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Abstract 14 

The oxidation state of Ge in silicate glasses, quenched from melts, was determined by X-ray 15 

absorption spectroscopy. The melts were equilibrated over the range of relative oxygen 16 

fugacities (fO2) from IW -3 to IW +10, where IW is the iron-wüstite oxygen buffer in 17 

logarithmic units. X-ray absorption near edge structure (XANES) spectra of the samples 18 

show that over the range in fO2 from IW -2.8 to IW +2.4, the Ge4+/(Ge2+ + Ge4+) ratio 19 

increases from 0.05 to 0.95. Modelling of extended X-ray absorption fine structure (EXAFS) 20 

gives the Ge2+–O bond length as 1.89 ± 0.03 Å. Olivine–melt partitioning experiments were 21 

also conducted, which show that Ge2+ is highly incompatible, with D
"#$%
&'/)#'* < 0.005, whereas 22 

D
"#+%
&'/)#'* is ~ 1, where D is the partition coefficient. The geochemical properties of Ge during 23 

the magmatic differentiation of the Moon and other reduced rocky planets and achondrite 24 

parent bodies will therefore be entirely different to that familiar from terrestrial examples. In 25 

particular, the incompatible nature of Ge2+ may explain the anomalous enrichment of Ge in 26 

KREEP basalts. 27 
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1 Introduction 33 

Germanium typically occurs as a 4+ cation, Ge4+, behaving like Si4+ in minerals and melts in 34 

the Earth’s crust and upper mantle (Bernstein, 1985). Partial melting and crystallisation cause 35 

little fractionation of Ge, so the concentration of Ge is quite homogeneous at 1–2 ppm in 36 

most terrestrial rocks (Capobianco and Watson, 1982; Rosenberg, 2008). The perceived 37 

banality of its distribution, coupled with the difficulty of achieving precise analyses at the 38 

required ppm level, explains why Ge has not been widely analysed in geochemical studies of 39 

igneous rocks. However, unlike Si, Ge is both a moderately siderophile and moderately 40 

volatile element, making it useful for testing models of accretion and core formation in the 41 

Earth, the Moon and other rocky planetary bodies (e.g. Schmitt et al., 1989; O’Neill 1991a, b; 42 

Walker et al., 1993; Hillgren et al., 1996; Jana and Walker, 1997a, 1997b, Capobianco et al., 43 

1999; Holzheid et al., 2007; Righter et al., 2011; Siebert et al., 2011; Steenstra et al., 2016; 44 

Righter et al., 2017). 45 

Evidence has accumulated that Ge occurs in the 2+ valence state at low fO2 in silicate melts. 46 

The evidence is based on the relationship between the distribution of Ge between Fe-rich 47 

metal and silicate melts (DGemet/sil) and fO2; this relationship is determined by the valence of 48 

Ge. The first report of Ge2+ by Schmitt et al. (1989) came as a surprise, because Ge2+ had not 49 

yet been observed in nature. It was not until 28 years later that Ge2+ was identified in 50 

sphalerite by X-ray absorption spectroscopy (XAS) (Bonnet et al. 2017), but this occurrence 51 

is with Ge bonded to sulfur, not oxygen. Synthetic compounds containing Ge2+–O bonds are 52 

also rare and only three such compounds are listed in the ICSD database, namely 53 

GeCl(H2PO2), Na[Ge4(PO4)3], and Ge2(H2PO2)6 (Cempírek and Groat, 2013). Capobianco et 54 

al. (1999) were sceptical of the existence of Ge2+ in silicate melts, since their experiments 55 

indicated Ge4+ only. However, the fO2s of their experiments were mostly higher than those of 56 

Schmitt et al. (1989) (see Figure 1). Kegler and Holzheid (2011) pointed out this discrepancy, 57 

and conducted a series of experiments that agreed well with the 2+ valence state obtained by 58 

Schmitt et al. (1989). In recent years, several further studies have investigated Ge valence 59 

below the IW buffer: a 2+ valence was reported by Righter et al. (2017) and Steenstra et al. 60 

(2017), and a nominal valence of 3+ (interpreted as a mixture of 2+ and 4+) was found by 61 

Siebert et al. (2011). The results of Vogel et al. (2018) were also consistent with a nominal 62 

3+ valence state, although they explained that the uncertainty was too large to constrain the 63 

valence robustly. Overall, most evidence suggests that Ge2+ occurs in silicate melts at fO2s 64 
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below the IW buffer (Figure 1), at least to pressures up to 3 GPa and temperatures up to 65 

2200ºC. These are the conditions pertinent to most rocky planetary bodies other than the 66 

Earth. Therefore, in these bodies, Ge would not be expected to be diadochic for Si but to have 67 

geochemical properties that are at present completely unknown. 68 

Here we report an experimental study to constrain the fO2 range of the Ge4+–Ge2+ transition, 69 

using X-ray absorption near edge structure (XANES) spectroscopy. XANES is an element-70 

specific technique, which is ideal for quantifying the oxidation state of trace elements (e.g., 71 

Wong et al., 1984; Berry et al., 2003a; Berry and O’Neill, 2004). This technique has been 72 

used previously to distinguish Ge0, Ge2+, and Ge4+ in sulfides, but never before for oxides 73 

(Pugsley et al., 2011; Cook et al., 2015; Belissont et al., 2016; Bonnet et al., 2017). We 74 

present XANES spectra of 19 glasses prepared at fO2s ranging from of IW -3 to IW +10. We 75 

also recorded the extended X-ray fine structure (EXAFS) spectrum of a Ge2+–bearing sample 76 

to provide information about the structural incorporation of Ge2+ in melts and minerals. 77 

Finally, we report a first determination of the high-temperature geochemical behaviour of 78 

Ge2+ in silicate systems from olivine–melt partitioning experiments. These experiments 79 

demonstrate that the geochemical behaviour of Ge was very different in the low fO2 80 

environments of most rocky planetary bodies from that found on Earth, which may account 81 

for the distribution of Ge in lunar rocks. 82 

2 Methods 83 

2.1 Sample synthesis 84 

2.1.1 Starting materials 85 

Three CMAS compositions, named CMAS7G, AnDi and CMAS40 were used in this study. 86 

CMAS7G was used for melts equilibrated at atmospheric pressure because it is a good glass-87 

former, and has a low liquidus temperature of 1129 ˚C (O’Neill and Eggins 2002). The AnDi 88 

composition was used for high-pressure experiments because it approximates a basaltic melt 89 

better. Both compositions were nominally free of Fe and other multivalent elements to avoid 90 

complications from electron exchange reactions (e.g., Ge4+ + 2 Fe2+ = Ge2+ + 2 Fe3+), which 91 

may proceed rapidly enough to reset redox speciation on the timescale of quenching (e.g., 92 

Berry et al., 2003). However, this problem may not have been entirely avoided in 93 

experiments with low levels of Ge due to some Fe contamination, typically at 300 to 400 94 

ppm, as discussed further in Section 4. For olivine–melt partitioning experiments, the MgO-95 
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rich CMAS40 composition was used because this composition crystallises olivine on the 96 

liquidus at 1 GPa and 1500 ºC – the same conditions at which the AnDi glasses were 97 

prepared. Here the reason for choosing an Fe-free composition was to avoid major-98 

element compositional changes across the large range of fO2 encompassed by these 99 

experiments. Nominal starting compositions are given in the supplementary information 100 

(Table S1). 101 

The glass compositions were prepared using reagent grade SiO2, Al2O3, MgO and CaCO3. 102 

These components were mixed under acetone and fired at 1050 ºC to remove the carbonate. 103 

The CMAS40 composition was additionally doped with trace elements. Some samples, 104 

D2270 and C4444, were doped with GeO2 (0.46 wt%), Sc2O3 (0.03 wt%), V2O3 (0.12 wt%) 105 

and Y2O3 (1.05 wt%), which were added as oxides. Other samples were doped with GeO2 106 

(0.27 wt%), Sc2O3 (0.06 wt%), V2O3 (0.18 wt%), Y2O3 (0.50 wt%), TiO2 (0.52 wt%), HfO2 107 

(0.16 wt%), SrO (0.14 wt%), MnO2 (0.03 wt%), BaO (0.54 wt%), ZnO (0.02 wt%) and ZrO2 108 

(0.13 wt%). GeO2, TiO2, HfO2 and SrCO3 were added to the mixture as powders, but Y, Sc, 109 

V, Mn, Ba, Zn and Zr were added as AAS standard solutions, dissolved in 2% or 10% HNO3, 110 

except for Zn which was dissolved in 2% HCl. The powders and solutions were mixed 111 

together thoroughly in an agate mortar and then denitrified by firing as a pellet at 1050 ºC 112 

overnight.  113 

2.1.2 Ambient-pressure experiments 114 

Preparing silicate melts doped with Ge as a function of fO2 at atmospheric pressure is 115 

difficult because of the volatility of Ge, which increases with decreasing fO2 (e.g., Norris and 116 

Wood, 2017; Sossi et al., 2019). Our initial trials showed that near IW using the traditional 117 

approach of equilibrating melts in a gas-mixing furnace, as used in studies of non-volatile 118 

elements such as Fe and Cr (e.g., Berry et al., 2003a; Berry and O’Neill, 2004) resulted in the 119 

almost complete loss of Ge in a matter of a few minutes. To get around this problem, a new 120 

experimental design was implemented, inspired by O’Neill (2005) and Miller et al. (2019) 121 

(Figure 2). 122 

Powdered samples of the CMAS7G composition were suspended on loops of Re ribbon with 123 

the aid of polyethylene oxide as glue. The mix was not doped with Ge; instead, Ge was added 124 

to the sample during the experiment by bathing the sample in Ge-containing vapour. To 125 

achieve this, the loop was hung in the top of a ~20 cm long silica tube, which was sealed at 126 

the bottom, but open at the top. Approximately 1 g of GeO2 powder was placed in the bottom 127 
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of the tube. The length of the tube was selected so that when the sample was at 1200 ˚C 128 

(above the melting point of the CMAS7G composition) the bottom of the tube was at ~ 900 129 

±30 ˚C (cf. the melting point of GeO2 is 1115 ºC), which allowed the crystalline GeO2 to 130 

evaporate sufficiently slowly that it was not exhausted within the duration of the experiment. 131 

The vapour, the dominant species in which is GeO (Barton and Heil, 1970), migrates up the 132 

tube and flows past the sample. In some experiments, ceramic wool was placed in the middle 133 

of the silica tube (and, in one experiment, D280116, at the top), to help slow the rate of GeO 134 

vapour transfer. Since the tube was open at the top, the sample could equilibrate with the fO2 135 

in the furnace set by CO-CO2 gas mixtures. The fO2 was varied between IW +2 and IW -3. 136 

