic) fluids and the 
interacting minerals. Silicate mantle minerals have δ18O values 
of ~+ 5.2‰ ± 0.3‰ (Mattey et al. 1994), oxides (e.g., magnetite) 
of ~+3.5‰. Mantle metasomatism can make the δ18O values 
slightly heavier (Eiler 2001; Bindeman 2008), while interaction 
with crustal silicate melts modifies the δ18O to higher values 
than oceanic material (Dallai et al. 2019, 2022). While the cor-
relation between the chemistry of mantle minerals and the 
local fo2 is known (i.e., Mg# of Ol and Opx, Cr# and Mg# of 

Spl where Mg# and Cr# are the molar ratios Mg/(Mg + Fe) and 
Cr/(Cr + Al)), the relationship between δ18O and fo2 remains 
unexplored. A correlation between mineral Fe oxidation state 
and δ18O is expected as the oxidation of Fe2+ to Fe3+ in redox-
sensitive minerals (e.g., Spl) might result in different bonding 
environments with free oxygen diffused and incorporated into 
the crystal lattice. The correlation between δ57/54Fe values, 
Fe3+/ΣFe ratios, Cr# and fo2 (Williams et al. 2004, 2005), and 
between the δ18O values and Cr# (Perinelli et  al.  2006) was 
reported for metasomatized mantle xenoliths from cratonic 
areas. Additionally, the Cr#Spl traces several processes like melt 
extraction (Brunelli et al. 2006), melt/rock interaction (Brunelli 
and Seyler  2010; Brunelli et  al.  2014), melt addition (Birner 
et al. 2021) and oxidative metasomatism (Marras et al. 2023), 
all of which might contribute differently to the O isotope frac-
tionation and extent of oxidation.
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In this study, we investigated four peridotite mantle xeno-
liths from Tallante (Southeast Spain), for which recent studies 
demonstrated the effect that slab-derived fluids have on the O 
isotope fractionation (Dallai et al. 2019, 2022). We investigated 
in-situ major and trace element compositions of the minerals 
(including those from vein and matrix of one peridotite sam-
ple) to reveal evidence of metasomatism. Thus, we combined 
Fe3+/ΣFe measurements with the δ18O data from the same 
minerals to explore a possible link. Finally, a potential rela-
tion between Cr# and δ18O of Spl is tested comparing our data 
with Spl-lherzolites with different provenance like Northern 
Victoria Land (Antarctica) and Vitim (Siberia), Yitong (NE 
China), Rio Puerco (New Mexico) and Vema (Mid-Atlantic 
Ridge).

2   |   Materials and Methods

We analysed three representative samples of (Pl-)Spl bearing 
lherzolites (TL14, TL45, TL53; Figure  S1a–f) and one com-
posite Pl-Spl harzburgite xenolith cut by a felsic vein (TL112; 
Figure  1 and Figure  S1g–i) from Tallante, whose detailed 
geological setting and petrographic information are given in 
the Data S1 along with the description of the analytical tech-
niques. We present single crystal analyses of Spl, Opx, Cpx, 
and Ol extracted from the selected rocks and the vein of TL112 
(Figure  S3). Our collected data were then compared with 
those of differently metasomatized mantle peridotites such 
as those from Northern Victoria (Perinelli et  al.  2006, 2012) 
and Vitim (Ionov et al. 1993) peridotites, the only studies for 
which Cr#Spl, Mg#Ol, Fe3+/ΣFeSpl and mineral δ18O are avail-
able to achieve the scope of this study, that is, exploring the 
crystal-chemical effect on the O-isotope fractionation in min-
erals. Noteworthy, samples BR218 and BR219 from Northern 
Victoria Land are composite with an amphibole-bearing vein 
(2 mm wide) that cuts the lherzolite and a cumulate wehrlite 
that adheres to a coarse-grained harzburgite, respectively 
(Perinelli et al. 2014).

