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A B S T R A C T   

Titanium occurs as Ti3+, in addition to the more usual Ti4+, in extraterrestrial materials such as Lunar basalts and 
chondritic meteorites. The proportion of Ti as Ti3+ was investigated by Ti K-edge X-ray absorption near edge 
structure (XANES) spectroscopy for five silicate glass compositions quenched from melts equilibrated at 1400 ◦C, 
atmospheric pressure, and oxygen fugacities (fO2) in log units relative to the fayalite-magnetite-quartz (FMQ) 
buffer from FMQ+3.3 to FMQ-10.2 (+6.6 to − 6.9 log units relative to the iron-wüstite, IW, buffer). All spectra 
could be well fit using a linear combination of the spectra recorded from the most oxidised and reduced samples 
of the same composition, indicating that the samples only contain two Ti species. Ti3+/ΣTi (where ΣTi = Ti3+ +

Ti4+) = 0 for the most oxidised samples but is unknown for the most reduced. Thus, the linear combination fit 
results were used in a regression model in which Ti3+/ΣTi of the reduced end-member was varied to give Ti3+/ 
ΣTi values of the other samples that best fit the thermodynamically expected dependence of Ti3+/ΣTi on fO2. The 
most reduced samples were found to have Ti3+/ΣTi ~ 0.6. The resulting modified equilibrium constants of the Ti 
oxidation reaction, logK’, are linearly correlated with the optical basicity (Λ) parameterisation of melt compo
sition, such that as Λ increases, Ti3+/ΣTi decreases, at constant fO2. This correlation allows Ti3+/ΣTi to be 
predicted for other compositions and, assuming that the temperature dependence of Ti3+/Ti4+ is parallel to FMQ, 
a general equation relating Ti3+/Ti4+ to fO2 was obtained: log(Ti3+/Ti4+) = − 0.25ΔFMQ − 0.32(19) − 3.44 
(32)Λ. This equation was used to predict Ti3+/ΣTi as a function of fO2 for high-Ti Mare basalt, chondrule (CV and 
CM), and calcium aluminium inclusion (CAI; Type A and B) compositions. For melts of these compositions Ti3+ =

Ti4+ at ~ FMQ-10.8, − 9.5, − 9.3, − 10.6, and − 10.2 (~IW-7.5, − 6.2, − 6.0, − 7.3, and − 6.9), respectively, in
dependent of temperature.   

1. Introduction 

Titanium occurs exclusively as Ti4+ in most natural terrestrial ma
terials, however, under reduced conditions it may also occur as Ti3+. For 
example, Ti3+ is found in armalcolite ((Fe,Mg)Ti2O5) in high-Ti Lunar 
basalts (Anderson et al., 1970; Friel et al., 1977) and in both hibonite (Ca 
(Al,Ti)12O19; Beckett et al., 1988; Doyle et al., 2014; Berry et al., 2017) 
and fassaite (Ca(Mg,Ti,Al)(Al,Si)2O6; Dowty and Clark, 1973, Simon 
et al., 2007) in calcium aluminium inclusions (CAI) in chondritic 
meteorites. 

The redox variability of Ti means that it may record the oxygen 

fugacity (partial pressure of oxygen; fO2) of extraterrestrial processes 
under conditions where the common terrestrial fO2 sensor, the oxidation 
state of Fe (Fe3+/Fe2+; e.g. O’Neill et al., 2018), cannot be used because 
of the presence of Fe metal and absence of Fe3+. The fO2 at which Ti3+ =

Ti4+ has been estimated to be IW-7, where IW is the iron-wüstite (Fe- 
FeO) buffer (Papike et al., 2005). Other common elements that are redox 
variable under reduced conditions include V (V2+ = V3+ at IW-4) and Cr 
(Cr2+ = Cr3+ at IW) (Berry and O’Neill, 2004; Papike et al., 2005; Sutton 
et al., 1993, 2005). 

Ti3+ has been identified traditionally by optical absorption spec
troscopy (Burns and Huggins, 1973), electron paramagnetic resonance 
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(EPR; also called electron spin resonance or ESR) spectroscopy 
(Schreiber et al., 1978; Beckett et al., 1988), and redox titrations 
(Johnston, 1965; Schreiber et al., 1978; Tranell et al., 2002). For silicate 
melts Ti3+/Ti4+ has been determined by redox titrations for Na2O.2SiO2 
at 1085 ◦C and four values of fO2 and at four temperatures between 1000 
and 1300 ◦C and one fO2 (Johnston, 1965), forsterite-anorthite-silica 
(FAS) and forsterite-anorthite-diopside (FAD) compositions at 1500 
and 1550 ◦C and six fO2s (Schreiber et al., 1978), albite-diopside- 
anorthite (ADA2) at 1250 ◦C and one fO2 (Schreiber et al., 1982), and 
a set of CaO-rich synthetic slag compositions at 1500 ◦C and one fO2 
(Morizane et al., 1999). In addition, Ti3+/Ti4+ was estimated from the 
solubility of rutile in an anorthite-diopside eutectic composition, to 
which was added 32 wt% TiO2, at 1300 ◦C and seven fO2s spanning <
1.3 log units (Borisov et al. 2004). When Ti3+/Ti4+ was determined over 
a range of fO2s, even though the proportion of Ti as Ti3+ in most cases 
was only between 0 and 7 %, the relationship between Ti3+/Ti4+ and fO2 
could be described by the expected expression: 

log
Ti3+

Ti4+ = −
1
4

logf O2 − logK′ (1)  

where logK’ is a modified equilibrium constant (see Berry and O’Neill, 
2004) that is equal to − 1/4EM* = − EM’ (the notation in Schreiber et al., 
1978 and Schreiber, 1987 for the reduction potential of an element M in 
a silicate melt). Eq. (1) can be rearranged to give: 

Ti3+

ΣTi
=

1
1 + 10(0.25logf O2+logK′) (2)  

where ΣTi = Ti3+ + Ti4+. Fits to the literature data using this equation, 
plotted relative to the fayalite-magnetite-quartz (FMQ) and IW buffers, 
are shown in Fig. 1 and illustrate the small range of the Ti3+/ΣTi values, 
the small number of fO2 values per study, and the scatter in the data. 
These studies indicate that the fO2 at which Ti3+ = Ti4+ depends on 
composition (cf. FAS and FAD at constant temperature) and, relative to 
FMQ, increases with increasing temperature for FAS and FAD but is 
constant with temperature for Na2O.2SiO2. The available data has been 
used to derive a model relating Ti4+/Ti3+ to fO2, temperature and 
composition (Borisov, 2012). 