Samples and their run conditions are listed in Table 1. 137 

Table 1. Experimental conditions. The concentrations of Ge in the glasses were determined by LA-138 
ICPMS. 139 
Sample ΔIW Time (h) Ge concentration (wt%) 
   Overall Edges Interior n* 
Glasses prepared at 1 atm and 1200 ºC, composition CMAS7G, in a CO–CO2 gas mix 
D210116 +2.0 6.8 1.22 (31) 1.03 (29) 1.46 (7) 7, 4 
D171215 +1.0 8 0.71 (11) 0.66 (11) 0.75 (10) 5, 5 
D191215 +0.5 8 0.34 (5) – – 5 
D301115 0.0 14 0.28 (10) 0.21 (9) 0.34 (3) 6, 5 
D181215 -0.5 7.5 0.22 (2) 0.22 (1) 0.21 (2) 5, 5 
D151215 -1.0 7.5 0.15 (2) 0.14 (2) 0.16 (2) 5, 5 
D140416 -1.0 5 0.07 (4) 0.03 (1) 0.11 (1) 3, 3 
D250116 -1.5 7.5 0.053 (6) – – 3 
D160416 -1.5 5 0.041 (8) 0.035 (8) 0.047 (2) 3, 3 
D280116 -1.75 6 0.041 (9) 0.045 (5) 0.038 (11) 3, 3 
D170416 -2.5 4.2  0.050 (9) 0.043 (7) 0.058 (1) 3, 3 
D120416 -3.0 4.8 0.065 (8) 0.058 (4) 0.071 (5) 3, 3 
Glasses prepared at 1 atm and 1300 ºC, composition CMAS7G, in air 
E021213B +10.1 4 2.08 (3)   3 
B1-080316 +10.1 0.25 0.29 (1)   6 
E041113**  +10.1 4 0.21 (1)   3 
E021213A +10.1 4 0.03 (1)   4 
Glasses prepared at 1 GPa and 1500 ºC, composition AnDi 
C5201 -1.3 (2) 24 0.18 (2)   5 
C5204 -0.9 (2) 24 0.66 (1)   6 
C5234 0.3 (2) 10.5 3.3 (2)   5 
C5206 0.4 (2) 24 4.04 (3)   6 
Partitioning experiments conducted at 1 GPa and 1500 ºC, composition CMAS40 
D2270 -9.5 (2) < 24†     
D2357 -7.2 (3) 24 Ge concentrations of olivines and melt  

in the partitioning experiments 
are given in Table 5 

 
D2368-i -0.7 (2) 48  
D2368-ii -0.7 (2) 48  
C4444 +8.6 24  
D2413 +8.6 24     

*n = number of analyses (edge, interior). Two samples, D191215 and D250116, were so small (<2 140 
mm) that edge and interior analyses were not collected. Numbers in parentheses are one standard 141 
deviation on the last digit. **E041113A was used for EXAFS only. †Sample D2270 quenched before 142 
24 h due to a failure with the apparatus. Note that the values of ∆IW given for the glasses prepared at 143 
1 atm are nominal values set by the mixture of CO–CO2 gases. Values given for other samples were 144 
calculated from the Co–CoO, Ni–NiO, and Ru–RuO2 equilibria as described in Section 3.2. 145 
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 146 

Quenching the sample to glass in this setup was not entirely straightforward. In all 147 

experiments, the tube was dropped into a bucket of water by releasing the mechanism that 148 

held the tube in place (see O’Neill and Berry, 2006). To facilitate rapid quenching, slits were 149 

cut in the sides of the tube in some experiments, which encouraged the tube to break when it 150 

hit the bottom of the bucket, thereby enabling water to quickly come into contact with the 151 

sample. 152 

2.1.3 High-pressure experiments 153 

Glasses and olivine–melt partitioning experiments were equilibrated at 1500 ºC and 1 GPa 154 

using a 200 T end-loaded Boyd-England type piston cylinder apparatus. Samples are listed in 155 

Table 1. The samples were contained in graphite capsules with a layer of Ge and either Co or 156 

Ni metal powders (1:1 ratio by weight) at the bottom. The layer of metals served as a source 157 

of Ge and enabled the calculation of fO2 retrospectively from the Ni or Co contents of the 158 

resulting melts and Ge-Ni or Ge-Co alloys. The metal mixtures comprised 10–25 wt% of the 159 

sample. In some capsules a small amount of Si metal (1–7 wt% of the sample) was also 160 

added to further lower the fO2. Two of the partitioning experiments were carried out using Pt 161 

capsules and 20 wt% Ru-RuO2 oxygen buffer (80% RuO2, 20% Ru), for which logfO2 = IW 162 

+8.6 at 1500 ºC (O’Neill and Nell, 1997). 163 

The capsules were placed in an assembly comprising concentric layers of MgO, graphite 164 

(heater), Pyrex, and NaCl. This assembly was wrapped in Teflon foil and inserted into a 165 

pressure vessel with a bore size of either a 1/2” (C4444 and D2413) or 5/8” (all other 166 

experiments). Temperature was monitored using a Type B thermocouple, sheathed in mullite 167 

with a 5-mm alumina tip. The samples were equilibrated for 10–48 h (see Table 1), at 1500 168 

ºC and 1 GPa, before quenching by cutting power to the heater. In one experiment (D2368) 169 

two capsules were run together, with suffixes ‘i’ and ‘ii’ arbitrarily assigned.  170 

2.1.4 Standards for XAS 171 

Ideally, compounds containing Ge in known valence states and coordination environments 172 

(‘standards’) are required for comparison with the samples prepared. Five Ge4+ standards 173 

were prepared: Ge4+O2 in the quartz form (q-GeO2), and four Ge-doped glasses quenched 174 

from melts that were equilibrated in air. The q-GeO2 sample was made by firing GeO2 175 

powder at 1060 ºC for 24 h in air, to ensure that the powder did not contain any of the rutile 176 
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form of GeO2 (Laubengayer and Morton, 1932). The glass samples (listed in Table 1) were 177 

made using the CMAS7G composition, doped with different amounts of Ge (~300 ppm, 178 

~2100 ppm and ~2 wt%). These mixes were loaded into Pt capsules that were welded shut at 179 

one end, but only crimped at the other. The 300-ppm (E021213A) and 2-wt% (E021213B) 180 

samples were heated in the furnace together at 1300 ºC, and the 2100-ppm sample (E041113) 181 

was heated in a separate experiment at the same temperature. All samples were heated for 4 h 182 

in air before quenching in water. An additional sample (B1-080316) was prepared by heating 183 

CMAS7G, doped with ~2900 ppm Ge, in an alumina crucible at 1300 ºC for 15 min. in air 184 

before quenching in water. 185 

For Ge0 standards, we used two samples of amorphous silica that had been implanted with 186 

Ge0, described in Ridgway et al. (2004). One sample was prepared by implanting Ge atoms 187 

into amorphous silica to give a concentration of 3 × 1017 atoms cm-2 (Ge(imp)). A second 188 

sample was prepared by annealing the Ge-implanted silica at 1100 ºC, which led to the 189 

formation of crystalline Ge nanoparticles 5–10 nm in size (Ge(ann)). These standards were 190 

used rather than Ge metal, because they should better represent how Ge0 might be present in 191 

the silicate melt: either as dissolved Ge0 atoms or as Ge metal ‘nuggets’. 192 

No Ge2+ standards were available. Ge2+ does not readily form oxides, and compounds 193 

containing Ge2+ bonded to S, Se or I would not be good standards because the XANES 194 

spectra vary greatly with the ligand (Pugsley et al., 2011). 195 

2.2 Sample characterisation 196 

Samples were mounted in epoxy, sectioned and polished. The glass samples were examined 197 

by optical microscopy (100× objective with a numerical aperture = 1.4, ∞/0, and Type A 198 

immersion oil, n = 1.515). 199 

Major element concentrations of 1-atm glasses and the partitioning experiments were 200 

determined using a Hitachi S4300 SE/N Field Emission Scanning Electron Microscope (FE-201 

SEM) fitted with an Oxford X-Max EDS detector. The operating conditions were 15 kV 202 

accelerating voltage, 0.600 nA beam current, and a working distance of 25 mm. Standards 203 

were MgO for Mg, albite for Al, sanidine for Si, diopside for Ca, TiO2 for Ti, Co metal for 204 

Co, and La8Sr2Ge6O26 for Ge. 205 



 9 

Major element concentrations of high-pressure glasses and metal alloys were determined by 206 

electron probe microanalysis (EPMA) using a CAMECA SX100, operating at 20 kV. Beam 207 

currents used were 10 nA for the silicate glasses and 20 nA for the metal alloys. A 208 

defocussed beam was used, with a diameter of 20 µm for the silicate glasses, and between 10 209 

and 50 µm for the metal alloys. For analyses of silicate glasses, calibration standards were 210 

quartz for Si, corundum for Al, augite for Ca, San Carlos olivine for Fe, and the 211 

corresponding pure metals for Ge, Ni, Co, and Y. Magnesium, Al and Si were analysed at the 212 

K-α lines using a TAP crystal, Ca and Y (K-α and L-α lines respectively) using a PET 213 

crystal, and Ge, Ni, Co and Fe using two LLIF crystals (K-α lines). For alloy analyses, the 214 

calibration standards were pure metals of Ge, Si, Ni and Co. Germanium and Si were 215 

measured using a TAP crystal (L-α and K-α lines respectively) and Ni and Co using a LLIF 216 

crystal (K-α lines). 217 

Trace element concentrations were determined by Laser-Ablation Inductively Coupled 218 

Plasma Mass Spectrometry (LA-ICPMS) using an excimer laser with a wavelength of 193 219 

nm and a pulse rate of 5 Hz, coupled to an Agilent 7700 ICP-MS with He+Ar as the carrier 220 

gas. Samples were ablated for ~40 s, with ~20 s of background measured for each spot. The 221 

external standard was NIST 610 glass and Si was used as the internal standard. The spot size 222 

was between 22 and 47 µm. An in-house Excel spread sheet was used to reduce the data. 223 

2.3 X-ray absorption spectroscopy 224 

Germanium K-edge X-ray absorption near edge structure (XANES) spectra and extended X-225 

ray absorption fine structure (EXAFS) spectra were recorded at the X-ray Absorption 226 

Spectroscopy (XAS) beamline of the Australian Synchrotron (operating at 200 mA in Top-227 

Up mode of operation). The XAS beamline utilizes a 1.6T wiggler, Rh coated Si collimating 228 

mirror, cryo-cooled Si(111) monochromator and Rh coated torodial refocusing mirror. The 229 

X-ray beam spot at the sample was set at ca. 0.5 × 0.5 mm.  The incident X-rays had an 230 

energy resolution ∆E/E of ~ 1/7000.  The energy was calibrated by defining the first 231 

derivative peak in the spectrum of Au foil recorded in transmission mode to be at 11919.7 232 

eV. The energy reproducibility over the experiment was better than 0.05 eV. 233 

XAS spectra were recorded in fluorescence mode using a 100-element Ge detector, with the 234 

polished surface of the sample positioned at 45º to the incident beam and the detector at 90º 235 

to the incident beam. For XANES spectra, the distance between the detector and the sample 236 

was varied according to the Ge content of the sample, in order to maintain a nearly constant 237 
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count rate at the white line, which was within the linear range of the signal processing 238 

electronics. XANES spectra were recorded at room temperature using a 8 eV step size for the 239 

pre-edge region (10903–11083 eV), a 0.25 eV step size for the near-edge region (11083–240 

11153 eV) and a 0.1 Å-1 step size for the post-edge (11153–11489 eV, k=10) regions. The 241 

EXAFS were recorded at 10 K using intervals of 0.035 Å-1 for the EXAFS region regions 242 

(11153-12084 eV, k=16 for standards and 11153–11855 eV, k=14 for the Ge2+ spectrum). 243 

The spectrum of Ge(imp) was recorded in a previous experiment conducted by the authors at 244 

the same beamline, using the same setup but with minor differences in count rates and step 245 

sizes, detailed in the supplementary information (section S2). 246 

To determine whether the X-ray beam induced changes in Ge speciation, two spectra were 247 

recorded consecutively at the same spot on samples prepared at IW -3 and IW -2.5. 248 

Monitoring fast changes in intensity at a single energy was not possible because the detector 249 

had a slow response time to significant changes in count rate (e.g., on opening the shutter). 250 