3   |   Results and Discussion

3.1   |   Mineral Chemistry and Oxygen Fugacity 
of Tallante Peridotites With Respect to 
Literature Data

3.1.1   |   Major Elements

The major elements composition of mineral from TL14 and 
TL53, along with data for TL112 (Bianchini et  al.  2015) and 
TL45 (Beccaluva et al. 2004) are reported in Table S1 along with 
Northern Victoria and Vitim peridotites used to evaluate the po-
tential link between crystal chemistry and O-isotope fractionation. 
Compositional maps (Figure  S4) show core-to-rim homogeneity 
for the selected Spl from TL14, TL45, and TL112, as well as for 
Cpx and Opx grains from the peridotite matrix and vein of TL112.

The Mg#Ol for the four Tallante peridotites is 0.90 ± 0.01 (Figure 2). 
Their composition overlaps with the Mg#Ol from Northern Victoria 
(0.89 ± 0.02) and Vitim (0.90 ± 0.01). The Mg#Opx of 0.90 ± 0.01 in 
Tallante peridotites is consistent with that of Northern Victoria 
and Vitim of 0.90–0.91 and 0.90–0.92, respectively. The Cpx 
from our Tallante peridotites is diopsidic with Cr2O3 content of 
0.92–1.25 wt%, TiO2 of 0.33–0.86 wt%, Na2O of 0.55–0.88 wt%, and 
FeO of 2.14–2.35 wt% (Table S1) like Northern Victoria and Vitim 
Cpx, except for Na2O, which is slightly higher (0.78–1.42 wt% and 
0.91–2.24 wt%, respectively). The Cr#Spl is consistent between our 
investigated samples and Northern Victoria, being 0.139–0.187 
and 0.108–0.193, respectively (Figure 2) and similar to Vitim Spl 
peridotites (0.080–0.343), but distinct from two Vitim samples re-
porting the occurrence of both Spl and Grt, for which the values 
are 0.204 and 0.210.

3.1.2   |   Trace Elements

The trace element compositions of Ol, Opx, and Cpx were anal-
ysed in-situ in TL14, Cpx in TL45, Opx and Cpx in TL53, and only 

FIGURE 1    |    Polarised transmitted light micrographs of TL112 doubled polished section. (a) plane-polarised light; (b) crossed polarised light. The 
sample shows the felsic vein with Pl and Px. Pl, plagioclase; Px, pyroxene; Spl, spinel. [Colour figure can be viewed at wileyonlinelibrary.com]
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Opx in TL112 samples (Table S2) and compared with those from 
Northern Victoria Land and Vitim for the same reasons discussed 
above. The Cpx shows incompatible element concentrations 

like those from Northern Victoria Land and Vitim (Perinelli 
et al. 2006; Ionov, Ashchepkov, et al. 2005; Ionov, Blichert-Toft, 
et al. 2005; Figure 3a). Both U and Th enrichments are observed. 
An evident Sr depletion (Sr* = SrN/[(CeN + NdN)/2] = 0.09) is re-
corded only in TL14 and TL45 samples (Figure 3a). A slight Eu de-
pletion (Eu* = EuN/[(SmN + GdN)/2] = 0.8) is shown in Figure 3b 
that, coupled with Sr depletion, is indicative of Pl crystallisation 
also identified from petrographic investigation (Figure S1). The 
TL53 Cpx shows a flat REE pattern like unveined anhydrous per-
idotite xenoliths of Tallante (Figure 3b). As for Cpx, the Sr deple-
tion (Sr* = 0.03–0.04) in TL14 and TL112 Opx and the prominent 
Eu depletion (Eu* = 0.02) in Opx from sample TL112 are due to 
Pl crystallisation (Figure 3c,d). Data for Tallante Opx (Figure 3c) 
are consistent with those available for Northern Victoria Land 
and Vitim, with REE pattern in TL112 Opx showing a significant 
HREE enrichment compared to the other samples (Figure  3d 
and Table S2). Olivine from sample TL14 shows enrichments in 
Li (5.83 ± 0.14 ppm).

