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Abstract

Reliable reconstruction of primary magmatic oxygen fugacity (fO2) in plutonic systems
remains challenging because most existing oxybarometers either require equilibrium melts or
are restricted to specific mineral assemblages. Here we develop the first melt-independent
vanadium-based magnetite—clinopyroxene (Mt-Cpx) oxybarometer by transferring
experimentally calibrated V partitioning from clinopyroxene—melt and magnetite—melt systems
into an experimentally constrained mineral-pair framework using machine learning. The
framework also yields complementary V-in-Cpx and V-in-Mt oxybarometers for systems in
which equilibrium melts are available or can be independently reconstructed. The calibrated
models accurately reproduce experimental V partitioning and fO, over a wide range of
temperatures, fO», and compositions. Model interpretation indicates that V partitioning provides
the primary control on predicted fO,, whereas temperature and mineral-melt chemistry mainly
account for equilibrium-related corrections. Independent experimental tests and comparisons
with established mineral-based oxybarometers support the reliability of the models within the
investigated calibration and compositional ranges. Application of the melt-independent V-in-
Mt—Cpx oxybarometer to the Panzhihua intrusion and the Upper Zone of the Bushveld Complex
reveals contrasting redox evolution during magma differentiation. Panzhihua preserves
persistently oxidized conditions (AFMQ= +1.29 to +1.99), consistent with redox buffering by
repeated recharge of relatively oxidized magma or carbonate wall rocks assimilation, whereas
the Bushveld Upper Zone records progressive reduction (AFMQ= +0.06 to +1.31) associated
with differentiation in a predominantly closed magmatic system. These results establish V

partitioning between magnetite and clinopyroxene as a practical melt-independent proxy for
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reconstructing magmatic fO> during magnetite saturation. The method is particularly valuable
for oxide-bearing mafic—ultramafic intrusions and hydrous, oxidized arc magmas in which
magnetite crystallization is favored. By directly linking magnetite crystallization with
magmatic redox evolution, the method offers new opportunities to investigate the coupled
evolution of oxygen fugacity, magma differentiation, and open-system processes across diverse
magmatic environments.

Keywords: mafic-ultramafic intrusions; magma evolution; machine learning; oxygen

fugacity; V-in-magnetite—clinopyroxene oxybarometer

1. Introduction

Oxygen fugacity (fO.) is a key thermodynamic parameter that controls the redox state of
magmatic systems. It plays a fundamental role in regulating element valence and partitioning,
mineral crystallization, sulfide saturation, and metal enrichment (Hirschmann et al. 2012,
Namur et al. 2016, Armstrong et al. 2019, Gennaro et al. 2020, Alex and Zajacz 2022, Ge et al.
2023). Layered mafic—ultramafic intrusions, such as the Bushveld Complex and the Panxi
intrusions, host major Fe—Ti—V oxide and Cu—Ni—PGE sulfide deposits (Naldrett, 2004, 2011;
Zhou et al., 2005; Cawthorn, 2010; Bai et al., 2012). Accurately constraining magmatic fO» and
its evolution during crystallization is therefore critical for understanding magma differentiation
and associated ore-forming processes (Frost, 1991; Carmichael, 1991; Kress and Carmichael,
1991; Ghiorso and Evans, 2008; Bai et al., 2012) However, the magmatic redox conditions and
their evolution in mafic—ultramafic intrusions remain poorly constrained because of

methodological limitations.
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Recently developed Fe-, Ti-, and V-based magnetite—melt oxybarometers require
magnetite to have equilibrated with a melt of known composition (Araté and Audétat 2017a, b,
Shepherd et al. 2022a). Because equilibrium melts are rarely preserved and are difficult to
reconstruct in plutonic rocks (Charlier et al. 2015), the application of these oxybarometers to
plutonic rocks remains limited. Magnetite—ilmenite oxybarometer avoids the need for melt
compositions, but typically records the temperature and fO» of the final equilibration between
the two oxides rather than primary magmatic conditions (Andersen et al. 1993, Ghiorso and
Evans 2008). The recently developed Eu-in-clinopyroxene—plagioclase oxybarometer offers
another melt-independent approach for redox constraints (Dygert et al. 2025). Its application,
however, is restricted to rocks that preserve this mineral assemblage and may, for example, be
limited in hydrous and oxidized magmatic systems where plagioclase crystallization is delayed
(Almeev et al. 2012). Additional mineral-pair oxybarometers based on different redox-sensitive
elements and mineral assemblages are therefore needed to provide complementary constraints

for reconstructing magmatic redox evolution across diverse intrusive systems.

Magnetite-clinopyroxene pairs are particularly promising because they commonly coexist
over a broad interval of crystallization in plutonic rocks following oxide saturation. Magnetite
is one of the principal hosts of vanadium and ferric iron in mafic magmas, and its crystallization
not only records but also influences magmatic redox evolution (Ai et al. 2025). Clinopyroxene
incorporates appreciable amounts of vanadium and is one of the most abundant rock-forming
minerals in plutonic systems. Therefore, the Mt—Cpx pair is a potentially powerful recorder of
magmatic redox evolution. Vanadium provides an attractive basis for developing such an
oxybarometer because its valence state and mineral-melt partitioning behavior vary

systematically with fO» (Toplis and Corgne 2002, Mallmann and O’Neill 2009, 2013, Davis et
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al. 2013, Wang et al. 2019, Leuthold et al. 2023). V partitioning may be less susceptible to
subsolidus re-equilibration than Fe—Ti exchange between coexisting oxide pairs and may
therefore preserve primary magmatic redox information more effectively (Mallmann and
O’Neill 2013, Arat6 and Audétat 2017a, Sievwright et al. 2020). Unlike the Eu-in-
clinopyroxene—plagioclase oxybarometer, which relies on Eu partitioning between silicate
minerals, the Mt—Cpx oxybarometer directly utilizes the redox-sensitive behavior of vanadium

in magnetite, providing complementary constraints for oxide-bearing mafic magmatic systems.

However, V partitioning between magnetite and clinopyroxene is jointly governed by
oxygen fugacity, temperature, melt composition, and mineral chemistry, producing nonlinear
relationships that are difficult to capture using conventional empirical calibrations. Machine-
learning methods provide an effective framework for resolving these coupled controls and
establishing a robust Mt—Cpx oxybarometer from heterogeneous experimental datasets (Zou et

al. 2024; Wang et al. 2025).

Here, we develop a machine-learning V-partitioning framework to establish a melt-
independent Mt—Cpx oxybarometer. Given the scarcity of paired Mt—Cpx experiments, we first
calibrate V partitioning in the Cpx—melt and Mt—melt systems using compiled experimental
datasets, and then transfer these relationships to the directly measurable Mt—Cpx pair to
construct a melt-independent V-in-Mt—Cpx oxybarometer. The same datasets are also used to
derive complementary V-in-Cpx and V-in-Mt oxybarometers for systems with preserved or
independently constrained equilibrium melts. Model performance is evaluated against
measured mineral-melt partition coefficients, independent experimental fO constraints, and
natural samples benchmarked against established V-in-olivine and Eu-in-Cpx—PI

oxybarometers. We further assess the effects of ilmenite exsolution from magnetite and apply
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the new calibration to the Panzhihua intrusion and the Upper Zone of the Bushveld Complex to

compare redox evolution in Fe—Ti—V-bearing plutonic systems.

2. Methods

2.1 Theoretical basis and calibration framework of the V-in-Mt-Cpx oxybarometer

Under relatively reducing conditions, V occurs predominantly in lower valence states,
particularly V3*, whereas increasing fO> progressively shifts its speciation in silicate melts
toward V** and V°*. Because these species differ in their crystal-chemical affinities for minerals
and melts, both D\pr/ melt and D‘I}A t/melt qecrease systematically with increasing fO> (Toplis
and Corgne 2002; Sossi et al. 2018; Shepherd et al. 2022a). In clinopyroxene, V is incorporated
primarily into the octahedrally coordinated M1 site (McCanta et al. 2004, Mallmann et al. 2009,
Wang et al. 2019, Salazar-Naranjo and Vlach 2025), whereas in magnetite it is preferentially
accommodated within the octahedral sublattice of the inverse-spinel structure (Aratd and
Audétat 2017a, Sievwright et al. 2020). Differences in site geometry and charge-balancing
mechanisms impart distinct redox sensitivities to V partitioning in the two minerals. Within the
compositional and redox ranges represented by the calibration datasets, Dy t/melt 4o creases
more steeply with increasing fO, than Dspx/ melt( Toplis and Corgne 2002, Shepherd et al.
2022a), as illustrated by the contrasting regression slopes in Fig. 1a. Consequently, the ratio
D\pr/ Mincreases systematically with increasing fO; over the common calibration range (Fig.
1b). This differential response provides the crystal-chemical basis for applying Cpx—-Mt V

partitioning to oxybarometry. Temperature and mineral-melt composition further modulate the

absolute partition coefficients and must therefore be incorporated into quantitative calibrations.
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Direct calibration of D‘(,: PX/Mbs Jimited by the scarcity of experiments reporting reliable V

concentrations for both coexisting minerals. By contrast, V partitioning in the Cpx—melt and
Mt—melt systems is constrained by substantially larger experimental datasets. We therefore first

calibrated forward models for the two mineral-melt systems:
logyo Dy ™" = Fi(T, AFMQ X;, Xmper), (1)

where i denotes clinopyroxene or magnetite, T is temperature, AFMQ is fO; relative to
the fayalite—magnetite—quartz buffer, and X; and X, denote the compositions of the
mineral and coexisting melt, respectively. The functions Fcpiand Fythus describe the redox
dependence of V partitioning while accounting for the associated thermal and compositional

controls.

The same datasets were also used to derive inverse mineral-melt oxybarometers:
i /mel
AFMQ = G;(T, Xy, Xmmero logso DY ™), )

where Gepy and Gy represent the V-in-Cpx and V-in-Mt oxybarometers, respectively.
These inverse calibrations provide complementary estimates of fO> for systems in which the
equilibrium melt composition is preserved or can be independently reconstructed, but they are

ancillary to the mineral-pair transfer procedure described below.

For clinopyroxene and magnetite that equilibrated with the same silicate melt, the common

melt term can be eliminated, such that

DCpX/melt
\' DMt/melt ’
\'%

and, in logarithmic form,

Cpx/Mt Cpx/melt _ ]

10g10 DV - loglo DV Mt/melt. (4)

0810 Dy
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Equation (4) allows the two mineral-melt partitioning models to be combined without
retaining melt V concentration as an explicit variable. For each experimental Mt—Cpx
assemblage, Fgpyand Fywere evaluated using the same temperature, imposed AFMQ, and
melt composition, together with the measured composition of the corresponding mineral. The
difference between the two model outputs defines the transferred mineral-pair partition

coefficient:

10810D\SPX/Mt

= Fepx(T, A, FMQ, XcpyXmetr) — Fue(T, A, FMQ, XypeXmeio), (5)
where the hat denotes a value transferred from the two mineral-melt models rather than

calculated from direct V analyses of a coexisting Mt—Cpx pair.
These transferred values were used to calibrate the mineral-pair inverse model:
Cpx/M
AFMQ = H(T, Xcpx X log10D5> ™). (6)

Because AFMQ is an input to the forward models used to generate Eq. (5), the fit of Eq.
(6) to the transferred dataset evaluates the internal fidelity of the transfer-and-inversion
procedure, rather than providing an independent test of the oxybarometer. This dependence
arises from the scarcity of experiments with reliable V measurements in both coexisting
minerals. The accuracy of the mineral-pair calibration was therefore evaluated separately using
directly measured experimental Mt—Cpx partition coefficients and external comparisons with

natural samples, as described in Section 2.4.