For each spectrum, the signals from all detector elements were averaged and divided by the 251 

incident photon flux. Normalisation and background subtraction of XANES spectra were 252 

performed using the program ATHENA, and EXAFS spectra were fit using ARTEMIS after 253 

merging and de-glitching in ATHENA (Ravel and Newville, 2005) 254 

3 Results 255 

3.1 Experimental products  256 

The samples prepared at ambient pressure were glasses containing few quench crystals and 257 

many metallic micronuggets. LA-ICPMS ablation profiles for Re show large spikes 258 

indicating the presence of micronuggets, similar to those observed by Ertel et al. (2001); no 259 

spikes were observed for Ge, indicating that the observed micronuggets were derived from 260 

the Re wire used to suspend the sample. Major-element compositions of several 1-atm 261 

glasses are given in the supplementary information (Table S2). Germanium concentrations, 262 

listed in Table 1, differ greatly between samples. In general, more reduced samples contain 263 

less Ge, probably due to its greater volatility at lower fO2. Germanium concentrations were 264 

also quite heterogeneous and were lower near the edges of a sample than in the middle. 265 

The high-pressure samples contained a large sphere of metal alloy (>100 µm) at one end of 266 

the capsule, often accompanied by several smaller blobs (~5–30 µm), as well as clusters of 267 
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metal nuggets (<5 µm) near the edges of the capsule, but these were easily avoided during 268 

analysis of the glass. The compositions of the 5–30 µm-sized blobs were typically within 1 269 

mol% of the larger mass, and all analyses were averaged for calculating fO2 (Table 2). The 270 

Ge concentrations of the silicate glasses in the high-pressure samples are given in Table 1, 271 

and major element compositions of the silicate glasses are given in the supplementary 272 

information (Table S3). 273 

Table 2. Compositions (mol%) of metal alloys in high-pressure experiments, CoO or NiO 274 
concentration (mol%) in the melt, and calculated fO2 relative to IW. 275 
 Ge in alloy  Co or Ni* in alloy  Si in alloy  CoO or NiO* in melt  ΔIW 
Glass experiments 
C5201* 36.6 (9) 63.4 (8) * n.d. 0.025 (1) * -1.3 (2) 
C5204 41.1 (2) 58.7 (2) 0.11 (2) 0.41 (2) -0.9 (2) 
C5206 38.2 (2) 61.7 (3) 0.10 (1) 2.05 (1) 0.4 (2) 
C5234 38.5 (3) 61.3 (3) 0.10 (2) 1.86 (5) 0.3 (2) 
Partitioning experiments 
D2270 30.2 (17) 41.1 (21) 28.8 (24) 7 (1) × 10-6 -9.5 (2) 
D2357 36.0 (15) 51.2 (5) 12.7 (13) 2.0 (5) × 10-5 -7.2 (3) 
D2368-i 44.1 (6) 55.7 (6) 0.12 (4) 0.44 (1) -0.7 (2) 
D2368-ii 45.2 (4) 54.7 (5) 0.15 (4) 0.39 (2) -0.7 (2) 

*C5201 contains Ni, all other samples contain Co. n.d. = not detected. 276 
 277 

3.2 fO2 of high-pressure samples 278 

The fO2 of the high-pressure samples was calculated from the Co and Ni contents of the 279 

coexisting alloys and melts (Kegler and Holzheid, 2011), using:  280 

 ∆[M–MO] = 2 ∙ log
8MO∙9MO

8M∙9M
       Equation 1 281 

where M is the metal used in the experiment (Co or Ni), ∆[M–MO] is the logfO2 relative to 282 

the buffer (Co–CoO or Ni–NiO), XM and γM are the mole fraction and activity coefficient, 283 

respectively, of the metal in the alloy, and XMO and γMO are the mole fraction and activity 284 

coefficient, respectively, of the metal oxide in the silicate melt. 285 

The activity coefficients of CoO and NiO in silicate melts are 1.51 ± 0.28 and 2.70 ± 0.52 286 

respectively (Holzheid et al. 1997). Activity coefficients of Ni or Co in the alloy were 287 

obtained from thermodynamic studies of the binary Ge–Co or Ge–Ni liquids  (Nash and 288 

Nash, 1987; Ishida and Nishizawa, 1991). These activity coefficients were interpolated to 289 

estimate the activity at the concentration measured in our samples. Some of the alloys in the 290 

experiments also contain Si (see Table 2), which we assume has a negligible effect on the 291 

activity coefficients. This assumption is probably reasonable for most of the samples, in 292 
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which the Si contents were <0.2 mol%. However, in the two most reduced partitioning 293 

experiments (D2270 and D2357), the alloys contained 13 and 29 mol% Si respectively, so the 294 

results for these samples should be treated with caution. The final step in the calculation is to 295 

convert the values of Δ[Co–CoO] or Δ[Ni–NiO] to ΔIW (O’Neill and Pownceby, 1993). The 296 

effect of pressure on the fO2 of all buffers is similar at 1 GPa (Frost, 1991), and so the 297 

pressure effect was ignored in the conversion. The calculated ∆IW values are given in Table 298 

2. 299 

3.3 X-ray absorption spectroscopy 300 

3.3.1 XANES 301 

 302 
Germanium K-edge XANES spectra of all samples and standards are shown in Figure 3. The 303 

spectra of the Ge0 standards are expected to have lower edge energy than those of the Ge4+ 304 

standards, and this is observed (Figure 3). The spectra of the glasses equilibrated at high fO2 305 

are very similar to the spectrum of q-GeO2, but with decreasing fO2 the spectra of the glasses 306 

develop a shoulder at 11108 eV. This shoulder grows in intensity and becomes a peak in the 307 

spectra of samples equilibrated at low fO2, although this trend is not completely systematic 308 

(as discussed further in Section 4.2). The shoulder at 11108 eV cannot be attributed to the 309 

presence of Ge0 in the samples because the absorption edge of Ge0 is at lower energy and the 310 

spectra have a very different shape (note that the differences between the two Ge0 spectra 311 

result from the differences in Ge environments between implanted and annealed samples; see 312 

Ridgway et al. 2004). The absorption edge of Ge0 can be seen as the first peak in the 313 

derivative spectrum (Figure 3B), and there is no component of Ge0 observed in the derivative 314 

spectra of any of the glasses. Therefore, we attribute the peak at 11108 eV to Ge2+. The edge 315 

energies of Ge0, Ge2+ and Ge4+ increase systematically (see Figure S1). The spectra attributed 316 

to Ge2+ appeared to be stable under the X-ray beam: spectra recorded consecutively at the 317 

same spot were very similar (each spectrum took about 30 min. to acquire). The only change 318 

was a slight (~2%) decrease in the intensity of the white line in the second spectrum from 319 

each sample. 320 

We tested for effects of concentration by recording spectra for samples containing ~300 ppm, 321 

~2900 ppm and ~2 wt% Ge (Figure 4). The spectrum of the sample with the lowest 322 

concentration of Ge exhibits a small shoulder on the low-energy side of the absorption edge, 323 



 13 

at the same energy as the peak attributed to Ge2+. The spectra of the 2900-ppm and 2-wt% 324 

samples are almost identical and do not exhibit this shoulder. 325 

Several approaches were taken to quantify the relative changes between each spectrum. 326 

These approaches were based on either quantifying spectral features or linear combination 327 

fitting of end-members. We quantified six spectral features: (1) the intensity of the ‘Ge2+ 328 

peak’ at 11108 eV, (2) the intensity of the ‘Ge4+ peak’ at 11112 eV (3) the area under the 329 

‘Ge2+ peak’ between 11105 and 11110 eV (4) the area under the ‘Ge4+ peak’ between 11110 330 

and 11115 eV, (5) the area under the ‘Ge2+ peak’ in the derivative spectrum between 11102 331 

and 11108 eV, and (6) the area under the ‘Ge4+ peak’ in the derivative spectrum between 332 

11108 and 11112 eV. The results of the latter (6) are plotted against ∆IW in Figure 5A as an 333 

example of the ‘spectral features’ approach, but all six of these methods gave similar results 334 

(see Table S4 and Figure S2). 335 

For the linear combination fitting approach, six spectra were considered suitable as ‘end-336 

members’. These spectra are D120416, D170416 and D280116 for the Ge2+ end-member, and 337 

D210116, B1-080316, and E021213B for the Ge4+ end-member. With three choices for each 338 

end-member, nine sets of linear combination fits were produced. Each spectrum was fit to the 339 

equation: 340 

: = ; ∙ Ge4+end-member	 + (1 − ;) ∙ Ge2+end-member	   Equation 2 341 

where a is the fit parameter, representing the proportion of the Ge4+ end-member in the 342 

spectrum, and y is the predicted curve. The difference between each unknown spectrum and 343 

the predicted spectrum, y, was minimized by adjusting the fit parameter, a. The fit parameter 344 

based on one combination of end-members is plotted against ∆IW in Figure 5B, however all 345 

combinations of end-members gave similar results (Table S5, Figure S3 and S4). 346 

There could be several sources of error on the data points shown in Figure 5. These include 347 

noise in the spectra, energy drifts, and sample preparation techniques. The spectra have only 348 

low levels of noise (± 0.02 units of normalised intensity), and a Monte-Carlo approach 349 

showed that this level of noise would produce standard deviations smaller than the size of the 350 

symbols in Figure 5A. The standard errors on the linear combination fit parameters are also 351 

smaller than the size of the symbols in Figure 5B. The potential for errors due to energy drift 352 

at the beamline can be assessed using two replicate spectra that were acquired of D120416. 353 

The spectral features (intensities and areas) calculated from these two replicate spectra differ 354 
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by 6% at most, also smaller than the size of the symbols. Therefore, the deviation of the 355 

results from a sigmoid cannot be attributed to errors arising from noise or energy drift in the 356 

spectra, and may instead relate to the sample synthesis procedures, as described in Section 357 

4.2. 358 

The oxidation state of a redox-variable element such as Ge in a glass can be described by 359 

(Berry and O’Neill 2004): 360 

Ge+%

ΣGe
= 	

L

LMLN
OP
Q
+
∙RST UO2%	RSTVWX

         (3) 361 

This equation describes oxidation state (where ∑Ge = Ge4+ + Ge2+) as a sigmoidal function of 362 

logfO2 relative to IW, where the slope is determined by the number of electrons involved in 363 

the reaction (n), and the position in logfO2 space is defined by the parameter logK’. In order 364 

to rewrite Eq. (3) in terms of ∆IW, we define: 365 

logY′′ 	= 	 logY′ 	+ 	
[

\
log]O^

IW        (4) 366 

where logfO2IW is the logfO2 at the IW buffer. Setting n = 2 for the two-electron reaction, we 367 

can rewrite Eq. (3) as: 368 

ab+%

cab
= 	

L

LMLN
O(
d
$
∙∆ef%RSTVWW)

         (5) 369 

In order to fit the spectral features to this function, we follow the approach of Berry and 370 

O’Neill (2004) and Burnham et al. (2015), by recasting Eq. (5) in terms of the variation of a 371 

spectral feature with logfO2.  This involves the addition of parameters a and c that define the 372 

value and baseline of the feature: 373 

gh;ijkh = 	
l

LMLN
O(
d
$
∙∆ef%RSTVWW)

+ m        (6) 374 

For each spectral feature that was quantified, the data were fit to Equation 4 and the fit 375 

parameters are given in Table 3. The 1-atm and high-pressure data were fit separately, shown 376 

as the black and red curves in Figure 5A. Two data points were omitted from the fit – sample 377 

E021213A, which exhibits an anomalous shoulder at 11108 eV, and sample E041113, for 378 

which the spectrum was recorded in EXAFS mode with a count rate three times higher than 379 

the XANES spectra. The high-pressure data do not span a wide enough fO2 range to robustly 380 



 15 

fit parameters a and c, so these parameters were fixed to be the same as found for the low-381 

pressure data, while logK’’ was allowed to vary. Taking the different fitting methods into 382 

account, we find that logK’’ = 0.15(28) for the low-pressure data and 0.52(63) for the high-383 

pressure data (Table 3). 384 

  385 
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Table 3. Fit parameters resulting from fits of Equation 6 or Equation 5 to the spectral features or linear 386 
combination fit results, respectively. CI is ±95% confidence interval on the parameter. MSE is mean 387 
square error, a measure of the goodness-of-fit. 388 