3.1.3   |   Iron Oxidation State of Analysed Opx, Cpx 
and Spl

The Mössbauer spectra for Spl, Cpx, and Opx grains are 
shown in Figure 4a–g. The Fe3+/ΣFe of Spl ranges from 0.10 
and 0.14 (±0.02). These values are lower than those reported 
by Canil and O'Neill  (1996) for mantle peridotites (Fe3+/
ΣFe = 0.15–0.29), but in agreement with Fe3+/ΣFe ratios of 

FIGURE 2    |    Cr#Spl plotted as function of Mg#Ol for Tallante peridot-
ites compared with literature data (see the text for the references). The Ol-
Spl Mantle Array (OSMA) from Arai (1994) is reported along with trend of 
partial melting and metasomatism from Bonadiman et al. (2021).

FIGURE 3    |    (a) Chondrite-normalised trace element pattern of TL14, TL45, TL53 Cpx. (b) Chondrite-normalised Rare Earth Element pattern of 
TL14, TL45, TL53 Cpx. (c) Chondrite-normalised trace element pattern of TL14, TL53, TL112 Opx. (d) Chondrite-normalised Rare Earth Element 
pattern of TL14, TL53, TL112 Opx. The TL112 Opx represents the average of orthopyroxenes in contact with the felsic vein (Opx1a, Opx2a, Opx3a, 
Opx4a in Table S2). The normalised trace element patterns are compared with Northern Victoria Land and Vitim samples. Normalising values from 
McDonough and Sun (1995). [Colour figure can be viewed at wileyonlinelibrary.com]
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some Vitim and Northern Victoria Land samples (Table 1). The 
Fe3+/ΣFe of Opx from TL112 vein is higher than that measured 
in Opx from the matrix, with values of 0.08 and 0.03 (±0.02), 
respectively. The Cpx has Fe3+/ΣFe ratio of 0.08 (±0.03) that is 
much lower than the averaged peridotitic Cpx of 0.22 (±0.07; 
Canil and O'Neill 1996).

3.1.4   |   Determination of Tallante Peridotites fo2

The estimated fo2 ranges from −1.5 and −1.1 log units (±0.6) 
normalised to the fayalite-magnetite-quartz buffer (FMQ). This 
fo2 falls within the range proposed by Schettino et  al.  (2023) 
for sulfide-bearing mantle xenoliths from Tallante, by Bénard 
et  al.  (2018) for subduction-metasomatised lithospheric mantle 
and by Frost and McCammon (2008) relative to massifs peridotites 
from Beni Bousera and Ronda.

3.2   |   δ18O of Spl, Cpx, Opx and Ol From 
Metasomatized Tallante Peridotites

The δ18O of Spl, Opx, Cpx and Ol from the studied Tallante 
samples are from Dallai et  al.  (2019); (Table  1 and Table  S4). 
In particular, δ18Ospl ranges from +4.2 (TL112 matrix) and 
+5.1‰ (TL14). Both Cpx and Opx show heavier δ18O values up 
to +6.5‰, while Ol ranges from +5.2 (TL14) to +5.7‰ (TL112). 
The δ18O measured in Opx from the TL112 felsic vein shows a 
higher value of +9.8‰.

3.3   |   Geochemical Evidence of Metasomatism

Figure 2 allows us to constrain metasomatic and melting processes 
capable of causing the Cr# variability plotted against the Mg#Ol 
with respect to the Ol-Spl mantle array (OSMA trend; Arai 1994). 

FIGURE 4    |    Mössbauer spectra (a–g) of minerals from Tallante peridotite samples. The notation peridotite refers to those spectra acquired 
in minerals from the peridotitic matrix while the notation vein refers to minerals from felsic vein. [Colour figure can be viewed at wileyonlineli-
brary.com]
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Analyses of metasomatized mantle peridotites from Tallante, Vitim 
and Northern Victoria are all plotted, despite their complex and dis-
tinct petrological history, as the Cr#Spl is used to assess the potential 
link between crystal chemistry and O-isotope fractionation.