X-ray absorption near edge structure (XANES) spectroscopy can be 
used to determine Mn+/ΣM of a redox variable element (M) in glasses with 
an accuracy of 0.02 or better (e.g. Berry et al., 2018; Berry and O’Neill, 
2004; Burnham et al., 2015; Burnham and Berry, 2014). XANES has a 

number of advantages over redox titrations including shorter times for 
data acquisition, which facilitates the analysis of large numbers of sam
ples, high spatial resolution (micron to sub-micron), and suitability for Fe- 
bearing compositions. For Ti4+ the energy and intensity of the 1s-3d pre- 
edge feature can be used to identify the coordination environment (e.g. 
Farges et al., 1996; Berry et al., 2007). For Ti3+ the absorption edge occurs, 
as expected, at lower energies than for Ti4+ (Waychunas, 1987) and Ti K- 
edge XANES spectroscopy has been used to determine Ti3+/ΣTi in olivine, 
pyroxene and hibonite (Simon et al., 2007; Doyle et al., 2016; Sutton et al., 
2017; Simon and Sutton, 2017). Here we use Ti K-edge XANES spectros
copy to determine Ti3+/ΣTi for five geologically relevant melt composi
tions with the aim of parameterising the effect of composition on Ti3+/ΣTi. 
EPR spectra were also recorded for one of these compositions. 

2. Experimental 

Five compositions in the system CaO-MgO-Al2O3-SiO2 (CMAS) were 
selected to investigate the effect of melt composition on Ti3+/ΣTi. These 
include the anorthite-diopside eutectic (AD) and four compositions ob
tained from the eutectic by the addition of either forsterite (AD+Fo), 
enstatite (AD+En), wollastonite (AD+Wo), or quartz (AD+Qz) in 
amounts close to their maximum solubility at 1400 ◦C, to which 1 wt% 
TiO2 was added. Similar CMAS compositions have been used previously 
in studies of Cr2+/ΣCr, Ce3+/ΣCe, and Eu2+/ΣEu (Berry and O’Neill, 
2004; Burnham et al., 2015; Burnham and Berry, 2014). The composi
tions were prepared by grinding and mixing reagent grade SiO2, Al2O3, 
MgO, TiO2 (all dried at 1000 ◦C) and CaCO3 (dried at 300 ◦C) under 
acetone using an agate mortar and pestle. The resulting powders were 
mixed with polyethylene oxide and water to form a paste and mounted 
on wire loops of either Pt or Re and equilibrated at 1400 ◦C and atmo
spheric pressure in a vertical gas mixing furnace using CO2-CO to control 
the fO2 at log values between − 3.1 and − 14 (calculated using the 
thermodynamic data in Chase, 1998), or 3.3 and − 7.6 in log units 
relative to FMQ (O’Neill et al., 2018). Multiple loops (one for each 
composition) were suspended from a “chandelier”. At logfO2 = − 3 
(FMQ+3.3) the loops and chandelier were made of Pt, at − 3 > logfO2 ≥

-12 (FMQ-5.6) both Pt and Re loops were used with a Pt chandelier, and 
at logfO2 ≤ -13 (FMQ-6.6) the loops were Re and the chandelier ceramic. 
The logfO2s of the experiments at − 11 to − 14 were checked using the Fe 
content of AD (Ti-free) equilibrated on a loop of Fe simultaneously with 
the other samples (e.g. Berry et al., 2018). For experiments at logfO2 ≤

Fig. 1. Ti3+/ΣTi as a function of oxygen fugacity in log units relative to the fayalite-magnetite-quartz (FMQ) and iron-wüstite (IW) buffers for compositions FAD 
(black circles) and FAS (black squares) at 1550 ◦C (open) and 1500 ◦C (closed) from Schreiber et al. (1978), ADA2 at 1250 ◦C (open blue square; Schreiber et al., 
1982), ADTi at 1300 ◦C (open red circles; Borisov et al. 2004), “slag” at 1500 ◦C (closed blue square; Morizane et al., 1999), and Na2O.2SiO2 at 1085 ◦C (closed red 
squares) and a constant fO2 buffer at 1000, 1085, 1200 and 1300 ◦C (open red squares; Johnston, 1965). The solid lines, in colours matching the related symbols, 
correspond to Eq. (2) using the calculated logK’ for each composition. (b) shows the region defined by the inset in (a). IW is offset from FMQ by 3.3 (the difference in 
values at 1400 ◦C). 
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− 16.1 (FMQ-9.7) the powders were pressed into pellets, which were 
loaded into wells drilled in a graphite block (as described in O’Neill and 
Berry, 2006), and equilibrated with CO, or CO diluted with Ar, to ach
ieve nominal logfO2s as low as − 20 (FMQ-13.6; for the equilibrium CO 
= 1/2O2 + C, logfO2 = 2logK + 2logfCO, where K is the equilibrium 
constant and 2logK = − 16.1 at 1400 ◦C). After ~20 h the melts were 
quenched in water. For further details of the experimental technique see 
Burnham et al., 2015. The resulting glasses (3–5 mm beads) were either 
mounted in epoxy resin and polished (XANES) or powdered using a 
mortar and pestle (EPR). Pellets of Ti2O3, TiO2, and Ni2.62Ti0.69O4 
(spinel) mixed with BN (~1 wt% Ti) and polycrystalline Ti-bearing 
synthetic forsterite mounted in epoxy resin were prepared previously 
(Doyle et al., 2016; Berry et al., 2007). 

The composition of each glass was determined by electron probe 
microanalysis (EPMA) using a Cameca SX-100 operating at 20 kV and 
20 nA, with LTAP (for Si, Al and Mg), PET (for Ca), LPET (for Ti) and 
LLIF (for Fe) crystals. Wollastonite (Si and Ca), corundum (Al), forsterite 
(Mg), rutile (Ti), and fayalite (Fe) were used as standards. 

