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Abstract 14 

Ordinary chondrites (OCs) are classified into three groups, according to their oxidation state, which 15 

increases from H to L to LL groups. This is demonstrated by the decrease of metal content (H~8 16 

vol%, L~4 vol%, LL~2 vol%), as well as by Ge-Ni and Δ17O-%Fa positive correlation through OC 17 

sequence. Within each group, OCs show thermal metamorphic grade, that lead to their 18 

classification in petrologic types (from 3 to 6). Compared to other chondrites, OCs show the largest 19 

variations in oxidation state, but the processes controlling this variation is still debated. To 20 

constrain oxidation state variation, as well as associated nebular versus parent bodies processes, 21 
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we have investigated the study of the moderately siderophile and volatile germanium and its 22 

isotopic variations in bulk sample, and metal, silicate and sulfide phases of H, L and LL ordinary 23 

chondrites along with petrologic types. 24 

We find that δ74/70Gemetal is a proxy for δ74/70Gebulk composition and that each OC group is 25 

distinguishable by their δ74/70Gemetal that increases from -0.51±0.09‰ for H chondrites, to                    26 

-0.31±0.06‰ for L chondrites to -0.26±0.09‰ for LL chondrites. Additionally, the OC sequence 27 

exhibits a positive correlation, from H to L to LL, between δ74/70Gemetal and %Fa as well as oxygen 28 

isotopes (δ17O, δ18O and Δ17O) that cannot be the result of “size sorting effect” of chondules (such 29 

as chondrule mixing) or metamorphic processes on the parent bodies but are rather the result of 30 

nebular processes. We proposed that the correlation between δ74/70Ge values and redox state can 31 

be explained by an increasing proportion of accreted water from H to L to LL groups, with low Ge 32 

content but high δ74/70Ge and high Δ17O, hosted in hydrated silicates, likely phyllosilicates. During 33 

thermal metamorphism, phyllosilicates will be destabilized, liberated water that will react with 34 

metal. Metal oxidation leads to (1) an increase in Ge in the metal due to newly-formed Fe oxides, 35 

and high δ74/70Ge incorporation in the metal.  36 

The lack of δ74/70Gemetal variation with the petrologic type in OC is explained by the high 37 

temperature of metamorphism, even for type 3 chondrite (T≈675°C), implying that the reaction is 38 

complete even at low petrologic types. Metal-silicate re-equilibration in response to thermal 39 

metamorphism (increasing petrologic type), results in a decreases Δ74/70Gemetal-silicate from 0.33‰ 40 

to 0.06‰,within the H chondrite group, and interpreted as the result of δ74/70Gesilicate variations. The 41 

positive Δ74/70Gemetal-silicate fractionation factor of +0.22±0.36 ‰ also displays a remarkable similarity 42 

in the direction of isotopic fractionation with other known germanium isotopic metal-silicate 43 

datasets (1) magmatic iron meteorites-Earth silicate and (2) metal-olivine from pallasites. Coupled 44 

to the negative δ74/70GeBulk values, we proposed that germanium isotopic compositions of OCs are 45 

inherited from early-differentiated planetesimals that were partially disrupted and/or evaporated 46 
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and then re-accreted. Finally, by comparing the δ74/70Gemetal-Δ17Osilicate correlation for IIE iron 47 

meteorites and ordinary chondrites, we provide new evidence for the existence of a highly reduced 48 

HH group. 49 

 50 

1. Introduction 51 

Ordinary chondrites (OCs) are undifferentiated meteorites that were formed in the first 1 to 3 52 

Myr after the formation of refractory Calcium-Aluminium Inclusions (CAIs) (Kleine et al., 2008), 53 

and during a short accretion time interval of less than 0.5 Myr (Monnereau et al., 2013). They 54 

postdate magmatic iron meteorite formation. Some authors argue for a formation by disruption-re-55 

accretion of early-differentiated planetesimals (Elkins-Tanton et al., 2011; Lichtenberg et al., 56 

2018). OCs should then represent a record between the early formed planetesimals and the 57 

terrestrial planets as we know them today. 58 

Ordinary chondrites are composed of an assemblage of chondrules and matrix, which contain 59 

silicates, FeNi alloys, sulfides, and rare CAIs. The OCs sequence has been classified into three 60 

groups H (High metal content), L (low metal content) and LL (very low metal content), according 61 

to oxidized iron content relative to metal iron, oxygen isotopic composition, bulk volatile element 62 

concentration including water and chondrules size (Urey and Craig, 1953; Wasson, 1972; Chou 63 

and Cohen, 1973; Chou et al., 1973; Kallemeyn et al., 1989; Clayton et al., 1991; Wasson, 2000; 64 

Rubin, 2005). Each chondrite group is known to come from at least one parent body and is 65 

subdivided into petrologic types, from the least metamorphosed and unequilibrated (group 3) to 66 

the most metamorphosed and highly equilibrated (group 6, Van Schmus and Wood, 1967). 67 

Studies on OC ages, cooling time and petrographic type led to the creation of the "onion-shell" 68 

model in which thermal metamorphism is increasing with depth of the planetesimal, (Göpel et al., 69 

1994). With increasing petrographic type, temperature (Tait et al., 2014) and oxidation state 70 

increase (Chou and Cohen, 1973; Chou et al., 1973; Rubin, 2005), metallic iron content 71 
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decreases, and metal becomes more equilibrated with silicate through oxidation reaction 72 

(McSween and Labotka, 1993). Moreover, as the thermal metamorphism become higher, metal 73 

grain-size as well as the grain circularity increase, which seems to be a great parameter to define 74 

petrologic types (Guignard and Toplis, 2015). 75 

The percentage of fayalite in olivine (%Fa) is commonly used as a redox proxy (Chou et al., 76 