Partial melting and melt extraction processes are usually con-
strained by the analyses of trace elements in pyroxene of peridot-
ites, with the former causing LREE depletion (i.e., LaN/YbN < 1), 
with respect to metasomatism that causes LREE enrichment 
(i.e., LaN/YbN > 1) (Avanzinelli et al. 2020).

In TL112 harzburgite, an enrichment in LREE can be ob-
served in the Opx close to the felsic vein (Figure 5), a proof of 

the metasomatic event(s). In fact, the complex multi-stage his-
tory of partial melting and metasomatism of the subcontinen-
tal lithospheric mantle from which Tallante xenoliths are from 
has been a matter of investigation by several authors (Beccaluva 
et al. 2004; Shimizu et al. 2008; Rampone et al. 2010; Bianchini 
et al. 2011, 2015; Hidas et al. 2016; Marchesi et al. 2017; Schettino 
et al. 2021).

3.4   |   Modelled C-O-H Fluids Speciation

At the given P, T, and fO2 of Tallante samples, the thermody-
namic modelling for C-O-H fluid of Zhang and Duan (2009) 

TABLE 1    |    Rock type, P, T, log fo2 (∆FMQ), #MgOl, #CrSpl, Fe3+/∑FeSpl, δ
18OSpl of Tallante (this study), Vitim and Northern Victoria Land samples.

Locality Sample Rock type
P 

(GPa) T (°C)

log fo2 
(∆FMQ) 
Ballhaus 

et al. (1991) #MgOl #CrSpl Fe3+/∑FeSpl δ18OSpl

Tallante (subduction-related/collisional xenoliths)

This study

TL 14 Pl-Spl 
lherzolite

0.8 1000 −1.07 0.898 0.170 0.14 +5.1a

TL 53 Pl-Spl 
lherzolite

0.8 1000 −1.19 0.907 0.167 0.14 +4.5a

TL 45 Pl-Spl 
lherzolite

0.8 1000 −1.29 0.899 0.187 0.12 +4.4a

TL 112 
matrix

Composite 
harzburgiteb

0.8 1000 −1.49 0.895 0.139 0.10 +4.2a

Vitim (cratonic xenoliths)

Ionov et al. (1993, 1994); Goncharov and Ionov (2012)

314–56 Spl lherzolite 1.5 818 −1.12 0.893 0.080 0.13

314–58 Spl lherzolite 1.4 775 −0.69 0.899 0.084 0.14 +5.4

314–5 Spl lherzolite 2.1 1055 0.07 0.893 0.240 0.29

314–6 Spl lherzolite 1.9 1006 −1.32 0.909 0.343 0.15 +5.1

314–59 Spl lherzolite 2.1 1061 −0.78 0.896 0.153 0.21

314–230 Spl-Grt 
lherzolite

2.1 1077 −0.48 0.902 0.210 0.22

314–580 Spl-Grt 
lherzolite

2.2 1096 −0.48 0.908 0.204 0.24 +4.9

Northern Victoria Land (cratonic xenoliths)

Perinelli et al. (2006, 2012)

GP42 Spl lherzolite 1.6 1113 −1.20 0.893 0.108 0.22 +4.9

BR218 Composite 
lherzolitec

0.9 981 −1.14 0.876 0.193 0.14 +4.4

BR219 Composite 
harzburgited

1.2 1047 −1.27 0.903 0.164 0.14 +3.8

Note: In italics log fo2 data for literature samples re-calculated in this study using Ballhaus et al. (1991) oxythermobarometer.
aδ18OSpl as reported by Dallai et al. (2019).
bHarzburgite crosscut by felsic vein (Pl + Opx).
cLherzolite crosscut by an amphibole-bearing vein (Perinelli et al. 2012).
dA cumulate wehrlite that adheres to a coarse-grained harzburgite (Perinelli et al. 2012).
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predicts the coexistence with CO2-H2O-bearing fluids at graph-
ite saturation in line with the findings of Dallai et al. (2022) who 
described the occurrence of H2O-rich rhyolitic melt inclusions 
in the Opx of TL112 sample reaction zone, along with graphite 
in felsic veins and in the Opx-rich reaction zones found in other 
Tallante peridotites (Bianchini and Natali 2017).