 389 

A sigmoidal function was also fit to the results from linear combination fitting using 390 

Equation 5 (see Figure 5B and Table 3). The logK’’ values obtained compare well with the 391 

results from the spectral features. However, linear combination fitting assumes that the pure 392 

Ge2+ end-member has been obtained. The approach based on spectral features does not 393 

assume a pure Ge2+ end-member, and predicts a small component of Ge4+ in the most 394 

reducing samples. 395 

3.3.2 EXAFS 396 

The EXAFS spectra of q-GeO2, D120416 (predominantly Ge2+), and E041113 (Ge4+) are 397 

shown in Figure 6. The EXAFS are highly damped in the Ge2+ spectrum, and the Fourier 398 

transform indicates that the Ge–O bond length is longer than for Ge4+. Fits to the spectra are 399 

shown as red curves in Figure 6. 400 

 Low-pressure High-pressure 
 a CI c CI logK’’ CI MSE logK’’ CI MSE 
Spectral features           
Ge2+ peak height -2.14 0.32 2.66 0.29 0.12 0.27 0.03 0.55 0.53 0.11 
Ge4+ peak height 1.01 0.17 1.31 0.16 0.19 0.30 0.01 0.48 0.74 0.05 
Ge2+ peak area -7.25 1.15 9.62 1.00 0.11 0.28 0.41 0.53 0.52 1.17 
Ge4+ peak area 3.22 0.56 6.37 0.51 0.19 0.30 0.09 0.50 0.87 0.67 
Ge2+ deriv. area -2.10 0.32 2.50 0.28 0.12 0.27 0.03 0.55 0.53 0.10 
Ge4+ deriv. area 3.14 0.47 -1.33 0.42 0.15 0.27 0.07 0.53 0.61 0.31 
Averages     0.15 0.28  0.52 0.63  

  logK’’ 1s = 0.04 logK’’ 1s = 0.03 

LCF of end-members           
B1-080316 & D120416   0.00 0.16 0.010 0.46 0.66 0.037 
B1-080316 & D170416   0.03 0.15 0.009 0.48 0.64 0.036 
B1-080316 & D280116   0.02 0.16 0.009 0.46 0.65 0.037 
D210116 & D120416   0.04 0.17 0.011 0.49 0.65 0.037 
D210116 & D170416   0.07 0.16 0.010 0.51 0.64 0.035 
D210116 & D280116   0.05 0.17 0.011 0.50 0.65 0.036 
E021213B & D120416   -0.02 0.16 0.009 0.42 0.62 0.034 
E021213B & D170416   0.01 0.15 0.008 0.44 0.61 0.033 
E021213B & D280116   -0.01 0.16 0.009 0.43 0.62 0.034 
Averages   0.02 0.16  0.46 0.64  

  logK’’ 1s = 0.03 logK’’ 1s = 0.03 
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Four paths were used to fit q-GeO2: single scattering from first-shell O, single scattering from 401 

second-shell Ge, single scattering from third-shell O and double scattering from first-shell O 402 

and second-shell Ge. The data were fit in R space, over the range 1.0–3.2 Å, and a k-range of 403 

3–14 Å-1. These four paths contributed most to the spectrum and adding more paths did not 404 

improve the fit. The fitted GeO2 path lengths were all within ± 1.5% of the reference values 405 

(see Table 4). 406 

Table 4. EXAFS fit parameters for spectra of q-Ge4+O2, a Ge4+-bearing glass (E041113), and Ge2+-407 
bearing glass (D120416).  408 
 q-GeO2 (Ge4+) E041113 

(Ge4+) 
D120416 
(Ge2+) 

Path [Ge]–O.1 [Ge]–
Ge.1 

[Ge]–O.2–
Ge.1 

[Ge]–O.3 [Ge]–O.1 [Ge]–O.1 

N 4 4 8 4 4 3.4 (10) 
S02  0.95 (5) 0.95 0.95 0.95 0.87 (5) 0.87 
σ2 (Å2) 0.0034 (7)  0.0021 (5) 0.010 (10) -0.001 (1)*  0.0017 (6) 0.008 (5) 
E0 (eV) 5.9 (7) 5.9 5.9 5.9 6.0 (9) 9 (4) 
Δr (Å) 0.019 (5) 0.013 (7) 0.029 (68) -0.049 (17) 0.011 (5) 0.15 (3) 
       

Reference 
path length 
(Å) * 

1.739 3.153 3.316 3.406 1.739 1.739 

Path length 
in sample 
(Å) ** 

1.758 (5) 3.166 (7) 3.345 (68) 3.357 (17) 1.750 (5) 1.89 (3) 

N is the degeneracy (for first-shell oxygens, this equals the coordination number), S02 is the amplitude 409 
reduction factor, σ2 is the mean square relative displacement, E0 is the difference in reference energy 410 
compared to the standard, Δr is the change in half-path length compared to the ‘reference path 411 
length’. *The ‘reference path length’ was calculated from the lattice parameters of GeO2 (Smith and 412 
Isaacs, 1964). ** The ‘path length in sample’ is calculated by adding Δr to the ‘reference path length’. 413 
Paths are from the central atom [Ge] to one or more surrounding atoms. For example, [Ge]–O.1 refers 414 
to scattering from first-shell oxygen atoms. Errors on the last digit are provided in parentheses; values 415 
without errors quoted were constrained in the fit. *The negative value of σ2 obtained for the [Ge]–O.3 416 
path of q-GeO2 does not make physical sense, but it is within error of zero. 417 

 418 

To fit the spectra of the glass samples, only one path was used – single scattering from first-419 

shell O. The spectra of the glasses were fit in R-space over the range 1.0–2.0 Å. The Ge4+ 420 

glass was fit over a k-range 3–14 Å-1, whereas the range was only 3–10 Å-1 for the Ge2+ 421 

sample due to the damped data. For the Ge4+–bearing glass the coordination number (N) was 422 

fixed at 4 and the other parameters were allowed to vary in the fit. For the Ge2+–bearing 423 

glass, three fits were performed. In the fit shown in Figure 6, and listed in Table 4, the 424 

coordination number was allowed to vary, but S02 was fixed at the value obtained for the 425 

Ge4+–bearing glass. The Ge-O bond lengths were equal within error if S02 was allowed to 426 

vary with N fixed at 4, or if both N and S02 were fixed. The Ge4+–O bond length in glass 427 
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obtained by EXAFS is 1.750(5) Å, which is only 0.6% longer than the reference value of 428 

Ge4+–O in the quartz form of GeO2. In contrast, the Ge2+–O bond length is found to be 429 

1.89(3) Å; this is 9% longer than the reference value. 430 

The Ge2+–O bond length of 1.89(3) Å obtained from the EXAFS is in good agreement with 431 

bond lengths in the only structurally characterized oxide compounds with Ge2+ coordinated to 432 

O2-, namely GeCl(H2PO2), Ge2(H2PO2)6 and NaGe4(PO4)3. The bond lengths in the latter 433 

crystal, which has two distinct Ge2+ sites, where in both cases Ge2+ is bonded only to oxygen, 434 

average 1.91(1) Å, range 1.86 to 1.93 Å (Lee and Weng 2008). According to Cempírek and 435 

Groat (2013), Ge2+ typically occurs in compounds with oxides or halides in triangular 436 

pyramidal coordination, that is, a distorted tetrahedral coordination, in which a lone pair of 437 

electrons is directed opposite to the triangle of anions. This stereochemistry implies a 438 

considerable degree of covalent bonding between the lone pair and its nearest neighbour 439 

anion. The coordination number obtained by EXAFS fitting is 3.4 ± 1.0, which is consistent 440 

with this conclusion. 441 

3.4 Partitioning experiments 442 

3.4.1 Experimental olivine-melt partitioning results 443 

A typical run product from a partitioning experiment is shown in Figure 7. The 444 

concentrations of major and trace elements in olivine and melt, and the partition coefficients, 445 

are given in Table 5. The fO2s of these partitioning experiments were calculated using the 446 

Co-CoO equilibrium in Section 3.2. However, it is also possible to calculate the fO2 from the 447 

partitioning of V between olivine and silicate melt using equation 5 from Mallmann and 448 

O’Neill (2013). This equation is only calibrated for an fO2 range of IW -0.6 to +7.4 and so is 449 

only applicable for samples D2368-i and -ii, for which ∆IW = -0.7(2) based on the Co-CoO 450 

equilibrium. Using the V partitioning approach gives ∆IW = -0.42(6), and -0.47(10) for 451 

D2368-i and –ii respectively. The fO2s determined by both methods thus agree within error. 452 
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Table 5. Major and trace element composition of samples determined by EDS and LA-ICPMS, and partition coefficients (Dol/melt). 453 
 D2270   D2357   D2368-i   
 Olivine Melt Dol/melt Olivine Melt Dol/melt Olivine Melt Dol/melt 

Major elements by EDS (wt%) 
n 4 9 – 5 6 – 3 4 – 
MgO 57.7 (3) 27 (2) 2.2 (2) 57.5 (3) 29.9 (2) 1.93 (2) 56.5 (3) 27.8 (5) 2.03 (4) 
Al2O3 0.16 (1) 10.8 (9) 0.015 (2) 0.14 (2) 10.2 (1) 0.014 (2) 0.15 (3) 11.7 (6) 0.013 (3) 
SiO2 43 (2) 55.8 (6) 0.770 (9) 42.8 (2) 53.5 (2) 0.799 (5) 42.5 (2) 50 (3) 0.850 (7) 
CaO 0.13 (2) 6.0 (5) 0.022 (3) 0.07 (6) 4.56 (5) 0.02 (1) 0.12 (4) 6.1 (1) 0.020 (6) 
TiO2     0.48 (2)   0.95 (6)  
CoO       0.79 (1) 0.715 (6) 1.1 (1) 
GeO2        1.124 (8)  
BaO     0.98 (7)   1.00 (4)  
Total 101.0 (4) 99.3 (3)  100.5 (5) 99.5 (4)  100.1 (4) 99.4 (6)  

Trace elements by LA-ICPMS (ppm unless specified) 
n 5 2 – 3 9 – 8 7 – 
Al2O3 (wt%) 0.062 (5) 9.3 (2) 0.0067 (5) 0.074 (5) 9.2 (1) 0.0080 (6) 0.106 (1) 10.1 (3) 0.0105 (4) 
CaO (wt%) bdl 5.07 (5) 0.017 (5) 0.073 (4) 4.48 (8) 0.0164 (9) 0.11 (1) 5.5 (2) 0.021 (2) 
Sc 26 (1) 212 (2) 0.124 (7) 40 (2) 324 (3) 0.123 (5) 46.5 (5) 349 (14) 0.134 (5) 
Ti    220 (14) 2443 (47) 0.090 (6) 63.4 (8) 4288 (141) 0.0148 (5) 
V 149 (18) 32.69 (8) 4.6 (5) 31 (2) 11 (2) 2.8 (5) 252 (3) 781 (13) 0.323 (7) 
Mn    220 (2) 371 (3) 0.592 (8) 779 (4) 1421 (30) 0.55 (1) 
Co 0.15 (3)§ 0.09 (1) 1.7 (5) bdl 2.1 (5) 0.9 (2) 6644 (258) 4628 (106) 1.44 (6) 
Zn    bdl 11.9 (3) 0.66 (3) 250 (3) 352 (7) 0.71 (2) 
Ge < 0.27* 11 (1) < 0.03 < 0.068* 15 (3) < 0.005* 1409 (53) 9095 (113) 0.155 (6) 
Sr    bdl 1687 (14) 5.44 (5) x 10-5 0.2 (1) 1893 (53) 1.2 (7) x 10-4  
Y 52 (3) 9305 (26) 0.0056 (4) bdl 2809 (29) 0.0060 (1) 21.7 (3) 3113 (125) 0.0070 (3) 
Zr    bdl 1414 (12) 8.52 (7) x 10-4 1.30 (7) 1602 (48) 8.1 (5) x 10-4 
Ba    bdl 7885 (121)     
Hf    bdl 1947 (21) 0.00116 (1)    
T Sc/Y** 1466 (53)   1491 (30)   1496 (37)   