1973; Rubin, 2005). Clayton et al. (1991) have first shown an increase in oxygen isotopic 77 

composition from H to LL groups that lead McSween and Labotka (1993), and Rubin (2005) to 78 

demonstrate a positive correlation between % Fa and oxygen isotopic composition through the 79 

OCs sequence, implying that δ18O and Δ17O variations are related to oxidation state (McSween 80 

and Labotka, 1993; Rubin, 2005). However, the origin of oxidation processes remains highly 81 

controversial. It has been argued that this evolution reflects primitive conditions of the solar nebula 82 

related to the progressive accretion on planetesimals of a single heavy nebula O-bearing fluid 83 

hosted in phyllosilicates (Rubin, 2005). Thermal metamorphism induced by heat release from the 84 

decay of short-live radioactive elements (26Al) would liberate heavy-O water, producing both an 85 

increase in oxidation state and oxygen isotopic composition. On the other hand, oxidation state 86 

could also be explained by the increase in the proportion of type II chondrules (oxidized) and the 87 

decrease of type I chondrules (reduced) from H to LL. Indeed, type I are reduced, O16-rich and 88 

contain metallic Fe, whereas type II are oxidized, 16O-depleted and Fe is present in oxidized form 89 

(Zanda et al., 2006). Chou and Cohen (1973) and Chou et al. (1973) have shown that OCs groups 90 

are also resolvable using siderophile element concentration, e.g. germanium content in the metal 91 

that increases from H to LL with Ni content, a proxy of redox state. They proposed that a significant 92 

proportion of Ge condenses in the silicate at their time of formation, and that Ge is redistributed 93 

between metal and silicate through oxidation-reduction during metamorphic processes on parent 94 

bodies. 95 
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Germanium is a moderately siderophile and volatile element (T50% condensation=883K at 96 

pH2O/pH2=4.2*10-4 atm,(Lodders et al., 2009)), commonly used with Ir, Au and Ni to constrain the 97 

formation of iron meteorites, and metal phase in chondrites (Wasson, 1974). Experimental studies 98 

have shown that Ge partitioning between metal and silicate phases is strongly redox-dependent, 99 

with D(Ge) metal-silicate over 104 under highly reduced conditions (-2.7 log fO2 relative to IW 100 

buffer, Kegler and Holzheid, 2011). Germanium is also a chalcophile element, the amount of Ge 101 

in troilite from OCs represent up to 3 to 5% (0.3 to 0.5ppm) of the total amount of Ge in OCs(Chou 102 

and Cohen, 1973; Wai and Wasson, 1979; Luais et al., 2014), yet some study report 40 ppm in 103 

iron meteorites (Goldstein, 1967), and is strongly concentrated up to several hundred of ppm in 104 

terrestrial low temperature sulphides (Bernstein, 1985). Ge has five stable isotopes, 70Ge, 72Ge, 105 

73Ge, 74Ge and 76Ge, with the Ge isotopic composition is given in delta notation 106 

‰δ74/70Ge=(((74Ge/70GeSample) / (74Ge/70GeStandanrd))-1)×1000. 107 

To date, germanium isotopes have been studied in differentiated bodies that underwent metal-108 

silicate segregation in order to investigate the conditions and processes of planet differentiation. 109 

Magmatic iron meteorites that would represent cores of planetesimals display positive and heavier 110 

Ge isotopic composition than the Earth’s mantle and crust (Luais, 2007; Luais, 2012). The Ge 111 

isotopic composition of the Earth’s silicate reservoir is so far homogenous and has not been 112 

significantly modified through complex crust-mantle exchange via fluid in subduction zones(El 113 

Korh et al., 2017). Similar Ge isotopic fractionation exists between olivine and metal from pallasite 114 

meteorites that would represent remnants of oldest differentiated planetesimals (Luais et al., 115 

2017). The volatile behavior of germanium can be responsible for large Ge isotopic fractionation 116 

as found in non-magmatic iron meteorites (Luais, 2007), which are formed from metal segregation 117 

following impact-driven melting of the sub-surface of their parent bodies (Wasson, 2017) To date, 118 

the only constituents that display strong negative δ74/70Ge values are schreibersite (Fe-Ni-P) 119 

inclusions in iron meteorites (Luais et al., 2014), and low temperature terrestrial Zn-sulphides 120 
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(Belissont et al., 2014). Metal-silicate segregation, volatility and phosphide/sulphide 121 

exsolution/crystallisation are the main processes so far that strongly fractionate germanium and 122 

its isotopes.   123 

Germanium isotopic systematics in undifferentiated meteorites have been unexplored so far. 124 

They can represent a potential tool to investigate additional early processes of (1) condensation 125 

in the solar nebula (Sears, 1978; Wai and Wasson, 1979), (2) inheritance from previously 126 

destroyed planetesimals (Litchenberg et al., 2018) and (3) metal-silicate equilibrium fractionation 127 

on parent bodies (Tomkins et al., 2013). In addition, ordinary chondrites provide a suitable 128 

environment for exploring the relationships between Ge and O isotopes, and redox conditions. 129 

The combined use of those data would bring constraints on the environment in which OCs formed 130 

and processes that led to metal-silicate segregation and equilibration. Germanium isotopic 131 

measurements on separated phases from unequilibrated and equilibrated OCs will be used to 132 

evaluate impact of metamorphism on metal-silicate isotope fractionation. Finally, based on Ge 133 

isotopic composition in the metal phase, we will examine a new genetic link between IIE iron 134 

meteorites and H OCs that has been previously identified based on oxygen isotopes in silicates 135 