Throughout this study, the mineral assemblage is referred to as Mt—Cpx, whereas the
partition coefficient is defined in the Cpx/Mt direction because it increases with increasing fO>

over the calibration range. During calibration, the partition coefficient supplied to Eq. (6) was
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the transferred value from Eq. (5). For experimental validation and application to natural

samples, it was calculated directly from measured V concentrations:

CCpx
C M
logloDVpX/ t — lOglo (%) . (7)
\%

Application of the V-in-Mt-Cpx oxybarometer therefore requires an independent
temperature estimate, the major-element compositions of coexisting clinopyroxene and
magnetite, and their measured V concentrations. Reconstruction of the equilibrium melt
composition is not required. The method assumes that the selected minerals equilibrated with a

common melt and subsequently retained their primary inter-mineral V distribution.
2.2 Calibrating and validation datasets for V partitioning models

With the aim of constructing a V-in-Mt—Cpx oxybarometer from experimentally
constrained V partitioning relationships, we compiled three experimental datasets: a Cpx—melt
dataset, a Mt—melt dataset, and a coexisting Mt—Cpx dataset. The Cpx—melt and Mt—-melt
datasets were used to calibrate forward mineral-melt V partitioning models, whereas the Mt—
Cpx dataset was used to construct the transferred mineral-pair oxybarometer. A subset of
experiments in which V was measured in both magnetite and clinopyroxene was reserved for
independent validation of both the transferred D‘pr/ Mt values and the final V-in-Mt—Cpx
oxybarometer. Only experiments with well-constrained temperature, fO», phase compositions,

V concentrations or V partition coefficients, and complete model input variables were retained.

The full datasets and original references are provided in Supplementary Data S1-S3.

The Cpx—melt dataset comprises 227 experiments and was used to calibrate the Cpx—melt

V partitioning model. It covers temperatures from 835 to 1900 °C and fO, from AFMQ =-4.84
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to +7.19, with melt SiO: contents ranging from 41.56 to 73.50 wt.%. The Mt-melt dataset
comprises 87 experiments and was used to calibrate the Mt—melt V partitioning model. It covers
temperatures from 1068 to 1325 °C and fO, from AFMQ= -3.83 to +4.89 with melt SiO:

contents of 30.84 to 76.80 wt.% and Na-O + K20 contents of 0 to 8.01 wt.%.

The Mt—Cpx dataset comprises 190 coexisting magnetite—clinopyroxene pairs and was
used to construct the transferred V-in-Mt—Cpx oxybarometer. This dataset includes
experimental temperatures, fO», clinopyroxene and magnetite major-element compositions, and
melt compositional information. Because paired reliable V analyses in both magnetite and
clinopyroxene are limited, Dspx/ Mtyalues for most experiments were derived from the Cpx—
melt and Mt—melt forward models using the transfer procedure described below. The Mt—Cpx

dataset spans 800—1160 °C and AFMQ=-2.47 to +4.32 with melt SiO: contents of 46.64—73.59

wt.% and Na.O + K>O contents of 2.64—-11.91 wt.%.

A subset of eight experiments with measured V concentrations in both magnetite and
clinopyroxene was withheld from model training and used for independent validation. These
experiments were used in two ways: first, to compare measured and predicted log;, D\(,:px/ Mt;

and second, to test whether the final V-in-Mt—Cpx oxybarometer can reproduce independently

constrained experimental fO, (AFMQ).

The compositional coverage of the datasets was evaluated using melt total alkali—silica
diagrams, magnetite FeO-Fe.0s:—TiO: ternary diagrams, and clinopyroxene Wo—En-Fs
diagrams (Fig. 2). These diagrams define the calibration range of the models and provide a basis

for assessing extrapolation when the oxybarometers are applied to natural samples.
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2.3. Machine-learning workflow and model interpretation

All forward partitioning models and inverse fO> models were calibrated using a consistent
machine-learning workflow. Seven algorithms were tested: CatBoost, Random Forest, Support
Vector Regression (SVR), k-nearest neighbors (KNN), Decision Tree, multilayer perceptron
(MLP), and Elastic Net (Cortes and Vapnik 1995, Breiman 2001, Breiman et al. 2017,
Prokhorenkova et al. 2019). For each modeling task, each algorithm was evaluated in 100
repeated runs using independent random 80:20 training—test splits. Random splitting was
adopted because the models are intended primarily for interpolation within the pooled
temperature, compositional, and redox ranges of the calibration datasets, whereas splitting by
experimental study or series may remove entire data domains and therefore primarily test
extrapolation. In each run, the training subset was used for model fitting, cross-validation, and
grid-search hyperparameter optimization, whereas the test subset was reserved for performance
evaluation. Depending on dataset size, either 10-fold or 3-fold cross-validation was applied
(Hastie et al. 2009). Model performance was assessed using R%and root-mean-square error
(Okoye and Hosseini 2024). The best-performing algorithm for each task was selected from its
overall performance and stability across the 100 runs and was subsequently used with the

optimized hyperparameters to construct the final model.

For scale-sensitive algorithms, such as support vector regression, input variables were
standardized using parameters fitted only on the training subset, and the same transformation
was then applied to the test subset. Tree-based algorithms, including decision trees, random
forests, and CatBoost, were trained using unscaled input variables (Cortes and Vapnik 1995,
Breiman 2001, Hastie et al. 2009, Breiman et al. 2017, Prokhorenkova et al. 2019). All

preprocessing steps were fitted only on the training data to avoid information leakage.
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Because experimental petrology datasets are commonly small, model performance was
also tested using different random splits. Final models were selected by jointly considering
cross-validation performance, independent test-set performance, stability across random splits,
and geochemical interpretability. When several algorithms produced similar statistical
performance, preference was given to the model that yielded stable predictions and feature

responses consistent with known controls on V partitioning.

Feature-importance and SHAP analyses were used to evaluate the relative influence of
input variables on model predictions (Lundberg et al. 2020). SHAP is an interpretability method
that shows how each feature contributes to model predictions (Lundberg and Lee 2017). These
analyses were used to assess whether the models were mainly controlled by geochemically
meaningful variables, especially V partition coefficients, temperature, and phase compositions,
rather than by incidental correlations in the datasets. All models were implemented in Python
using scikit-learn and CatBoost. The datasets, optimized parameters, and scripts used for model

training and prediction are provided in the Supplementary Materials.

2.4 Experimental and natural sample validation

The model framework was evaluated through a sequence of partitioning, experimental,
and natural-sample tests. First, the transfer from mineral-melt to mineral-pair partitioning was
assessed using the eight independent Mt—Cpx experiments in which V was measured in both
magnetite and clinopyroxene (Shepherd et al. 2022a). For these experiments, measured

Cpx/Mt

logyo Dy values were calculated using Eq. (5) and compared with values predicted by

combining the Cpx—melt and Mt—melt forward models using Eq. (3).
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The same experiments were then used to test the final V-in-Mt—Cpx oxybarometer. For
each experiment, log;, D\(,:px/ Mt \vas calculated directly from the measured V concentrations in
magnetite and clinopyroxene, and fO, was calculated using Eq. (4). The calculated values were
compared with the independently constrained experimental fO,. This validation provides a

direct test of whether the transferred mineral-pair model can reproduce experimental fO;, rather

than only mineral-pair V partitioning.

For natural samples, crystallization temperatures were estimated using a previously
calibrated clinopyroxene thermometer (Chicchi et al. 2023). These temperatures were used as
input parameters for all V-based oxybarometers. For mineral-melt calculations, reconstructed
equilibrium melt compositions were used together with clinopyroxene compositions in the
temperature calculation, whereas the V-in-Mt-Cpx oxybarometer required only the
clinopyroxene-based temperature estimate and measured mineral compositions. Samples
yielding temperatures outside the calibration range of the V-partitioning models were excluded

from subsequent fO; calculations.

Natural sample validation was carried out using independent mineral-based redox
constraints. For picrite samples from the Emeishan Large Igneous Province, fO; values
calculated using the V-in-Cpx oxybarometer were compared with those obtained from a V-in-
olivine oxybarometer (Wang et al. 2025). For mid-ocean-ridge gabbro, fO> values calculated
using the V-in-Mt—Cpx oxybarometer were compared with estimates from the Eu-in-Cpx—P1
oxybarometer (Dygert et al. 2025). Published data from the Panzhihua layered intrusion were
also used to compare results from the V-in-Cpx, V-in-Mt, and V-in-Mt—-Cpx oxybarometers.
All natural samples were analyzed following the procedures described in the Supplementary

Methods, with the full dataset presented in Supplementary Data S4.
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For applications of the mineral-melt inverse models to natural samples, equilibrium
melt compositions were constrained before calculating fO,. Where quenched melts were
unavailable, melt compositions were reconstructed from whole-rock compositions by adding
or subtracting olivine components until Fe-Mg exchange equilibrium was reached between the
reconstructed melt and the analyzed minerals. For clinopyroxene-based calculations, the
reconstructed melt was adjusted to satisfy ng_Mg (Cpx—melt) =0.27 (Villiger et al. 2006)
whereas for olivine-based reference calculations it was adjusted to satisfy K ge_Mg (Ol-melt)
=0.33 (Toplis 2005) This procedure provides an internally consistent estimate of the melt
composition in equilibrium with the analyzed mineral, rather than assuming that the measured

whole-rock composition directly represents the equilibrium liquid.
2.5 Exsolution sensitivity and application to layered intrusions

The effect of ilmenite exsolution from magnetite on calculated fO, was evaluated by
mass-balance correction of magnetite compositions. For each oxide or trace element component

J, the pre-exsolution magnetite composition was estimated as:

CJ = XmeCihe + XumC] (8)

IIm
where C({ is the reconstructed pre-exsolution composition, CI{;[t and Cl{m are the
compositions of residual magnetite and exsolved ilmenite, and Xyand Xy,are their modal
fractions, with Xy + Xy = 1. Ilmenite compositions were taken from measured lamellae
where available, or from representative published analyses of ilmenite exsolution lamellae in
comparable layered mafic intrusions. The range of Xy, was chosen to cover observed or

petrographically reasonable exsolution proportions.
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For each corrected magnetite composition, fO> was recalculated using the V-in-Mt—Cpx
oxybarometer while keeping clinopyroxene composition and temperature fixed. This procedure

isolates the effect of magnetite modification on the recovered fO».

The V-in-Mt-Cpx oxybarometer was then applied to coexisting magnetite and
clinopyroxene from the Panzhihua and Bushveld layered intrusions. For each mineral pair,
logi D\l;/[ Y/CPX\yas calculated directly from measured V concentrations, and fO, was calculated
using measured mineral compositions and clinopyroxene-based temperature estimates. Only
texturally associated Mt—Cpx pairs with compositions within, or close to, the experimental
calibration range were retained. Analyses showing alteration, secondary replacement, strong
exsolution-related disturbance, or anomalous trace-clement behavior were excluded. Calculated

1O, values were grouped by sample and stratigraphic position for comparison between

intrusions.

3. Results

3.1 Mineral-melt V partitioning models and associated inverse oxybarometers

Among the algorithms calibrated for Cpx—melt V partitioning, CatBoost gives the lowest
prediction error (Fig. S1). The selected model closely reproduces experimental log, Dspx/ melt
with an R? of 0.982 and an RMSE of 0.086 log units on the test dataset (Fig. 3a). Predicted
values are distributed around the 1:1 line across the calibration range, and residuals remain
centered near zero without systematic variation with fO> (AFMQ) temperature, melt

composition, or clinopyroxene composition. Feature importance and SHAP analyses rank

AFMQ, melt SiO2, melt CaO, and clinopyroxene Mg# among the principal controls on

2
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Dspx/ melt(Fig. S2a). The SHAP dependence of fO, (AFMQ) is negative, showing that more
oxidizing conditions generally reduce V partitioning into clinopyroxene. Temperature and
compositional variables contribute smaller but systematic effects, consistent with the

dependence of Cpx—melt V partitioning on both V valence state and crystal-melt chemistry.