  454 
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Table 5. Continued. 455 
 D2368-ii   C4444   D2413   
 Olivine Melt Dol/melt Olivine Melt Dol/melt Olivine Melt Dol/melt 

Major elements by EDS using a FE-SEM (wt%) 
n 5 5 – 6 8 – 8 8 – 
MgO 56.7 (2) 28 (3) 2.0 (2) 57.2 (4) 36.6 (5) 1.56 (2) 57.2 (7) 30.5 (4) 1.87 (4) 
Al2O3 0.18 (4) 11 (1) 0.016 (4) 0.14 (4) 7.4 (3) 0.019 (5) 0.17 (3) 9.9 (3) 0.03 (4) 
SiO2 42.5 (2) 50.9 (8) 0.84 (1) 42.7 (2) 47.1 (3) 0.907 (6) 42.8 (6) 48.4 (7) 0.89 (2) 
CaO 0.11 (2) 5.1 (6) 0.021 (5) bdl 3.37 (8) 0.01 (2) 0.08 (6) 4.4 (1) 0.03 (4) 
TiO2  0.91 (8)        
CoO 0.7 (2) 0.59 (3) 1.3 (3)       
GeO2  1.24 (7)        
BaO  1.0 (1)      1.39 (6)  
Total 100.3 (5) 99.11 (8)  100.0 (5) 96.3 (5)**  100 (1) 95 (1)**  

Trace elements by LA-ICPMS (ppm unless specified) 
n 6 5 – 7 8 – 10 9 – 
Al2O3 (wt%) 0.105 (1) 9.74 (6) 0.0108 (1) 0.062 (4) 6.6 (2) 0.0094 (7) 0.081 (3) 8.8 (2) 0.0092 (4) 
CaO (wt%) 0.10 (2) 4.51 (7) 0.022 (3) 0.062 (3) 3.14 (1) 0.020 (1) 0.08 (2) 4.0 (1) 0.020 (4) 
P    42 (2) 64.4 (7) 0.66 (3) 53 (6) 181 (6) 0.29 (4) 
Sc 46.8 (6) 336 (4) 0.140 (3) 26.0 (5) 170 (2) 0.153 (4) 42 (1) 304 (10) 0.139 (7) 
Ti 65 (2) 4085 (46) 0.0159 (6) 3.0 (2) 52 (2) 0.057 (5) 23 (2) 3218 (46) 0.0071 (6) 
V 257 (6) 741 (10) 0.347 (9) 4 (1) 919 (22) 0.004 (1) 2.2 (1) 765 (19) 0.0029 (2) 
Cr    2.6 (2) 12.2 (3) 0.22 (2) 1.2 (2) 3 (5) 0.41 (9) 
Mn 759 (8) 1394 (23) 0.54 (1) 8.9 (4) 25.4 (7) 0.35 (2) 632 (11) 1321 (39) 0.48 (2) 
Fe    74 (7) 636 (24) 0.12 (1) 49 (5) 383 (10) 0.13 (1) 
Co 5870 (340) 4058 (198) 1.4 (1) 22.6 (2) 22.2 (3) 1.01 (2) 3.52 (9) 2.72 (5) 1.29 (4) 
Ni    359 (5) 175 (6) 2.05 (8) 45 (3) 16 (3) 2.8 (6) 
Zn 255 (3) 343 (6) 0.74 (1) 17 (1) 33.6 (4) 0.52 (3) 253 (5) 336 (17) 0.75 (4) 
Ge 1146 (50) 8780 (196) 0.131 (6) 1759 (36) 3090 (25) 0.57 (1) 1271 (32) 2176 (21) 0.58 (2) 
Sr 0.14 (2) 1783 (15) 8 (1) x 10-5 0.02 (3) 13.0 (4) 0.002 (2) 0.3 (3) 1594 (40) 2 (2) x 10-4 
Y 21.0 (2) 2939 (32) 0.0072 (1) 50 (1) 7239 (181) 0.0069 (2) 17.6 (7) 2627 (91) 0.0067 (4) 
Zr 1.34 (7) 1530 (15) 0.00087 (5) 0.14 (3) 159 (3) 9 (2) x 10-4 1.02 (9) 1336 (32) 7.7 (7) x 10-4 
Ba    bdl 12.8 (4)  0.5 (5) 7324 (184) 6 (7) x 10-5 
Hf    0.009 (3) 3.7 (1) 0.0025 (9) 2.2 (2) 1791 (35) 0.0013 (1) 
T Sc/Y† 1500 (16)   1468 (24)   1484 (49)   

*Maximum values reported for Ge in D2270 and D2357 are based on the lowest detection limit obtained from LA-ICPMS for the respective samples. n = 456 
number of analyses. bdl = below detection limit. Numbers in parentheses are one standard deviation on the last digit. **EDS totals of C4444 and D2413 are 457 
slightly higher than the sum of the oxides; this is because 2-3 additional trace elements, that were included in the EDS analysis, are not reported in this table. 458 
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Where values are not given, the element wasn’t included in the analysis. §Co in D2270 olivine was only analysed in n=4/5 spots. †Temperature (ºC) calculated 459 
using the Sc/Y geothermometer of Mallmann and O’Neill (2013). 460 
 461 

 462 
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We used the partition coefficients of Y and Sc as a check that olivine and melt equilibrated in 463 

the experiments. The two-element distribution coefficient of Y and Sc was calibrated as a 464 

geothermometer by Mallmann and O’Neill (2013). Calculated temperatures are listed in 465 

Table 5 and are in all cases in good agreement with the nominal run temperature of 1500ºC.  466 

The Ge partition coefficient as a function of logfO2 is shown in Figure 8. In the two most 467 

reduced samples, Ge in olivine was below the detection limit of LA-ICPMS. The Ge 468 

detection limit for D2357 was lower than for D2270, because D2357 contained larger crystals 469 

and so a larger spot size could be used. Maximum partition coefficients for both samples 470 

based on the detection limits are plotted in Figure 8 as downward pointing arrows.  471 

The partition coefficient of Ge over the range in which the valence state of Ge changes can be 472 

defined by relating the bulk partition coefficient of Ge (D∑Ge) to the fraction of Ge4+ in the 473 

sample (Ge
#$

%&'
) and to the respective partition coefficients for each valence state (DGe4+ and 474 

DGe2+): 475 

(∑Ge =
Ge
#$

%&'
∙ (Ge4+ + .1 −

Ge
#$

%&'
1 ∙ (2345      Equation 7 476 

Substituting Equation 5 into Equation 7 gives:  477 

(23(789:) =
<=>#$5<=>?$∙@A

B(C.E∆IW$IJKL
MM
)

@5@AB(C.E∆IW$IJKL
MM)

      Equation 8 478 

The partitioning results were fitted to Equation 8 to evaluate logK’’, which should be 479 

consistent with the XANES results. For this fit, DGe4+ was set at 0.58(1). For DGe2+, the fit is 480 

insensitive to any value <0.005, and was set arbitrarily to 0.004; the precise value has 481 

negligible effect on the value of logK’’, because logK’’ controls only the position of the 482 

sigmoid in logfO2 space. For example, if DGe2+ was assumed to be two orders of magnitude 483 

smaller, the fitted logK’’ would change by 0.01, which is within the confidence interval on 484 

the fitted value assuming DGe2+ is 0.004. The maximum and minimum fO2 estimates for 485 

D2368-i and D2368-ii were used in the fit, and the calculated logK’’eq ranges from -0.02(1) 486 

to -0.37(1). This range is represented by the grey curve in Figure 8. These values are 487 

reasonably consistent with those obtained by fitting the XANES data from glasses; for the 488 

low-pressure and high-pressure datasets, logK’’ = 0.15(28) and 0.52(63) respectively (Table 489 

3 and Figure 9). 490 
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4 Discussion 491 

4.1 Evidence for Ge2+ in high-temperature melts 492 

The interpretation that Ge2+ is a stable species in high-temperature melts relies upon three 493 

assertions. These are: (1) that the XAS spectra provide evidence for Ge2+, which can be 494 

reliably distinguished from other oxidation states, particularly Ge0; (2) that exposure to the 495 

X-ray beam does not change the Ge speciation; and (3) that quenching the melt to glass does 496 

not change the Ge speciation. 497 

Firstly, we must justify the interpretation that the low-fO2 samples contain Ge2+ and not Ge0. 498 

Hypothetically, Ge0 might exist in the glasses either as nano-nuggets or as isolated atoms. 499 

However, the XAS spectra do not support the hypothesis that Ge0 is the species present in the 500 

low-fO2 samples. The spectra of the two Ge0 standards have absorption edges at distinctly 501 

lower energies than the spectra of the low-fO2 glasses (Figure 3, Figure S1), and the spectral 502 

shapes are very different (Figure 3). Attempts to reproduce the ‘Ge2+’ spectrum using a linear 503 

combination of Ge4+ and Ge0 fail (Figure S5), and attempts to reproduce the spectrum of a 504 

sample prepared at IW +0.5 using a combination Ge4+ and Ge0 are poor compared with fits 505 

that use the Ge4+ and Ge2+ spectra as end-members (Figure S6). We are therefore confident in 506 

assigning the spectra of the lowest-fO2 glasses to be representative of a Ge2+ spectrum, 507 

probably with a minor component of Ge4+ (< 10%) as indicated by the sigmoidal fits (Figure 508 

5). 509 

Next we must consider whether exposure to the X-ray beam may have altered the Ge 510 

speciation in the samples (a phenomenon known as ‘beam damage’). The first-order 511 

observation that glasses prepared at different fO2s but otherwise identical in composition 512 

gave different Ge spectra rules out beam damage as a major problem, but experience with 513 

XAS on sulfur species dissolved in silicate glasses has shown that some damage affecting the 514 

precise proportions of the different valence states may still occur (e.g., Métrich et al. 2009; 515 

Jugo et al. 2010). The evidence that this effect does not occur with Ge is the good fit obtained 516 

for the calculated Ge2+/Ge4+ ratio as a function of fO2 with the theoretical stoichiometry of 517 

the reaction as given by Equation 3, and shown in Figure 5. The beam damage in early XAS 518 

measurements on S2-/S6+ ratios in silicate glasses produced marked deviations between the 519 

apparent speciation and the theoretical stoichiometry, as shown by Jugo et al. (2010). In 520 

addition, we checked for beam damage by recording two spectra consecutively at the same 521 

spot on samples prepared at IW -3 and IW -2.5. Each spectrum took ~30 min to acquire, and 522 
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we found no evidence for beam damage, as the spectra were similar, indicating that the 523 

speciation is not changing under the X-ray beam on the timescale of a scan. 524 

Finally, we must consider whether the speciation of Ge might change upon quenching a melt 525 

to a glass through electron exchange reactions between Ge and other multivalent elements, 526 

such as Fe, for example via the reaction: Ge4+ + 2Fe2+ = Ge2+ + 2Fe3+. This would be similar 527 

to the reaction between Fe and Cr oxidation states in silicate melts (Fe3+ + Cr2+ = Fe2+ + Cr3+) 528 

that was documented by Berry et al. (2003b). Berry et al. (2003b) found that the reaction 529 

occurred too rapidly to quench. Although the glasses were nominally Fe-free, with no added 530 

trace elements other than Ni or Co, LA-ICPMS analysis indicated ~350 (±70) ppm Fe in all 531 

samples, hence an electron exchange reaction could affect those samples with low Ge, such 532 

as the most reducing glasses, which contained only ~300 to 400 ppm Ge. Again, the good 533 

agreement between observed and theoretical sigmoidal slope shown in Figure 5 argues 534 

against this possibility being a major problem, although this process may have had a small 535 

effect on our results, as discussed in the Section 4.2. The electron-exchange effect is not 536 

relevant to partitioning experiments, because the slow rate of chemical diffusion means that 537 

partition coefficients do not alter upon quenching. Therefore, the agreement between the 538 

partitioning data and the XANES data from the glasses suggests that the speciation of Ge 539 

does not change substantially upon quenching from a melt to a glass. 540 

4.2 Deviation of the results from the sigmoidal trend 541 

In detail, the transition from Ge4+ to Ge2+ in our samples does not occur perfectly smoothly 542 

with fO2 (Figure 3), and this is reflected by the scatter around the sigmoid in Figure 5. The 543 

scatter is larger than that observed in similar studies (e.g. Cr, Berry and O’Neill, 2004; Eu, 544 