Titanium K-edge XANES spectra were recorded at I18 of Diamond 
Light Source, UK (Mosselmans et al., 2009). The excitation energy was 
selected using a Si(111) double crystal monochromator and calibrated 
by defining the first peak in the derivative spectrum of Ti foil, recorded 
in transmission mode, to be at 4966.4 eV. The energy resolution at the Ti 
K-edge was 0.70 eV, which when coupled with the Ti Kα core–hole width 
of 0.94 eV (Krause and Oliver, 1979) resulted in a spectral resolution of 
1.2 eV. The beam was focused using Rh coated KB mirrors to ~ 3 × 3 μm, 
although the penetration depth of Ti K-edge X-rays in the glasses studied 
(approximated as one absorption length) is ~ 18 μm. The KB mirrors 
were also used to reject high energy harmonics. Fluorescence was 
recorded using a nine-element Ge detector and the distance between the 
detector and sample was adjusted to ensure that the total incoming 
count rate (and hence dead time) was approximately constant for each 
sample and within the linear range of the signal processing electronics. 
Samples were mounted at 45◦ to both the incident beam and the de
tector. Spectra were recorded from 4950 to 5200 eV with a step size of 
1.0 eV for the baseline (4950–4962 eV), 0.1 eV for the pre-edge 
(4962–4975), 0.2 eV for the absorption edge (4975–5015) and 5.0 eV 
above the edge, with a count time of 1 s per point, giving a total spectral 
acquisition time of 15–20 min. The possibility of beam-induced changes 
in the oxidation state of Ti was investigated by recording 10 replicate 
spectra of the pre-edge region (0.2 eV steps, 1 s per point, < 2 min per 
spectrum) from the same spot of samples equilibrated at nominally 
FMQ-5.6 and FMQ-13.6. The Ti Kα fluorescence intensity was dead-time 
corrected, normalised to the intensity of the incident beam, and the 
resulting spectra normalised using Athena (Ravel and Newville, 2005). 

EPR spectra were recorded using a Bruker EMXmicro spectrometer at 
the EPSRC EPR Facility (University of Manchester, UK). A second set of 
AD samples were prepared in the same way, powdered, and loaded to a 
height of 7 mm in silica glass tubes with a diameter of 4 mm, which were 
placed in the centre of the resonant cavity of the spectrometer. X-band 
spectra (9.45 GHz) were recorded at room temperature from 3050 to 
3950 G with a modulation amplitude of 5 G. The working power was 20 
dB and the time constant and conversion time were 20 and 40 ms, 
respectively, resulting in spectral acquisition times of ~ 5 min. 

3. Results 

Melts were equilibrated at 10 fO2s, nominally spanning 17 log units 
(FMQ+3.3 to FMQ-13.7). The resulting glasses varied from colourless 
(FMQ+3.3) to pale pink (FMQ-3.0) to deep purple, with the intensity of 
the colour increasing with decreasing fO2. The samples are homoge
neous except for the AD+Qz glasses, which contained minor amounts of 
crystalline SiO2. These crystals had a negligible effect on the composi
tion of each glass and contained negligible amounts of Ti. For compo
sitions equilibrated on both Pt and Re loops the Ti contents of the glasses 
were identical at FMQ-3, but 20 % and 40 % lower for the samples 

mounted on Pt at FMQ-4.6 and FMQ-5.6, respectively. This decrease is 
consistent with Ti alloying with Pt under reduced conditions (e.g. 
Jurewicz et al., 1995). The results reported here are for the samples 
prepared using Re loops. The average glass compositions, determined 
from multiple analyses of the samples prepared at all fO2s, are given in 
Table 1. The compositions of the AD glasses on Fe loops, and the logfO2s 
calculated from the Fe content of each glass, which are all close to the 
nominal values, are given in Supplementary Table 1. 

Ti K-edge XANES spectra of the standard compounds are shown in 
Doyle et al. (2016) and are consistent with those reported previously 
(Berry et al., 2007). Spectra for the AD composition are shown in Fig. 2 
and for the other four compositions in Supplementary Fig. 1. The spectra 
exhibit systematic changes in the intensity and shape of the pre-edge 
feature ~ 4970 eV and in the energy of the absorption edge as a func
tion of fO2. The replicate spectra of the pre-edge regions are essentially 
identical and there were no systematic differences that could indicate 
beam-induced changes in oxidation state. Each of the 10 replicate pre- 
edge spectra took less than 2 min to acquire with the total beam expo
sure time being similar to that required to record a single full spectrum. 
The pre-edge was fit between 4950 and ~ 4980 eV (the energy where 
the normalised intensity is 0.5) to three pseudo-Voigt peaks, constrained 
to have the same line-shape, simultaneously with the background, which 
was modeled as three additional pseudo-Voigt functions, one to simulate 
the absorption edge, one to account for the edge shoulder at ~ 4977 eV, 
and one to provide an offset from the baseline that was effectively a 
sloping line. The pre-edge multiplet could be well fit using only two 
pseudo-Voigt peaks, however, the addition of a third, low-intensity, 
component ~ 4967 eV produced a better fit to the low-energy tail. 
The pre-edge was parameterised using the intensity weighted energy 
(centroid) of the three peak components. The fits to the spectra of the AD 
glasses prepared under the most oxidised and reduced conditions are 
shown in Fig. 3 and the centroid values are given in Supplementary 
Table 2. The absorption edge was parameterised using the energy at a 
normalised intensity of 0.8. The value of 0.8 was chosen arbitrarily but 
corresponds to a part of the edge that is free of structure. This way of 
defining the edge energy was used in preference to the edge peak in the 
derivative spectrum because it is simple and had better precision. These 
edge energies for all glasses are also given in Supplementary Table 2. 

The variations of the pre-edge centroid and absorption edge energy 
with fO2 are shown in Fig. 4. The data were fit to a modified version of 
Eq. (2) that describes the variation of a feature (rather than Ti3+/ΣTi) 
with fO2 (see Burnham et al., 2015). If the feature is linearly related to 
Ti3+/ΣTi then the coefficient of logfO2 should be 0.25 (as in Eq. (2)). For 
the fits shown in Fig. 4 the coefficient was fixed at 0.25, however, values 
of 0.49(11) and 0.37(5) were obtained (centroid and edge, respectively) 
if it was allowed to vary. The fits, and hence values of logK’ (3.68(13) 
and 3.65(8) for the centroid and edge, respectively, with the coefficient 
fixed at 0.25), are strongly affected by the data at − 18 and − 20 (FMQ- 
11.6 and − 13.6). The small differences in the spectra of the samples 
prepared at − 16, − 18 and − 20 (FMQ-9.7, − 11.6 and − 13.6) could 
indicate that Ti3+/ΣTi is approaching 1 over this range, however, the 
accuracy of the fO2 values at these extremely reducing conditions is 
uncertain (see Discussion). 

