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Abstract
Lunar mare basalts are a product of partial melting of the lunar mantle under more reducing conditions when compared to 
those expected for the Earth’s upper mantle. Alongside Fe, Ti can be a major redox sensitive element in lunar magmas, and 
it can be enriched by up to a factor of ten in lunar basaltic glasses when compared to their terrestrial counterparts. Therefore, 
to better constrain the oxidation state of Ti and its coordination chemistry during lunar magmatic processes, we report new 
X-ray absorption near edge structure (XANES) spectroscopy measurements for a wide range of minerals (pyroxene, olivine, 
Fe–Ti oxides) and basaltic melt compositions involved in partial melting of the lunar mantle. Experiments were conducted in 
1 bar gas-mixing furnaces at temperatures between 1100 and 1300 °C and oxygen fugacities (fO2) that ranged from air to two 
orders of magnitude below the Fe–FeO redox equilibrium. Run products were analysed via electron microprobe and XANES 
Ti K-edge. Typical run products had large (> 100 µm) crystals in equilibrium with quenched silicate glass. Ti K-edge XANES 
spectra show a clear shift in energy of the absorption edge features from oxidizing to reducing conditions and yield an average 
valence for Fe–Ti oxides (armalcolite and ilmenite) of 3.6, i.e., a 40% of the overall Ti is Ti3+ under fO2 conditions relevant 
to lunar magmatism (IW − 1.5 to − 1.8). Pyroxenes and olivine have average Ti valence of 3.75 (i.e., 25% of the overall Ti 
is trivalent), while in silicate glasses Ti is exclusively tetravalent. Pre-edge peak intensities also indicate that the coordina-
tion number of Ti varies from an average V-fold in silicate glass to VI-fold in the Fe–Ti oxides and a mixture between IV 
and VI-fold coordination in the pyroxenes and olivine, with up to 82% [IV]Ti4+ in the pyroxene. In addition, our results can 
help to better constrain the Ti3+/∑Ti of the lunar mantle phases during magmatic processes and are applied to provide first 
insights into the mechanisms that may control Ti mass-dependent equilibrium isotope fractionation in lunar mare basalts.
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Introduction

Lunar petrogenesis has occurred at oxygen fugacity (fO2) 
conditions below the Fe–FeO (Iron-Wüstite–IW–Myers and 
Eugster 1983) redox buffer (e.g., Papike et al. 2005; Nicholis 
and Rutherford 2009), which is over three orders of magni-
tude more reduced than the average terrestrial upper man-
tle (cf., Ballhaus 1993; Frost and McCammon 2008). The 
clear Eu anomaly observed in lunar basalts, which is caused 
by the preferential partitioning of Eu2+ into the plagioclase 
(Brophy and Basu 1990; O’Hara and Niu 2015), as well as 
the presence of metallic Fe, troilite (FeS), and armalcolite 
[(Mg,Fe)Ti2O5], which hosts reduced Ti3+ in its structure 
(cf., Kesson and Lindsley 1975; Stanin and Taylor 1980) 
are among the direct evidence for the reduced nature of the 
lunar mantle. Direct measurements of the intrinsic fO2 as 
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recorded by lunar samples using solid-electrolyte cells, and 
use of V valence oxybarometery through X-ray absorption 
spectroscopy, have confirmed that lunar basaltic magmatism 
takes place below the IW buffer (Sato et al. 1973; Karner 
et al. 2006). The mechanism of reduction of lunar magmas 
has been considered to be the reaction between reduced car-
bon and lunar magmas, as evidenced by the observation that 
carbon monoxide is the most abundant gas released during 
lunar volcanism, followed by loss of sulfur (Moore et al. 
1972; DesMarais et al. 1972; Sato 1976). Lunar basalts show 
a larger range of TiO2 contents when compared to their ter-
restrial counterparts (Meyer 2012). Lunar basaltic glasses 
can reach TiO2 concentrations as high as 16 wt% (Marvin 
and Walker 1978), and are considered to be products of par-
tial melting of the lunar mantle mafic cumulates after the 
solidification of a magma ocean (e.g., Ringwood and Kesson 
1976; Beard et al. 1998). High-Ti mare basalts are thought to 
result from melting at more reducing conditions (IW-2) than 
those prevalent throughout the petrogenesis of low-Ti basalts 
(~ IW) (Karner et al. 2006; Fonseca et al. 2014; Leitzke et al. 
2016). This assertion is supported by the fact that olivines 
in high-Ti basalts are more depleted in siderophile elements 
like Ni and Cr than low-Ti basalts at similar Mg# (Karner 
et al. 2003). Even though the TiO2–Ti2O3 redox buffer is 
located at more reduced conditions than IW, the idea that 
Ti3+ cannot coexist with high FeO contents due to redox 
exchanges during cooling has been refuted by direct meas-
urements in refractory inclusions found in meteorites, which 
yielded a Ti3+/∑Ti ratio from 0.37 to 0.79 (Simon et al. 
2007), as well as by the discovery of Tistarite (Ti2O3) and 
Grossmanite (CaTi3+AlSiO6) in the Allende meteorite (Ma 
and Rossmann 2009a, b). Regarding lunar magmatism, there 
have been a number of studies dealing with X-ray absorp-
tion near edge structure (XANES) spectroscopy to determine 
speciation of Ti in lunar phases, with recent works in lunar 
pyroxene and olivine from both experimental and natural 
samples showing either significant (Krawczynski et al. 2010) 
or negligible (Simon et al. 2014) Ti3+, depending on the 

petrological history of the samples, and their mineral and 
mantle source composition (Simon and Sutton 2017, 2018).

Titanium K-edge XANES data on lunar minerals and 
basaltic glass proxies equilibrated under controlled tempera-
ture, melt composition and fO2 provide the basis for under-
standing the coordination number of Ti and its oxidation 
state in the lunar mantle, and therefore, the resolvable differ-
ences in the Ti isotope composition of terrestrial and lunar 
samples (Millet et al. 2016). Here we present the results of 
an experimental micro-XANES investigation on the redox 
state and coordination environment of Ti on synthetic lunar 
minerals and basaltic glasses over a wide range of composi-
tions and fO2 conditions relevant to lunar magmatic pro-
cesses. Our results offer a broader dataset of XANES Ti 
K-edge measurements applicable to lunar petrology and esti-
mates of the Ti3+/∑Ti of lunar minerals and mantle melts. In 
addition, we also report insights from ab initio calculations 
into the mechanisms that can control Ti mass-dependent 
equilibrium isotope fractionation in the lunar mantle context.

Materials and methods

Starting compositions and experimental methods

Starting compositions were chosen based on the CMAS 
(CaO–MgO–Al2O3–SiO2) + TiO2 system, and have been 
described in detail by several experimental studies (e.g., 
Longhi 1987; Mallmann and O’Neill 2009; Fonseca et al. 
2014; Leitzke et al. 2016). The “base” mix was modified 
by adding 1–20 wt% TiO2 to produce low to high-Ti lunar 
basalts analogues (Table 1). The absence of FeO in some 
of the compositions was to avoid any potential interaction 
between FeO and TiO2 during quenching (Borisov et al. 
2013). The proportion SiO2/TiO2 for the compositions with 
5, 10 and 20 wt% TiO2 was established in relation to the 
binary anorthite–diopside as described in O’Neill et al. 
(2008), while the ratio between other major elements and 