When the Cpx—melt dataset is calibrated in inverse form, CatBoost also yields the most
accurate V-in-Cpx oxybarometer (Fig. S1). The model predicts experimental fO, (AFMQ) with
an R?of 0.971 and an RMSE of 0.480 AFMQ units on the test dataset (Fig. 3b). Most
predictions lie close to the 1:1 line, although the largest residuals occur near the reduced and
oxidized limits of the calibration range. In the SHAP analysis, logqq D‘pr/ melt i< the dominant
predictor, followed by temperature and selected melt and clinopyroxene compositional
variables (Fig. S2b). The inverse model therefore uses the V partition coefficient as the main
redox-sensitive variable: higher log;, D\pr/ melt corresponds to lower calculated fO> (AFMQ),
whereas compositional terms account for variations in clinopyroxene—melt equilibrium. For the

collected experimental petrological data, the new V-in-Cpx oxybarometer is likewise based on

empirical formulae (Fig. S3).

The Mt-melt forward calibration is best represented by CatBoost (Fig. S1). This model

reproduces experimental log;, Dy t/melt o ith an R? of 0.988 and an RMSE of 0.077 log units

on the test dataset (Fig. 4a). It accounts for the large range of magnetite—melt V partition
coefficients, including both reduced and oxidized experiments, and residuals show no clear
dependence on fO, (AFMQ), melt composition, or magnetite composition. SHAP results
identify fO, (AFMQ), magnetite TiO2, Fe components, and melt composition as the main

variables controlling Dy /™*"(Fig. S4a). As in the Cpx—melt model, increasing fO> (AFMQ)

generally lowers predicted D‘I}A Y melt, reflecting the lower compatibility of oxidized V species.
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The additional influence of Ti and Fe components indicates that spinel solid solution and site

occupancy also affect V incorporation into magnetite.

The inverse Mt—melt calibration defines the V-in-Mt oxybarometer, for which CatBoost
gives the lowest prediction error (Fig. S1). The model predicts experimental O, with an R?of
0.990 and an RMSE of 0.163 AFMQ on the test dataset (Fig. 4b), with slightly less scatter than
the V-in-Cpx oxybarometer. Comparative analysis reveals that the V-in-Cpx oxybarometer
outperforms the empirical oxybarometers (Fig. S5). SHAP values show that
logi D\l;/[ t/melt qominates the prediction, whereas temperature and magnetite compositional
variables provide secondary corrections (Fig. S4b). The negative dependence of calculated fO»
(AFMQ) an log; Dy t/melt is consistent with redox-controlled V partitioning into magnetite.
Together, the two forward mineral-melt models provide the quantitative inputs needed to
calculate transferred log;, D\pr/ Mt, whereas the V-in-Cpx and V-in-Mt oxybarometers serve

as associated mineral-melt reference models for samples with constrained equilibrium melt

compositions.
3.2 Calibration and feature controls of the transferred V-in-Mt—Cpx oxybarometer

The calibrated Cpx—melt and Mt-melt forward models were coupled to calculate

transferred log, D‘pr/ Mt values for the Mt—Cpx experimental dataset. For each experiment,
predicted logyg D\l;/[ t/melt and log1g Dspx/ melt ere combined according to Eq. (3). The

resulting transferred partition coefficients span a broad range and vary systematically with
experimental fO> (AFMQ), indicating that the redox dependence captured by the two mineral—
melt models is retained after conversion to the mineral-pair form. The transferred Mt—Cpx

dataset was then used to calibrate the final V-in-Mt—Cpx oxybarometer. CatBoost gives the best
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performance for this model (Fig. S1), predicting experimental fO> (AFMQ) with an R%0f0.979
and an RMSE of 0.225 AFMQ units on the test dataset (Fig. 5). Predicted values closely follow
the experimental values from reduced to oxidized conditions, and residuals are centered near
Zero.

SHAP analysis identifies logq, D\pr/ Mt as the dominant predictor in the final

oxybarometer (Fig. 6), indicating that model predictions are governed primarily by the
measured inter-mineral V partitioning signal rather than by major-element compositions alone.
The next most influential variables are magnetite TiO:. and Fe components, followed by
clinopyroxene compositional parameters such as CaO and Al:Os. These variables provide

secondary corrections for crystal-chemical controls on V incorporation into the two minerals.

The dependence of fO, on the Mt—Cpx partitioning term differs from that observed in the
mineral-melt inverse oxybarometers. In the V-in-Cpx and V-in-Mt models, higher mineral—
melt Dyvalues correspond to lower calculated fO,. In contrast, the V-in-Mt—Cpx oxybarometer
shows a positive dependence on log;, Dgpx/ Mt (Fig. 6). This behavior reflects the ratio form
of Dspx/ Mt, which records the relative change in V compatibility between magnetite and

clinopyroxene as redox conditions vary. To facilitate the practical application of the five models,

an online platform has been made available at https://kcctohhpfn3h5yzfpzemgh.streamlit.app/.
3.3 Model validation using experimental and natural samples

The transfer from mineral-melt to mineral-pair partitioning was evaluated
independently using eight experiments in which V concentrations were measured in both
magnetite and clinopyroxene (Shepherd et al. 20224). For these experiments, measured

logi, Dgpx/ Mt values were calculated directly from the mineral V concentrations and



406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

compared with values predicted by combining the Cpx—melt and Mt-melt forward models. The
predicted and measured values are closely matched, with a mean residual of 0.014 log units and
no systematic offset across the validation dataset (Fig. 7a). Only 2 experiments show larger
deviations, and these deviations remain small relative to the full range of

log1g D\(,:px/ Mt represented by the calibration data.

The same experiments provide a direct test of the final V-in-Mt—Cpx oxybarometer.

Using measured mineral V concentrations to calculate log;, Dspx/ Mt, the model reproduces

independently constrained experimental AFMQ values within 0.5 log units for six of the eight

experiments (Fig. 7b). The experiment with larger discrepancies does not define a consistent

positive or negative offset. Thus, the independent experimental tests support both the transfer
Cpx/Mt

of Dy from mineral-melt partitioning models and the ability of the final mineral-pair

oxybarometer to recover experimental redox conditions.

Natural sample comparisons provide an additional assessment of model applicability
beyond the calibration experiments. For Emeishan picrite, fO, (AFMQ) values calculated using
the V-in-Cpx oxybarometer are broadly consistent with those obtained from the V-in-olivine
oxybarometer, with an average difference of approximately 0.5 AFMQunits (Fig. 8a). For mid-
ocean-ridge gabbro, the V-in-Mt—Cpx oxybarometer yields fO, (AFMQ) values that agree with
estimates from the Eu-in-Cpx—Pl oxybarometer within approximately 0.2 log units (Fig. 8b).
Published samples from the Panzhihua intrusion also show comparable results among the V-in-
Cpx, V-in-Mt, and V-in-Mt—Cpx oxybarometers (Fig. 8c). These comparisons indicate that the
V-based models give redox estimates consistent with independent mineral-based

oxybarometers in chemically diverse natural systems.
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3.4 Uncertainty propagation and effect of ilmenite exsolution

Uncertainty associated with transferring the independently calibrated Cpx—melt and
Mt-melt V-partitioning models was propagated through the V-in-Mt—Cpx oxybarometer. The
corresponding 1o prediction uncertainties are 0.086 and 0.077 logioD units, respectively (Fig.
3a, 4a). Because the inter-mineral partition coefficient is defined as

Cpx/Mt Cpx/melt ]

10g10 DV — 10g10 DV Mt/melt

0810 Dy )

the uncertainty transferred to log;, D‘pr/ M assuming independent prediction errors in

the two forward models, is

Tlogyo DEPME = V(0.077)2 + (0.086)% = 0.115 logy,D.
For each of the calibration experiments, the nominal log;, D ‘(/:I)X/Mt was perturbed by

+0.115log units, and fO, was recalculated while temperature and mineral compositions were
held constant. The nonlinear response of the inverse model resulted in asymmetric shifts in
calculated fO, and in 25 experiments the nominal solution was not bracketed by the two
perturbed calculations (Fig. S6a, b). The propagated uncertainty for experiment i was therefore
represented by the mean absolute displacement of the perturbed solutions from the nominal

result:

" = | AFMQ; _15 — AFMQ; o | +1 AFMQ; 41, — AFMQ; ¢ |
i — »
2

where AFMQ;, denotes the nominal calculation, and AFMQ;_;, and AFMQ; ;14

denote the results obtained using log;o D — 10 and log;y D + 1o, respectively.

The magnitude of wu; varies across the calibration range, demonstrating that the

sensitivity of the oxybarometer to DSpX/ Mt is not uniform (Fig. S6a). Most experiments yield
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relatively small propagated uncertainties, whereas larger values occur locally at intermediate to
relatively oxidizing conditions. The distribution is positively skewed, with a median of 0.132

AFMQ and a root-mean-square uncertainty of

n
Urms = Zul? = 0.227 AFMQ.

Overall, 50% of the experiments have u; < 0.132 AFMQ and 90% have u; < 0.391
AFMQ (Fig. S6¢). The RMSE value of approximately +£0.227 AFMQ is therefore adopted as
the representative uncertainty attributable specifically to transfer of the Cpx—melt and Mt—melt
partitioning models. Using the nominal partition coefficients, the oxybarometer reproduces the
experimental fO, with a mean residual of -0.016 AFMQ and a root-mean-square error of 0.225
AFMQ. If the calibration error and propagated transfer uncertainty are treated as independent,

their quadrature combination is

Ocombined = \/(0.225)2 + (0.227)? = 0.320 AFMQ.

Accordingly, +0.227 AFMQ represents the transfer-specific uncertainty, whereas
approximately +£0.320 AFMQ provides an effective uncertainty for applications within the

calibration range.

Mass-balance simulations were used to assess the influence of ilmenite exsolution from
magnetite on fO; estimates obtained using the V-in-Mt—Cpx oxybarometer. With increasing
assumed exsolution, the mass-balance-corrected magnetite compositions show progressively
higher FeOT and V contents and lower TiO2 contents (Fig. S7a). The relative change in V
concentration is substantially smaller than the pronounced depletion in TiO2, indicating that

ilmenite exsolution affects Ti more strongly than V. Despite these pronounced compositional
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changes, the calculated fO» values remain broadly stable and exhibit no systematic dependence
on the extent of exsolution (Fig. S7b). Across the modeled range, the total variation is less than
approximately 0.3 AFMQ. These results indicate that ilmenite exsolution has only a limited
influence on the redox estimates obtained with the V-in-Mt—Cpx oxybarometer under the
simulated conditions. The effect of more extensive exsolution or substantially different ilmenite

compositions remains to be evaluated.

3.5 Redox estimates for the Panzhihua intrusion and the Upper Zone of the Bushveld

Complex

The V-in-Mt—Cpx oxybarometer was applied to coexisting magnetite and clinopyroxene
from the Panzhihua intrusion and the Upper Zone of the Bushveld Complex to evaluate redox
variations in Fe-Ti—V-bearing plutonic systems, based on published compositional data for
Panzhihua (Song et al., 2013; Chen et al., 2017) and Bushveld (Ashwal et al., 2005). Panzhihua
samples yield consistently oxidized values, with calculated fO, (AFMQ) ranging from
approximately +1.29 to +1.99(Fig. 9a). The within-sample variation is generally limited, and
calculated fO, shows only a weak correlation with clinopyroxene Mg# (R? = 0.083; Fig. 9c).
These results indicate a relatively restricted range of redox conditions recorded by Mt—Cpx

pairs in the analyzed Panzhihua samples.

Bushveld samples define a broader range of redox estimates. Calculated fO, (AFMQ)
values range from approximately +0.06 to +1.31(Fig. 9d), extending to lower o fO; than the
Panzhihua dataset. In contrast to Panzhihua, Bushveld samples show a clearer relationship
between fO, and clinopyroxene Mg#, with lower Mg# generally associated with lower

calculated fO, (R? = 0.773; Fig. 9f). The calculated values also vary more strongly with
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stratigraphic position, indicating greater redox heterogeneity within the sampled Bushveld

section.