To quantify the overall spectral variation with fO2, rather than just 
that of a particular feature, each spectrum was fit, between 4960 and 
5000 eV, to a linear combination (LCF) of the spectra of the most oxi
dised and reduced samples of that composition. The resulting fits are 
excellent and examples are shown in Fig. 5. The proportions of each end- 
member determined by the fits are given in Supplementary Spreadsheet 
1. Although it is reasonable to assume that Ti3+/ΣTi = 0 for the most 
oxidised samples, Ti3+/ΣTi of the most reduced samples are unknown 
and thus Ti3+/ΣTi for the intermediate samples cannot be determined 
directly from the fit results. However, log(Ti3+/Ti4+) should have a 0.25 
dependence on logfO2 (Eq. (1)) and this constraint can be used to 
determine the Ti3+/ΣTi value of each reduced end-member that gives 
Ti3+/ΣTi values of all the intermediate samples that best fit the expected 
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function (Eq. (2)). Further, logfO2 values can be optimised as part of the 
fit. Thus, a non-linear least squares regression model was created to 
determine Ti3+/ΣTi of the most reduced sample, logfO2, and logK’ by 
minimising χ2, which is defined here as,the error weighted difference 
between the observed and calculated Ti3+/ΣTi and the nominal and 
calculated logfO2: 

χ2 = Σ
[(

Ti3+/ΣTi
)

obs −
(
Ti3+/ΣTi

)

cal

]2
/
[
± (fit) ×

(
Ti3+/ΣTi

)

− 20

]2

+ Σ
[
(logf O2)nom − (logf O2)cal

]2
/± (logf O2)

2 (3)  

where (Ti3+/ΣTi)obs is determined from the proportions and Ti3+/ΣTi 
values of the oxidised and reduced ((Ti3+/ΣTi)-20) components in the 
LCF, (Ti3+/ΣTi)cal is from Eq. (2), (logfO2)nom is the nominal logfO2 of 
the experiment, and (logfO2)cal is the logfO2 determined by the model. 

Table 1 
Average glass compositions (wt%) determined by EPMA, the number of analyses (n), optical basicity (Λ) and NBO/T calculated for each composition, and values of 
logK’ determined from the XANES spectra. Errors are one standard deviation.  

Composition SiO2 Al2O3 MgO CaO TiO2 Total n Λ NBO/T logK’ 

AD 49.96(49) 15.44(17) 10.59(9) 23.27(30) 1.03(1) 100.29(61) 105 0.6094(10) 0.917(13) 4.001 
AD+Fo 49.15(59) 13.19(12) 17.41(19) 19.83(31) 1.04(1) 100.62(70) 111 0.6127(12) 1.204(18) 4.012 
AD+Wo 51.49(44) 6.25(8) 4.27(5) 37.43(46) 1.02(2) 100.46(64) 117 0.6345(14) 1.435(20) 4.096 
AD+En 54.09(62) 9.53(21) 21.66(41) 14.31(37) 1.06(3) 100.65(86) 134 0.5986(14) 1.271(26) 3.938 
AD+Qz 65.86(36) 10.03(27) 6.98(13) 15.30(33) 1.13(2) 99.30(57) 106 0.5633(10) 0.532(12) 3.852  

Fig. 2. Normalised Ti K-edge XANES spectra of AD glasses containing 1 wt% 
TiO2 quenched from melts equilibrated at 1400 ◦C and nominal logfO2s relative 
to the fayalite-magnetite-quartz (FMQ) buffer of (a) + 3.3, (b) − 3.0, (c) − 4.6, 
(d) − 5.6, (e) − 6.6, (f) − 7.1, (g) − 7.6, (h) − 9.7, (i) − 11.6, and (j) − 13.6. 
Spectra are offset for clarity. 

Fig. 3. Pre-edge region of the Ti K-edge XANES spectra of AD glass quenched 
from melts equilibrated at 1400 ◦C and nominal logfO2s of (a) FMQ+3.3, and 
(b) FMQ-13.6. The data are denoted by the symbols, and the fit (red), back
ground (black), and pre-edge components (blue) by the solid lines. 

Fig. 4. (a) The energy of the pre-edge centroid, and (b) the energy of the ab
sorption edge at a normalised intensity of 0.8, for the AD composition as a 
function of fO2 in log units relative to the FMQ and IW buffers. The red squares 
correspond to the nominal fO2s and the black circles to those determined by the 
model. The red and black curves are fits to the data using a modified form of Eq. 
(2). Uncertainties are smaller than the symbols. 
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The uncertainty in the LCF, ± (fit), was estimated to be 0.015 and the 
uncertainty in logfO2, ±(logfO2), was assumed to be 0.1 at − 3.1 and 
0.03 at all other values (see Jayasuriya et al., 2004), except for − 18 and 
− 20 where uncertainties of 1 and 2, respectively, were considered 
reasonable. All five compositions were equilibrated at each fO2 in the 
same experiment and hence have identical fO2 values. Thus, the data for 
all compositions were minimised in a single model. The reduced χ2 of the 
resulting fit was 1.1 indicating that the data, within the estimated un
certainties, are very well described by the model. The calculated Ti3+/ 
ΣTi and logfO2 values of each sample are given in Table 2, and the values 
of logK’ for each composition are given in Table 1. The resulting re
lationships between Ti3+/ΣTi and ΔFMQ are shown in Fig. 6, together 
with the sigmoidal curve defined by the corresponding logK’. A 
spreadsheet containing the model is provided as Supplementary 
Spreadsheet 1. 