Table 1   Major element 
compositions (cg/g) of starting 
materials

Starting mix CaO MgO Al2O3 SiO2 TiO2 Cr2O3 FeO Total

T1-10 16.42 23.62 4.70 43.90 10.02 – – 98.66
T1-20 14.65 21.06 4.20 39.16 19.80 – – 98.87
T5-20 7.70 22.96 5.41 41.74 21.67 – – 99.48
T7-5 17.15 24.68 4.97 46.06 5.07 1.41 – 99.34
T7-10 16.27 23.40 4.68 43.47 9.99 1.35 – 99.16
T7-20 14.53 16.90 4.16 43.84 19.61 1.20 – 100.24
T8-20 10.50 16.10 19.17 36.00 18.10 – – 99.87
FT1 17.91 8.43 5.13 47.87 1.03 0.47 17.83 98.67
FT1-5 17.29 8.14 4.95 46.22 5.06 0.44 17.19 99.29
FT1-10 16.42 7.73 4.70 43.90 10.02 0.42 16.32 99.51
FT1-20 14.65 6.89 4.19 39.16 19.73 0.38 14.58 99.58
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SiO2 remained constant. At one-atmosphere, these composi-
tions are known to crystallize large (> 100 µm) and euhedral 
armalcolite, ilmenite, pyroxene, and olivine in equilibrium 
with high-TiO2 (2–20 wt%) silicate melt (see Leitzke et al. 
2016). High-purity oxide powders (SiO2, MgO, Al2O3, and 
TiO2) were ground with CaCO3 under acetone using an agate 
mortar. Additionally, Fe2O3 (base mix FT1), and Cr2O3 (base 
mix T7), were also added to the starting mixes to assess if a 
redox exchange could have occurred during quenching, as 
well as to have mineral compositions, which more closely 
represent natural conditions. Mixes were subsequently dried, 
pressed into pellets and placed in a quartz crucible inside a 
furnace to decarbonate overnight at 900 °C. Experiments 
(see Table 1) were conducted in vertical gas-mixing tube 
furnaces using the wire loop technique (Donaldson et al. 
1975). This method uses loops of a refractory metal wire 
(Pt-Rh or Re in this study), on which a slurry made from a 
mixture between the sample powders, H2O and polyethyl-
ene glycol is suspended. The metal loops plus sample slurry 
are then hung inside a one-atmosphere vertical tube furnace 
at temperatures around 50 to 100 °C above the liquidus of 
each composition and under the redox conditions of inter-
est. Oxygen fugacity was imposed by mixing CO-CO2 in 
different proportions using Mykrolis mass flow control-
lers. The CO-CO2 proportions required to obtain equilib-
rium gas species at the desired fO2 were calculated using an 
Excel macro as described in Kress et al. (2004) and double-
checked using an internal CaO–Y2O3-stabilized ZrO2 elec-
trolyte cell. Measured fO2 values were within 0.5 log-bar 
units of the calculated values. Temperature was monitored 
using an internal type B (Pt70Rh30–Pt94Rh6) thermocouple. 
Experiments with Fe-bearing starting mixes were performed 

with Re-wire to avoid Fe-loss to the metal wire (e.g., Pt). In 
this case, temperature was set to 800 °C with the gas mix-
ture already flowing through the furnace tube, before the 
wire loop with the sample placed into the furnace. This step 
was necessary to avoid oxidation and volatilization of the 
Re-wire. The temperature was then raised to supra-liquidus 
conditions and kept there for 3 h to ensure that the powders 
were completely molten and homogenized. Cooling ramps 
were chosen to maximize crystal growth (at least 100 µm) 
for XANES analysis and the temperature was lowered to 
the nominal value of the experiment, where it remained for 
48 to 96 h to ensure equilibrium was reached. Quenching 
of the samples was carried out in air by removing the sam-
ple holder from the top of the furnace or dropping it into a 
beaker filled with water. Quenched samples were recovered, 
mounted in epoxy resin and polished for chemical analy-
sis. A summary of experimental run conditions is shown 
in Table 2.

Electron microprobe analysis

Analysis of major and minor elements (CaO, MgO, Al2O3, 
SiO2, TiO2, Cr2O3 and FeO) was carried out using a JEOL 
JXA 8900 electron probe micro-analyser (EPMA). Meas-
urements were carried out in Wavelength Dispersive mode 
(WDS), employing 15 kV accelerating voltage, 15 nA beam 
current. Crystals and glasses were measured with an electron 
beam defocused to 5 µm. Peak to background calibrations 
were performed on a basaltic glass from the Juan de Fuca 
ridge (VG2), as well as on rutile, San Carlos olivine, and 
chromite. Differences in the electron absorption proper-
ties between standards and the experimental phases were 

Table 2   Summary of run conditions for each experiment at 1 bar vertical tube gas-mixing furnaces

cpx clinopyroxene, glass silicate glass, ilm ilmenite, arm armalcolite, ol olivine, opx orthopyroxene, ttn titanite
a Mineral assemblages in each experiment are separated by “;” relatively to column “Starting Materials”
b Proportion between CO:CO2 mixed in the mass flow controllers in Standard Cubic Centimeter per Minute (SCCM), which was set to define a 
specific value of fO2 during the experiment
c Top and bottom of the furnace were not sealed, allowing air to flow, i.e., an oxidizing atmosphere

Starting materials log fO2 Δ IW Cooling 
ramp (°/
min)

Target 
temp. 
(°C)

Duration (h) Run productsa CO:CO2 (SCCM)b

FT1-10; FT1-20 − 15.1 − 1.8 0.04 1100 72 cpx + ilm + glass; cpx + ttn + arm + glass 90:4
FT1; FT1-5 − 13.7 − 1.5 0.04 1200 60 cpx + glass 110:4
T7-5, T7-10 − 13.2 − 1.9 0.04 1250 96 cpx + glass; cpx + ol + glass 200:5
T1-20, T5-20, T8-20 − 12.9 − 1.7 0.03 1260 48 arm + ol + glass; opx + arm + glass; 

arm + glass
120:4

T1-10 − 12.7 − 1.7 0.05 1280 72 ol + glass 140:4
T1-10, FT1-10, T7-20 − 0.7 10.0 – 1300 24 glass Airc

T1-10, FT1-10, T7-20 − 12.9 − 2.1 – 1300 24 glass 160:5
T5-20 − 0.7 10.0 0.03 1260 96 opx + arm + glass Airc

T5-20 − 7.8 3.4 0.04 1260 96 opx + arm + glass 15:300
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corrected via the ZAF algorithm. Values presented for this 
study consist of averages of five to ten measurements carried 
out on each phase.

XANES spectroscopy

Currently, micro-XANES is one of the most appropriate 
element specific techniques to study the chemical element 
spatial coordination, bond strength and oxidation state in 
geochemistry and cosmochemistry (e.g., Simon et al. 2007, 
2016; Dyl et al. 2011; Righter et al. 2011, 2016; Sutton et al. 
2017). However, there are still scarce data of extra-terres-
trial materials analysed through XANES (Farges and Wilke 
2015), with just a few Ti K-edge absorption studies applied 
to lunar petrology, a subject of research that has gained 
importance in the last decade (e.g., Krawzcinski et al. 2009; 
Simon et al. 2014; Simon and Sutton 2017, 2018). XANES 
analysis consists of measuring the photon energy spectrum 
resulting from focusing an X-ray beam to excite a 1s electron 
to a higher energy unoccupied p-state (Berry and O’Neill 
2004). When the primary beam exceeds the binding energy 
of the 1s shell electron of the atom, the absorption spectrum 
is stepwise increased, which is called “K-edge”. In addition 
a peak like higher absorption occurs for primary energies 
close to the binding energy, namely the “white line” (Joly 
and Grenier 2016). Moreover, pre- and post-edge features of 
the spectra, included at the Extended X-ray absorption fine 
structure (EXAFS) region, can be attributed to the similarity 
of the energies of bound electronic states to free ion levels, 
and are used to identify bonding distances and site geometry 
on minerals and silicate melts (e.g., Waychunas 1987; Berry 
and O’Neill 2004).

Titanium K-edge XANES spectra were acquired using 
a Si (111) double crystal monochromator at the SUL-X 
beamline of the ANKA synchrotron facility (Karlsruhe, 
Germany). The X-ray beam was focused to 50 × 50 µm2 at 
sample position with a KB mirror system on each phase 

(glass and crystals). Measurements had to be performed in 
fluorescence mode due to the thickness of the polished sec-
tions. To reduce self-absorption effects that occur at high-Ti 
concentrations in fluorescence mode, the sample surface was 
aligned 85° towards the beam (close to perpendicular posi-
tion) and the sample surface–detector angle resulted then in 
5° (close to grazing exit conditions). The sample chamber 
was kept under vacuum to avoid absorption of low energy 
X-rays under air. Energy shifts were monitored by measuring 
a Ti metal foil every five sample measurements and aligned 
to the first maximum of the first derivative of the spectrum 
at 4966 eV. Because crystal orientation can be a source of 
uncertainty (e.g., Simon et al. 2007), we measured more 
than one crystal in the same experiment, in similar fashion 
to what was described by Sutton et al. (2017) but no attempt 
was done to correct for this issue. XANES data were pro-
cessed with the Athena programme of the IFEFFIT software 
package, with pre-edge peaks fitted using non-linear least 
square best fits to the line shapes (Ravel and Newville 2005).