Discussion

4.1 Clinopyroxene—melt V partitioning and the V-in-Cpx oxybarometer

The Cpx—melt calibration confirms that V partitioning into clinopyroxene provides a
quantifiable redox signal, but also shows that this signal is modulated by temperature and
crystal-melt chemistry. The decrease in D\pr/ melt \vith increasing fO; is consistent with the
multivalent behavior of V in silicate melts (Toplis and Corgne 2002, Mallmann and O’Neill
2009, 2013, Davisetal. 2013, Wang et al. 2019, Leuthold et al. 2023). Under relatively reduced
conditions, lower-valence V species, particularly V**, are more readily incorporated into the
octahedrally coordinated M1 site of clinopyroxene. Oxidation increases the proportions of
higher-valence V species that are less compatible with the clinopyroxene structure, thereby
decreasing Dgpx/melt(Toplis and Corgne 2002, Holycross and Cottrell 20225, Shepherd et al.

2022a). This redox dependence provides the basis for a Cpx—melt V oxybarometer, but the

SHAP results indicate that it cannot be treated as a simple one-variable relationship.

In the forward partitioning model, fO, dominates the prediction, whereas clinopyroxene
Si02, Ca0, AlOs, TiO2, and MgO and melt Al>Os, SiO2, CaO, and MgO provide smaller
compositional corrections (Fig.S2a). The clinopyroxene variables chiefly record variations in
quadrilateral and Tschermak-type components that modify M1-site geometry and charge
balance (Wang et al. 2019; Holycross and Cottrell 2022b; Shepherd et al. 2022b). In particular,

coupled substitutions involving tetrahedral Al and octahedral AI** or Ti*" regulate the
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availability of sites suitable for multivalent V (Hill et al. 2000; Wang et al. 2019). Melt Si0O:
and Al:Os control aluminosilicate-network structure and charge balance, whereas CaO and
MgO modify melt depolymerization and the activities of clinopyroxene-forming components
(Neuville et al. 2006; Bédard 2010; Shepherd et al. 2022b). Together, these variables influence
the activity and coordination of V in the melt and its energetic compatibility with the
clinopyroxene lattice. The machine-learning approach captures these nonlinear and coupled
effects without prescribing their functional form, unlike conventional regressions in which
interactions among fO> and compositional variables must be specified in advance (Higgins et
al. 2022, Chicchi et al. 2023, Zou et al. 2024). The dominance of fO, and the subordinate roles
of crystal and melt composition are therefore consistent with established controls on Cpx—melt

V partitioning and support the geochemical validity of the model.

The inverse V-in-Cpx oxybarometer recovers the redox information encoded in

Dspx/ melt \hen the equilibrium melt composition is known or independently constrained (Fig.

3b). The dominance of log;, Dspx/ melt -onfirms that fO> is predicted primarily from redox-
sensitive V partitioning, whereas the remaining variables provide additional constraints on melt
structure and clinopyroxene Fe**-bearing components (Fig. S2b). Although Al is not redox-
active, its distribution between tetrahedral and octahedral sites ('VAl and V'Al) is
stoichiometrically coupled to Fe**. In structural formulae normalized to six oxygens, V'Al is
constrained by the tetrahedral Si deficiency, V'Al by the remaining Al, and calculated Fe**
depends on the overall charge balance involving Si, Al, Na, Ti, Cr, Mg, and total Fe (Droop
1987, Neave et al. 2024). Increasing fO; raises Fe**/~Fe in the melt and promotes incorporation

of Fe** into clinopyroxene, principally through essonite (CaFe3tAlSiO¢)and, in Na-rich

compositions, aegirine (NaFe3*Si,0¢)components (Luth and Canil 1993, McCanta et al. 2004,
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Neave et al. 2024) The positive SHAP effects of melt Na2O and Al.O; are therefore consistent
with greater stabilization of Fe**-bearing clinopyroxene components and higher predicted fO,,
whereas the negative effect of clinopyroxene SiO: reflects lower V'Al and reduced capacity for
essonite- and Tschermak-type substitutions. Because Na and Al may also enter redox-
insensitive jadeite and Ca-Tschermak components, their effects are resolved jointly with Si0O-
and CaO rather than interpreted independently. Melt SiO, CaO, and alkalis further correct for
changes in melt polymerization and V activity, while temperature accounts for the temperature
dependence of V redox and crystal-melt exchange equilibria (Wang et al. 2019; Shepherd et al.
2022b). The weak clinopyroxene K20 effect likely reflects covariance with alkali-rich melts

rather than direct K—V substitution (Salazar-Naranjo and Vlach 2025).

The practical applicability of the V-in-Cpx oxybarometer is supported by its comparison
with an independent V-in-olivine oxybarometer (Wang et al. 20254) for Emeishan picrites
(Fig.8a). The two approaches give broadly consistent fO, estimates, indicating that the
clinopyroxene-based model can recover redox conditions in natural mafic systems when the
equilibrium melt composition can be reasonably constrained. This comparison is important
because it tests the model outside the experimental calibration workflow and against an
independent mineral-based redox proxy. The V-in-Cpx oxybarometer is therefore useful for
volcanic rocks, melt-inclusion-bearing samples, and natural systems in which equilibrium melts
can be estimated with confidence (Toplis and Corgne 2002, Li 2018, Holycross and Cottrell

2022a, Shepherd et al. 2022a).

Its main limitation is the dependence on melt composition. In plutonic and cumulate rocks,
whole-rock compositions may reflect crystal accumulation, trapped liquid, and post-cumulus

modification rather than equilibrium liquids (Holness et al. 2007, Namur et al. 2013, Leuthold
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etal. 2014, Charlier et al. 2015). Melt reconstruction can extend the applicability of the model,
but it also introduces uncertainty that may be difficult to quantify. The V-in-Cpx oxybarometer
is therefore best viewed as a robust mineral-melt reference model and as one experimentally
calibrated component of the broader transfer framework, rather than as the primary solution for

melt-absent plutonic rocks.

4.2 Magnetite—melt V partitioning and the V-in-Mt oxybarometer

Magnetite provides a more sensitive, but also more mineralogically complex, record of
V partitioning. As a major host of V in mafic systems, magnetite incorporates V through
substitutions in the spinel structure, and its V content responds to both fO, and oxide solid
solution (Toplis and Corgne 2002, Sossi et al. 2018, Shepherd et al. 20224). The Mt—melt model
captures the expected decrease in D\I}A t/melt oith increasing fO» reflecting the lower

compatibility of oxidized V species relative to reduced V in magnetite(Toplis and Carroll 1995,

Andugjar et al. 2016, Sossi et al. 2018, Sievwright et al. 2020).

The SHAP results identify fO, and magnetite TiO: as the two dominant controls on the
forward partitioning model, accounting for 28.73% and 26.85% of the total feature importance,
respectively (Fig. S4a). fO; primarily controls Dg[ t/melt by changing V speciation in the melt:
reduced conditions increase the proportion of magnetite-compatible V3*, whereas oxidation
produces less compatible V4" to V** species. Magnetite TiO: provides an additional crystal-
chemical control through solid solution toward ulvdspinel, represented by Ti** + Fe?* &
2Fe3*(Buddington and Lindsley 1964, Backhaus-Ricoult and Dieckmann 1986, Van Orman

and Crispin 2010). This substitution changes the Fe*/Fe*" ratio, cation distribution, and

octahedral-site environment governing V incorporation. Magnetite FeO, MgO, and MnO
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further modify D‘I;/[ t/melt through substitutions involving Fe?*" and other divalent cations,

thereby changing site dimensions and the activities of V-bearing spinel components
(Buddington and Lindsley 1964; Backhaus-Ricoult and Dieckmann 1986; Papike et al. 2015;

Sievwright et al. 2017).

Melt MgO, Ti0:, K-20, and FeO provide corresponding controls on the liquid side of the
partitioning reaction (Fig. S4a). Melt TiO2 and FeO determine the activities of ulvospinel- and
magnetite-forming components and influence both the composition of crystallizing
titanomagnetite and the chemical environment of V in the melt. MgO and K>O modify melt
polymerization, basicity, and the activity coefficients of V-bearing species. These variables
therefore alter the baseline Ds/l tmelt ata given fO», allowing the forward model to distinguish
the primary effect of V valence from secondary controls imposed by oxide solid solution and
melt composition (Toplis and Corgne, 2002; Arat6 and Audétat, 2017; Sievwright et al., 2017).
Experimental calibrations similarly demonstrate that magnetite—melt V partitioning depends on
fO,, temperature, melt chemistry, and magnetite TiO2 content (Toplis and Corgne, 2002; Aratod

and Audétat, 2017).

The inverse V-in-Mt oxybarometer benefits from the strong sensitivity of D\I;A t/melt 4,

fO2 (Toplis and Corgne 2002; Aratdé and Audétat 2017a; Sossi et al. 2018; Shepherd et al.
2022a). The dominance of logyg Dy Y melt, which accounts for 31.56% of the total feature
importance, shows that high partition coefficients yield lower predicted fO, because they
require a larger proportion of compatible V** (Fig. S4b). The remaining variables determine
how this primary partitioning signal is converted into fO,. Their importance is consistent with

phase relations in the FeO—Fe:0s—Ti0: system: at a given temperature, decreasing fO> stabilizes

ulvospinel-rich, Ti-rich magnetite, whereas increasing fO> favors more magnetite-rich, Ti-poor
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compositions. This relationship arises from the coupled substitution Ti** + Fe?* < 2Fe3t,
through which increasing TiO: lowers the ferric-iron proportion of titanomagnetite (Buddington
and Lindsley 1964, Backhaus-Ricoult and Dieckmann 1986, Van Orman and Crispin 2010).
Magnetite TiO: therefore records both crystal-chemical and redox controls. Magnetite FeO
shows the broadly opposite effect because higher total FeO generally characterizes more Ti-
poor compositions along the magnetite—ulvdspinel solid solution (Buddington and Lindsley
1964). Magnetite Cr-0s and MgO produce smaller positive corrections: Cr** occupies the same
octahedral sublattice as V**, whereas Mg** substitutes for Fe?" and modifies cation inversion
and charge balance. Their SHAP responses indicate that these substitutions increase the non-
redox baseline of V compatibility within the calibration range, requiring a more oxidized
prediction to reproduce a fixed Dy t/melt (Papike et al. 2015). Thus, the inverse model uses
magnetite and melt compositions to determine how much of the measured V -partitioning signal

reflects redox conditions rather than phase composition alone.

The practical utility of the V-in-Mt oxybarometer is supported by its consistency with
the V-in-Cpx and V-in-Mt—Cpx models in the Panzhihua dataset (Fig.8c). Although this
comparison is not as independent as the experimental Mt—Cpx validation, it provides a useful
natural sample check because the three oxybarometers use different input structures: Cpx—melt,
Mt-melt, and Mt—Cpx. Their broadly comparable results suggest that the V-in-Mt model can
yield realistic redox estimates in natural Fe-Ti—V-bearing systems when magnetite

compositions are well preserved and equilibrium melt compositions are reasonably constrained.

For plutonic rocks, however, the same limitations that affect another mineral-melt
oxybarometers remain. Equilibrium melts are rarely preserved, and reconstructed melt

compositions may be uncertain in cumulate systems. Magnetite also requires additional caution
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because it can be modified by ilmenite exsolution, oxidation, alteration, and subsolidus re-
equilibration (Wei et al. 2020, Brzozowski et al. 2021, Hou et al. 2021, Wang et al. 20255). Our
exsolution calculations indicate that moderate ilmenite exsolution generally introduces
deviations smaller than the propagated uncertainty of the V-in-Mt—Cpx oxybarometer, although
petrographic screening remains essential. Magnetite grains showing extensive exsolution,
alteration, or compositional heterogeneity should not be regarded as preserving primary
magmatic compositions. In this study, the Mt—melt calibration therefore serves two roles: it
provides a standalone mineral-melt oxybarometer for suitable samples, and more importantly,
it supplies the magnetite-side partitioning term required to construct the melt-independent Mt—

Cpx model.