It is now possible to calculate the Ti3+ (and Ti4+) end-member 
spectra that best fit the intermediate spectra in the proportions 

defined by the calculated Ti3+/ΣTi values. For each composition, a 
matrix with the recorded XANES spectra, yi,j, and a matrix with the 
fractions of Ti3+ and Ti4+, Ci,k, were defined. Assuming a linear problem, 
Ci,k Sk,j = yi,j, where Sk,j is a matrix with the Ti3+ and Ti4+ end-member 
spectra, Sk,j was obtained by solving 

Sk,j = (Ci,k
TCi,k)

− 1Ci,k
Tyi,j, (4)  

where T is the transpose operator, using Python and the NumPy library 
(Harris et al., 2020). The calculated Ti3+ end-member spectra are shown 
in Fig. 7a for AD, AD + Wo and AD + Qz (the spectra of AD + En and AD 
+ Fo are similar to that of AD and were omitted for clarity). The pre-edge 
region of the AD spectrum is shown in Supplementary Fig. 2. To our 
knowledge, this is the first time that the K-edge XANES spectrum of Ti3+

in a silicate glass has been determined. The calculated spectra of Ti4+ in 
the same compositions are shown in Fig. 7b and are essentially indis
tinguishable from those recorded from the most oxidised samples. For 

Fig. 5. Ti K-edge XANES spectra (black) of AD (left) and AD+Wo (right) glasses quenched from melts equilibrated at 1400 ◦C and nominal logfO2s of (a) FMQ-5.6, 
(b) FMQ-7.6, and (c) FMQ-9.7. The spectra were fit (red) using a linear combination of the spectra of the most oxidised (FMQ+3.3, green) and reduced (FMQ-13.6, 
blue) glasses; the residual is shown in grey. 

Table 2 
Ti3+/ΣTi values calculated for glasses quenched from melts equilibrated at 1400 ◦C and the nominal (nom) and calculated (cal) fO2s in log units relative to both the 
conventional standard state and fayalite-magnetite-quartz buffer (ΔFMQ); logfO2 relative to the iron-wüstite buffer (ΔIW) = logfO2 calc. + 9.71. The uncertainty in 
Ti3+/ΣTi is estimated to be similar to that of the LCF (0.015).  

logfO2 nom logfO2 cal ΔFMQ cal Ti3+/ΣTi 

AD AD+Fo AD+Wo AD+En AD+Qz 

− 3.1 − 3.10 3.29 0.000 0.000 0.000 0.000 0.000 
− 9.4 − 9.40 − 3.01 0.019 0.023 0.020 0.032 0.014 
− 11.0 − 10.99 − 4.60 0.042 0.042 0.040 0.058 0.069 
− 12.0 − 12.01 − 5.62 0.094 0.087 0.073 0.109 0.129 
− 13.0 − 13.01 − 6.62 0.156 0.150 0.125 – – 
− 13.5 − 13.52 − 7.13 0.185 0.190 0.165 0.226 0.262 
− 14.0 − 13.98 − 7.59 0.243 0.239 0.198 0.248 0.293 
− 16.1 − 16.10 − 9.71 0.511 0.500 0.451 0.558 0.622 
− 18.0 − 16.35 − 9.96 0.551 0.551 0.498 0.592 0.605 
− 20.0 − 16.62 − 10.23 0.591 0.579 0.539 0.613 0.674  
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both the Ti3+ and Ti4+ spectra there are small differences with compo
sition that are likely to be due to small differences in the coordination 
environment (e.g. Farges et al., 1996). The energy and intensity of the 
Ti4+ pre-edge feature suggests predominantly five-fold coordination 
(Farges et al., 1996), which is consistent with previous determinations of 
Ti4+ coordination in basaltic glasses (Farges and Brown, 1997). It is not 
possible to infer the coordination environment of Ti3+ due to the small 
number of compounds (all with Ti3+ in six-fold coordination) for which 
spectra have been reported (e.g. Waychunas, 1987; Doyle et al., 2016). 
The simulated spectra obtained by summing the Ti3+ and Ti4+ end- 
member spectra in the proportions defined by the calculated Ti3+/ΣTi 
values are almost identical to the recorded spectra and an example is 
shown in Fig. 7c. 

EPR spectra of AD glasses are shown in Fig. 8a. Only Ti3+, and not 
Ti4+, contributes to an EPR spectrum and hence the spectral intensity 
should be directly related to the amount of Ti3+. The spectra were 
parameterised using the difference in intensity between the maximum 
(3438 G) and minimum (3515 G) values. The variation in this intensity 
with the fO2 determined from the modelling of the XANES results is 
shown in Fig. 8b and was fit, excluding the datum corresponding to the 
most reduced sample, to a modified version of Eq. (2). The logK’ ob
tained from this fit was 3.69(9), which is close to that determined from 
the XANES spectra (4.00). A similar result was obtained if the EPR 
spectra were parameterised using the area of the first peak. However, an 
almost equally good fit was obtained if logK’ was fixed at 4.00 and this 
fit is shown in Fig. 8b. Larger errors may be expected when quantifying 
Ti3+/ΣTi from EPR spectra than XANES spectra because the EPR in
tensity depends on the number of Ti3+ cations, which will vary with any 
differences in the amount of sample in the analytical volume (for 
example, due to packing). 

Fig. 6. Ti3+/ΣTi as a function of fO2 in log units relative to FMQ and IW for the 
(a) AD, (b) AD+En, (c) AD+Fo, (d) AD+Qz, and (e) AD+Wo compositions. The 
symbols correspond to the Ti3+/ΣTi and logfO2 values determined for each 
sample from the model and the curves to Eq. (2) using the calculated logK’. 

Fig. 7. Calculated Ti K-edge XANES spectra of (a) glasses with Ti3+/ΣTi = 1, 
and (b) Ti3+/ΣTi = 0 for AD (black), AD+Wo (blue) and AD+Qz (red). (c) Ti K- 
edge XANES spectrum recorded from AD equilibrated at 1400 ◦C and FMQ-9.7 
(black) and the spectrum obtained by summing the calculated AD spectra with 
Ti3+/ΣTi = 1 (blue) and 0 (green) in the proportions determined by the model 
(i.e. Ti3+/ΣTi = 0.511; red); the difference between the experimental and 
simulated spectra is shown in grey. 
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4. Discussion 

Ti4+ is colourless while Ti3+ typically produces pink, purple or blue 
colours (e.g. Ihinger and Stolper, 1986). The development of an 
increasingly intense purple colour in these glasses, which contain no 
other redox variable elements, with decreasing fO2 is indicative of 
increasing amounts of Ti3+. The EPR spectra also indicate increasing 
amounts of Ti3+ with decreasing fO2 (Fig. 8a). 