Results

Run products and major element composition

Typical run products had large (> 100 µm) euhedral to sub-
hedral crystals (diopside, augite, enstatite, forsterite, armal-
colite and ilmenite) in chemical equilibrium with quenched 
silicate glass (Fig. 1). The modal proportion between crys-
tals and silicate glass was calculated using the software 
ImageJ® histogram feature, which counts the frequency of 
the different levels of gray on back-scattered electron images 
of polished thick sections. By applying this method, a rep-
resentative average proportion of crystals and silicate glass 
is approximately 0.3:0.7, respectively. Electron microprobe 
major element compositions are given in Table 3 and Ti 
total contents are reported as TiO2. Because some of the 

Fig. 1   Back-scattered electron images of typical experimental run 
products: a large euhedral to subhedral armalcolite crystals in equi-
librium with silicate glass (T1-20, 1260  °C, ΔIW-1.7); b euhedral 
orthopyroxene (enstatite) crystals in equilibrium with armalcolite and 

silicate glass (T5-20, 1260  °C, ΔIW-1.7); c euhedral clinopyroxene 
(diopside) crystals in chemical equilibrium with silicate glass (T7-5, 
1250 °C, ΔIW-1.9)
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phases had substantial amounts of Ti3+, the number of oxy-
gens was overestimated, resulting in sum values greater than 
100 wt%. Crystal size was controlled by the cooling rate of 
each experiment and the TiO2 content of the silicate melt, 
which proved to have a depolymerizing effect (see Leitzke 
et al. 2016). Among the silicates, diopside and augite crys-
tals display the highest TiO2 contents ranging from 0.5 to 
2.9 wt% or 0.01 to 0.09 atoms per formula unit (apfu), which 
is not high enough to accurately determine Ti3+/∑Ti using 

concentrations measured by electron microprobe (see Simon 
et al. 2007). The [IV]Al of cpx did not exceed 0.10 apfu and 
is directly correlated to the amount of Ti in the crystals, due 
to an increase in the net charge of the crystal sites (Hill et al. 
2000; Mollo et al. 2013). Clinopyroxene/silicate melt parti-
tioning of Ti equilibrated under reducing conditions (below 
IW) is two to three times higher (0.2–0.3) than obtained in 
experiments where Ti4+ is exclusively present, which have 
D

cpx/melt

Ti
 = 0.1–0.2 (see Mallmann and O’Neill 2009; Leitzke 

Table 3   WDS-EPMA major and minor elements average concentration and uncertainty (n = 5/each phase)

bdl below detection limit (< 0.01 wt%), starting compositions did not contain these elements

Experiment Temp. (°C) ΔIW Phase MgO ± FeOT ± TiO2T ± SiO2 ± Al2O3 ± CaO ± Cr2O3 ± Σ

FT1-10 1100 − 1.8 Cpx 13.4 0.6 9.0 1.0 2.9 0.3 50.2 0.6 1.7 0.2 21.2 0.2 1.1 0.1 99.5
Ilm 4.5 0.1 36.6 0.5 57.5 0.4 0.08 0.02 0.17 0.02 0.23 0.03 2.1 0.1 101.2
Glass 3.6 0.1 17.0 0.2 12.5 0.3 44.6 1.2 6.5 0.1 14.3 0.1 0.2 0.1 98.7

FT1-20 1100 − 1.8 Cpx 15.7 0.4 11.9 0.6 2.9 0.1 51.6 1.9 1.3 0.1 18.8 0.6 0.2 0.1 102.3
Ttn 0.22 0.03 0.7 0.1 40.4 0.7 29.0 0.6 0.38 0.04 27.9 0.2 0.3 0.1 98.9
Arm 6.3 0.3 17.5 0.4 76.4 0.9 0.2 0.1 0.71 0.04 0.10 0.03 0.8 0.1 102.0
Glass 4.3 0.4 17.8 1.2 12.6 2.1 45.0 0.6 6.7 0.5 13.7 0.9 0.2 0.1 100.3

FT1 1200 − 1.5 Cpx 12.6 0.1 11.7 0.4 0.5 0.1 49.9 1.2 1.6 0.2 21.5 0.1 1.0 0.1 98.7
Glass 4.2 0.0 24.2 0.3 1.5 0.1 46.7 0.5 7.5 0.1 15.6 0.1 0.3 0.1 100.0

FT1-5 1200 − 1.5 Cpx 14.4 0.2 8.0 0.1 1.6 0.1 49.9 1.1 1.5 0.1 21.9 0.2 1.5 0.1 98.9
Glass 4.7 0.1 19.5 0.3 7.1 0.1 46.8 0.3 6.7 0.1 15.5 0.1 0.3 0.1 100.6

FT1-10 1300 10.0 Glass 5.9 0.1 19.3 0.2 9.4 0.2 42.2 0.5 5.2 0.1 17.5 0.1 0.4 0.2 99.9
FT1-10 1300 − 2.1 Glass 7.3 0.1 4.6 0.1 11.5 0.3 50.0 2.0 6.8 0.1 19.8 0.4 0.5 0.1 100.5
T1-10 1280 − 1.7 Ol 57.7 0.3 bdl – 0.09 0.03 42.5 1.0 bdl – 0.34 0.01 bdl – 100.8

Glass 14.1 0.1 bdl – 11.6 0.2 48.9 1.6 6.3 0.3 19.5 0.2 bdl – 100.4
T1-10 1300 10.0 Glass 16.3 0.1 bdl – 12.6 0.1 46.0 1.3 5.3 0.1 19.5 0.2 bdl – 99.7
T1-10 1300 − 2.1 Glass 16.1 0.5 bdl – 12.7 0.2 45.0 0.7 6.2 0.1 21.1 0.1 bdl – 101.0
T1-20 1260 − 1.7 Ol 56.8 0.2 bdl – 0.14 0.03 43.2 0.4 bdl – 0.24 0.03 bdl – 100.4

Arm 15.3 0.1 bdl – 88.1 0.3 0.09 0.02 1.1 0.1 0.2 0.1 bdl – 104.8
Glass 13.6 0.2 bdl – 15.4 0.2 47.4 0.9 5.9 0.1 16.8 0.2 bdl – 99.1

T5-20 1260 − 1.7 Opx 39.7 0.2 bdl – 1.4 0.2 56.6 1.3 0.5 0.1 0.36 0.02 bdl – 98.5
Arm 14.4 0.2 bdl – 88.0 0.6 0.10 0.02 1.5 0.1 0.03 0.02 bdl – 104.0
Glass 11.8 0.1 bdl – 12.3 0.3 51.2 0.6 9.9 0.1 14.8 0.1 bdl – 100.0

T5-20 1260 10.0 Opx 38.4 0.3 bdl – 1.1 0.1 59.5 0.4 0.32 0.04 0.3 0.1 bdl – 99.5
Arm 18.6 0.2 bdl – 78.5 0.6 0.23 0.03 2.1 0.1 0.21 0.03 bdl – 99.7
Glass 12.2 0.1 bdl – 16.7 0.2 50.8 0.2 8.7 0.1 10.9 0.1 bdl – 99.3

T5-20 1260 3.4 Opx 38.6 0.2 bdl – 1.1 0.3 60.4 0.2 0.3 0.1 0.41 0.04 bdl – 100.8
Arm 19.1 0.1 bdl – 78.1 0.6 0.28 0.01 2.0 0.1 0.05 0.02 bdl – 99.5
Glass 13.7 0.1 bdl – 16.6 0.2 50.8 0.2 8.2 0.1 10.4 0.1 bdl – 99.7

T7-5 1250 − 1.9 Cpx 19.9 0.2 bdl – 2.0 0.3 53.7 0.4 1.7 0.1 21.2 0.4 1.4 0.1 99.8
Glass 14.0 0.0 bdl – 10.5 0.1 48.9 0.2 9.8 0.1 16.7 0.1 0.8 0.1 100.6

T7-10 1250 − 1.9 Cpx 20.8 0.5 bdl – 2.6 0.6 54.3 0.8 1.1 0.2 21.4 0.1 0.3 0.1 100.3
Ol 53.7 2.8 bdl – 0.14 0.05 43.6 1.1 0.2 0.1 0.52 0.01 1.0 0.1 99.1
Glass 14.0 0.2 bdl – 10.9 0.1 49.7 0.3 9.3 0.1 15.8 0.1 0.18 0.03 100.1