In Figure  6 the fo2 data are compared as a function of equili-
brated depth along with literature values for cratonic peridotites 
from Vitim (Ionov et al. 1993, 1994; Goncharov and Ionov 2012) 
and Northern Victoria Land (Perinelli et  al.  2006, 2012). For 
consistency, the log fo2 of literature Vitim and Northern Victoria 
Land cratonic xenoliths was re-calculated employing the same 
oxythermobarometer.

The Tallante Pl-Spl peridotites exhibit fo2 conditions that over-
lap with those estimated for Northern Victoria Land xenoliths 
(Perinelli et al. 2012, 2014; Martin et al. 2015) and stand at the 
lower end compared to samples from subduction-related metaso-
matized lithospheric mantle (Bénard et al. 2018).

3.5   |   The Effect of Metasomatism on logfo2, Fe3+ 
and δ18O

Deviations of δ18O values of mantle minerals are due to their 
interaction with recycled oceanic (+continental) crust into the 
mantle source (Eiler 2001; Dallai et al. 2019; Cooper et al. 2004). 
In the case of Tallante samples, δ18O values showed a limited 
compositional range among equilibrated mantle minerals 
(Table S4). In this view, equilibration T and time have dominant 
control on O-isotope composition of minerals, as metasomatic 
agents are generally highly reactive and limited to low volume 
fractions to produce widespread metasomatic effects in the per-
idotitic domain.

The fo2 coupled with the δ18O values available for Ol, Opx and 
Cpx (Figure  7a–c) of the studied peridotites shows no evident 
trend regardless of the provenance of the mantle peridotites. In 
contrast, the fo2 correlates with the δ18O values of Spl (Figure 7d), 

in particular in the case of Tallante samples. This is plausible con-
sidering that the chemistry of Spl has the main control on the fo2 
(Ballhaus et al. 1991). In turn, Fe3+/ΣFeSpl ratios (Figure 8a) and 
Fe3+ calculated as atoms per formula unit (apfu; Figure 8b) co-
variate positively with δ18Ospl for Tallante and Northern Victoria 
Land peridotites despite their different geological settings sup-
porting, therefore, a potential crystal-chemical effect. One out of 
three Vitim samples represents an outlier as a result of the Cr-
rich nature of the Spl as evidenced in Figure 2. The correlation 
between fo2 and δ18O values of Spl might raise the question of 
whether decompression driven by asthenosphere upwelling fol-
lowing the edge delamination event of the Iberian continental 
margin in the Miocene (Duggen et al. 2005; Mancilla et al. 2015, 
2018) would have caused the increase of fo2 of Tallante peridot-
ites. However, since the fo2 is dominantly controlled by T and 
Fe3+/ΣFeSpl, the lack of evidence in the P effect on ferric iron in-
corporation in Spl does not support this alternative explanation.

Magnetite is an important end-member component of mantle 
Spl for which it has been shown that cation diffusion rates de-
pend on fo2 due to internal redox reactions involving Fe2+ and 
Fe3+, and to a transition from an interstitial diffusion mecha-
nism at low fo2 to a vacancy mechanism under more oxidising 
conditions (van Orman and Crispin  2010). Cations are dis-
tributed on distinct octahedral and tetrahedral sites, occupied 
primarily by Al3+ and Mg2+, respectively. In addition, Spl has 
octahedral interstitial sites and two different types of tetrahe-
dral interstitial sites. Mössbauer spectra indicate that Fe3+ in 
Tallante spinels is octahedrally coordinated. Figure  8a,b sug-
gest that increasing oxidation of Fe2+ to Fe3+ occurs in con-
junction with 18O uptake in Spl structure. Obviously, the 
formulation of an accurate model would benefit from a more 
important dataset along with experiments conducted at high P 
and T and known Fe3+/ΣFe.