The spectra of all samples can be fit almost “perfectly” by a linear 
combination of the spectra of the most oxidised and reduced samples of 
the same composition. This indicates that the most reduced samples can 

not contain any significant amounts of Ti2+, Ti0, or TiC (noting that the 
samples were prepared in graphite). logfO2 was allowed to vary in the 
least squares regression model and for − 3.1 ≤ logfO2 ≤ − 16.1 the 
refined values are within ± 0.02 of the nominal values, which is smaller 
than the assumed uncertainty. In contrast, the calculated values of the 
samples prepared at nominally − 18 and − 20 are − 16.35 and − 16.62, 
respectively. A logfO2 of − 20 corresponds to a sample in equilibrium 
with graphite and 1 % CO and 99 % Ar (10 % CO and 90 % Ar for − 18). 
While, in theory, the fO2 should be buffered, the conditions are so 
extreme that a small ingress of atmospheric O2 may exceed the buffering 
capacity of the system resulting in a higher fO2 than expected. These 
conditions are more reduced than those under which SIRO2 oxygen 
sensors can operate and where the fO2 can be calculated from the sol
ubility of one of the small number of metals for which the required 
thermodynamic data is available (O’Neill and Eggins, 2002; Holzheid 
et al., 1997) and thus fO2 can’t be determined independently. The 
correction of the nominal logfO2 = − 18 and − 20 values means that the 
small differences between the spectra of the three most reduced samples 
are not because Ti3+/ΣTi was approaching 1 but because of the small 
differences in fO2. This is illustrated in Fig. 4 where the correction in 
logfO2 results in quite different sigmoidal fits and different values of 
logK’ (4.11(14) and 4.00(7) for the centroid and edge, respectively). The 
regression model finds that the most reduced samples of each compo
sition have Ti3+/ΣTi between 0.54 and 0.67. 

Ti3+/ΣTi is expected to be different for different compositions at the 
same fO2. For other elements, logK’ has been shown to be linearly 
correlated with the optical basicity (Λ) of the composition (Cr, Berry 
et al., 2021a, 2021b; Sb, Miller et al., 2019; Eu, Burnham et al., 2015; Ce, 
Burnham and Berry, 2014). Optical basicity is a measure of the ability of 
O in a melt to donate electron density to a cation and hence stabilise 
positive charge (Duffy, 1993). Melt composition can be parameterised in 
other ways, such as NBO/T (non-bridging oxygens/tetrahedrally coor
dinated cations), but the correlations with logK’ are generally not as 
good (e.g. O’Neill and Berry, 2021). The relationship between logK’ and 
Λ found for Ti is shown in Fig. 9 and is given by: 

logK′ = 1.90(19)+ 3.44(32)Λ (5)  

The maximum difference between the predicted and determined values 
of logK’ is 0.02, which is taken as the uncertainty. This expression allows 
logK’ to be predicted for any melt or glass at 1400 ◦C since Λ can be 
easily calculated from the major element composition (Lebouteiller and 
Courtine, 1998; Duffy, 1989; see Supplementary Text). The correlation 
between logK’ and NBO/T is poor (R = 0.80). 

Fig. 8. (a) EPR spectra (first derivative of X-band absorption) of AD glasses 
containing 1 wt% TiO2 quenched from melts equilibrated at 1400 ◦C and logfO2s 
(determined from the model) relative to FMQ of (i) +3.3, (ii) − 3.0, (iii) − 4.6, 
(iv) − 5.6, (v) − 6.6, (vi) − 7.1, (vii) − 7.6, (viii) − 9.7, (ix) − 10.0, and (x) − 10.2, 
and (b) the difference in intensity between the maximum (3438 G) and minimum 
(3515 G) values in the EPR spectrum as a function of ΔFMQ; the curve is the fit to 
the data (excluding the datum at ΔFMQ = − 10.2) using a modified form of Eq. (2); 
uncertainties (one standard deviation) were determined from replicate spectra. 

Fig. 9. LogK’ values at 1400 ◦C for the five compositions in Table 1 as a 
function of optical basicity (Λ). The line is the best fit to the data. The uncer
tainty in Λ is less than the size of the symbols. 
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A general expression for Ti3+/Ti4+ can be obtained by recasting Eq. 
(1) in terms of ΔFMQ, where ΔFMQ = logfO2 − FMQ = logfO2 − (8.58 −
25050/T) (T in K; O’Neill et al., 2018). Thus at 1400 ◦C: 

log
Ti3+

Ti4+ = −
1
4

ΔFMQ − 0.32(19) − 3.44(32)Λ (6)  

If the fO2 dependence of log(Ti3+/Ti4+) on temperature is parallel to 
FMQ, which is a reasonable assumption for Fe (Berry et al., 2018) and a 
good approximation for other elements (e.g. Cr, Berry et al., 2021a, 
2021b; Eu, Burnham et al., 2015), then this equation can be used to 
relate Ti3+/Ti4+ to ΔFMQ at any temperature. Under the same 
assumption: 

logK’ = − 1.84(19) + 3.44(32)Λ + 6262.5/T (7) 

The strong correlation between logK’ and Λ means that Eq. (6) can be 
used to predict Ti3+/Ti4+ in other compositions. Of particular interest 
are reduced extraterrestrial materials and average compositions of high- 
Ti Mare basalt, CV and CM chondrules, and Type A and B CAIs are given 
in Table 3. The relationship between Ti3+/ΣTi and ΔFMQ (which is 
independent of temperature) for these compositions is shown in Fig. 10. 
The effect of composition is to change the fO2 where Ti3+ = Ti4+ by 1.5 
log units, or at constant fO2 to change Ti3+/ΣTi from, for example, 0.5 in 
CM to 0.3 in Mare basalt. The effect of the difference in pressure between 
samples equilibrated at one atmosphere (the present study) and Solar 
condensates is likely to be negligible (cf. the effect of pressure on Cr2+/ 
ΣCr; see Eq. (6) of Berry et al., 2021a,2021b). 

In this study, we chose to reference fO2 to FMQ to facilitate com
parison with studies of other redox variable elements (e.g. Berry et al., 
2021a, 2021b; O’Neill et al., 2018). However, given the extremely 
reduced conditions required to produce Ti3+ in melts, and for compar
ison with the meteoritic literature, it is also convenient to reference fO2 
to IW. The logfO2 of the IW buffer is given by: 14.056 – 28776.5/T −
2.0384logT (evaluated from O’Neill and Pownceby, 1993) and its 
variation with temperature is almost parallel to that of FMQ. The dif
ference between FMQ and IW can be calculated trivially with, for 
example, IW being more reduced by 3.3 log units at 1400 ◦C. 