T7-20 1300 10.0 Glass 16.3 0.2 bdl – 20.0 0.2 43.2 1.0 4.6 0.1 14.5 0.1 1.0 0.2 99.6
T7-20 1300 − 2.1 Glass 17.2 0.2 bdl – 21.8 0.1 42.8 0.7 4.3 0.2 13.1 0.1 1.2 0.3 100.4
T8-20 1260 − 1.7 Arm 13.5 0.2 bdl – 82.5 0.9 0.12 0.03 7.9 0.2 0.11 0.02 bdl – 104.1

Glass 13.4 0.1 bdl – 7.9 0.1 46.3 0.7 21.2 0.1 11.4 0.1 bdl – 100.2
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et al. 2016). Enstatite and forsterite had a maximum TiO2 
content of 1.43 wt% (0.04 apfu) and 0.14 wt%, respectively. 
Average olivine/silicate and opx/silicate melt partitioning 
values for Ti are also higher under reducing conditions 
( Dol/melt

Ti
 = 0.01 and Dopx/melt

Ti
 = 0.12) when compared to oxi-

dizing conditions, where Dol/melt
Ti

 = 0.006 and Dopx/melt

Ti
 = 0.06 

(Mallmann and O’Neill 2009) Basaltic glasses have TiO2 
contents ranging from 1.4 to 21.8 wt%, which cover almost 
the entire range observed in lunar mare basalts (see Meyer 
2012; Warren and Taylor 2014) (Table 3).

Ti K‑edge XANES spectra energy shifts, 
determination of Ti valence and coordination 
chemistry

Pre-edge and main edge features of the XANES K-edge 
spectra are a function of electronic transitions between 
bound states (Berry et al. 2003). For example, the pre-edge 
peak of the Ti K-edge XANES spectra is attributed to the 
transition from the 1s energy levels to bound 3d molecu-
lar orbitals (Grunes 1983; Waychunas 1987; Farges et al. 
1996). Energy shifts on the XANES spectra are a function 
of oxidation state and coordination chemistry (e.g., Farges 
et al. 1997; Simon et al. 2007; Ackerson et al. 2017), with 
higher energies related to a higher oxidation state (Wong 
et al. 1984; Sutton et al. 1993; Berry et al. 2003). Titanium 
K-edge XANES spectra show a clear and consistent shift 
to lower energies for the absorption edge features obtained 
from standard reference materials with exclusively Ti4+ to 
metallic Ti (Table 4). The shift from Ti4+ to Ti3+ is more 
pronounced for oxides than it is for silicates in agreement 
with the findings of Waychunas (1987) and Sutton et al. 
(2017). For example, the energy shift observed between 

CaTiSiO5 and NaTi3+Si2O6 is 1.5 eV (Fig. 2), whereas the 
one seen between TiO2 and Ti2O3 is 3 eV (Figs. 2, 3a, b). 
Several studies have shown that the most prominent pre-
edge peak of the Ti K-edge XANES spectra, related to the 
1s-3d transition, can be used to determine Ti valence (e.g., 
Waychunas 1987; Farges et al. 1997; Simon et al. 2007; Ack-
erson et al. 2017). To quantify the features of the XANES 
spectra obtained in our experiments, it was necessary to 
perform non-linear least square best fits to the line shapes. 
This procedure, although having little physical meaning, 
allows finding centroid positions, peak heights and areas, 
as well as to calculate the associated uncertainty. Peak fits 
were performed initially to the entire spectra dataset but this 
led to a large uncertainty, so it became necessary to produce 
peak fits specifically for the 1s-3d pre-edge peak to reduce 
the associated uncertainty. Because the energy centroid of 
the 1s-3d peak is strongly affected by background model-
ling, energy range and the function selected, we followed 
the method described in Berry et al. (2003) to perform the 
peak fitting. First, a baseline was defined as a straight line to 
cover the entire sloping area below the 1s-3d peak. Then, a 
spline function was used to define a curve through the 1s-3d 
absorption edge from ca. 5 eV before and after the expected 
centroid position (Fig. 4a–c). After that, a Lorentzian func-
tion was chosen to perform the non-linear least squares fits 
to each individual spectra in the 1s-3d peak selected range 
(generally 4966–4974 eV). The centroid energy position and 
uncertainty were then determined (Fig. 4a–c; Tables 4, 5, 6). 
The choice of the Lorentzian function used in the fits was 
because it produced better results when compared to pseudo-
Voigt and Gaussian fits, as well as the expectation that elec-
tronic transitions follow a Lorentzian profile (Calas and 
Petiau 1983). The precision range of the fits was determined 

Table 4   Position of the 1s-3d Ti K-edge and normalized absorption from XANES spectra obtained on reference materials in this study and 
selected literature data

Composition Mineral Ti valence Source References 1s-3d edge centroid 
peak position (eV)

Normalized peak 
absorption (E)

FeTiO3 Ilmenite 4 Washington Pass, USA This study 4970.9 0.23
Ti3O5 – Mix Alfa Aesar ® powder This study 4970.2 0.15
TiO2 Rutile 4 Horcajo de la Sierra, Spain This study 4971.3 0.18
TiO2 Brookite 4 Magnet Cove, USA This study 4971.3 0.19
CaTiSiO5 Titanite 4 Unknown location (Mineralogy 

Museum Bonn)
This study 4971.0 0.16

Ti2O3 – 3 Alfa Aesar ® powder This study 4967.7 0.08
Ti – 0 Alfa Aesar ® metal foil This study 4966.8 0.41
Volcanic Glass – 4 Columbia River Basalt, USA Farges and Brown (1997) 4970.7 0.24
NaTiSi2O6 Pyroxene 3 Synthetic (Prewitt et al., 1972) Sutton et al. (2017) 4969.5 0.07
Mg2(Si,Ti)O4 Olivine 4 Synthetic Sutton et al. (2017) 4969.5 0.96
(Ca,Na)

(Mg,Fe,Al,Ti)
(Si,Al)2O6

Pyroxene 4 Synthetic Sutton et al. (2017) 4970.4 0.10
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to be at maximum 5% for the normalized absorption value 
and 0.35 eV for the centroid peak energy (Tables 5, 6).

To determine the Ti coordination and oxidation of state 
in the experiments, the lever rule between standards repre-
sentative of each one of the end-members was used (e.g., 
Sutton et al. 2017). For Fe–Ti oxides a direct comparison 
applying the lever rule between Ti K-edge XANES spectra 
for armalcolite and ilmenite and reference materials (TiO2 
and Ti2O3) could be done and valence was estimated based 
on the shift of the position of the 1s-3d peak centroid energy 
(Fig. 3). By comparing with appropriate reference mate-
rials, the coordination number of Ti3+ and Ti4+ in Fe–Ti 
oxides (armalcolite and ilmenite) in our study is [VI]-fold. 
Titanium valence ranges from 3.52 ± 0.08 to 3.87 ± 0.14 
and the average valence (95% confidence) is of 3.63 ± 0.10 
(i.e., Ti3+ from 27 to 47% of the total Ti) under fO2 condi-
tions relevant to lunar magmatism, i.e., between ΔIW-1.7 
and -1.8 (Table 5; Fig. 5). Armalcolite crystals equilibrated 
under more oxidizing conditions, i.e., air and above the 

Fayalite-Magnetite-Quartz (FMQ) buffer showed Ti K-edge 
XANES spectra edge features similar to TiO2 and FeTiO3. 
Titanium valence calculated for these armalcolites is 3.9, 
indicating that mainly Ti4+ was incorporated in their crystal 
structure at oxidizing conditions.