4.3 Transfer of V partitioning to a melt-independent Mt—Cpx oxybarometer

The V-in-Mt—Cpx oxybarometer transfers the experimentally calibrated V-fO»
relationship from mineral-melt systems to a directly measurable mineral-pair framework.
When Mt, Cpx, and melt are in equilibrium, the inter-mineral V partition coefficient can be

expressed as:

DCpx/melt
DCpx/Mt_ |4
1% - [ Mt/melt
DV

This formulation eliminates the explicit melt term, allowing the redox information
originally recorded by Mt/Cpx—melt partitioning to be inherited by the coexisting Mt—Cpx
assemblage (Mallmann and O’Neill 2009, Papike et al. 2013, Holycross and Cottrell 20225,
Shepherd et al. 20225, Dygert et al. 2025). The resulting oxybarometer therefore retains the
experimental basis of V partitioning while avoiding the need to reconstruct equilibrium melt

compositions in natural cumulates.
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This framework differs from a purely empirical mineral-pair regression in several ways.
First, the transferred variable is grounded in mineral-melt partitioning relationships that have
explicit experimental redox dependence (Mallmann and O’Neill 2009, Shepherd et al. 20225).
Second, the machine-learning calibration allows the final oxybarometer to account for
nonlinear effects of temperature and mineral chemistry, rather than forcing the data into a
prescribed linear or polynomial form (Zou et al. 2024; Wang et al. 2025). Third, the final V-in-
Mt—Cpx model removes the most problematic input for plutonic rocks: equilibrium melt
composition. The model therefore retains the experimental basis of mineral-melt V partitioning
while replacing melt-dependent inputs with directly measured mineral compositions and
CyPr /.

The SHAP feature hierarchy closely mirrors the established geochemical controls on V
partitioning (Fig. 6). The dominant importance of log;, D\I;A YCPX reflects the fact that inter-
mineral V partitioning carries the primary redox signal. Because V is multivalent, changes in
fOs systematically modify its valence state and thus its relative compatibility between magnetite
and clinopyroxene (Toplis and Corgne, 2002; Mallmann and O'Neill, 2009; Leuthold et al.,
2023). Consequently, the model derives most of its predictive power from the experimentally
constrained response of Dg[ P fO> rather than empirical correlations among major
elements. The remaining predictors mainly account for crystal-chemical effects on V
partitioning. Magnetite FeO is the most influential compositional variable because it reflects
Fe*—Fe*" systematics and spinel stoichiometry, both of which govern charge balance and V
incorporation (Buddington and Lindsley 1964, Backhaus-Ricoult and Dieckmann 1986, Van

Orman and Crispin 2010). Magnetite Al.Os and MgO, together with clinopyroxene Al-.Os, MgO,

and CaO, reflect variations in spinel solid solution, Tschermak substitution, and cation site
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occupancy that modify V compatibility in the two minerals (Papike 2005, Shepherd et al. 2022a)
Rather than directly recording fO», these variables constrain the crystal-chemical environment

in which V partitioning occurs, allowing the model to isolate the redox signal carried by

Cpx/Mt
D7,

The generalizability of the V-in-Mt—Cpx oxybarometer is supported at three levels.
Statistical generalization is indicated by cross-validation and repeated train—test splits, which
show that model performance is not tied to a single partition of the experimental data.
Experimental generalization is provided by paired Mt—Cpx experiments with measured V in
both minerals. In these experiments, predicted and measured Dg[ t/Cpx agree closely, and the
final oxybarometer reproduces independently constrained AFMQ for most experiments within
uncertainty. Petrological generalization is indicated by natural-sample comparisons with
independent mineral-based oxybarometers, including V-in-olivine and Eu-in-Cpx—Pl

approaches. These tests are critical because high accuracy on a calibration dataset alone would

not demonstrate that the model can be applied to natural intrusive rocks.

The natural-sample tests also clarify the practical niche of the Mt—Cpx oxybarometer. Its
agreement with the Eu-in-Cpx—Pl oxybarometer (Dygert et al. 2025) in mid-ocean-ridge
gabbro’s supports its use in melt-absent plutonic rocks where independent mineral-pair redox
constraints are available. Its consistency with the V-in-Cpx and V-in-Mt models in Panzhihua
further suggests that the transferred mineral-pair model can recover redox conditions
comparable to those obtained from mineral-melt approaches, while avoiding the need to specify
an equilibrium melt. This is the main practical advantage of the model: it converts
experimentally calibrated mineral-melt V partitioning into a form that can be applied directly

to coexisting minerals in cumulate rocks.
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The model nevertheless has defined application limits. It should be applied to texturally
associated magnetite—clinopyroxene pairs that plausibly crystallized from, or equilibrated with,
the same melt domain (Papike et al. 2013). Reliable temperature estimates are required, and
samples should lie within or near the experimental calibration range in terms of temperature
and mineral composition. Accurate determination of V concentrations in both minerals is
essential because D\l;/[ YCPX s the dominant predictor of the V-in-Mt—Cpx oxybarometer (Fig.
6). Mineral pairs affected by extensive alteration, secondary oxidation of magnetite, or lacking
petrographic evidence for equilibrium should be excluded. Finally, SHAP analyses are intended
to aid geochemical interpretation of the calibrated models rather than establish causal
relationships; they evaluate whether model responses are consistent with current geochemical

understanding but should always be interpreted alongside petrographic observations and

experimental constraints.

Within these boundaries, the V-in-Mt—Cpx oxybarometer provides a practical advantage
over both conventional Fe—Ti oxide oxybarometry and mineral-melt V oxybarometers. Fe—Ti
oxide equilibria may be reset during cooling and can record late subsolidus conditions rather
than magmatic fO, (Lattard et al. 2012, Loucks et al. 2018, Hou et al. 2021). Mineral-melt
oxybarometers retain direct experimental meaning but require melt compositions that are often
unavailable in plutonic rocks (Aratd and Audétat 2017h, a, Shepherd et al. 20225, Dygert et al.
2025). The Mt—Cpx V partitioning approach occupies the middle ground: it uses an
experimentally transferred partitioning framework, but its final inputs are mineral-based. This
makes it especially useful for layered intrusions and other cumulate systems in which magmatic
redox information must be extracted from preserved minerals rather than from melts (Charlier

et al. 2015, Dygert et al. 2025).
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4.4 Redox characteristics of the Panzhihua intrusion and the Upper Zone of the Bushveld

Complex

Application of the V-in-Mt—Cpx oxybarometer to the Panzhihua layered intrusion and
Bushveld complex reveals two contrasting redox evolution paths in deep seated mafic—
ultramafic magmatic systems. The Panzhihua drill core spans the Lower, Middle, and Upper
Zones and records the principal Fe—Ti oxide mineralization framework of the intrusion (Song
etal. 2013, Chen et al. 2017), whereas the Bushveld Bellevue drill core covers key intervals of
the Upper Zones with continuous lithological, stratigraphic, and mineral-chemical constraints

(Ashwal et al. 2005).

In the Upper Zone of the Bushveld Complex, calculated fO, decreases systematically with
declining Cpx Mg# and increasing stratigraphic height (Fig. 9f), indicating progressive
reduction during magmatic differentiation. This pattern is consistent with prolonged fractional
crystallization as the dominant control on Upper Zone evolution, locally modified by magma
recharge and mixing, interstitial melt percolation, and cyclic magmatic processes. (Tegner et al.
2006; Namur et al. 2013; VanTongeren and Mathez 2012, Mangwegape et al. 2016). It also
agrees in direction with previous Bushveld Upper Zone redox estimates based on Fe in
plagioclase and Fe—Ti oxide constraints, which suggest fO> near or below the FMQ buffer and,
in some cases, progressive reduction during differentiation (Reynolds 1985, Tegner and
Cawthorn 2010). In a relatively closed or weakly replenished system, continued Fe—Ti oxide
crystallization may preferentially remove ferric iron from the melt, thereby lowering melt
Fe**/ZFe and driving fO> toward more reduced conditions during differentiation of the Bushveld

Upper Zone (Brounce et al. 2014, Ai et al. 2025). The V-in-Mt—Cpx results therefore support
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a differentiation-dominated redox trajectory for Bushveld, with intermittent open-system

processes superimposed on a broadly evolving residual melt.

Panzhihua records a contrasting redox evolution. Calculated fO, values remain
consistently high, ranging from approximately +1.4 to +1.9 AFMQ, throughout the drill core
despite extensive Fe—Ti oxide crystallization and accumulation (Fig. 9b). These oxidation states
agree well with independent estimates for the parental high-Ti picritic magmas of the ELIP
(Cao and Wang 2022, Bai et al. 2026), indicating that the calculated fO, values are geologically
realistic and preserve the primary redox state of the parental magma. If oxide fractionation alone
governed magma redox evolution, sustained magnetite crystallization would progressively
remove Fe** from the melt, decrease the melt Fe**/XFe ratio, and drive fO, toward lower values
during differentiation. Instead, Panzhihua shows little systematic decrease in fO» with
decreasing Cpx Mg# or stratigraphic height (Fig. 9a, ¢), implying that differentiation-driven
reduction was counteracted during oxide accumulation. The most consistent explanation is
repeated recharge by relatively oxidized, Fe—Ti-rich magma. Reversals in augite Mg#, cyclic
lithological variations, and the spatial association between cyclic units and massive Fe—Ti oxide
layers have been interpreted as evidence for repeated replenishment and in situ Fe—Ti oxide
crystallization (Song et al. 2013; Luan et al. 2014; Bai et al. 2021; Wang et al. 2023). Recharge
of relatively oxidized primitive magma was therefore likely the important mechanism buffering
the chamber against the redox decrease expected from progressive magnetite crystallization.
Assimilation of the surrounding dolomitic carbonate wall rocks may have provided another
oxidizing contribution. Carbonate breakdown introduces oxidized carbon species, principally
COs., into the magma; reduction of this carbon to CO or graphite can be coupled with oxidation

of Fe** to Fe?*’, thereby increasing the melt Fe**/XFe ratio and bufferingfO, at relatively high



763

764

765

766

767

768

769

770

771

772

773

774

775

776

7

778

779

780

781

782

783

784

values (Ganino et al. 2008, 2013). These processes provide a plausible explanation for the

persistently elevated fO» recorded during magma differentiation.

Together, the Upper Zone of the Bushveld Complex and the Panzhihua intrusion show
that redox evolution in layered intrusions reflects the balance between differentiation driven
reduction and processes that sustain relatively oxidized conditions, rather than the effects of
oxide crystallization alone. In the Bushveld Complex, the V-in-Mt—Cpx results are consistent
with a comparatively closed system dominated by progressive magmatic differentiation. By
contrast, the persistently high fO» recorded at Panzhihua indicates that continued redox
buffering accompanied oxide crystallization. This buffering may have been maintained by
repeated replenishment with relatively oxidized magma, and/or assimilation of the surrounding
carbonate wall rocks. The contrasting redox histories of the Bushveld Upper Zone and the
Panzhihua intrusion demonstrate that fO, evolution in layered intrusions reflects the combined
effects of internal differentiation and external magma-system processes, such as repeated
magma recharge, wall-rock assimilation, and other forms of open-system evolution. These
observations emphasize that reconstructing magmatic redox evolution requires proxies capable
of tracking fO throughout magma differentiation rather than simply recording isolated

equilibrium conditions.

4.5 Broader implications of Mt—Cpx oxybarometry for oxide-bearing magmatic systems

The observations presented above underscore the need for redox proxies that can constrain
fO> across different stages of magma differentiation, rather than providing only a single
snapshot of crystallization conditions. This is particularly important in oxide-bearing magmatic

systems, where the onset and progressive crystallization of magnetite are closely associated
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with the redistribution of multivalent elements and the evolving redox state of the residual melt.
Resolving such changes is essential for reconstructing the broader redox trajectory of

differentiating magmas.