(Clayton et al., 1991; Wasson, 2017).  136 

 137 

2. Samples and methods 138 

2.1. Sample selection 139 

In order to constrain metamorphic and shock effects on Ge systematics, fifteen OCs (eight H, 140 

six L and one LL) were chosen to represent all petrologic types (Van Schumus and Wood, 1967) 141 

and various shock stages as defined by (Stöffler et al., 1991). In addition, two samples were 142 

specifically selected to assess the effect of shock: Rose City, an impact melt breccia and Portales 143 
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Valley, a low shocked meteorite with large metal veins as an example of metal migration (Ruzicka 144 

et al., 2005). Sample characteristics are summarized in Table 1. 145 

 146 

2.2. Analytical Procedures 147 

2.2.1. Sample preparation 148 

About 500 mg of starting bulk meteorite material is cleaned with 0.2M HNO3 under cold 149 

ultrasonic agitation for 5 minutes.  150 

Acid is then removed and samples are rinsed with pure water under ultrasonic agitation, 151 

and then with acetone to avoid metal oxidation. 300 mg of the meteorite sample is gently powdered 152 

in an agate mortar for bulk elemental and isotopic measurements. 153 

Metal and sulfide separation: the remaining 200mg of clean sample is gently crushed in 154 

an agate mortar. FeNi metal is removed from the crushate with a hand magnet. Multiple hard-155 

crushing of this magnetic fraction was performed in an agate mortar, followed by several minutes 156 

of ultrasonic agitation in an acetone medium for removal of all silicate particles remaining on the 157 

metal surface. A Frantz magnetic separator is used to separate sulfides from the remaining low 158 

magnetic powder. Between 10 and 40 mg of metal and 10 to 20 mg of sulfide are separated using 159 

these procedures. 160 

Silicate separation: The nonmagnetic crushate fraction that mostly contains unpurified 161 

silicates is finely grounded in an agate mortar. To remove nonmagnetic sulfides and small metal 162 

particles stuck onto the silicates, two successive cleanings with 6M HCl and 2M HNO3 are 163 

performed for 5 minutes under cold ultrasonic agitation. As Ge is highly volatile while associated 164 

with HCl at high temperature (T>60°C), this protocol has been tested on San Carlos olivines in 165 

order to evaluate Ge loss. Uncleaned olivines have [Ge]=0.89 ±0.02 ppm and 166 
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δ74/70Ge=+0.70±0.08‰ while cleaned olivines have [Ge]=0.90 ±0.02 ppm and 167 

δ74/70Ge=+0.71±0.09‰ (Table 2) demonstrating no Ge loss and no isotopic fractionation during 168 

cold HCl leaching. This step is important because metallic phases are at least one hundred times 169 

more concentrated in germanium than silicate or sulfide (Chou and Cohen 1973). The presence 170 

of small metal particles on the silicate surface would have introduced a bias on elemental and 171 

isotopic Ge compositions.  172 

Chondrule separation: This has been performed on Dhajala (H3.8) only. A total of 1g of 173 

Dhajala has been cleaned and very gently crushed in an agate mortar to preserve chondrules. 174 

Unbroken chondrules were separated by hand-picking and sieved into two fractions of 100-300µm 175 

and >300µm, with a recovery of 9.1mg and 130.5mg respectively. 176 

All fractions are later purified by hand-picking under the binocular microscope, 177 

successively cleaned with diluted HNO3, distilled H2O and acetone under cold ultrasonic agitation, 178 

and dried under a laminar flow hood.  179 

 180 

2.2.2. Sample digestion and chemical purification of germanium 181 

The analytical procedures for germanium chemistry of metal, sulfide and silicate phases 182 

follow those described in Luais (2007, 2012), and reference therein and Belissont et al. (2014). 183 

Samples are dissolved in Teflon beakers on a hotplate in concentrated HF-HNO3 solutions for 184 

silicate and sulphide fractions, and in HNO3-only medium for metal phases. Bulk samples were 185 

digested under pressure (25 bar) using Bola Teflon bombs at 150°C (Luais et al., 2009), for one 186 

week in an oven, ensuring the dissolution of all phases, including chromite. To ensure that no Ge 187 

is lost at high temperature, this protocol has been tested on a BIR-1 geostandard. We report a 188 

δ74/70Ge=0.0.59±0.10‰ for BIR digested in bomb and a δ74/70Ge=0.59±0.06‰ for conventional 189 

hotplate BIR-1 dissolution (Value for hotplate BIR-1 measured during the same session than the 190 
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bomb digested one is δ74/70Ge=0.76±0.04‰), demonstrating no isotopic fractionation for this 191 

protocol (Table 2). Germanium purification from silicate and sulphide matrices is completed in two 192 

steps using ion exchange resins. Firstly, anionic resin (AG1-X8 resin chloride form, 200-400 mesh, 193 

Biorad, Hercules, Ca, USA) allows to eliminate most elements (alkalis, Mn, Al, Co, Ni, Zn, Ga and 194 

most of Fe) using 1M HF. Germanium (± Fe, Mg) is eluted with 0.2M HNO3. Germanium 195 

purification from Fe and the remaining matrix is performed solely using cation exchange resin (AG 196 

50W-X8, Biorad, 159 Hercules, Ca, USA) and 0.5M HNO3. Germanium isolation from Fe-Ni matrix 197 

of metal phase are performed using the cation exchange resin step only. All acids used for 198 

digestion and germanium chemical separation are high-purity grade SeaStar® reagents. 199 