Burnham et al., 2015), and cannot be attributed to noise or energy drift in the spectra. Instead, 545 

these deviations are likely to result from the sample preparation techniques. We envison two 546 

possible processes that could explain the scatter. 547 

Firstly, the 1-atm experiments depend on establishing a steady state between Ge acquired by 548 

the sample from the vapour of the source at the bottom of the silicate tube, and Ge lost by 549 

vaporization from the sample (Figure 2). Since the vapour species is Ge2+O (Barton and Heil, 550 

1970), the preferential loss of Ge2+ might perturb the equilibrium between Ge2+ and Ge4+. It 551 

is possible that the oxidation state of Ge in the glasses differs between rims and cores of the 552 

glass samples, but testing this was not possible at the XAS beamline because of the spatial 553 
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limitations of the incident beam. In any case, this explanation cannot account for the 554 

deviations from the sigmoid in the data from the high-pressure experiments. 555 

Alternatively, the apparent effect of concentration seen in Figure 4 must be considered. The 556 

spectrum of sample E021213A containing ~300 ppm Ge and prepared in air, showed a 557 

shoulder at the same energy as the Ge2+ peak (Figure 4), which may reflect a small fraction of 558 

Ge2+. Linear combination fitting reproduces the spectrum well, with about 10% Ge2+ (see 559 

supplementary information, Figures S3 and S4), but Ge2+ is not expected to be stable at this 560 

high fO2, and there is no evidence for Ge2+ in the other two samples that were prepared in air 561 

(which contained 2900-ppm and 2-wt% Ge; Figure 4). However, if a fixed amount (e.g., 30 562 

ppm) of Ge4+ were reduced to Ge2+ by an electron-exchange reaction with Fe during 563 

quenching, this would be clearly visible in the spectrum of the 300-ppm sample but not in the 564 

spectra of the 2900-ppm or 2-wt% samples. This explanation is quantitatively consistent with 565 

the stoichiometry of the electron exchange reaction (Ge4+ + 2Fe2+ = Ge2+ + 2Fe3+). In sample 566 

E021213A, we calculate that the melt would have contained 53(4) at.ppm Fe2+, based on the 567 

parameterization of Fe3+/Fe2+ as a function of oxygen fugacity from O’Neill et al. (2018), 568 

their Equation 9b. Upon quenching, the electron-exchange reaction could have produced 569 

27(4) at.ppm Ge2+, which agrees well with our estimate of 28(6) at.ppm Ge2+ in the sample 570 

based on the XANES spectra. If this explanation is correct, it suggests that an electron-571 

exchange reaction could have affected the other samples as well. 572 

However, it is unlikely that the electron-exchange reaction went to completion in all samples. 573 

For example, the lowest-fO2 sample (D120416) contains 550 at.ppm Ge2+ and 350 at.ppm 574 

Fe2+, therefore ~30% of the Ge2+ observed in the spectra could have been produced by the 575 

electron-exchange reaction. If we apply this logic to each sample and ‘correct’ the observed 576 

Ge4+/�Ge ratio accordingly, the sigmoidal trend changes dramatically and becomes 577 

inconsistent with the theoretical slope (Figure S7). Therefore, the electron-exchange process 578 

must not have significantly affected the samples. However, this does not rule out that the 579 

exchange reaction may occur to a small extent depending on its kinetics, which could 580 

modulate the Ge2+/ ΣGe of the samples according to the interplay between these kinetics and 581 

the cooling rate. Given that the cooling rate on quenching likely varied among experiments 582 

because of the experimental set-up, it is possible that the electron exchange reaction could 583 

have affected each experiment differently. 584 
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4.3 The relative fO2 of the Ge4+–Ge2+ transition 585 

As shown in Figure 5, our data follow the theoretical sigmoidal trend that is expected of the 586 

transition from Ge4+ to Ge2+ with decreasing fO2. There is a small difference in the results 587 

from the different approaches to quantifying the spectra; approaches based on spectral 588 

features predict a small amount of Ge4+ (<10%) in the most reduced samples, whereas in the 589 

linear combination fitting approach, these samples are assumed to contain only Ge2+. 590 

Therefore, we consider the results based on spectral features to be slightly more accurate. 591 

Using these results, the Ge4+–Ge2+ transition from Ge4+/�Ge = 0.95 to 0.05 is from IW +2.4 592 

to ∆IW -2.8. This is supported by our olivine–melt partitioning data.  593 

Whether the Ge valence state may be affected by pressure, temperature or composition is 594 

uncertain. The literature data are insufficient to resolve these effects, other than to say that 595 

Ge2+ appears to be dominant in metal-silicate partitioning experiments below IW and at least 596 

up to 3 GPa and 2200ºC (Figure 1). In the present study, we ran experiments at 1200 ºC and 597 

1500 ºC, 1 atmosphere and 1 GPa, using three CMAS compositions that vary in their NBO/T 598 

from 0.5 and 0.6 for AnDi and CMAS7G respectively, to 1.3–1.5 for the melt composition in 599 

the CMAS40 partitioning experiments, D2368-i and -ii. Our data from all experimental 600 

conditions gave consistent results within error (see Figure 9). 601 

4.4 Systematics of olivine-melt trace-element partition coefficients 602 

Partition coefficients for a number of trace elements are plotted as a function of their ionic 603 

radii in Figure 10. These data are from two representative partitioning experiments, one 604 

conducted at high fO2 (IW +8.6) and one at low fO2 (IW -7.2). If partitioning between phases 605 

was at equilibrium then the values for elements of the same charge that occupy the same 606 

crystallographic site should fall on a parabola (i.e. a lattice-strain model; Blundy and Wood, 607 

1994; Brice, 1975). 608 

We were able to fit a lattice strain model to most of the 2+ cations: Mg, Zn, Mn, Ca and Sr 609 

(fit parameters are given in the supplementary information, Table S7). The partitioning of Co 610 

is not adequately described by the lattice-strain model because of crystal field effects (Wood 611 

and Blundy, 2014) and so this cation was not included in the fits. The multivalent element 612 

Mn is included, because at the conditions of these experiments, it is expected to be 613 

predominantly in the 2+ valence state, based on our unpublished XANES spectra of synthetic 614 

MORB equilibrated at a range of fO2 values. Partition coefficients for Be were calculated 615 
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using Equation 1 in Burnham and O’Neill (2016) in order to better constrain the fit, although 616 

the samples in this study contained no Be.  617 

It was not possible to fit lattice strain models to the 3+ cations, because Al3+ substitutes on 618 

both tetrahedral and octahedral sites, leaving only Sc3+ and Y3+, and at least three elements 619 

are required to constrain a parabola. Likewise, no fit was made for the 4+ cations; Si4+ and 620 

Ge4+ occupy the tetrahedral site, but Hf4+ and Zr4+ are too large for this site (Jollands et al., 621 

2014), while Ti4+ may substitute either for Si on tetrahedral sites or on octahedral sites by a 622 

vacancy-coupled substitution (Hermann et al., 2005; Jollands et al. 2016a). 623 

The success of the lattice strain model is based on its ability to account for the partition 624 

coefficients of elements forming cations with spherically symmetric electron configurations. 625 

These include cations with a noble-gas electron configuration (e.g., the alkalis and the 626 

alkaline earths) and the REEs, but not, as noted above, cations of the transition metals with 627 

3d orbitals like Co2+. In order to assess whether the partitioning of Ge2+, with its lone pair of 628 

electrons and implied covalent bonding character, is also described by the lattice strain 629 

model, we need an estimate of the ionic radii of Ge2+. Shannon (1976) lists a value for the 630 

radius of Ge2+ in octahedral coordination (roct) of 0.73 Å, which was estimated from the 631 

ionisation potential according to a suggestion by Ahrens (1952) of dubious validity, but does 632 

not give a value for rtet of [4]Ge2+, despite Ge2+ being only known in tetrahedral coordination 633 

(albeit distorted). 634 

Ionic radii of the type compiled by Shannon (1976) may be estimated from our EXAFS 635 

results if we subtract from the bond length the ionic radius of O2-. The ionic radius of O2- 636 

depends on its coordination number, being 1.38 and 1.40 Å in tetrahedral and octahedral 637 

coordination (Shannon, 1976). If we assume that the O2- anions in silicate melts have an 638 

average coordination between these extremes, we may assign an ionic radius of 1.39(1). With 639 

this value, the ionic radii are estimated as 0.36(2) Å for Ge4+ and 0.50(3) Å for Ge2+. The 640 

former compares quite well to the value listed in Shannon (1976) for Ge4+ in tetrahedral 641 

coordination (rtet) of 0.39 Å, and with the value of 0.38 Å for Ge4+ in the tetrahedral sites of 642 

oxide spinels (O’Neill and Navrotsky 1983). The latter is smaller than that of any other 643 

divalent cation (Co, Fe, Mg, Mn, Ni and Zn), apart from Be, which has a radius of 0.27 Å in 644 

tetrahedral coordination. We can then estimate roct for Ge2+ given that the ratio rtet/roct of the 645 

above divalent cations is 0.80(1), suggesting roct for Ge2+ should be 0.63(4) Å, considerably 646 

smaller than the guess given in Shannon (1976) of 0.73 Å. 647 
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The value of DGe2+ falls well below the parabola for 2+ cations in octahedral coordination in 648 

the lattice strain model (Figure 9). One explanation is that the model is not applicable to 649 

cations like Ge2+ with its asymmetric arrangement of bonding electrons. Another is that Ge2+ 650 

substitutes onto the tetrahedral site, despite its relatively large size for Si4+-containing sites 651 

and its propensity for distorted tetrahedral coordination due to its lone pair. This substitution 652 

would require charge balancing, for example by an octahedral-site cation vacancy, but the 653 

even smaller Be2+ does not substitute into tetrahedral sites in this way (Jollands et al. 2016b). 654 

The important point is that Ge2+, unlike either Ge4+ or the other smaller divalent cations 655 