A principal advantage of the Mt—Cpx oxybarometer lies in its use of the redox-sensitive
partitioning of V between magnetite and clinopyroxene. Magnetite serves both as a recorder of
magmatic redox conditions and as an active participant in their evolution. Its composition and
element-partitioning relationships preserve information on crystallization conditions, while its
growth redistributes Fe**, V, and other multivalent elements between crystals and melt.
Magnetite crystallization therefore provides an important link among oxide saturation, element
partitioning, and magmatic redox evolution. Where texturally constrained Mt—Cpx pairs from
successive crystallization stages are preserved, the resulting (fO2) estimates may be placed
within a broader petrogenetic sequence involving oxide saturation, crystal accumulation, and
magma differentiation. This approach is especially valuable for magnetite-bearing intrusions,

in which oxide crystallization commonly represents a major stage of magmatic evolution.

The Mt—Cpx oxybarometer also extends melt-independent mineral-pair oxybarometry to
assemblages in which plagioclase is absent, delayed, or poorly preserved. It may therefore be
particularly useful in hydrous and relatively oxidized basaltic systems, where high H-O contents
can postpone plagioclase saturation (Almeev et al. 2012), whereas oxidizing conditions favor
magnetite stability. In such settings, Mt—Cpx pairs may preserve redox information that is
difficult to recover using plagioclase-dependent oxybarometers. More broadly, the method
complements existing mineral-pair redox proxies and, when integrated with textural, mineral-

chemical, isotopic, and whole-rock geochemical evidence, can provide an independent redox
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framework for evaluating the roles of magma differentiation, oxide saturation, magma recharge,

and crustal assimilation in complex magmatic systems.

Conclusions

A new melt-independent, V-based magnetite—clinopyroxene oxybarometer was developed
by transferring experimentally calibrated V-partitioning relationships for clinopyroxene—melt
and magnetite—melt equilibria to coexisting Mt-Cpx pairs. Validation against independent
experimental datasets indicate that the V-in-Mt—Cpx oxybarometer provides reliable fO»
estimates across broad ranges of temperature, redox conditions, and mineral composition. By
avoiding reconstruction of an equilibrium melt, the method extends V-based oxybarometry to
plutonic systems where melts are rarely preserved. More importantly, because magnetite is both
a sensitive recorder of and an active participant in magmatic redox evolution, the Mt—Cpx
oxybarometer is particularly suited to tracing fO» from magnetite saturation through subsequent

oxide crystallization.

Application of the new oxybarometer to the Panzhihua layered intrusions and the Upper
Zone of the Bushveld Complex reveals contrasting redox trajectories during magma
differentiation. The Bushveld Upper Zone records progressive reduction during magma
differentiation, whereas the Panzhihua intrusion remained relatively oxidized despite extensive
Fe-Ti oxide crystallization. The persistently high fO, values at Panzhihua are consistent with
repeated recharge by relatively oxidized magma, assimilation of carbonate wall rocks, or a
combination of these open-system processes. These contrasting redox histories indicate that
redox evolution in layered intrusions reflects the interplay between magma differentiation and

open-system processes.
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The Mt-Cpx oxybarometer complements existing mineral-pair oxybarometers and is
particularly valuable for oxide-bearing mafic—ultramafic intrusions and hydrous, oxidized arc
magmas where suitable alternative mineral assemblages may be absent. More broadly, the new
calibration provides a practical framework for investigating the coupled evolution of fO»,

magma differentiation, and open-system processes across diverse magmatic environments.

Acknowledgments

This study was supported by the National Key R&D Program of China (2024YFC2909201),
the National Natural Science Foundation of China (42121003, 42122024, and 42025301), the
CAS “Light of West China” Program (xbzgzdsys-202310), the Guizhou Provincial High-Level
Innovation Talent Program (No. GCC [2023]057), and the Guizhou Provincial 2021 Science

and Technology Subsidies (No. GZ2021SIG).

Data availability

The data supporting this study are provided in the online Supplementary Materials and have
also been deposited in Mendeley Data (doi: 10.17632/yy4yj324xf.1). Supplementary Data S1—
S3 contain the experimental datasets used for model calibration, whereas Supplementary Data
S4 contains the natural-sample data used for validation and application, including new
geochemical data generated in this study. The source code used for model training, validation,
and prediction is archived in the same repository. The oxybarometers developed in this study
are also available through an interactive web application at

https://kcctéhhpfn3hSyzfpzemgh.streamlit.app/.



849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

References

Ai, Y., Chiaradia, M., Wu, C. & Chen, H. (2025). Crustal magma oxidation state and
endowments in porphyry copper deposits. Science China Earth Sciences 68, 226—236.

Alex, A. & Zajacz, Z. (2022). The solubility of Cu, Ag and Au in magmatic sulfur-bearing fluids
as a function of oxygen fugacity. Geochimica et Cosmochimica Acta 330, 93—115.

Almeev, R. R., Holtz, F., Koepke, J. & Parat, F. (2012). Experimental calibration of the effect
of H20 on plagioclase crystallization in basaltic melt at 200 MPa. American
Mineralogist 97, 1234-1240.

Andersen, D. J., Lindsley, D. H. & Davidson, P. M. (1993). QUILF: a Pascal program to assess
equilibria among Fe—Mg—Mn-Ti oxides, pyroxenes, olivine, and quartz. Computers &
Geosciences 19, 1333-1350.

Andgjar, J., Scaillet, B., Pichavant, M. & Druitt, T. H. (2016). Generation conditions of dacite
and rhyodacite via the crystallization of an andesitic magma. Implications for the
plumbing system at Santorini (Greece) and the origin of tholeiitic or calc-alkaline
differentiation trends in arc magmas. Journal of Petrology 57, 1887—1920.

Arato, R. & Audétat, A. (2017a). Experimental calibration of a new oxybarometer for silicic
magmas based on vanadium partitioning between magnetite and silicate melt.
Geochimica et Cosmochimica Acta 209, 284-295.

Arato, R. & Audétat, A. (2017b). FeTiMM — a new oxybarometer for mafic to felsic magmas.
Geochemical Perspectives Letters 5, 19-23.

Armstrong, K., Frost, D. J., McCammon, C. A., Rubie, D. C. & Boffa Ballaran, T. (2019). Deep

magma ocean formation set the oxidation state of Earth’s mantle. Science 365, 903-906.



871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

Ashwal, L. D., Webb, S. J. & Knoper, M. W. (2005). Magmatic stratigraphy in the Bushveld
Northern Lobe: continuous geophysical and mineralogical data from the 2950 m
Bellevue drillcore. South African Journal of Geology 108, 199-232.

Backhaus-Ricoult, M. & Dieckmann, R. (1986). Defects and cation diffusion in magnetite (VII):
diffusion-controlled formation of magnetite during reactions in the iron-oxygen system.
Berichte der Bunsengesellschaft fiir physikalische Chemie 90, 690—698.

Bai, Z.-J., Zhong, H., Naldrett, A. J., Zhu, W.-G. & Xu, G.-W. (2012). Whole-rock and mineral
composition constraints on the genesis of the giant Hongge Fe-Ti-V oxide deposit in the
Emeishan Large Igneous Province, southwest China. Economic Geology 107, 507-524.

Bai, Z.-J., Zhong, H., Zhu, W.-G., Hu, W.-J. & Chen, C.-J. (2019). The genesis of the newly
discovered giant Wuben magmatic Fe-Ti oxide deposit in the Emeishan Large Igneous
Province: a product of the late-stage redistribution and sorting of crystal slurries.
Mineralium Deposita 54, 31-46.

Bai, Z.-J., Zhong, H., Hu, R.-Z. & Zhu, W.-G. (2021). World-class Fe-Ti-V oxide deposits
formed in feeder conduits by removing cotectic silicates. Economic Geology 116, 681—
691.

Bédard, J. H. (2010). Parameterization of the Fe=Mg exchange coefficient (Kd) between
clinopyroxene and silicate melts. Chemical Geology 274, 169-176.

Berndt, J., Koepke, J. & Holtz, F. (2005). An experimental investigation of the influence of
water and oxygen fugacity on differentiation of MORB at 200 MPa. Journal of
Petrology 46, 135-167.

Breiman, L., Friedman, J. H., Olshen, R. A. & Stone, C. J. (1984). Classification and Regression

Trees. Chapman and Hall/CRC, Boca Raton.



894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

Breiman, L. (2001). Random forests. Machine Learning 45, 5-32.

Brounce, M. N., Kelley, K. A. & Cottrell, E. (2014). Variations in Fe3+/Y Fe of Mariana Arc
basalts and mantle wedge fO2. Journal of Petrology 55, 2513-2536.

Brugger, C. R. & Hammer, J. E. (2010). Crystallization kinetics in continuous decompression
experiments: implications for interpreting natural magma ascent processes. Journal of
Petrology 51, 1941-1965.

Brzozowski, M. J., Samson, I. M., Gagnon, J. E., Linnen, R. L. & Good, D. J. (2021). Effects
of fluid-induced oxidation on the composition of Fe—Ti oxides in the eastern gabbro,
Coldwell complex, Canada: implications for the application of Fe—Ti oxides to
petrogenesis and mineral exploration. Mineralium Deposita 56, 601-618.

Buddington, A. F. & Lindsley, D. H. (1964). Iron-titanium oxide minerals and synthetic
equivalents. Journal of Petrology 5, 310-357.

Cao, Y., Wang, C. Y. & Wei, B. (2020). Magma oxygen fugacity of mafic-ultramafic intrusions
in convergent margin settings: insights for the role of magma oxidation states on
magmatic Ni-Cu sulfide mineralization. American Mineralogist 105, 1841-1856.

Cawthorn, R. G. (2010). The platinum group element deposits of the Bushveld Complex in
South Africa. Platinum Metals Review 54, 205-215.

Charlier, B., Namur, O., Latypov, R. & Tegner, C. (eds.) (2015). Layered Intrusions. Springer,
Dordrecht.

Chen, L.-M., Song, X.-Y., Hu, R.-Z., Yu, S.-Y., He, H.-L., Dai, Z.-H., She, Y.-W. & Xie, W.
(2017). Controls on trace-element partitioning among co-crystallizing minerals:
evidence from the Panzhihua layered intrusion, SW China. American Mineralogist 102,

1006-1020.



917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

Chicchi, L., Bindi, L., Fanelli, D. & Tommasini, S. (2023). Frontiers of thermobarometry:
GAIA, a novel deep learning-based tool for volcano plumbing systems. Earth and
Planetary Science Letters 620, 118352.

Cortes, C. & Vapnik, V. (1995). Support-vector networks. Machine Learning 20, 273-297.

Davis, F. A., Humayun, M., Hirschmann, M. M. & Cooper, R. S. (2013). Experimentally
determined mineral/melt partitioning of first-row transition elements (FRTE) during
partial melting of peridotite at 3 GPa. Geochimica et Cosmochimica Acta 104, 232-260.

Droop, G. T. R. (1987). A general equation for estimating Fe3+ concentrations in
ferromagnesian silicates and oxides from microprobe analyses, using stoichiometric
criteria. Mineralogical Magazine 51, 431-435.

Dygert, N., Ji, D. & Etheridge, E. N. (2025). A predictive model for divalent element
partitioning between clinopyroxene and basaltic melt and a europium-in-plagioclase-
clinopyroxene oxybarometer for cumulate rocks. Geochimica et Cosmochimica Acta
394, 148-163.

Frost, B. R. (1991). Introduction to oxygen fugacity and its petrologic importance. In: Lindsley,
D. H. (ed.) Oxide Minerals: Petrologic and Magnetic Significance. Reviews in
Mineralogy 25. Mineralogical Society of America, Washington, DC, 1-10.

Ganino, C., Arndt, N. T., Zhou, M.-F., Gaillard, F. & Chauvel, C. (2008). Interaction of magma
with sedimentary wall rock and magnetite ore genesis in the Panzhihua mafic intrusion,
SW China. Mineralium Deposita 43, 677-694.

Ganino, C., Arndt, N. T., Chauvel, C., Jean, A. & Athurion, C. (2013). Melting of carbonate
wall rocks and formation of the heterogeneous aureole of the Panzhihua intrusion, China.

Geoscience Frontiers 4, 535-546.