 200 

2.2.3. Elemental Measurement 201 

Bulk powder samples and metal phase separates from H OCs, and metal from L samples were 202 

analyzed for major and trace element compositions including Ge at the SARM analytical facilities 203 

(Service Analytique des Roches et des Minéraux, CRPG-Nancy), using an ICP-MS X7 204 

ThermoFisher. Errors associated with the Ge, Ni and Co measurement are <5% for our sample 205 

concentration. The separated mass of pure sulfides is very low (about 10-20 mg) due to their very 206 

low occurrence in OCs (~5.7% Lauretta et al., 1997). Similarly, only 10-40 mg of pure silicate 207 

separates was obtained. These available low mass fractions rule out the possibility to analyze 208 

them using routine procedures at the SARM analytical facilities. These were analyzed for Ge 209 

elemental composition using an ICP-MS X-Series at the (CRPG -Nancy) with a 2SD=1.2%.  210 

 211 

2.2.4. Ge isotopic measurements using NeptunePlus MC-ICP-MS coupled to hydride generator 212 

introduction system 213 
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Samples in 0.5M HNO3 medium from the cation exchange step are analysed for Ge isotopic 214 

composition using a NeptunePlus multiple-collector inductively coupled plasma mass 215 

spectrometer (MC-ICP-MS) at CRPG-Nancy, coupled with a hydride generator introduction 216 

system (HGIS). The HGIS method involves mixing of the sample with a high-reducing solution of 217 

NaBH4-NaOH. The reactions between these two solutions convert volatile aqueous species 218 

(GeOH4) to gaseous (GeH4 (gas)) hydride species (Dedina and Tsalev, 1995; Abdul-Majeed and 219 

Zimmerman, 2012). As the reducing solution is in excess, the yield of the reaction is 100%. This 220 

technique removes isobaric interferences from elements that do not form hydrides, avoiding Zn, 221 

NiO, FeO interferences, and matrix effects. The result is a gain in signal sensitivity of at least a 222 

factor of 30, required for routine isotopic measurements of 10-20 ng Ge (exceptionally down to 5 223 

ng) with a high precision and very good external reproducibility of less than 0.1‰ (2s SD) (see 224 

(Rouxel and Luais, 2017) for more details). Data were acquired in static mode using seven 225 

Faraday cups distributed as 68Zn, 69Ga, 70Ge, 71Ga, 72Ge, 73Ge and 74Ge corresponding to L3, L2, 226 

L1, C, H1, H2 and H3 Faraday cups respectively. We report an intensity of 1.5-2.5 V on 74Ge for 227 

a 10 ppb Ge standard solution. Each measurement is composed of 320 s data acquisition 228 

distributed in 40 cycles. Procedural Ge blanks, including chemistry and MC-ICPMS, are better 229 

than 0.07 ng, and negligible. Sample measurements are bracketed using the NIST3120a Ge 230 

standard solution. Results are reported in delta (δ) notation using xGe/70Ge ratios with respect to 231 

the mean ratios of NIST 3120a analysed just before and after the sample (Luais, 2012): 232 

‰𝛿 𝐺𝑒%&'()*+,- =
/ 0,⁄ 𝛿 𝐺𝑒/ 𝐺𝑒0,⁄ = 2

3 𝐺𝑒/ 𝐺𝑒0,⁄ 4'-5678
3 𝐺𝑒/ 𝐺𝑒0,⁄ 4%&'()*+,-

− 1; ∗ 1000 233 

JMC and Aldrich germanium standard solutions analysed during the course of the study, 234 

display δ74Ge=-0.32‰ ±0.11 (n=95), δ74Ge=-1.97‰ ±0.12 (n=99) (2σ standard deviation), 235 

respectively. BIR-1 georeference basalt gives δ74Ge=0.63‰ ±0.17 (n=9) and the in-house IAB 236 
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Magura iron meteorite (Luais, 2007) has a δ74Ge value of 0.78‰ ±0.08 (n=19). These values 237 

agree with references given in Luais (2012) and (Escoube et al., 2012). 238 

 239 

3. Results 240 

3.1. Elemental Composition  241 

The majority of the bulk of H OCs display a rather uniform Ge concentration, ranging from 242 

10.25 to 22.17 ppm (mean of 15.78±0.78 ppm; Table 3, Figure 1) with no variation among 243 

petrologic types, in agreement with [Ge]mean=12.7±1.5 ppm of Fouché and Smales, (1967), and 244 

similar to value reported for L OCs by Tandon and Wasson (1968). However, Allegan H5 245 

([Ge]=22.17 ppm, [Ni]=8.3%) and Guareña H6 ([Ge]=21.36 ppm, [Ni]=8.3%) have slightly higher 246 

Ge and Ni contents (Figure B2), compared to the OCs range (Ni=8.3 to 12.6%) and to bulk data 247 

reported by (Wasson and Kallemeyn, 1988). For this two samples, this might be a bias of sampling 248 

due to either high taenite zone or heterogeneous repartition of metal leading to sampling a metal-249 

rich zone. The main mass may appear to be homogeneous, although metal repartition at smaller 250 

scale may be heterogeneous. 251 

Germanium concentrations in metal range from 50 ppm to 83.5 ppm with a mean of 64.6± 17.6 252 

(2SD) ppm for H chondrite, from 104.3 ppm to 157.8 ppm, with a mean of 135.9±53.2 (2SD) ppm 253 

for L chondrite, and 85ppm for LL sample. These values are within those reported by Chou et al. 254 