(except Be2+) is highly incompatible in olivine, and its small size and bonding preferences for 656 

distorted tetrahedral coordination argue that it may similarly be highly incompatible in other 657 

rock-forming silicates. 658 

4.5 Implications 659 

4.5.1 Models of Earth’s core formation 660 

Our results support the idea that Ge2+ was the dominant species at the fO2s prevalent during 661 

the formation of Earth’s core (~IW -2; Wood et al., 2006), if metal segregation occurred at 662 

low pressure. Whether this applies to the very high pressure expected at the bottom of a lunar 663 

magma ocean requires further work.  664 

Recent work has attempted to use Ge isotopes to trace the core-forming process. Measured 665 

values of Ge isotopic composition of mantle silicates and magmatic iron meteorites (a proxy 666 

for the Earth’s core) indicates a positive ∆74/70Ge fractionation factor, yet theoretical 667 

predictions yield a negative value (Luais, 2012; Rouxel and Luais, 2017). Luais (2012) 668 

suggested that the discrepancy arose because the isotopic composition measured for silicate 669 

materials is a poor estimate for the bulk silicate Earth, due to the lack of samples from the 670 

deep or ancient mantle. However, the calculations used to predict fractionation factors 671 

depend on oxidation state, coordination number and bond lengths (Li et al., 2009), which 672 

assumed Ge4+ in the silicate, and not Ge2+. 673 

4.5.2 Ge in lunar magmatism 674 

The fO2 at which lunar basalts crystallised, as well as the fO2 of the lunar mantle, is thought 675 

to be at or below IW (Wieczorek et al., 2006) and thus Ge2+ is likely to be the major species 676 

on the Moon. Ge is very depleted in the Moon, but is enriched in KREEP basalts (Dickinson 677 

et al., 1989; Haskin and Warren, 1991). KREEP refers to the last, highly evolved magma that 678 
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crystallised from the lunar magma ocean, which was enriched in K, REE and P. This material 679 

was then sampled by the ‘KREEP basalts’, which erupted onto the lunar surface. The unusual 680 

enrichment of Ge in KREEP was a puzzle to Dickinson et al. (1989), because, working with a 681 

partition coefficient between silicate minerals and melt of ~0.7 for Ge4+ (Capobianco and 682 

Watson, 1982), there would be very little Ge enrichment due to processes like fractional 683 

crystallisation. Dickinson et al. (1989) therefore proposed a model involving lunar mantle 684 

metasomatism, which transported and concentrated Ge. The results presented here indicate 685 

that Ge2+ is probably the dominant oxidation state on the Moon, and unlike Ge4+, it is highly 686 

incompatible. Ge2+ may therefore be enriched in KREEP simply as a result of its 687 

incompatibility. 688 

The reverse side of this particular coin is that Ge, as a highly incompatible element under 689 

lunar redox conditions, should be greatly depleted in those lunar basalts derived from the 690 

remelting of magma ocean cumulates. This may contribute to the great depletion of Ge in 691 

lunar basalts relative to terrestrial basalts, of a factor of 200 (O’Neill 1991a), although this 692 

does not invalidate the traditional view that volatility and partitioning into the lunar core are 693 

important factors.  694 

5 Conclusion 695 

Germanium has not been analysed routinely with other trace elements in many geochemical 696 

studies, because little variation in Ge concentrations is observed in crustal and mantle rocks. 697 

This homogeneity is a result of the mineral–silicate melt partition coefficients of Ge4+ being 698 

close to unity for rock-forming silicates, preventing any significant fractionation during 699 

magmatic processes in the relatively oxidised conditions of the present-day upper mantle and 700 

crust of the Earth. However, in the more reducing conditions relevant to the Moon and most 701 

achondrite meteorite parent bodies, Ge2+ becomes stable relative to Ge4+, with the transition 702 

from 95% Ge4+ to 95% Ge2+ occurring over the range in relative fO2 from IW +2.4 to IW -703 

2.8. The example of Ge2+ suggests that the lattice-strain model for mineral–melt partition 704 

coefficients may not apply to cations with lone-pair orbitals forming covalent bonds, and in 705 

such cases ionic radii from Shannon (1976) may be a misleading indicator of the geochemical 706 

properties of the cation. Our olivine–melt partitioning experiments show that Ge2+ does not 707 

behave like the other smaller divalent cations (Mg, Mn, Fe, Co, Ni or Zn); unlike these 708 

divalent cations and also Ge4+, Ge2+ is highly incompatible in olivine. To judge from its 709 

crystal-chemical properties, namely its ionic radii in either octahedral coordination (too small 710 
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for Mg-containing sites) or tetrahedral co-ordination (too large for Si-containing sites), and 711 

its propensity for triangular pyramidal coordination and the covalent bonding implied by that 712 

stereochemistry, Ge2+ will also be highly incompatible all other rock-forming silicates or 713 

oxides. Therefore the magmatic geochemistry of Ge in extraterrestrial rocks will be very 714 

different from its behaviour on Earth.  715 
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Figures 946 

 947 
Figure 1. The fO2 ranges investigated, and Ge valence states determined by seven previous studies. 948 
‘S 89’ = Schmitt et al., (1989), 1 atm, 1300–1600 ºC. ‘C 99’ = Capobianco et al. (1999), 1 atm, 1260 949 
ºC. ‘K 11’ = Kegler and Holzheid (2011), 0.5 GPa, 1350 ºC. ‘S 11’ = Siebert et al. (2011), 3 GPa, 950 
1850–2200 ºC. ‘R 17’ = Righter et al. (2017), 1 GPa, 1500–1900 ºC. ‘S 17’ = Steenstra et al. (2017), 951 
1.5 GPa, 1410–1610 ºC. ‘V 18’ = Vogel et al. (2018), 11 GPa, 2310–2380 ºC. The vertical grey line 952 
indicates the IW buffer. 953 
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 954 
 955 
Figure 2. Experimental assembly used for ambient-pressure experiments at low fO2. 956 
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 957 

Figure 3. Ge K-edge (A) XANES and (B) first derivative of spectra of standards and glasses labelled 958 
with the fO2 of equilibration (relative to IW). Spectra are offset for clarity and vertical dashed lines are 959 
guides to the eye, plotted at 11106.5 eV, 11108.0 eV and 11112.0 eV in (A), and at 11105.0, 11106.5 960 
and 11110.0 in (B). 961 
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 962 

Figure 4. Ge K-edge XANES spectra of glass composition CMAS7G containing different 963 
concentrations of Ge (E021213A, 300 ppm; B1-080316, 2900 ppm; E021213B; 2 wt%). 964 
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 966 

Figure 5. Representative results from the ‘spectral features’ and ‘linear combination fitting’ 967 
approaches to quantifying the spectra. (A) Area under the derivative spectrum from 11108 and 11112 968 
eV (the ‘Ge4+ peak’) against logfO2 relative to IW. (B) Fit parameters obtained from linear 969 
combination fits using end-members B1-080316 (‘Ge4+’) and D120416 (‘Ge2+’). Filled black circles 970 
represent samples made at ambient pressure and filled red circles represent samples made at 1 GPa.  971 
The black and red curves are fits of Equation 6 (in A) or Equation 5 (in B) to the ambient-pressure 972 
data and high-pressure data, respectively. Two data points were omitted from these fits (see text, 973 
Section 3.3.1): samples E021213A (white circle) and E041113 (grey circle). Grey vertical bar shows 974 
the logfO2 of the IW buffer. 975 
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 977 
 978 
Figure 6. (A) Ge K-edge EXAFS spectra and (B) the Fourier transforms of the EXAFS spectra of 979 
Ge2+(D120416) and Ge4+ (E041113) in glasses, and q-GeO2. Black curves are the spectra and red 980 
curves are fits to the spectra. The dashed line in (B) is a guide to the eye. 981 

 982 

 983 

Figure 7. Backscattered electron image of sample D2357 (1500ºC, 1 GPa, IW -7.2), showing metal 984 
alloy, olivine crystals (ol; dark grey) and silicate glass quenched from melt (light grey) in a graphite 985 
capsule (black). 986 
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 987 

Figure 8. Partition coefficients of Ge between olivine and melt as function of logfO2 relative to IW 988 
(errors are smaller than the sizes of the symbols). Downward pointing arrows indicate maximum 989 
partition coefficients, based on the LA-ICPMS detection limit, and the thin horizontal black lines on 990 
these data points extend the error bars to an arbitrary ± 2 log units, in light of the uncertainties on the 991 
fO2 calculation (see text, Section 3.2). The wide grey curve shows the range of sigmoids that can be 992 
fit to these partitioning data using Equation 8. 993 

 994 

Figure 9. The logK’ values obtained from the three compositions used in this study. CMAS7G 995 
experiments were performed at 1 atm and 1200 ºC; AnDi and CMAS40 experiments were performed 996 
at 1 GPa and 1500 ºC. 997 
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 999 
 1000 
Figure 10. Partition coefficients of elements in samples prepared at IW +8.6 (black; sample D2413) 1001 
and IW -7.2 (grey; sample D2357) plotted against ionic radii. The black and grey curves show fits to a 1002 
lattice strain model (see Equation S1, Table S7) for the 2+ cations in the two samples. The square 1003 
with the downward pointing arrow marks the maximum partition coefficient of Ge2+ in D2357 at the 1004 
ionic radius of Ge2+ in 6-fold coordination from Shannon (1976).  1005 
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Supplementary Material 1008 

S1. Nominal compositions of starting materials 1009 

Table S1. Nominal major-element concentrations (wt%) of starting materials. 1010 

 1011 

 1012 

S2. XAS methods 1013 

The spectrum of Ge in SiO2 (implanted) was recorded in a previous experiment conducted by 1014 

the authors on the same beamline. The beamline setup was the same, however, there were 1015 

minor differences in count rates and step sizes. Firstly, the count rate was lower – maintained 1016 

between 13,500 s-1 and 16,700 s-1. Secondly, the step sizes used were subtly different. For 1017 

XANES spectra, step sizes of 10 eV, 0.2 eV and 0.1 Å-1 (to k=10) were used for the pre-edge, 1018 

edge and post-edge respectively. For EXAFS spectra, the step sizes were 10 eV, 0.4 eV and 1019 

0.05 Å-1 (to k=16) respectively. By comparing four spectra that were acquired during both 1020 

experimental sessions, a systematic shift in edge energy and height of the white line was 1021 

observed. To account for this, the spectrum of Ge in SiO2 (implanted) was shifted in energy 1022 

by -0.37 eV. The height of the white line was not corrected for. 1023 

  1024 

 CMAS7G AnDi CMAS40 
SiO2 58.78 50.33 48.60 
Al2O3 12.61 15.91 6.70 
MgO 2.38 12.49 41.50 
CaO 25.23 15.71 3.20 
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S3. Glass compositions 1025 

Table S2. Major element compositions for selected ambient-pressure glasses, determined by EDS 1026 
using a FE-SEM. 1027 
 D171215 sd D191215 sd D21/01/16 sd D301115 sd 
n 3  3  3  2  
MgO 2.41 0.14 2.43 0.02 2.53 0.16 2.40 0.08 
Al2O3 12.29 0.68 11.73 0.31 12.42 0.36 12.17 0.09 
SiO2 58.67 1.09 58.50 0.63 57.95 0.67 58.57 0.95 
P2O5 0.08 0.14 0.63 0.56 0.00 0.00 0.38 0.13 
CaO 24.27 0.83 24.55 0.27 24.64 0.56 24.75 0.62 
GeO2 0.98 0.19 0.45 0.04 1.97 0.12 0.48 0.09 
Total 98.70 0.61 98.28 0.24 99.51 0.16 98.75 0.11 
 E021213A sd E021213B sd     
n 3  3      
MgO 2.34 0.02 2.33 0.02     
Al2O3 12.47 0.29 11.97 0.07     
SiO2 60.91 0.40 58.06 0.54     
CaO 23.76 0.17 22.09 0.20     
GeO2   3.07 0.04     
Total 99.48 0.02 97.52 0.52     

n = number of analyses. 1028 
 1029 

Table S3. Major element compositions for glasses prepared at 1 GPa, determined by EPMA. 1030 
 C5201 sd C5204 sd C5206 sd C5234 sd 
n 12  12  14  9  

MgO 11.8 0.1 10 0.2 10.7 0.1 10.3 0.2 
Al2O3 14 0.2 14.5 0.2 13.9 0.2 14.1 0.2 
SiO2 51 0.5 51.7 0.3 45.1 0.3 46.9 0.6 
CaO 22.1 0.2 22.6 0.1 21.9 0.2 22.2 0.2 
GeO2 0.29 0.07 0.96 0.05 5.6 0.1 3.9 0.2 
NiO 0.03 0.02 0.01 0.02 0 0.02 0.01 0.02 
CoO bdl  0.53 0.03 2.53 0.03 2.12 0.05 
Total 99.3 0.7 100.4 0.6 99.8 0.5 99.5 0.9 

n = number of analyses. 1031 
 1032 
  1033 
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S4. XAS results 1034 