In the silicates (pyroxene and olivine) the valence and 
coordination number of Ti was determined using the data and 
methodology described in Sutton et al. (2017) and Simon and 
Sutton (2018). The presence of Ti in both the tetrahedral and 
octahedral sites in the silicates (Fig. 6) requires an additional 
calibration step for first determining the contribution of each 
coordination and then the average valence. It is acceptable to 
use the data and the methodology from Sutton et al. (2017) 
to standardize our samples, since the settings used during 

Fig. 2   Ti K-edge XANES spectra for standard reference materials 
plotted on normalized absorption (E − E0) vs. energy (eV). Ti K-edge 
XANES spectra for NaTi3+Si2O6, a synthetic pyroxene (Prewitt et al. 
1972; Waychunas 1987), is shown for comparison. Guidelines are 
drawn to facilitate comparison between energy shifts

Fig. 3   a Normalized absorption and b derivative plotted vs. energy 
(eV) on a comparison between Ti K-edge XANES spectra for an aver-
age of all armalcolite crystals equilibrated below ΔIW-1.5 and two 
standard reference materials, showing the overall shift of 3 eV from 
TiO2 to Ti2O3. Data shown in the plots was smoothed, but peak fitting 
and centroid calculation were performed on the raw data. For color-
code in this figure legend, the reader is referred to the web version of 
this article
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their XANES spectroscopy analysis were similar. Sutton 
et al. (2017) also acquired Ti K-edge XANES spectra using 
a Si (111) monochromator, as well as performing the energy 
calibration based on the first derivative peak energies in metal 
foil spectra (Ti = 4966 eV). Moreover, the method described 
in Sutton et al. (2017) has been successfully applied to lunar 
samples (Simon and Sutton 2018). In the silicates of our study 
(pyroxene and olivine), Ti3+ will occur exclusively in VI-fold 
coordination (Dowty and Clark 1973; Lombard et al. 2009), 
while Ti4+ can occur in IV or VI-fold coordination. The Ti4+ 

in tetrahedral coordination shows a high absorption intensity of 
the pre-edge peak (Farges et al. 1997) when compared to Ti4+ 
and Ti3+ in VI-fold coordination (Fig. 6). To account for the 
effect of IV-fold coordinated Ti4+ in the valence calculation we 
used the following end-member standards (Sutton et al. 2017): 
for IV-fold Ti4+ a synthetic forsterite produced in air (Energy: 
4969.5 eV and normalized absorption: 0.96), and for VI-fold 
coordinated Ti4+ and Ti3+ natural (Energy: 4970.4 eV and nor-
malized absorption: 0.10) and synthetic (Energy: 4969.5 eV 
and normalized absorption: 0.07) acmite crystals, respec-
tively. After establishing each one of these end-members, each 
unknown measurement is plotted by a centroid-intensity point 
in the “[IV]Ti4+–[VI]Ti3+–[VI]Ti4+” mixing field (see Fig. 3 in 
Sutton et al. 2017). The proportion of [IV]Ti4+ is defined as the 
fractional intensity compared to that of the pure [IV]Ti4+ end-
member and the remaining Ti fraction is assigned to “[VI]Ti3+ 
+ [VI]Ti4+” by applying the lever rule again to the horizontal 
tie-line between the energies on the “[IV]Ti4+–[VI]Ti3+” mixing 
line and the “[IV]Ti4+–[VI]Ti4+” mixing curve at the measured 
intensity level (Sutton et al. 2017). By applying this method, 
Ti valence in silicates yield an average of 3.75 ± 0.16 (Ti3+ 
between 9–41% of the total Ti), ranging from 3.64 ± 0.09 to 
3.90 ± 0.08 (Table 6; Fig. 6), with 1s-3d peak centroids rang-
ing from 4969.52 to 4970.02 and normalized absorption from 
0.21 (olivine) to 0.8 (cpx). Ti K-edge XANES spectra obtained 
in crystals from the same experiment and same conditions in 
our study show differences in their 1s-3d pre-edge centroid 
energies and normalized absorption (Fig. 6), which is related 
to the effect of crystal orientation (Ackerson et al. 2017). 
Some of our 1s-3d transition centroid energies lie outside the 
range defined by Sutton et al. (2017), which may be due to the 
nature of the fluorescence background, the function chosen to 
model the area under the pre-edge and the choice of the best-fit 
function (Berry et al. 2003). Additionally, we cannot entirely 
exclude that this is an effect of melt inclusions, even though 
the relation between crystal size and beam diameter should 
argue in favour of their absence. Pyroxenes and olivine in our 
study have a mixture between [IV]Ti4+–[VI]Ti3+–[VI]Ti4+, with 
a minimum of 16 and a maximum of 82% [IV]Ti4+ (Fig. 5b). 
Silicate glasses in equilibrium with the crystalline phases in 
our study show that Ti is exclusively tetravalent, with XANES 
spectra identical to the Columbia River Basaltic glass standard 
(Farges and Brown 1997), regardless of the fO2 and of the 
starting composition.

Discussion and implications

The Ti3+/∑Ti of minerals and magmas under lunar 
mantle conditions of fO2

The redox transition between trivalent and tetravalent Ti is 
governed by the following reaction:

Fig. 4   Background subtracted and normalized Ti K-edge XANES 
spectrum with peak fits to the 1s-3d transition pre-edge feature and 
estimates of coordination number and oxidation state following Sut-
ton et  al. (2017). A Fe–Ti Augite crystal equilibrated at IW-1.8, 
1100  °C with predominance of [IV]Ti4+ and Ti valence of 3.87; b 
Ti-diopside equilibrated at IW-1.9, 1250  °C with low proportion 
of [IV]Ti4+ and Ti valence of 3.64; c Olivine equilibrated at IW-1.7, 
1280 °C with low proportion of [IV]Ti4+ and Ti valence of 3.78. Data 
for the plots is presented in Table 6. Raw data spectra are displaced in 
the y-axis to show the resulting best fit for each case
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which has an equilibrium constant (Keq) expressed by the 
division between the activities of the products by the activi-
ties of the reactants:

If equilibrium (1) involves pure phases, solving Eq. (2) to 
obtain fO2 yields values that range from 10−28 to 10−25 bars 
at mantle magmatic temperatures (1000–1400 °C), which 
is about 12 log units more reduced than the Fe–FeO redox 
equilibrium. However, these redox conditions are not real-
istic for a magmatic system, where it is clear that the com-
position of the magma (namely SiO2 content) and the crys-
tal chemistry and stoichoimetry will change the chemical 

(1)TiO1.5 + 1∕4 O2 = TiO2

(2)−
ΔG0

(1)

RT
= lnKeq = ln

(aTiO2)
(

aTiO1.5

)

⋅ (fO2)
1∕4

activities of TiO2 and TiO1.5 in silicate melt when compared 
to pure substances (see O’Neill and Eggins 2002; Borisov 
2012). Schreiber (1986) showed that in glass-forming melts 
the base composition determines the polymerization of the 
melt and the amount of free oxide ions released to the melt 
(i.e., the oxide ion activity) to participate in the redox kinet-
ics. Any change in the activity coefficients of the Ti oxide 
species will be associated with a shift of the redox transi-
tion of Ti4+ to Ti3+ to different values of fO2. For example, 
Ti3+/∑Ti estimates based on a mineral composition from 
silicates in Ca–Al coarse-grained refractory inclusions, 
which were formed in a highly reduced solar nebula, set 
the TiO1.5–TiO2 redox equilibrium at IW-7 (Simon et al. 
2007; Grossmann et al. 2008; Papike et al. 2016; Sutton 
et al. 2017), while in silicate glasses at 1500 °C the Ti3+/∑Ti 
obtained using redox titration ranges from 0.9 at IW− 11 to 
0.1 at IW-3 (Schreiber and Balasz 1982; Schreiber 1986).

Table 5   Ti K-edge normalized absorption and peak position from XANES spectra obtained in this study

Calculated valence is shown for silicate glasses and Fe–Ti oxides, which have Ti average in [V] and [VI]-fold coordination, respectively

Composition Phase Temp. (°C) ΔIW 1s-3d edge cen-
troid energy (eV)

Uncertainty 
peak fit (± eV)

Normalized 
peak absorption

Ti valence ± Ti coordina-
tion (aver-
age)