(1973) and Chou and Cohen (1973) which proposed that a significant amount of Ge in the silicates 255 

is redistributed in metal during metamorphism. Moreover, the increase in oxidation state from H 256 

to L to LL should decrease the amount of metal phase and consequently increase the 257 

concentration of Ge in the metal. Allegan has the highest Ge content of 83.5ppm and is correlated 258 

with higher Ni (Ni=22.1%) and lower Co (Co=2527 ppm) concentrations (Table 3, Figure A1). This 259 

indicates that Ni-rich taenite metal phase was mainly sampled during handpicking. All other metal 260 
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samples taken together define a positive correlation between Ge, Ni and Co, in agreement with 261 

Meibom et al. (1996), demonstrating that taenite is more concentrated in Ge than kamacite but 262 

depleted in Co (Figure A).  263 

Germanium concentrations in silicates range from 0.19 ppm for H4 Ste Marguerite to 2.15 ppm 264 

for H6 Sharps (Table 3, Figure 1), in the same order of magnitude as Chou et al. (1973) data. 265 

However, we observe a discrepancy for Allegan Ge concentration between our data of 0.35ppb 266 

against 0.06 ppb in Chou et al. (1973) study. 267 

The sulfides from H3 Kernouvé and H4 Ste Marguerite are strongly depleted in Ge, with 268 

concentration of 1.75 and 1.95 ppb (Table 3, Figure 1), respectively. This shows the strong 269 

compatibility of Ge with Fe-Ni metallic phase. 270 

 271 

3.2. Germanium isotopic data 272 

Germanium isotope measurements were carried out on bulk samples, silicates and sulphides 273 

of H group chondrites, while L and LL samples were analyzed for metal only. (Table 3). All our 274 

samples plot on a mass fractionation line indicating mass-dependent fractionation (Figure B).  275 

Bulk Ge isotopic compositions define a narrow range from δ74/70Ge=-0.59 ±0.04‰ to -0.37 276 

±0.15‰ with a mean of δ74/70Ge=-0.51 ±0.16‰. Only Dhajala (the highest δ74/70Ge value of -277 

0.37‰) deviates more than 0.1‰ from the mean (Figure 2A).  278 

δ74/70Ge value for metal in H group samples range from -0.33 ±0.12‰ for Dhajala to -0.57 279 

±0.12‰ for metallic globules from Portales Valley, with a mean of -0.51 ±0.09 ‰ (We exclude 280 

Dhajala value because of it unusual Ge isotopic composition, see section 4.3 for explanations). 281 

δ74/70Ge values for L group samples show small variations between -0.35 ±0.09‰ for Hedjaz and 282 
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-0.28 ±0.01‰ for Alfianello, with a mean of δ74/70Ge = -0.31 ± 0.06‰. The LL group gives a mean 283 

value of δ74/70Ge= -0.26 ± 0.09‰.  284 

Silicates display lighter Ge isotopic compositions than bulk samples, with a large range in 285 

δ74/70Ge from -0.92‰ for Allegan (H5) to -0.50 ± 0.11‰ for Dhajala (H3), with a mean of -0.67 286 

±0.33 ‰ (Figure 2A). 287 

The sulfides were analyzed in two samples, without replicates because of their low abundance 288 

in OCs, and their very low Ge concentration (≈2ppb). They are characterized by the lightest 289 

isotopic values of δ74/70Ge=-1.60 ‰ (Ste Marguerite, H4) and δ74/70Ge=-1.56 ‰ (Kernouvé, H6). 290 

We attribute the highest error given by standards, 2SD of ±0.20‰ (Figures 3). 291 

The two chondrule fractions from Dhajala display close isotopic compositions of δ74/70Ge=-0.28 292 

± 0.12 ‰ for chondrules <300µm and δ74/70Ge=-0.38 ± 0.11 ‰ for chondrules >300µm (Table 3, 293 

Figure 7) 294 

 295 

3.3. Metal phases as main contributors to Ge isotope compositions in bulk OCs 296 

The metal phase is at least 60 times more concentrated in Ge than silicates (Chou et al., 297 

1973) and 4 orders of magnitudes higher than sulfide (Figure 3A). Germanium isotope 298 

compositions of bulk H chondrites (mean δ74/70Gebulk=-0.51‰) is within the error of metal (mean 299 

δ74/70Gemetal=-0.51‰), except for Sharps, and higher than silicate (mean δ74/70Gesilicate=-0.67‰). As 300 

OCs are composed of metal silicate and sulphide, in a δ74/70Ge vs Log(1/Ge) diagram (Figure 3B), 301 

the mixing line defined by the bulk sample, metal, silicate and sulfide phases (mean δ74/70Gesulfide=-302 

1.56‰), at all metamorphic grades, indicate these phases are cogenetic. The Ge isotopic 303 

fractionation Δ74/70Gebulk-metal= δ74/70Gebulk - δ74/70Gemetal = -0.03±0.21‰ for H OC is close to zero, 304 

compared to Δ74/70Gebulk-silicate= +0.16±0.33‰, Δ74/70Gebulk-sulfide= +1.06±0.16‰ and Δ74/70Gemetal-305 

silicate= +0.22±0.36‰ (Table 4, Figure 4 A,B). This indicates that the metal phase is the main 306 
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contributor to the bulk Ge isotopic budget and that δ74/70Gemetal values is a proxy for δ74/70Gebulk 307 

values.  308 

 309 

3.4 No shock effect on δ74/70Ge values 310 

 Although Ge is a moderately volatile element, we report no significative variations of 311 