 1035 

 1036 
Figure S1. The Ge XANES edge energy, defined as the first maximum in the derivative spectrum, as 1037 
a function of the Ge valence state. 1038 
 1039 

Table S4. The results of six methods of quantifying the spectra based on spectral features. 1040 
Sample ∆IW Spectral feature* 
  A B C D E F 
B1-080316 +10.1 0.56 2.39 2.53 9.81 0.44 1.84 
E021213B +10.1 0.49 2.36 2.25 9.65 0.38 1.87 
E021213A +10.1 0.83 2.30 3.14 10.01 0.69 1.50 
E041113 +10.1 0.65 2.28 2.57 9.12 0.46 1.61 
D210116 +2.0 0.59 2.14 2.66 9.14 0.46 1.58 
D171215 +1.0 0.94 2.14 3.81 9.00 0.80 1.21 
D191215 +0.5 1.41 1.95 5.38 8.42 1.26 0.56 
C5206 +0.4 0.60 2.33 2.77 9.82 0.47 1.77 
C5234 +0.3 0.95 2.03 3.73 8.61 0.81 1.09 
D301115 0.0 1.22 2.05 4.72 8.73 1.07 0.85 
D181215 -0.5 1.82 1.74 7.08 7.69 1.69 -0.07 
C5204 -0.9 1.86 1.59 7.03 7.19 1.71 -0.26 
D140416 -1.0 2.13 1.59 7.83 7.28 1.98 -0.52 
D151215 -1.0 1.63 1.83 6.11 8.10 1.48 0.22 
C5201 -1.3 1.40 1.92 5.45 8.40 1.26 0.54 
D160416 -1.5 2.43 1.44 8.80 6.81 2.27 -0.96 
D250116 -1.5 2.36 1.49 8.56 6.96 2.20 -0.86 
D280116 -1.8 2.39 1.43 9.05 6.72 2.26 -0.94 
D170416 -2.5 2.52 1.39 9.07 6.65 2.36 -1.11 
D120416 -3.0 2.46 1.40 8.97 6.67 2.30 -1.04 

*Columns A–F refer to the following spectral features: (A) the intensity at 11108 eV, (B) the intensity 1041 
at 11112 eV, (C) the area under the spectrum between 11105 and 11110 eV, (D) the area under the 1042 
spectrum between 11110 and 11115 eV, (E) the area under the derivative spectrum between 11102 1043 
and 11108 eV, and (F) the area under the derivative spectrum between 11108 and 11112 eV. 1044 
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Figure S2. Results of six methods of 
parameterising the spectra. Panels A–F show 
results based on the following methods: (A) the 
intensity at 11108 eV, (B) the intensity at 11112 
eV, (C) the area under the spectrum between 
11105 and 11110 eV, (D) the area under the 
spectrum between 11110 and 11115 eV, (E) the 
area under the derivative spectrum between 
11102 and 11108 eV, and (F) the area under 
the derivative spectrum between 11108 and 
11112 eV. Filled black circles represent 
samples made at ambient pressure and filled 
red circles represent samples made at 1 GPa. 
The black and red curves are fits of Equation 6 
to the ambient-pressure data and high-pressure 
data, respectively. Two data points were omitted 
from these fits (see text, Section 3.3.1): samples 
E021213A (white circle) and E041113 (grey 
circle). 2σ uncertainties resulting from noise in 
the spectra are smaller than the size of the 
symbols. The grey vertical bar indicates the 
logfO2 of the IW buffer. 
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 1047 

 1048 
Figure S3. Linear combination fits (green) to spectra (black). 1049 
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Table S5. The results of nine linear combination fits between different end-members. 1051 
Sample ∆IW Fit parameter, based on end-member combination* 
  A B C D E F G H I 
B1-080316 +10.1 1.00 1.00 1.00 1.00 1.00 1.00 0.97 0.97 0.97 
E021213A +10.1 0.89 0.89 0.89 0.92 0.92 0.92 0.87 0.87 0.87 
E021213B +10.1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
E041113 +10.1 0.97 0.97 0.97 1.00 1.00 1.00 0.94 0.94 0.94 
D210116 +2.0 0.96 0.96 0.96 1.00 1.00 1.00 0.93 0.94 0.94 
D171215 +1.0 0.80 0.80 0.80 0.83 0.83 0.83 0.77 0.78 0.78 
D191215 +0.5 0.56 0.57 0.56 0.58 0.59 0.58 0.54 0.56 0.55 
C5206 +0.4 1.00 1.00 1.00 1.00 1.00 1.00 0.97 0.97 0.97 
C5234 +0.3 0.76 0.77 0.77 0.80 0.80 0.80 0.74 0.75 0.75 
D301115 0.0 0.67 0.68 0.67 0.69 0.70 0.70 0.65 0.66 0.65 
D181215 -0.5 0.32 0.33 0.32 0.33 0.34 0.33 0.31 0.32 0.31 
C5204 -0.9 0.27 0.29 0.28 0.29 0.30 0.29 0.27 0.28 0.27 
D140416 -1.0 0.18 0.20 0.18 0.18 0.20 0.19 0.17 0.19 0.18 
D151215 -1.0 0.44 0.45 0.44 0.45 0.47 0.46 0.42 0.44 0.43 
C5201 -1.3 0.55 0.56 0.55 0.57 0.58 0.57 0.53 0.54 0.54 
D160416 -1.5 0.03 0.05 0.04 0.03 0.05 0.04 0.03 0.05 0.04 
D250116 -1.5 0.05 0.07 0.06 0.05 0.08 0.06 0.05 0.07 0.06 
D280116 -1.8 0.00 0.02 0.00 0.00 0.02 0.00 0.00 0.02 0.00 
D170416 -2.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
D120416 -3.0 0.00 0.02 0.01 0.00 0.02 0.01 0.00 0.02 0.01 

*Columns A–I refer to the following combinations of end-members: (A) B1-080316 & D120416, (B) 1052 
B1-080316 & D170416, (C) B1-080316 & D280116, (D) D210116 & D120416, (E) D210116 & 1053 
D170416, (F) D210116 & D280116, (G) E021213B & D120416, (H) E021213B & D170416, (I) 1054 
E021213B & D280116. 1055 
 1056 
 1057 
 1058 
 1059 
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 1060 
Figure S4. Results of linear combination fitting of different end-members (specified on each panel) to 1061 
the XANES spectra. Filled black circles represent samples made at ambient pressure and filled red 1062 
circles represent samples made at 1 GPa. The black and red curves show fits to Equation 5 (see 1063 
main text). Two data points were omitted from these fits (see text, Section 3.3.1): samples E021213A 1064 
(white circle) and E041113 (grey circle). Confidence intervals on the fitted parameters are smaller 1065 
than the size of the symbols.  1066 
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 1068 

 1069 
Figure S5. Examples of linear combination fits (green) the spectrum of a sample prepared at IW -3 1070 
(black), using different end-members. The Ge4+ end-member is B1-080316 (blue), and the ‘reduced 1071 
species’ end-members are (A) Ge0(imp) and (B) Ge0(ann). The best fit in both cases had a Ge4+ 1072 
component of 0% (flat blue line), and a Ge0 component of 100% (green curve), but in both cases the 1073 
fit is poor. 1074 
 1075 

 1076 
Figure S6. Examples of linear combination fits (green) the spectrum of a sample prepared at IW +0.5 1077 
(black), using different end-members. The two end-member components are plotted as blue, red and 1078 
yellow curves. The Ge4+ end-member is B1-080316 (blue), and the ‘reduced species’ end-members 1079 
are (A) Ge0(imp) (red), (B) Ge0(ann) (red), and (C) a glass prepared at IW -3 (yellow). The fits using 1080 
the Ge0 spectra (A, B) are poor compared to the fit using the spectrum assigned to Ge2+ (C). 1081 
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 1083 
 1084 
 1085 

 1086 
Figure S7. Ge4+/ΣGe calculated by normalising the results Figure 5A onto a scale of 0 to 1. Grey line 1087 
indicates the IW buffer. Filled black circles represent samples made at ambient pressure. White circle 1088 
is sample E021213A. Blue circles show the result of ‘correcting’ the data based on the assumption 1089 
that all Fe2+ in the sample reacted upon quenching to form Ge2+ (Table S6). This component of Ge2+ 1090 
hypothetically produced on quenching is then subtracted from the amount calculated to be in the 1091 
sample based on the spectral features. Only samples for which Fe was measured using LA-ICPMS 1092 
are ‘corrected’. When the data are ‘corrected’ in this manner, the sigmoidal trend does not follow the 1093 
expected slope (black curve).  1094 
 1095 
 1096 
Table S6. Fe and Ge contents and valence states used to ‘correct’ data in Figure S7. 1097 
Sample 
name ΔIW ΣFe (at.ppm)1 Fe2+ 

(at.ppm)2 ΣGe (at.ppm)1 Ge2+ produced from 
Fe2+ (at. ppm)3 

E021213B +10.1 431 (35) 50 (4) 17459 (252) 25 (2) 
E041113 +10.1 255 (13) 29 (2) 1791 (85) 15 (1) 
E021213A +10.1 464 (36) 53 (4) 256 (85) 27 (2) 
D301115 +0.0 379 (21) 370 (20) 2371 (825) 185 (10) 
D140416 -1.0 398 (5) 392 (5) 606 (353) 196 (2) 
D160416 -1.5 361 (5) 357 (5) 352 (70) 179 (2) 
D170416 -2.5 354 (8) 353 (8) 430 (79) 176 (4) 
D120416 -3.0 352 (6) 350 (6) 553 (71) 175 (3) 
Sample 
name ΔIW Ge4+/ΣGe 

ratio4 
Ge2+ 
(at.ppm)4 

“Corrected” Ge2+ 
(at.ppm)5 

“Corrected” 
Ge4+/ΣGe 

E021213B +10.1 1.02 -311 -336 1.02 
E041113 +10.1 0.94 112 97 0.95 
E021213A +10.1 0.90 25 -2 1.01 
D301115 +0.0 0.69 725 540 0.77 
D140416 -1.0 0.26 449 253 0.58 
D160416 -1.5 0.12 311 132 0.63 
D170416 -2.5 0.07 400 224 0.48 
D120416 -3.0 0.09 502 327 0.41 

1From LA-ICPMS measurements. 2Based on parameterisation of Fe3+/Fe2+ of O’Neill et al. (2018), 1098 
their equation 9b. 3Hypothetical amount of Ge2+ produced if the electron-exchange reaction went to 1099 
completion. 4Calculated from spectral features. 5Calculated as Ge2+total – Ge2+produced-from-Fe2+.  1100 
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 1102 
5.1 S4. Partitioning results 1103 

Partition coefficients were fit to a lattice strain model (Blundy and Wood, 1994; Brice, 1975): 1104 

(N = 	(P ∗ RSTU

−4VWXYZ .
[P

2
([P − [N)

4
+
1

3
([P − [N)

^
1

_`
a 1105 

Equation S1 1106 

 1107 
where Di is the partition coefficient as a function of ionic radius ri, NA is Avogadro’s number, 1108 

R is the ideal gas constant, T is temperature in K, D0 is the partition coefficient of a fictional 1109 

cation with the ‘ideal’ radius r0, and ES is the Young’s modulus for the crystallographic site. 1110 

Fit parameters are given in Table S7. 1111 

 1112 

Table S7. Fit parameters for lattice strain model (2+ cations in the octahedral site of olivine). Numbers 1113 
in parentheses are ±95% confidence intervals on the last digit. 1114 
 1115 
 D2413 D2357 
D0 1.4 (8) 1.2 (10) 
Es 550 (451) 467 (491) 
r0 0.72 (7) 0.74 (8) 

 1116 