940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

Ge, R.-F., Wilde, S. A., Zhu, W.-B. & Wang, X.-L. (2023). Earth’s early continental crust formed
from wet and oxidizing arc magmas. Nature 623, 334-339.

Gennaro, E., Paonita, A., lacono-Marziano, G., Moussallam, Y., Pichavant, M., Peters, N. &
Martel, C. (2020). Sulphur behaviour and redox conditions in Etnean magmas during
magma differentiation and degassing. Journal of Petrology 61, egaa095.

Ghiorso, M. S. & Evans, B. W. (2008). Thermodynamics of rhombohedral oxide solid solutions
and a revision of the Fe-Ti two-oxide geothermometer and oxygen-barometer. American
Journal of Science 308, 957-1039.

Hastie, T., Tibshirani, R. & Friedman, J. (2009). The Elements of Statistical Learning: Data
Mining, Inference, and Prediction, second ed. Springer, New York.

Higgins, O., Sheldrake, T. & Caricchi, L. (2022). Machine learning thermobarometry and
chemometry using amphibole and clinopyroxene: a window into the roots of an arc
volcano (Mount Liamuiga, Saint Kitts). Contributions to Mineralogy and Petrology 177,
10.

Hill, E., Wood, B. J. & Blundy, J. D. (2000). The effect of Ca-Tschermaks component on trace
element partitioning between clinopyroxene and silicate melt. Lithos 53, 203-215.

Hirschmann, M. M., Withers, A. C., Ardia, P. & Foley, N. T. (2012). Solubility of molecular
hydrogen in silicate melts and consequences for volatile evolution of terrestrial planets.
Earth and Planetary Science Letters 345-348, 38—48.

Holness, M. B., Hallworth, M. A., Woods, A. & Sides, R. E. (2007). Infiltration metasomatism
of cumulates by intrusive magma replenishment: the wavy horizon, Isle of Rum,
Scotland. Journal of Petrology 48, 563-587.

Holycross, M. & Cottrell, E. (2022). Experimental quantification of vanadium partitioning



963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

between eclogitic minerals (garnet, clinopyroxene, rutile) and silicate melt as a function
of temperature and oxygen fugacity. Contributions to Mineralogy and Petrology 177,
21.

Hou, T., Botcharnikov, R., Moulas, E., Just, T., Berndt, J., Koepke, J., Zhang, Z., Wang, M.,
Yang, Z. & Holtz, F. (2020). Kinetics of Fe-Ti oxide re-equilibration in magmatic
systems: implications for thermo-oxybarometry. Journal of Petrology 61, egaal16.

Kress, V. C. & Carmichael, I. S. E. (1991). The compressibility of silicate liquids containing
Fe203 and the effect of composition, temperature, oxygen fugacity and pressure on their
redox states. Contributions to Mineralogy and Petrology 108, 82-92.

Lattard, D., Sauerzapf, U. & Kontny, A. (2012). Rapid surficial oxidation of synthetic Fe-Ti
oxides at high temperature: observations and consequences for magnetic measurements.
Geochemistry, Geophysics, Geosystems 13, Q08Z46.

Leuthold, J., Blundy, J. D., Holness, M. B. & Sides, R. (2014). Successive episodes of reactive
liquid flow through a layered intrusion (Unit 9, Rum Eastern Layered Intrusion,
Scotland). Contributions to Mineralogy and Petrology 168, 1021.

Leuthold, J., Blundy, J. & Ulmer, P. (2023). Trace element partitioning in basaltic systems as a
function of oxygen fugacity. Contributions to Mineralogy and Petrology 178, 95.

Li, Y. (2018). Temperature and pressure effects on the partitioning of V and Sc between
clinopyroxene and silicate melt: implications for mantle oxygen fugacity. American
Mineralogist 103, 819-823.

Liao, M., Tao, Y., Song, X., Li, Y. & Xiong, F. (2016). Study of oxygen fugacity during magma
evolution and ore genesis in the Hongge mafic—ultramafic intrusion, the Panxi region,

SW China. Acta Geochimica 35, 25-42.



986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

Loucks, R. R., Fiorentini, M. L. & Rohrlach, B. D. (2018). Divergent T—fO2 paths during
crystallisation of H20-rich and H20-poor magmas as recorded by Ce and U in zircon,
with implications for TitaniQ and TitaniZ geothermometry. Contributions to
Mineralogy and Petrology 173, 104.

Lundberg, S. M. & Lee, S.-1. (2017). A unified approach to interpreting model predictions.
Advances in Neural Information Processing Systems 30, 4768—4777.

Lundberg, S. M., Erion, G., Chen, H., DeGrave, A., Prutkin, J. M., Nair, B., Katz, R,
Himmelfarb, J., Bansal, N. & Lee, S.-I. (2020). From local explanations to global
understanding with explainable Al for trees. Nature Machine Intelligence 2, 56—67.

Luth, R. W. & Canil, D. (1993). Ferric iron in mantle-derived pyroxenes and a new
oxybarometer for the mantle. Contributions to Mineralogy and Petrology 113, 236-248.

Mallmann, G. & O’Neill, H. S. C. (2009). The crystal/melt partitioning of V during mantle
melting as a function of oxygen fugacity compared with some other elements (Al, P, Ca,
Sc, Ti, Cr, Fe, Ga, Y, Zr and Nb). Journal of Petrology 50, 1765-1794.

Mallmann, G. & O’Neill, H. S. C. (2013). Calibration of an empirical thermometer and
oxybarometer based on the partitioning of Sc, Y and V between olivine and silicate melt.
Journal of Petrology 54, 933-949.

Mangwegape, M., Roelofse, F., Mock, T. & Carlson, R. W. (2016). The Sr-isotopic stratigraphy
of the Northern Limb of the Bushveld Complex, South Africa. Journal of African Earth
Sciences 113, 95-100.

McCanta, M. C., Dyar, M. D., Rutherford, M. J. & Delaney, J. S. (2004). Iron partitioning
between basaltic melts and clinopyroxene as a function of oxygen fugacity. American

Mineralogist 89, 1685—-1693.



1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

Naldrett, A. J. (2004). Magmatic sulfide deposits: geology, geochemistry and exploration.
Springer, Berlin.

Naldrett, A. J. (2011). Fundamentals of magmatic sulfide deposits. In: Li, C. & Ripley, E. M.
(eds.) Magmatic Ni-Cu and PGE Deposits: Geology, Geochemistry, and Genesis.
Reviews in Economic Geology 17. Society of Economic Geologists, Littleton, CO, 1—
50.

Namur, O., Humphreys, M. C. S. & Holness, M. B. (2013). Lateral reactive infiltration in a
vertical gabbroic crystal mush, Skaergaard intrusion, East Greenland. Journal of
Petrology 54, 985-1016.

Namur, O., Charlier, B., Holtz, F., Cartier, C. & McCammon, C. (2016). Sulfur solubility in
reduced mafic silicate melts: implications for the speciation and distribution of sulfur
on Mercury. Earth and Planetary Science Letters 448, 102—114.

Neave, D. A., Stewart, A. G., Hartley, M. E. & McCammon, C. (2024). Re-evaluating
stoichiometric estimates of iron valence in magmatic clinopyroxene crystals.
Contributions to Mineralogy and Petrology 179, 5.

Neuville, D. R., Cormier, L. & Massiot, D. (2006). Al coordination and speciation in calcium
aluminosilicate glasses: Effects of composition determined by *27A1 MQ-MAS NMR
and Raman spectroscopy. Chemical Geology 229, 173—18.

Okoye, K. & Hosseini, S. (2024). R Programming: Statistical Data Analysis in Research.
Springer, Singapore.

Papike, J. J. (2005). Comparative planetary mineralogy: valence state partitioning of Cr, Fe, Ti,
and V among crystallographic sites in olivine, pyroxene, and spinel from planetary

basalts. American Mineralogist 90, 277-290.



1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

Papike, J. J., Burger, P. V., Bell, A. S., Le, L., Shearer, C. K., Sutton, S. R., Jones, J. & Newville,
M. (2013). Developing vanadium valence state oxybarometers (spinel-melt, olivine-
melt, spinel-olivine) and V/(Cr+Al) partitioning (spinel-melt) for martian olivine-phyric
basalts. American Mineralogist 98, 2193-2196.

Papike, J. J., Burger, P. V., Bell, A. S., Shearer, C. K., Le, L. & Jones, J. (2015). Normal to
inverse transition in martian spinel: understanding the interplay between chromium,
vanadium, and iron valence state partitioning through a crystal-chemical lens. American
Mineralogist 100, 2018-2025.

Prokhorenkova, L., Gusev, G., Vorobev, A., Dorogush, A. V. & Gulin, A. (2018). CatBoost:
unbiased boosting with categorical features. Advances in Neural Information
Processing Systems 31, 6638—6648.

Reynolds, I. M. (1985). The nature and origin of titaniferous magnetite-rich layers in the Upper
Zone of the Bushveld Complex: a review and synthesis. Economic Geology 80, 1089—
1108.

Salazar-Naranjo, A. F. & Vlach, S. R. F. (2025). P-T-fO2-X constraints on the partitioning
behavior of trace elements between clinopyroxene and alkali melts: an experimental
study. Chemical Geology 677, 122629.

Shepherd, K., Namur, O., Toplis, M. J., Devidal, J.-L. & Charlier, B. (2022). Trace element
partitioning between clinopyroxene, magnetite, ilmenite and ferrobasaltic to dacitic
magmas: an experimental study on the role of oxygen fugacity and melt composition.
Contributions to Mineralogy and Petrology 177, 90.

Sievwright, R. H., Wilkinson, J. J., O’Neill, H. St. C. & Berry, A. J. (2017). Thermodynamic

controls on element partitioning between titanomagnetite and andesitic—dacitic silicate



1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

melts. Contributions to Mineralogy and Petrology 172, 62.

Sievwright, R. H., O’Neill, H. St. C., Tolley, J., Wilkinson, J. J. & Berry, A. J. (2020). Diffusion
and partition coefficients of minor and trace elements in magnetite as a function of
oxygen fugacity at 1150 °C. Contributions to Mineralogy and Petrology 175, 40

Song, X.-Y., Q1, H.-W., Hu, R.-Z., Chen, L.-M., Yu, S.-Y. & Zhang, J.-F. (2013). Formation of
thick stratiform Fe-Ti oxide layers in layered intrusion and frequent replenishment of
fractionated mafic magma: evidence from the Panzhihua intrusion, SW China.
Geochemistry, Geophysics, Geosystems 14, T12-732.

Sossi, P. A., Prytulak, J. & O’Neill, H. St. C. (2018). Experimental calibration of vanadium
partitioning and stable isotope fractionation between hydrous granitic melt and
magnetite at 800 °C and 0.5 GPa. Contributions to Mineralogy and Petrology 173, 27.

Tegner, C., Cawthorn, R. G. & Kruger, F. J. (2006). Cyclicity in the Main and Upper Zones of
the Bushveld Complex, South Africa: crystallization from a zoned magma sheet.
Journal of Petrology 47, 2257-2279.

Tegner, C. & Cawthorn, R. G. (2010). Iron in plagioclase in the Bushveld and Skaergaard
intrusions: implications for iron contents in evolving basic magmas. Contributions to
Mineralogy and Petrology 159, 719-730.

Toplis, M. J. & Carroll, M. R. (1995). An experimental study of the influence of oxygen fugacity
on Fe-Ti oxide stability, phase relations, and mineral-melt equilibria in ferro-basaltic
systems. Journal of Petrology 36, 1137-1170.

Toplis, M. J. & Corgne, A. (2002). An experimental study of element partitioning between
magnetite, clinopyroxene and iron-bearing silicate liquids with particular emphasis on

vanadium. Contributions to Mineralogy and Petrology 144, 22-37.



1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

Toplis, M. J. (2005). The thermodynamics of iron and magnesium partitioning between olivine
and liquid: criteria for assessing and predicting equilibrium in natural and experimental
systems. Contributions to Mineralogy and Petrology 149, 22-39.