δ74/70Ge with the degree of shock, even in highly shocked meteorites where an enrichment in 312 

heavy isotopes would be expected due to evaporation. Roses City form the H group, an impact 313 

melt breccia (S6), shows no deviation in δ74/70Ge  from H mean values while Dhajala (S1) is 314 

enriched in heavy isotopes compared to other H chondrites. Similarly, for the L group samples, 315 

there is no δ74/70Gemetal difference between highly shocked (Alfianello or Vouillé, two S5) and the 316 

least shocked samples (Bjürbole, S1). This lack of shock effect on δ74/70Ge values can be 317 

explained, firstly by the deep burying of meteorites which should inhibit the evaporation of light 318 

isotopes, due to the pressure. Secondly, the increase in temperature during no catastrophic impact 319 

maybe not enough to efficiently evaporate Ge. 320 

 321 

4. Discussion 322 

4.1. Comparison of germanium isotopic fractionation between metal, silicate and sulfide  323 

4.1.1. Theoretical effect of condensation 324 

During the cooling of a primordial nebular gas, metal and forsterite (Mg2SiO4) condense at 325 

similar T50% condensation=1370K at 10-4 atm (Yoneda and Grossman, 1995). GeS, GeBr2 and GeO are 326 

the most abundant gaseous molecular species for germanium (Sears, 1978). GeBr2 is the highly 327 

volatile species of Ge as it condenses at lower temperature than range of temperature of interest 328 

(Sears, 1978), only GeS and GeO condensation will be discussed here. GeS and GeO condense 329 
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by reactions with existing silicate and FeNi alloy at T50%=883K and pH2O/pH2=4.2*10-4 (Wai and 330 

Wasson 1977; Lodders et al., 2009). Sears (1978) has shown that the less volatile molecule GeO 331 

condenses at a higher temperature than the most volatile GeS. Thus, germanium condenses first 332 

in the metal following the reaction 1 (Sears, 1978):  333 

GeS(g)+H2=Ge(s, in metal)+H2S(g) (Wai and Wasson 1979) (1) 334 

Then, at lower temperatures, the remaining Ge will be incorporated in the silicate phase according 335 

to reaction 2 (Sears, 1978): 336 

nGeO(g)+2Mg2SiO4(s)+H2O(g)=2MgSiO3(s)+Mg2(nGe, 1-nSi)O4(s)+H2 (Wai and Wasson, 1977) (2) 337 

On the other hand, sulfide condenses at lower temperature than metal and silicate (T50% 338 

condensation=691K) by reactions of H2Sgas with solid metal according to the reaction 3: 339 

H2S(g)+Fe(s)=FeS(s)+H2(g) (Lauretta et al., 1997, and reference therein) (3) 340 

The extent and direction of isotopic fractionation in the solid condensate with respect to the 341 

vapour source are difficult to evaluate, depending if the system is maintained in equilibrium, or is 342 

kinetically controlled, in a closed or open system. High temperature equilibrium processes will not 343 

induce significant isotopic fractionation, whereas kinetic condensation can result in isotopic 344 

fractionation according to the relative cooling rate of the gas and condensation rate. Richter (2004) 345 

calculations demonstrate that condensation in an environment in which the temperature drop is 346 

relatively fast compared to condensation time, results in Pi<<Pi,sat (where Pi is the partial 347 

pressure of a volatile element and Pi,sat it saturation vapor pressure). In this case, kinetic 348 

condensation will produce large isotopic fractionation between the source and the condensing 349 

phase, with the first condensate being enriched in light isotopes. In the condensation sequence, 350 

the metal phase that condensates first would show the lightest Ge isotopic composition than 351 

silicate and sulfide. This is in contradiction with the higher δ74/70Gemetal values observed for metal 352 

than for silicate and the lowest δ74/70Gesulfide values in H chondrites (Figure 3A).  353 
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The same conclusion can be extracted from sulfide data. Sulphides in equilibrated OCs 354 

are depleted in germanium, with Ge content as low as 2ppb, and a light isotopic composition of 355 

δ74/70Ge= -1.56‰ (Figure 3A). As the first Ge condensates would be incorporated in Fe-Ni alloys, 356 

late sulfide condensation would result in (i) very low Ge content as observed, although Ge is 357 

chalcophile (Chou et al., 1973), and (ii) heavier Ge isotopic composition for sulfides than metal 358 

(Davis and Richter, 2014). However, the lighter δ74/70Gesulfide values compared to δ74/70Gemetal 359 

values rules out condensation as a viable process for the origin of Ge isotopic fractionation of 360 

metal-silicate and sulfides in ordinary chondrites. 361 

 362 

4.1.2. Inheritance from previously differentiated parent bodies 363 

Germanium isotopic compositions in metal, silicate and sulfide phases in H chondrites exhibit 364 

for all samples the following order, with δ74/70Gesulfide << δ74/70Gesilicate < δ74/70Gemetal (Figure 3A) 365 

even in the most reduced type 3 samples that are the least affected by thermal metamorphism. 366 

This observation suggests that the positive Δ74/70Gemetal-silicate=0.22±0.36‰ (varying from 0.17‰ to 367 

0.33‰ in H3), values represent the direction of metal-silicate fractionation in ordinary chondrites. 368 

This direction of isotopic fractionation is similar to one observed in metal and olivine from 369 

pallasites, with Δ74/70Ge metal-olivine =+0.8 to+0.96‰ (Luais et al., 2017), which originate from early 370 

differentiated planetesimals. It is also displayed between the Earth silicate reservoir 371 

(δ74/70Ge=+0.56±0.16‰) and magmatic Fe-meteorites (δ74/70Ge=+1.41±0.22‰) representing the 372 

core of early formed planetesimals (Luais, 2012). Whatever the age and stage of differentiation, 373 

e.g. undifferentiated vs differentiated bodies, metal exhibits higher δ74/70Ge values than silicate. 374 