FT1-20 Arm 1100 − 1.8 4970.50 0.23 0.36 3.63 0.10 [VI]
T1-20 Arm 1260 − 1.7 4970.25 0.18 0.30 3.52 0.08 [VI]
T1-20 Arm 1260 − 1.7 4970.42 0.29 0.29 3.59 0.13 [VI]
T5-20 Arm 1260 − 1.7 4970.63 0.32 0.24 3.69 0.14 [VI]
T5-20 Arm 1260 10 4970.73 0.25 0.21 3.87 0.14 [VI]
T5-20 Arm 1260 3.4 4970.69 0.22 0.25 3.86 0.16 [VI]
T8-20 Arm 1260 − 1.7 4970.39 0.29 0.28 3.58 0.13 [VI]
T8-20 Arm 1260 − 1.7 4970.51 0.23 0.18 3.63 0.10 [VI]
FT1-10 Ilm 1100 − 1.8 4970.52 0.19 0.30 3.64 0.08 [VI]
FT1-10 Ilm 1100 − 1.8 4970.55 0.20 0.30 3.65 0.09 [VI]
FT1-10 Glass 1100 − 1.8 4970.23 0.11 0.35 4.00 0.04 [V]
FT1-10 Glass 1300 10 4970.28 0.17 0.35 4.01 0.06 [V]
FT1-10 Glass 1300 − 2.1 4970.30 0.14 0.35 4.02 0.05 [V]
FT1-20 Glass 1100 − 1.8 4970.21 0.12 0.35 3.99 0.04 [V]
FT1-5 Glass 1200 − 1.5 4970.21 0.13 0.36 3.99 0.04 [V]
FT1-5 Glass 1200 − 1.5 4970.24 0.16 0.36 4.00 0.05 [V]
T1-10 Glass 1300 10 4970.29 0.15 0.36 4.02 0.05 [V]
T1-10 Glass 1300 − 2.1 4970.24 0.16 0.36 4.00 0.05 [V]
T1-20 Glass 1260 − 1.7 4970.30 0.13 0.34 4.02 0.04 [V]
T5-20 Glass 1260 − 1.7 4970.25 0.17 0.36 4.00 0.05 [V]
T5-20 Glass 1260 10 4970.21 0.16 0.35 3.99 0.05 [V]
T5-20 Glass 1260 3.4 4970.27 0.13 0.36 4.01 0.04 [V]
T5-20 Glass 1260 − 1.7 4970.35 0.15 0.34 4.03 0.05 [V]
T7-10 Glass 1250 − 1.9 4970.28 0.17 0.36 4.01 0.06 [V]
T7-20 Glass 1300 10 4970.28 0.13 0.35 4.01 0.04 [V]
T7-20 Glass 1300 − 2.1 4970.24 0.14 0.34 4.00 0.04 [V]
T7-5 Glass 1250 − 1.9 4970.30 0.15 0.36 4.02 0.05 [V]
T8-20 Glass 1260 − 1.7 4970.26 0.12 0.38 4.01 0.04 [V]
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Table 6   Ti K-edge normalized absorption and peak position from XANES spectra obtained in this study

Calculated valence is shown for silicates (pyroxene and olivine), which have a mixture between [IV] and [VI]-fold coordination. The proportion 
of [IV]Ti4+ was determined following the methodology of Sutton et al. (2017)

Composition Phase Temp. (°C) ΔIW 1s-3d edge cen-
troid energy (eV)

Uncertainty 
peak fit (± eV)

Normalized 
peak absorption

Ti valence ± [IV]Ti4+ (%)

FT1 Cpx 1200 − 1.5 4969.65 0.25 0.45 3.70 0.08 42
FT1-10 Cpx 1100 − 1.8 4969.62 0.20 0.52 3.77 0.06 50
FT1-10 Cpx 1100 − 1.8 4969.75 0.26 0.34 3.67 0.09 30
FT1-10 Cpx 1100 − 1.8 4969.54 0.28 0.62 3.73 0.09 62
FT1-10 Cpx 1100 − 1.8 4969.55 0.23 0.64 3.79 0.07 64
FT1-10 Cpx 1100 − 1.8 4969.54 0.19 0.71 3.87 0.06 72
FT1-20 Cpx 1100 − 1.8 4969.55 0.23 0.69 3.87 0.07 70
FT1-5 Cpx 1200 − 1.5 4969.76 0.27 0.34 3.69 0.09 30
FT1-5 Cpx 1200 − 1.5 4969.60 0.24 0.49 3.67 0.08 47
FT1-5 Cpx 1200 − 1.5 4969.65 0.20 0.47 3.74 0.06 45
T7-10 Cpx 1250 − 1.9 4969.78 0.19 0.32 3.68 0.04 28
T7-10 Cpx 1250 − 1.9 4969.73 0.27 0.34 3.64 0.09 30
T7-10 Cpx 1250 − 1.9 4969.54 0.25 0.71 3.87 0.08 72
T7-5 Cpx 1250 − 1.9 4969.52 0.24 0.80 3.90 0.08 82
T7-5 Cpx 1250 − 1.9 4969.75 0.32 0.35 3.69 0.10 31
T1-10 Olv 1280 − 1.7 4970.02 0.35 0.21 3.78 0.12 16
T5-20 Opx 1260 − 1.7 4969.70 0.26 0.38 3.67 0.08 35
T5-20 Opx 1260 − 1.7 4969.75 0.18 0.34 3.67 0.06 30

Fig. 5   a–c Ti valence and coordination number obtained employing the calibration method of Sutton et al. (2017) using peak centroid energy 
position and normalized absorption for silicates; d Ti valence in Fe–Ti oxides at different fO2
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Direct XANES Ti K-edge measurements of pyroxene and 
olivine from lunar samples originated under reducing condi-
tions have reported Ti3+/∑Ti values of 0.1–0.4 (Sung et al. 
1974; Simon et al. 2014; Simon and Sutton 2017, 2018). 
Some of these values are discrepant, albeit within error of 
those reported in our study, which can be explained in two 
ways: (1) the fO2 imposed by the experimental atmosphere 
is a major control of the activity coefficient (γ) of both Ti 
redox species, which will change the activity of these spe-
cies in the silicate melt; and (2) the major element composi-
tion of basaltic glasses in our study is substantially different 
from that found in CAI-inclusions (see Simon et al. 2007), 
as well as the mechanism of formation of both rocks. Simon 
and Sutton (2017, 2018) reported valences for lunar pyrox-
enes and olivines ranging from 3.66 to 4.15, with maximum 
[IV]Ti4+ of 88% in lunar olivine. Additionally, Simon and 
Sutton (2018) argue that Ti valence results obtained by their 
calibration that are above 4 reflect the lack of orientation cor-
rection for crystals with Ti4+ mainly in highly asymmetric 
sites (IV-fold). Moreover, given that some of the values are 
outside the range, albeit within error, of values reported by 
Sutton et al. (2017) may indicate some small amount of glass 
contamination during the measurement, or be related to the 
differences in background subtraction and peak fitting pro-
cedure. Although the valence obtained in the silicates of our 
study (Fig. 5b) being in general agreement with Simon and 
Sutton (2017, 2018), our results do not show a large amount 
of tetrahedrally coordinated Ti in olivine, but do show larger 
amounts in the pyroxene (up to 78% [IV]Ti4+). This may be 
related to the fact that the crystals in our study are more Ti-
rich and Fe-poor than the natural lunar pyroxene, albeit with 

similar Al content. When compared to experimental results 
on equivalent compositions, our valence estimate for Ti in 
pyroxene, which range from 3.64 to 3.90 are within error 
to those obtained by Krawczynski et al. (2010), who report 
a lower limit of 3.5 for pyroxenes equilibrated at ΔIW-2. 
Tetravalent titanium may be present in either lower symme-
try sites (IV-fold coordination—tetrahedral site) or higher 
symmetry sites (VI-fold coordination—M1 octahedral site) 
in the clinopyroxene, with the former occurring more often 
in crystals equilibrated at high-temperature, low pressure 
and small amounts of Al3+ available for charge balancing 
coupled substitutions (see Sepp and Kunzmann 2001; Naz-
zareni et al. 2004; Simon et al. 2014). Lunar pyroxene has 
crystallized mainly from Al-poor magmas, and, hence, can 
have up to 50% of the total Ti in IV-fold coordination (Simon 
et al. 2014), which is in agreement with our experimental 
proxies.

Lunar magmas are expected to become progressively 
enriched in Ti4+ as fractional crystallization progresses, with 
Ti3+/Ti4+ content of pyroxene decreasing with increasing 
ferrosilite content in the most reduced lunar rocks (Taylor 
et al. 2004; Simon and Sutton 2017), because Ti3+ is retained 
at the source due to its higher crystal/silicate melt compat-
ibility under lower conditions of fO2 (see Connolly and Bur-
nett 2003; Mallmann and O’Neill 2009). This seems to be 
also the case in our experiments, because all of the Ti3+ 
present in the system has been identified in the crystalline 
phases, whereas the silicate glass appears to exclusively con-
tain Ti4+ in V-fold coordination, with XANES spectra iden-
tical to the Columbia River Basaltic glass standard (Farges 
and Brown 1997), regardless of the initial starting composi-
tion. Another possible explanation for the presence of exclu-
sively Ti4+ in the glass would be a redox exchange with 
C dissolved in silicate melt from the CO–CO2 gas mixture 
used during the experiments, but this possibility needs to 
be tested. Nevertheless, the solubility of C in silicate melts 
at 1 bar is so small (less than 1 ppm—see Ni and Keppler 
2013), that it is unlikely enough C would be available to 
effect the necessary redox exchange with Ti3+.