Van Orman, J. A. & Crispin, K. L. (2010). Diffusion in oxides. Reviews in Mineralogy and
Geochemistry 72, 757-825.

VanTongeren, J. A. & Mathez, E. A. (2012). Large-scale liquid immiscibility at the top of the
Bushveld Complex, South Africa. Geology 40, 491-494.

Villiger, S., Ulmer, P. & Miintener, O. (2007). Equilibrium and fractional crystallization
experiments at 0.7 GPa: the effect of pressure on phase relations and liquid compositions
of tholeiitic magmas. Journal of Petrology 48, 159—184.

Wang, G.-S., Bai, Z.-J., Hu, W.-J., Gao, J.-F., Zhu, W.-G. & Bai, Y.-X. (2025). A machine
learning-based V-in-olivine oxybarometer for characterizing oxygen fugacity in lunar
and terrestrial basalts. Earth and Planetary Science Letters 671, 119692.

Wang, J., Xiong, X., Takahashi, E., Zhang, L., Li, L. & Liu, X. (2019). Oxidation state of arc
mantle revealed by partitioning of V, Sc, and Ti between mantle minerals and basaltic
melts. Journal of Geophysical Research: Solid Earth 124, 4617-4638.

Wang, K., He, H. & Shi, W. (2025). Geochemistry and mineralogy of ilmenite exsolutions in
titanomagnetite and their implications for the ore-forming process at the Damiao deposit.
Acta Geochimica 44, 962-978.

Wang, M., Zhang, B., Li, Z., Wang, J. & Wang, J. (2023). In situ crystallization of Fe-Ti oxides
in the Bijigou layered intrusion: insights from crystal size distributions and
compositions of magnetite and ilmenite. Journal of Asian Earth Sciences 255, 105773.

Wei, Y., Niu, Y., Gong, H., Duan, M., Chen, S., Guo, P. & Sun, P. (2020). Geochemistry and



1101

1102

1103

1104

1105

1106

1107

1108

1109

1110
1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

iron isotope systematics of coexisting Fe-bearing minerals in magmatic Fe-Ti deposits:
a case study of the Damiao titanomagnetite ore deposit, North China Craton. Gondwana
Research 81, 240-251.

Zhou, M.-F., Robinson, P. T., Lesher, C. M., Keays, R. R., Zhang, C.-J. & Malpas, J. (2005).
Geochemistry, petrogenesis and metallogenesis of the Panzhihua gabbroic layered
intrusion and associated Fe-Ti-V oxide deposits, Sichuan Province, SW China.
Economic Geology 100, 771-792.

Zou, S., Brzozowski, M. J., Chen, X. & Xu, D. (2024). Machine-learning oxybarometer
developed using zircon trace-element chemistry and its applications. American

Mineralogist 109, 1181-1192.

Figure captions

Fig. 1. Redox dependence of vanadium partitioning between clinopyroxene, magnetite,

and silicate melt. (a) Experimental vanadium mineral-melt partition coefficients for

clinopyroxene—melt (DS px/ melt) and magnetite—melt (D\l;/I Y mEElt) plotted as a function of oxygen

fugacity relative to the fayalite—-magnetite—quartz buffer, AFMQ. Both partition coefficients

decrease with increasing fO», reflecting the progressive shift of V from lower-valence species,

particularly V**, toward V** and V°" in silicate melts. The steeper decrease in D‘I;/[ t/meltyelative

to D\pr/ melt peflects differences in crystal-chemical incorporation and charge-balancing

mechanisms between the octahedral sites of clinopyroxene and magnetite. Solid lines show
linear regressions, and shaded envelopes denote 95% bootstrap confidence intervals. (b) Model-

derived  clinopyroxene—magnetite  partitioning,  calculated as loglngpX/ Mt —



Cpx/melt Mt/melt

1123 logqoDy —logq0Dy, , over the common fO> range of the two calibration datasets.
1124  The increase in D\(,:px/ Mtyith increasing fO, provides the crystal-chemical basis for applying

1125  Cpx—Mt V partitioning as an oxybarometer. The shaded envelope represents the propagated 95%
1126 bootstrap confidence interval. Cpx, clinopyroxene; Mt, magnetite; FMQ, fayalite—magnetite—
1127  quartz buffer.

1128 Alt text: Two-panel plots showing that vanadium partition coefficients for
1129  clinopyroxene—melt and magnetite—melt decrease with increasing oxygen fugacity (AFMQ),
1130  whereas the model-derived clinopyroxene—magnetite partition coefficient increases with

1131 AFMAQ. Regression lines and confidence envelopes illustrate these opposing redox trends.

1132 Fig. 2. Compositional distribution of the three experimental datasets in melt, magnetite,
1133  and clinopyroxene compositional spaces. (a) Total alkali—silica (TAS) diagram for melt
1134  compositions, showing SiO: versus Na:O + K20. (b) FeO—Fe.0;-TiO: ternary diagram for
1135  magnetite compositions, with major oxide end-member fields indicated. (c) Wo—En—Fs ternary
1136 diagram for clinopyroxene compositions. Purple circles, coral squares, and cyan triangles
1137  represent the Cpx—Melt, Mt—Melt, and Cpx—Mt datasets, respectively.

1138 Alt text: Three compositional diagrams showing the coverage of the clinopyroxene—
1139  melt, magnetite—melt, and clinopyroxene—magnetite experimental datasets: a melt total alkali—
1140  silica diagram, a magnetite FeO—Fe.Os—Ti0: ternary diagram, and a clinopyroxene Wo—En—Fs

1141  ternary diagram.

1142 Fig. 3. Predictive performance of the clinopyroxene and melt vanadium partitioning
1143  model and the V-in-clinopyroxene oxybarometer. (a) Predicted versus observed log Dy
1144  values for the clinopyroxene and melt partitioning model. (b) Predicted versus observed fO»,

1145  expressed as AFMQ, for the V in clinopyroxene oxybarometer. Blue and orange symbols
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represent the training and test datasets, respectively. Red dashed lines indicate the 1:1
relationship, whereas black dashed lines show deviations of 0.2 log units in panel (a) and £0.5
AFMQ in panel (b). Model performance is summarized by the reported R?and root mean
square error values.

Alt text: Two predicted-versus-observed plots evaluating the clinopyroxene—melt
vanadium partitioning model and the V-in-clinopyroxene oxybarometer. Training and test data

cluster near the 1:1 line for both partition coefficients and calculated oxygen fugacity (AFMQ).

Fig. 4. Predictive performance of the magnetite and melt vanadium partitioning model
and the V in magnetite oxybarometer. (a) Comparison between predicted and observed
log Dy values for vanadium partitioning between magnetite and melt. (b) Comparison between
predicted and observed fO, (AFMQ) values obtained using the V in magnetite oxybarometer.
Blue and red symbols represent the training and test datasets, respectively. Red dashed lines
indicate the 1:1 relationship, and black dashed lines delimit deviations of +0.2 log units in
panel (a) and £0.5 AFMQ in panel (b). The corresponding R?and root mean square error values
are shown in each panel.

Alt text: Two predicted-versus-observed plots evaluating the magnetite—melt vanadium
partitioning model and the V-in-magnetite oxybarometer. Training and test data lie close to the

1:1 line for both vanadium partitioning and calculated oxygen fugacity (AFMQ).

Fig. 5. Predictive performance of the V in clinopyroxene and magnetite oxybarometer.
Predicted AFMQ values are plotted against the corresponding observed values for the training
and test datasets. Purple and pink symbols represent training and test data, respectively. The
red dashed line indicates the 1:1 relationship, whereas the black dashed lines define deviations

of £0.5 AFMQ. The model yields R?=0.979 and a root mean square error of 0.225 AFMQ
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Alt text: Predicted versus observed oxygen fugacity (AFMQ) for the V-in-
clinopyroxene—magnetite oxybarometer. Training and test data closely follow the 1:1

relationship, with most predictions within 0.5 AFMQ and an overall RMSE of 0.225 AFMQ.

Fig. 6. Feature importance and SHAP analysis of the top ten variables in the V in
clinopyroxene and magnetite oxybarometer. The bar plot shows the normalized importance
of the ten most influential model variables, and the accompanying SHAP distributions show
the direction and magnitude of their contributions to predicted fO> (AFMQ). Colors represent
feature values from low in blue to high in pink. The vanadium partition coefficient provides the
largest contribution to model predictions, followed by magnetite FeO and clinopyroxene Al,Os
with additional contributions from the major element compositions of both minerals.

Alt text: Feature-importance bar chart and SHAP summary plot for the V-in-
clinopyroxene—magnetite oxybarometer. The inter-mineral vanadium partition coefficient is the
dominant predictor of AFMQ, followed by magnetite FeO and clinopyroxene Al-Os, with other

mineral major-element variables contributing smaller effects.

Fig. 7. Evaluation of the V in clinopyroxene and magnetite oxybarometer using paired
mineral data (Shepherd et al. 20224). (a) Comparison between observed and predicted
magnetite to clinopyroxene vanadium partition coefficients. Open circles represent individual
samples connected by dashed lines, whereas diamonds and error bars summarize the mean and
standard deviation of the observed and predicted datasets. (b) Comparison between predicted
and independently constrained fO, (AFMQ) values. The dark dashed line indicates the 1:1
relationship, and the lighter lines represent deviations of +0.5 AFMQ error bars show the

uncertainties associated with individual estimates.
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Alt text: Two validation plots using independent paired magnetite—clinopyroxene data.
Predicted inter-mineral vanadium partition coefficients closely match observed values, and
oxybarometer-derived AFMQ values generally agree with independently constrained
experimental oxygen fugacities near the 1:1 relationship.

Fig. 8. Validation of V partitioning oxybarometers using natural samples. (a) Comparison
of O, (AFMQ) values calculated using the V in clinopyroxene and V in olivine oxybarometers
for samples from Dali and Lijiang. (b) Comparison of results from the Eu in clinopyroxene and
plagioclase and V in clinopyroxene and magnetite oxybarometers for samples 206R 3 W and
238R 2 W. In panels (a) and (b), the dark dashed line represents the 1:1 relationship, lighter
lines indicate deviations of £0.5 AFMQ, and error bars show the associated uncertainties. (c)
Distributions of AFMQ estimates for the Panzhihua intrusion calculated using three V-based
oxybarometers, based on data from Song et al. (2013) and Chen et al. (2017). Violin envelopes
show data density, individual symbols represent calculated values, and the internal boxes
summarize the central distribution.

Alt text: Three-panel validation of vanadium-based oxybarometers using natural samples.
Panels compare V-in-clinopyroxene with V-in-olivine estimates, V-in-clinopyroxene—
magnetite with Eu-in-clinopyroxene—plagioclase estimates, and the distributions of three V-

based oxybarometers for the Panzhihua intrusion.

Fig. 9. Stratigraphic variations in fO2, Fe and Ti oxide abundance, and clinopyroxene Mg
number in the Panzhihua and Bushveld layered intrusions. (a) Variation in fO, (AFMQ)
with height above the basal contact in the Panzhihua intrusion based on data from Song et al.
(2013) and Chen et al. (2017). (b) Stratigraphic variation in the modal abundance of Fe and Ti

oxides in Panzhihua. (c) Relationship between fO, and clinopyroxene Mg number for the
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Panzhihua samples. (d) Variation in fO; with borehole depth in the Bushveld Complex, based
on data from Ashwal et al. (2005). (e) Variation in Fe and Ti oxide abundance with borehole
depth in Bushveld. (f) Relationship between fO, and clinopyroxene Mg number for the
Bushveld samples. Dashed lines in panels (c) and (f) show linear regressions, shaded regions
represent their confidence intervals, and the corresponding R? values are reported in each

panel.

Alt text: Six panels comparing redox evolution in the Panzhihua and Bushveld layered
intrusions. Oxygen fugacity and Fe—T1 oxide abundance are plotted against stratigraphic height
or borehole depth, and AFMQ is compared with clinopyroxene Mg number; regression lines

summarize the redox—differentiation relationships in each intrusion
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