These observations, coupled with the positive Cr#-Fe3+ trend 
(Figure 9a), may suggest increasing interaction with (metaso-
matic) hydrous melt (Tallante) and/or fluids (Northern Victoria 
Land, Vitim) at depth. On the other hand, the Cr#Spl also re-
flects the extent of partial melting at shallower depths. When 
a larger dataset is considered, including cratonic peridotites 

FIGURE 5    |    Chondrite-normalised (McDonough and Sun 1995) 
Rare Earth Element pattern of TL112 Opx as reported in Table S2. For 
each Opx analysed, the point of analysis in contact with the felsic vein 
(filled symbols) and the point far from the vein (empty symbols) were 
reported. The REE concentration for the Opx in peridotite matrix (filled 
triangle) is the mean of five analysis points (see Table S2).

FIGURE 6    |    Diagram of Tallante Δlog fo2 (FMQ) data versus depth 
(km) compared with literature Spl-peridotites from Northern Victoria 
Land and Vitim cratons (see references in the text).
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from Yitong (NE China; Xu et al. 1996), subduction xenoliths 
from Rio Puerco (New Mexico; Perkins et  al.  2006; Porreca 
et al. 2006) and abyssal peridotites from Vema (Mid-Atlantic 

Ridge; Brunelli et al. 2006; Cipriani et al. 2009) (Table S5), the 
general negative trend in the Cr#-δ18Ospl diagram (Figure 9b) 
seems to hold true, possibly reflecting the effects of partial 
melting on the production of liquids with higher δ18O and, 
as a consequence, residues with lower δ18O. A similar mech-
anism has been proposed for δ18O enrichment in basaltic 
glasses from Lau Basin, where the melting of a fertile mantle 
source was triggered by slab-derived fluids (Macpherson and 
Mattey 1998).

It may be possible that δ18O of volumetrically minor Spl in the 
residual mantle is more influenced by (oxidising) metasomatic 
melt/fluid. In the case of the Tallante samples, the oxidising 
nature of the metasomatic agent represented by the felsic vein 
is supported by the Fe3+/ΣFe ratios of Opx, which are 0.03 in 
the matrix and 0.08 in the vein, and the δ18O values measured 
in Ol and Opx showing heavier values with respect to the vein.

4   |   Conclusions

Tallante subduction xenoliths represent the ideal samples to in-
vestigate the effect of metasomatic fluids on mantle redox con-
ditions, Fe3+/ΣFe and δ18O signature. We observed a positive 
correlation between fo2 and δ18OSpl values, as well as between 
Fe3+/ΣFeSpl, Fe3+ apfu and δ18OSpl. These findings indicate that 
the O-isotope composition of Spl can be significantly affected by 
oxidising metasomatic melts or fluids in conjunction with the 
oxidation of Fe2+ to Fe3+, that is during an increase in the bulk 
rock fo2. However, more combined Fe3+/ΣFe and δ18O data are 
needed to better understand the effects of metasomatism at the 
crystal-chemical scale.

FIGURE 7    |    Δlog fo2 (FMQ) versus δ18O for (a) Ol, (b) Opx, (c) Cpx and (d) Spl. A positive correlation in the case of Spl is observed for Tallante 
samples, while no preferential trends observed for Ol, Cpx and Opx. The δ18O analytical error (1 S.D.) is 0.1‰.

FIGURE 8    |    (a) Fe3+/ΣFe ratio versus δ18O for Spl and (b) Fe3+ apfu 
for Spl versus δ18O. Legend as in Figure  7. The δ18O analytical error 
(1 S.D.) is 0.1‰.
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