Trivalent titanium is exclusively in VI-fold coordination 
due to its larger radius and the fact that the substitution of 
Ti3+ for a divalent cation in the M1 site requires only the 
substitution of one other atom at the tetrahedral (T) site 
(Al3+ for Si4+) (Papike et al. 2005; Simon et al. 2007). The 
substitution of trivalent Ti at the M1 site of clinopyroxene 
under extremely reduced conditions has also been described 
in CAI inclusion of the Allende Meteorite, with grossmanite 
(CaTi3+AlSiO6) as the end-member of this solid-solution 
(Ma and Rossman 2009b). In forsterite crystals, both atom-
istic calculations and XANES measurements have shown 
that the substitution of Ti4+ by Si4+ in the T-site (Mg2TiO4) 
is favoured in comparison to Ti4+ for Mg2+ in the M1 site, 
which requires formation of a vacancy or substitution of 

Fig. 6   Example of Ti K-edge X-ray absorption spectroscopy (XAS) 
signals obtained in fluorescence mode for Ti-rich clinopyroxene crys-
tals showing different areas and features of the spectra, including 
the X-ray absorption near edge structure (XANES) region and the 
beginning of the Extended X-ray absorption fine structure (EXAFS) 
region. Titanium is shown here in two different crystals of the same 
experiment where Ti occurs with mixed valence, where there was 
predominance of VI-fold coordination (green) and IV-fold coordina-
tion (red)
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Mg2+ for Si4+ at the T-site (Berry et al. 2007). Curiously in 
our experiments, the intensity of the 1s-3d transition feature 
in olivine corresponds to the one expected exclusively for 
VI-fold coordination, albeit with lower absorption energy 
(4970.22 eV) when compared to [VI]Ti4+ (4971 eV—see 
Berry et al. 2007). The reason for that may be the mixture 
of valences, with presence of a significant amount of Ti3+ in 
olivine below IW-1.5, which will be exclusively in VI-fold 
coordination, in addition to [IV]Ti4+ (Berry et al. 2007).

Most of the Ti enrichment in lunar mare basalts is hosted 
by Fe–Ti oxides (Meyer 2012). Previous microprobe-based 
estimates of Ti3+ for lunar Fe–Ti oxides (e.g., Pavicevic 
et al. 1972; Stanin and Taylor 1980) pointed to a whole-
rock Ti3+/∑Ti ratio of 0.1–0.2, which is within error of 
the ones obtained by our X-ray absorption spectroscopic 
measurements. Wet chemistry measurements also give a 
range of 4–10 mol% of the so-called “anosovite” compo-
nent ( Ti3+

2
TiO5 ) in lunar armalcolites (Wechsler et al. 1975). 

Borisov et al. (2004) performed experiments in synthetic 
Al-bearing karrooites and obtained Ti3+/∑Ti ranging from 
0.2 to 0.4, with whole-rock 

�

Ti3+∕
∑

Ti
�

T
 of 0.1 at 1300 °C 

and log fO2 between − 11 and − 12, which is in good agree-
ment with our data. Simons and Woermann (1978) studied 
the Fe–Ti-O system and found out through wet chemistry 
that armalcolite as well as ilmenite and ulvite (TiFe2O4) at 
temperature above 1200 °C, pressure of 1 bar and in equi-
librium with metallic iron, always have Ti3+, which explains 
the excess of Ti in lunar oxide minerals compared to what 
is expected if only Ti4+ was present (El Goresy et al. 1972). 
The substitution of Ti3+ in ilmenite extends the solid solu-
tion Fe2O3–FeTiO3 beyond the stoichiometric ratio of Ti/
Fe = 1, in direction of the stability of Ti2O3 (Simons and 
Woermann 1978). In addition, the effect of crystal and melt 
composition also play a major role on affecting the redox 
transition of Ti, and therefore, the stability of Ti3+ rich oxide 
minerals (Kesson and Lindsley 1975). For example, while 
ferropseudobrookite is only stable at 1 bar above 1060 °C 
(Simons and Woermann 1978), it becomes stable with the 
addition of trivalent cations such as Al3+, Cr3+, and Ti3+ 
down to 850 °C (Kesson and Lindsley 1975), which can also 
explain the high amount of Ti3+/∑Ti in our experiments.

First principles modelling and implications 
for mass‑dependent Ti stable isotope fractionation 
in the context of lunar magmatism

Mass-dependent isotope fractionation during magmatic pro-
cesses is mainly controlled by variations in the coordination 
number and in the bonding environments of the coexisting 
phases. For example, the lighter isotope of a given element is 
expected to preferentially substitute into higher coordinated 
sites, which exhibit a longer cation–anion bond length and 
weaker bond strength, whereas the heavier isotope shows 

the opposite behaviour (Schauble et al. 2009; Wunder et al. 
2011; Kowalski et al. 2013). There is some precedent for 
redox-dependent stable isotope fractionation during mag-
matic processes. For example, there is a resolvable differ-
ence between the δ56Fe of mid-ocean ridge basalts (MORB) 
samples in relation to their mantle sources, where the for-
mer are clearly isotopically heavier than the latter (Dauphas 
et al. 2014). Dauphas et al. (2014) argued that the reason 
for this decoupling is due to mantle melts having higher 
ferric/ferrous iron ratios when compared to their mantle 
sources, leading to a fractionation in δ56Fe of 0.1‰. The 
perceived difference in redox environment in the sources of 
low- and high-Ti mare basalts is important for two reasons: 
(1) high-Ti basalt sources may be reduced enough such that 
Ti3+ may be present in addition to the more typical Ti4+ 
(Krawczynski et al. 2009; Simon and Sutton 2018; and find-
ings of our study); (2) any redox-dependent changes in the 
coordination environment of Ti, in either silicate melt or 
any residual lunar mantle phases, can potentially affect the 
fractionation of stable isotopes of Ti during lunar mantle 
melting. This expectation is partly supported by the observa-
tion that high-Ti basalts can show higher δ49Ti (+ 0.03‰) 
than low-Ti basalts (− 0.01‰), the later having a Ti iso-
tope composition similar to the bulk-silicate Earth (BSE) 
average, as calculated by Millet et al. (2016) using a double 
spike technique that has an uncertainty of ± 0.02‰ at 95% 
confidence (for details see Millet and Dauphas 2014). If 
during the petrogenesis of high-Ti basalts, Ti3+ is similarly 
decoupled from Ti4+, this could explain why high-Ti basalts 
are isotopically heavier than low-Ti basalts by about 0.03‰ 
(Millet et al. 2016). Petrogenetic models of high-Ti basalts 
have suggested that they were originated under more reduc-
ing conditions when compared to low-Ti basalts due to two 
main reasons: (1) the necessity of considering residual metal 
at their source to reproduce lithophile–siderophile trace ele-
ment trends, such as Hf/W, Th/W and Ta/W (Fonseca et al. 
2014; Leitzke et al. 2016); (2) the fact that olivines from 
high-Ti basalts are so much more depleted in Ni when com-
pared to olivines from low-Ti basalts (~ 20 and ~ 400 µg/g 
respectively; Karner et al. 2003). In low-Ti basalts, which 
would have formed under more oxidizing conditions than 
high-Ti basalts, and result from higher degrees of partial 
melting, Ti may be exclusively tetravalent and no such redox 
decoupling can take place. As a result, the δ49Ti of low-
Ti basalts should more closely reflect their mantle sources, 
which are themselves close to BSE (Zhang et al. 2012). 
Therefore, studies dealing with the estimation of Ti3+/∑Ti 
and Ti coordination number in minerals equilibrated under 
conditions of fO2 relevant to the lunar mantle are specifically 
important to understand the origin of lunar mare basalts and 
the resolvable differences in the Ti isotope composition of 
terrestrial and lunar samples (Millet et al. 2016).
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To illustrate the relation between our structural data and Ti 
isotope signatures, we have carried out ab initio calculations, 
based on density-functional theory (DFT), of mass-dependent 
Ti equilibrium isotope fractionation (Fig. 7) between different 
Ti oxidation states (3 + and 4 +) and coordination environ-
ments (IV and VI-fold coordination) in karrooite and clinopy-
roxene. Mass-dependent equilibrium isotope fractionation is 
governed by the variation in molecular and crystalline vibra-
tional frequencies, which depend on the strength of chemical 
bonds as well as on the masses of individual atoms and their 
isotopes. The fractionation factor β describes the theoretical 
isotope fractionation between the bonding environment in the 
phase of interest (e.g., tetrahedral or octahedral crystal site) 
and an ideal monatomic gas of the element of interest (Bige-
leisen and Mayer 1947; Urey 1947; Chacko et al. 2001). In 
general, the calculation of the β-factor for a crystal or a glass 
is complex and requires substantial computational resources 
due to the need to compute the full vibrational spectrum of a 
complex multiparticle system. At high temperatures, the cal-
culation of the β-factor can be approximated by an expression 
that requires only the knowledge of the three force constants 
that act upon the fractionating element and the respective iso-
tope masses (Bigeleisen and Mayer 1947):

where Ai are the force constants acting on the isotopic atom 
in the three perpendicular spatial directions (x, y and z), 
Δm = m∗ − m , where m and m∗ are the masses of the lighter 
and heavier isotopes of the fractionating element, ℏ is the 
reduced Planck constant, KB is the Boltzmann constant and 