The Ti3+/Ti4+ values predicted by the model of Borisov (2012) for 
the samples in the present study are compared to the experimentally 
determined values in Supplementary Fig. 3. The Borisov model signifi
cantly underestimates Ti3+/ΣTi for four compositions (e.g. 0.14 
compared to 0.58 for the most reduced sample of AD+Fo) but over
estimates Ti3+/ΣTi for the AD+Qz composition (0.80 compared to 0.67 
for the most reduced sample). The fact that the predicted results for the 
AD+Qz composition differ so markedly from those of the other com
positions suggests that the parameterisation of composition used by 
Borisov, which considers the mole fractions of SiO2 and Al2O3 (and TiO2, 
which is insignificant in the present study) is not a good descriptor of 
how composition stabilises Ti3+ relative to Ti4+. It is noteworthy that the 
mole fraction of SiO2 in the AD+Qz composition is significantly different 
to that of our other four compositions. In contrast, the correlation be
tween logK’ and Λ in Fig. 9 suggests that Λ is an excellent descriptor. 

The logK’ values determined from literature data are given in Sup
plementary Table 3. The relationship between the logK’ predicted using 
Eq. (7) and those determined experimentally is shown in Fig. 11. The 

agreement between the predicted and experimental values for the 
samples reported here, on which the model is based, is excellent, as 
expected. The temperature series data of Johnston (1965) are parallel to, 
but offset from, the 1:1 line. This indicates that the temperature 
dependence of Ti3+/Ti4+ is (at least for this composition) close to 

Table 3 
Compositions (wt%) of Type A and Type B CAIs (averages of values in Table 3 of Sylvester et al., 1993), CV and CM chondrules (median compositions; Table 2 of Hezel 
et al., 2018), and high-Ti Mare basalt (Table 1 of Danckwerth et al., 1979), the optical basicity (Λ) and NBO/T calculated for each composition, and Ti3+/ΣTi calculated 
from the result of Eq. (6) at FMQ-5.3 (~IW-2) and FMQ-9.3 (~IW-6). Minor elements have been excluded.  

Composition SiO2 Al2O3 MgO CaO TiO2 Na2O FeO Total Λ NBO/T Ti3+/ΣTi (IW-2) Ti3+/ΣTi (IW-6) 

CAI A 24.23 34.07 5.25 33.90 1.41 0.33 0.70 99.89 0.674 0.763 0.046(29) 0.33(15) 
CAI B 28.60 30.77 11.13 27.23 1.65 0.14 0.45 99.97 0.658 0.852 0.052(32) 0.36(15) 
CV 45.22 3.55 35.48 2.76 0.17 0.40 – 87.58 0.601 2.186 0.080(46) 0.46(15) 
CM 54.08 6.65 32.45 3.74 0.18 – – 97.10 0.585 1.562 0.090(50) 0.50(15) 
Mare basalt 38.0 8.3 10.4 10.2 12.6 0.4 19.0 98.9 0.693 1.321 0.040(26) 0.29(14)  

Fig. 10. Proportion of Ti as Ti3+ as a function of fO2, in log units relative to 
FMQ and IW, predicted using Eq. (6) for CV and CM (light and dark blue, 
respectively), CAI A and CAI B (orange and red, respectively), and Mare 
basalt (black). 

Fig. 11. Correlation between logK’ predicted using Eq. (7) and determined 
experimentally in the present study (black circles; Table 1) and from literature 
data (Table S3) for FAD (open black circles) and FAS (open black squares) at 
1500 and 1550 ◦C (Schreiber et al., 1978), ADA2 at 1250 ◦C (closed blue 
square; Schreiber et al., 1982), ADTi at 1300 ◦C (open red circle; Borisov et al. 
2004), “slag” at 1500 ◦C (open blue square; Morizane et al., 1999), and 
Na2O.2SiO2 at 1000, 1085, 1200 and 1250 ◦C (closed red circles; Johnston, 
1965). The lines are fits to the data from the present study and Johnston (1965) 
constrained to have a slope of 1. 
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parallel to FMQ (the slope of the correlation between logK’ and 1/T is 
6777(23)). The offset presumably arises from the optical basicity 
parameterisation being unable to account for differences in Ti3+ stability 
between such very different compositions. The model predicts the logK’s 
of the Schreiber et al. (1978) data within 0.25 (corresponding to a dif
ference of less than one log unit in the fO2 at which Ti3+ = Ti4+), 
however, the differences are hard to explain given the broad similarities 
in composition. Not only does the temperature dependence of the 
Schreiber et al. (1978) data have a very different slope (~15000/T) but 
the difference between the logK’ of FAD and FAS is equal to that of the 
entire range found for the compositions studied here, for half the dif
ference in optical basicity. It is possible, especially given the very small 
Ti3+/ΣTi values of the Schreiber et al. (1978) samples (Fig. 1), that there 
was a background error in the Ti3+ determinations. The relative 
amounts of Ti3+ were determined by EPR spectroscopy, which was 
calibrated by redox titrations (which involve digesting a sample in acid, 
oxidising Ti3+ with Fe3+, and then determining the amount of Fe2+ by 
titration with Ce4+). The calibration curve relating Ti3+ determined by 
titration to EPR intensity is curved, whereas those shown for Cr and Eu 
are linear, as expected (Fig. 2 of Schreiber et al., 1978). As EPR intensity 
is directly proportional to Ti3+ it seems likely that the amount of Ti3+

may have been underestimated by titration (e.g. due to oxidation during 
digestion). The magnitude of the temperature dependence is also a 
significant difference between the model of Borisov (2012) and that 
presented here (33063/T compared to 6262.5/T). The coefficient of 
33063 used by Borisov (2012) is much larger than that found for other 
elements (e.g. Kress and Carmichael, 1991; Burnham et al., 2015; Berry 
et al., 2021a, 2021b; Miller et al., 2023). Further, the value used for the 
Schreiber (1987) data in the Borisov model was 29500, which would 
decrease to ~15000 if logK’ was evaluated using a fixed logfO2 coeffi
cient of 0.25. It is thus not surprising that our model and that of Borisov 
(2012) do not agree. Accordingly, it is not surprising that our model does 
not predict the literature Ti3+/ΣTi values from which the Borisov (2012) 
model was derived. It is difficult to speculate why these Ti3+/ΣTi values 
are inconsistent with our model but we do note the difficulty of 
obtaining accurate values by redox titrations (see O’Neill et al., 2018) 
and that the composition of Borisov et al. (2004) contained over 25 wt% 
TiO2, for which concentrations a non-ideal dependence of Ti3+/ΣTi on 
fO2 is possible. A logK’ of 3.91 at 1300 ◦C was determined from the 
partitioning of Ti as a function of fO2 between various minerals and 
melts similar in composition to those studied here (logK’ = K’hom