Petrological study of Bischoff et al. (2018) report in more than 2280 polished thin sections 375 

of OCs the abundance of brecciated rocks and occurrence of xenolithic fragments (e.g. CI, CM, 376 

Ureilite) in type 3 OC which supports the hypothesis that OCs could represent aggregates of early 377 
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formed achondritic, chondritic and chondrule materials. As OCs chondrules were formed between 378 

0.5 and 2 Ma, it is argued that chondrite parent bodies were formed up to 2 Ma years after iron 379 

meteorites (Elkins-Tanton et al., 2011), from early subsonic impact on a preheated (i.e. 26Al decay) 380 

and incompletely differentiated planetesimals. Thus, the remarkable similarities of metal-silicate 381 

fractionation between undifferentiated and differentiated bodies, means that Ge isotopic 382 

composition of OCs is at least partly inherited from early differentiated planetesimals following the 383 

impact splashing model (Lichtenberg et al., 2018). Although the direction of isotopic fractionation 384 

between metal and silicate is similar, the Δ74/70Ge metal-silicate in ordinary chondrite remain small 385 

compared to other differentiated bodies. This difference could be the result of complex 386 

evaporation/condensation process recorded during disruption of partly differentiated bodies. 387 

Addition of sulfur in the Fe-Ni system strongly modifies the Ge incorporation into the metal 388 

phase. Chabot et al. (2003), Chabot and Jones (2003) demonstrated that during fractional 389 

crystallization at equilibrium of a FeNi-S metallic liquid, D(Ge)solid metal/ liquid metal will increase by 390 

several orders of magnitude as S increases in the liquid. Similar low Ge contents have also been 391 

observed in S-rich melt during Fe-Ni-S partial melting experiments (Rushmer et al., 2005). It is 392 

likely that very low Ge contents (2ppb) in sulfide from OC’s (Figure 3A) result from late stage 393 

fractional crystallization of Fe-Ni-S melts. δ74/70Gesulfide of -1.56‰ in both H4 and H6 types are 394 

strongly negative and this seems to be a common feature of sulfides in general, such as terrestrial 395 

sulfides (Belissont et al., 2014).  396 

 397 

4.1.3. Effect of metamorphism  398 

Unequilibrated OCs (type 3) are primitive and may correspond to the outer layer of a layered 399 

planetesimal (Trieloff et al., 2003) that underwent low-temperature metamorphic processes (<675°C, 400 

Tait et al., 2014). They represent the most reduced type of each OC group (Rubin, 2005). This implies 401 
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that metal-silicate exchange is limited compared to other petrologic types and that isotopic fractionation 402 

established before planetesimal accretion might not be overprinted by younger processes (Van 403 

Schmus and Wood, 1967).  404 

From H3 to H5 petrologic types, some variations in Δ74/70Ge metal-silicate values (Figure 4 A,B) 405 

would indicate Ge isotopic exchange between metal and silicate during thermal metamorphism. 406 

However, the lack of variations in δ74/70Gemetal reflects no measurable effect of metamorphism on 407 

the Ge isotopic composition of the metal phase. Thus, the Δ74/70Ge metal-silicate variations reflect a 408 

greater sensitivity of δ74/70Gesilicate during metamorphism processes due to the lower Ge content in 409 

silicate compared to metal. Melting points for FeNi-S assemblage and for silicate are respectively 410 

963°C and 1050 °C (Mare et al., 2014 and reference therein) at 0.3kbar. Types 3 to 5 OCs would 411 

have experienced different peak metamorphism temperatures from T<675°C for H3, 525-727°c 412 

for H4, to 676°C <T< 865°C for H5 (Monnereau et al., 2013; Tait et al., 2014) that is apparently 413 

too low to melt FeNi-S alloy and cause metal-silicate exchange. By contrast, type 6 OCs have 414 

reached temperature between 866°C and 1000°C (Monnereau et al., 2013; Tait et al., 2014). The 415 

FeNi-S melting and efficient Ge silicate-metal exchange results in an increase of Ge content in 416 

metal from H3-H5 types ([Ge] mean=61.9ppm), excluding Allegan (see section 3.1) to H6 type ([Ge] 417 

mean=66.0) in agreement with Chou et al. (1973), by migration of Ge from silicate to metal. Similarly, 418 

as light isotopes migrate faster than heavy isotopes (Richter et al., 2009), the silicate will become 419 

isotopically heavier, approaching the isotopic composition of the metal, and leading to a similar 420 

Ge isotopic composition for silicate, metal and bulk H6 chondrites within the 2σ error (Figure 4 A, 421 

B). 422 

The global scheme for L chondrites is not as clear as for H chondrites. Except for Bjürbole 423 

sample (L4 at -0.5 ‰), silicates of L6 chondrites have very negative and heterogeneous δ74/70Ge 424 

values and distinct from the metal phase values (Figure 3A), suggesting no isotopic re-425 

equilibration such as seen in H6 chondrites. The “onion shell” model is less constrained for L 426 
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chondrites. Göpel et al (1994) propose the formation of the L parent bodies from thermal gradient 427 

disruption due to impact processes and reassembly. If this occurs before metal-silicate 428 

equilibration, this could prevent efficient Ge exchange between metal and silicate. Finally, isotopic 429 

uniformity of metal phases from H3 to H6 and L3 to L6 (Figure 2B) are consistent with closed-430 

system metamorphism within each parent body. 431 

 432 

4.2. Links between redox process and δ74/70Ge variations thought H-L-LL sequence 433 

The main characteristic of ordinary chondrites is the increase in oxidation state through the 434 

H, L LL sequence, inferred from the decrease in metal content, and the increase in percentage of 435 

fayalite in olivine (Chou et al., 1973). The similar increase in oxygen isotopic compositions and 436 