(3)� = 1 +
Δm

mm∗

ℏ2

24K2
B
T2

3
∑

i=1

Ai,

T is temperature (K). Here, we computed the β-factor using 
an extension to the Bigeleisen and Mayer approximation as 
proposed by Kowalski et al. (2013), described by the fol-
lowing equation:

Here, ui = h𝜐̄i/KBT  with 𝜐̄i = Ai/4𝜋
2m are the so-called 

“pseudo-frequency” corresponding to force constant Ai . 
All calculations were made with the DFT code ABINIT 
(Gonze et al. 2016) using the local density approxima-
tion for the exchange–correlation functional and Troul-
lier–Martins-type pseudopotentials (Troullier and Mar-
tins 1991). The planewave basis set for expanding the 
Kohn–Sham orbitals were cut off at an energy of 1000 eV. 
The reciprocal space was sampled using a suitable Monk-
horst–Pack k-point grid. In a first step, lattice parameters 
and atomic positions of the crystal structures were opti-
mized. As the calculation of force constants Ai of the iso-
topic atom requires simulation cells that are large enough 
to avoid significant interaction between periodic images 
arising due to periodic boundary conditions, we used 
supercells of the crystal unit cells, i.e., a 2 × 1 × 1 super-
cell of the orthorhombic structure (space group Cmcm) of 
karrooite with 64 atoms and a 1 × 1 × 2 supercell of diop-
side (monoclinic, space group C2/c) with 80 atoms. This 
ensured a minimum simulation cell dimension of 7.5 Å in 
any direction. For the incorporation of Ti into the pyrox-
ene structure we studied three different mechanisms: (1) 
the replacement of one Si by Ti4+ on the tetrahedral site, 
(2) the replacement of one Mg by Ti3+ charge-compen-
sated by the replacement of one Si by one Al, and (3) the 
replacement of one Mg by Ti4+ charge-compensated by the 
replacement of two Si by two Al atoms. After the replace-
ments a new structure optimization was performed. In the 
next step, the isotopic atom (Ti4+ or Ti3+) was displaced 
by 0.01 Å in the three Cartesian directions and the induced 
forces were computed. Finally, the later were transformed 
into force constants Ai (= force divided by displacement) 
and pseudo-frequencies 𝜐̄i , from which the β-factor was 
computed according to Eq. (4). The resulting β-factors are 
shown in Fig. 7 as a function of temperature.

The predicted mass-dependent Ti equilibrium isotope 
fractionation factors (β) suggest that for phases like kar-
rooite and pyroxene at magmatic temperatures the main 
factor controlling this process in the crystals is the coor-
dination chemistry of Ti. The largest fractionation fac-
tor is observed when Ti4+ is incorporated into pyroxene 
replacing Si (Fig. 7), which may occur in Al-poor sys-
tems in nature (e.g., Quartieri et al. 1993; Nazzareni et al. 
2004), as observed for lunar pyroxenes (e.g., Papike et al. 
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Fig. 7   Results of ab initio simulations of mass-dependent Ti equilib-
rium isotope fractionation factors (β) in karrooite and pyroxene (diop-
side) considering different Ti oxidation states (3 + and 4 +) and coor-
dination numbers (IV and VI-fold coordination)
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2005; Simon et al. 2014; Simon and Sutton 2017, 2018). 
When compared solely with the coordination chemistry, 
the Ti oxidation state plays a minor role in the fractiona-
tion factor relative to a monoatomic Ti gas phase, tending 
to lighter Ti isotopic compositions with lower oxidation 
state (Fig. 7). The local crystal structure also affects the 
fractionation factor, given that tetravalent Ti in VI-fold 
coordination in karrooite (MgTi2O5) and pyroxene show 
different fractionation factors. A quantitative comparison 
of our results to observed Ti stable isotope fractionation 
in natural samples is not possible at this stage because we 
have not attempted to compute the fractionation factor β 
for the silicate glass. This would require a more dedicated 
and systematic computational study, which is beyond the 
scope of this paper. The observation that the average coor-
dination chemistry of Ti in the silicate glass is V-fold sug-
gests that if partial melting occurs with a residue that has 
crystals predominantly with IV-fold coordinated Ti, the 
melt will be isotopically lighter, while the opposite may 
happen if crystals are predominantly with VI-fold coor-
dinated Ti. Experimental and computational studies for 
other isotopic systems (e.g., Li) have shown, however, that 
the coordination-principle may not be applicable to every 
isotope fractionation process, and bond valence models 
can provide more realistic scenarios (Wunder et al. 2011). 
As such, additional experimental constraints are still nec-
essary to test this hypothesis for Ti isotope fractionation.

Concluding remarks

We have reported a broad dataset of micro-XANES spectro-
scopic Ti K-edge measurements on synthetic lunar minerals 
and basaltic glasses under reduced fO2 conditions, especially 
important for the petrogenesis of lunar rocks. Our results 
allowed investigating the redox state and coordination envi-
ronment of titanium in silicate glasses and crystals in experi-
ments equilibrated below the Fe–FeO redox buffer at mag-
matic temperatures. The average valence for Ti is 3.6, i.e., a 
40% portion of Ti3+ for Fe–Ti oxides (ilmenite and armal-
colite) under fO2 conditions relevant to lunar magmatism 
(IW − 1.5 to − 1.8). Pyroxenes and olivine have average Ti 
valence of 3.75 with up to 82% IV-fold coordinated Ti, while 
silicate glasses show XANES Ti K-edge spectra consistent 
with the presence of exclusively tetravalent Ti. In addition, 
our new results are applied to provide first insights into the 
mechanisms that may control Ti mass-dependent equilib-
rium isotope fractionation in lunar mare basalts (Millet 
et al. 2016), albeit being difficult to apply directly to nature, 
mainly because the fractionation factor β for the glass is 
difficult to calculate due to its complex structure. The main 
challenge would be to produce a realistic structure model 
for the glass, which would yield the statistical distribution 

of different Ti coordination environments. Nevertheless, 
the observation that coordination chemistry is likely to be 
the main factor affecting Ti mass-dependent equilibrium 
isotope fractionation in magmatic systems can be used to 
assert that a silicate glass with average Ti in V-fold coordi-
nation will be isotopically distinct from the crystals, which 
have Ti predominates at IV and VI-fold coordination. Our 
experiments, however, failed to produce a silicate glass with 
detectable Ti3+, which may occur in a different coordina-
tion environment than Ti4+. Therefore, future experimental 
work is required to perform in situ XANES Ti K-edge meas-
urements in experiments with crystals and silicate glass at 
different fO2, such as the ones performed for Fe oxidation 
state using an aerodynamic levitation laser-heated system 
combined with a chamber and gas mixing (Aldermann et al. 
2017), multi-anvil apparatus or gas-mixing high-temperature 
furnaces adapted for using coupled into a beamline synchro-
tron facility (e.g., Wilke et al. 2007; Rushmer et al. 2015; 
Mallmann et al. 2016). As a final remark, the data presented 
here can be coupled to other redox sensitive elements (e.g., 
V, Fe, and Cr) to constrain via oxybarometry the magmatic 
evolution of the Moon, and by inference, of any other dif-
ferentiated planetary body in the solar system (e.g., Karner 
et al. 2006; Simon and Sutton 2017, 2018).
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