-1 =

1.24 × 10-4; Table 7 Mallmann and O’Neill, 2009). The predicted value 
using Eq. (7) is 4.21, however, the experiments of Mallmann and 
O’Neill, 2009 used the same method to produce samples under 
extremely reduced conditions as in the present study (nominally logfO2 
= − 18.6 and − 20.6 at 1300 ◦C), and their value of logK’ strongly de
pends on the data for these samples. If the logfO2s of these samples were 
less reduced than expected, as found here, then the logK’ would increase 
(cf. Fig. 4) towards the predicted value. Finally, Ti3+/ΣTi in synthetic 
Mare basalt glasses containing various Ti3+-bearing minerals (e.g. py
roxene with Ti3+/ΣTi = 0.25) was found by Ti K-edge XANES spec
troscopy to be 0 (±0.05) at ~ IW-2 (Leitzke et al., 2018). Our model 
predicts Ti3+/ΣTi = 0.040(26) for a Mare basalt at ~ IW-2 (Table 3), 
which is in agreement, within uncertainty. 

There was no evidence for beam-induced changes in the oxidation 
state of Ti, however, any changes that went to completion in less than ~ 
1 min would not have been detected. Such “fast” changes seem unlikely 
given that the dependence of Ti3+/Ti4+ on fO2 can be described using 
the theoretical coefficient of 0.25 and that the resulting values of logK’ 
correlate so well with composition. 

5. Implications 

At a given fO2 the Ti3+/ΣTi values reported here show a strong 
dependence on melt composition parameterised as optical basicity. This 
allows Ti3+/ΣTi to be predicted for other geological compositions and, 

at a given fO2 and temperature, relative values of Ti3+/ΣTi should be 
well constrained. The effect of temperature on Ti3+/ΣTi is uncertain but 
it is probably a good approximation that the fO2 at which Ti3+ = Ti4+

has a temperature dependence parallel to that of FMQ (and hence also ~ 
IW), at least over the range of temperatures typical of basaltic and me
teoritic melts. If this assumption is not correct and the change of Ti3+/ 
Ti4+with temperature was, for example, double that of the change in fO2 
of FMQ then a change in temperature from 1400 to 1600 ◦C would shift 
the point at which Ti3+ = Ti4+ by ~ 1.5 log units to a higher value. 
Future work on determining the effect of temperature, by for example 
repeating the study reported here at different temperatures, would be 
useful to robustly define the predictive model for Ti3+/Ti4+. 

Caution is required when trying to infer fO2 from Ti3+/Ti4+ of nat
ural glasses due to the possibility of electron exchange reactions be
tween redox variable elements that may modify the expected oxidation 
state. For example, Cr2+ in a Fe3+-bearing melt is not preserved on 
quenching to a glass due to the reaction Cr2+ + Fe3+ ⇌ Cr3+ + Fe2+

(Berry et al., 2003). Similar reactions occur between Eu2+ and Fe3+

(Burnham et al., 2015), Ce4+ and Fe2+ (Burnham and Berry, 2014), and 
Cu+ and Fe3+ (Miller et al., 2023). The likelihood of an exchange re
action involving two redox pairs can be inferred from the relative values 
of logK’ (Schreiber, 1987), which correlate reasonably well with the 
standard reduction potentials of aqueous species. In natural melts the 
redox variable elements with an oxidation state of sufficient abundance 
under reduced conditions to potentially have an effect on Ti3+/Ti4+ are 
V, Cr, and Fe. The reaction 2Ti3+ + Fe2+ ⇌ 2Ti4+ + Fe0 has been 
postulated to explain the presence of metallic Fe in lunar basalts (e.g. 
Schreiber et al., 1982; Borisov, 2012). Differences in the oxidation state 
of V between synthetic glasses with different amounts of Ti have been 
used to infer that the reaction Ti3+ + V4+ ⇌ Ti4+ + V3+ can completely 
remove Ti3+ (Sutton et al., 2005). This reaction was also invoked to 
explain differences in the oxidation state of V between synthetic ana
logues of high-Ti orange and low-Ti green lunar glasses (Sutton et al., 
2005). Thus, Ti3+/Ti4+ in a lunar glass, or other reduced natural 
composition, may not correspond to that which was present in the melt 
or predicted by Eq. (6). In contrast, the Ti3+ and Ti4+ contents of min
erals that crystallised from a melt should record Ti3+/Ti4+ of that melt. 
Hence, if Ti3+/ΣTi can be determined for a mineral, and the partition 
coefficients of Ti3+ and Ti4+ are known, then Ti3+/Ti4+ of the original 
melt can be inferred and the fO2 calculated from the bulk composition 
using Eq. (7). For an example of this approach using Cr and olivine see 
Bell et al. (2014). 

Finally, the ability to predict Ti3+/ΣTi of melts will help constrain 
models of mass-dependent Ti isotope fractionation (Leitzke et al., 2018). 
The oxidation state of Ti in a melt will determine its coordination 
environment and bond length, and hence the Ti-O force constant used to 
calculate isotopic fractionation (see Berry et al., 2021a, 2021b for Cr2+). 
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Appendix A. Supplementary material 

Supplementary material includes (i) tables with logfO2 values 
calculated from the Fe content of AD glasses quenched from melts 
equilibrated on Fe loops (Supplementary Table 1), energies of the pre- 
edge centroid and absorption edge at a normalised intensity of 0.8 
determined from Ti K-edge XANES spectra (Supplementary Table 2), 
and logK’ values for the oxidation of Ti3+ in silicate melts from the 
literature (Supplementary Table 3), (ii) figures showing the Ti K-edge 
XANES spectra of the AD+Fo, AD+Wo, AD+En, and AD+Qz glasses 
(Supplementary Fig. 1), the pre-edge region of the calculated AD spec
trum with Ti3+/ΣTi = 1 (Supplementary Fig. 2), log(Ti3+/Ti4+) values 
predicted by the model of Borisov (2012) and those determined exper
imentally (Supplementary Fig. 3), (iii) text explaining how to calculate 
optical basicity, and (iv) a spreadsheet containing the model for calcu
lating Ti3+/ΣTi. Supplementary material to this article can be found 
online at https://doi.org/10.1016/j.gca.2023.11.014. 
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