Δ17O anomalies from H to LL OCs (Clayton et al. 1991) leads Rubin (2005) to identify the 437 

correlation between % Fa in olivine and δ18O, Δ17O values. 438 

Ge concentration and isotopic composition in metal increase from H to L-LL groups (Figure 439 

2B), ruling out any Ge loss and evaporative processes during OCs formation. Therefore, a well-440 

defined positive correlation is identified between %Fa, and Ge concentrations, δ74/70Ge in metal 441 

for all petrographic types and groups (Figure 5A and B), suggesting that metal becomes enriched 442 

in Ge and Ge heavy isotopes with increasing oxidation.  443 

δ74/70Ge values and d18O, Δ17O also display a positive correlation (Figure 6) in which the three 444 

groups are distinguishable outside analytical errors, with values as follows for H (mean Δ17O=0.71 445 

± 0.12 ‰, δ74/70Ge=-0.51 ± 0.09 ‰), L (mean Δ17O=1.02 ± 0.15 ‰, δ74/70Ge=-0.31 ± 0.06 ‰) and 446 

LL chondrites (mean Δ17O=1.18 ± 0.12 ‰, δ74/70Ge=-0.26 ± 0.09‰). By contrast, Luck et al. (2005) 447 

do not report any correlation between Zn isotopes and Δ17O anomalies among the OCs sequence. 448 

They attribute Zn isotope variations among petrologic types to parent body processes, i.e. Zn loss 449 

during metamorphism. Hence, [Ge]- δ74/70Ge -% Fa and d18O, Δ17O correlations would reflect 450 
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complex processes, some of them originating in the accretionary disk, and broadly linked to redox 451 

state. Specifically, processes involving chondrule mixing of type I-reduced and type II metal-free 452 

chondrules (Clayton et al., 1991, Zanda at al., 2006), and incorporation of an oxidizing component 453 

during accretion of OCs (Rubin, 2005) are discussed here. 454 

 455 

4.2.1. Chondrules as carriers of high δ74/70Ge signature?  456 

Clayton et al. (1991) demonstrates that in some ordinary chondrites small-size chondrules 457 

(with diameter d<300 µm) show an enrichment in 16O and depletion in 17O compared to larger 458 

chondrules (d>300 µm). This difference has been interpreted in terms of interaction between 16O-459 

poor melted chondrules and 16O-rich gas, at their time of formation. Chondrules were then 460 

classified into Type I chondrules (magnesian) that are small, reduced, FeO-rich, depleted in 461 

volatile, and Type II chondrules (ferroan) which are larger, oxidized, metal-free, volatile-rich 462 

(Zanda, 2004, Zanda et al., 2006). Additionally, Zanda (2006) showed that proportions of Type I 463 

chondrule decrease through the OC sequence while Type II increase (45%, 28%, 22% and 36%, 464 

58%, 61%, in H, L, and LL groups, respectively). Based on type I and type II chondrule sizes, their 465 

amount in H, L and LL OCs, and the heaviest oxygen isotopic composition of large chondrules 466 

compared to small chondrules, the authors argue that the increase of Δ17O through H-L-LL can 467 

be explained by “size sorting process” of chondrules (Clayton et al., 1991) or mixing between 468 

petrological components of chondrites (Zanda, 2006). Thus, considering the δ74/70Ge-δ18O-Δ17O 469 

correlations (eg Figures 6 and 8) we can assess if type II chondrules have a heavier δ74/70Ge 470 

composition compared to type I chondrules. An increase in Type II would raise the δ74/70Ge ratio 471 

in type II rich-ordinary chondrites. 472 

We have used two approaches to test the chondrule mixing hypothesis. First, we calculate the 473 

inferred δ74/70Ge of type I, type II chondrules and matrix to account for the δ74/70Ge variation from 474 
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H to LL as a mixing between these components (Figure 7). This mass balance calculation is based 475 

on Zanda et al. (2006) type I, type II chondrules and matrix proportion in H, L and LL and their 476 

respective oxygen isotopic composition. According to this modeling, we report the following 477 

theoretical composition of δ74/70Getype I = -0.81 ‰, δ74/70Getype II = 2.15 ‰ and δ74/70Gematrix = -7.35 478 

‰. Second, we analyze the Ge isotopic composition of type I and type II chondrules. As it is not 479 

possible to distinguish Type I and Type II chondrules at macroscopic scale, we used the same 480 

protocol as Clayton et al. (1991) on the same meteorite (Dhajala H3.8). We separated two 481 

chondrule fractions of d<300 µm and d>300 µm, with the assumption that the small fraction should 482 

be mainly composed of type I and the larger fraction of type II chondrules. The striking results 483 

show that the δ74/70Ge values of small chondrules (δ74/70Ged<300µm=-0.28±0.12 ‰), and large 484 

chondrules (δ74/70Ged>300µm=-0.38±0.11 ‰) (Table 3) are similar within error and close to the 485 

Dhajala bulk values (δ74/70Ge= -0.37±015 ‰). Germanium and oxygen isotopic values for Dhajala 486 

are on the mixing line of Type I, II chondrule isotopic compositions, indicating no analytical artefact.  487 

However, Type I, II chondrule isotopic compositions to do not plot on the δ74/70Ge-δ18O OC 488 

correlation (Figure 8) and are not in line with the calculated values for type I and type II chondrules, 489 

which preclude any mixing process between bulk type I and II chondrules in H chondrites. In-situ 490 

ion probe study of oxygen isotopes in individual olivine and pyroxene phases of OC chondrules 491 

displays a more complex picture, with variable δ18O but similar Δ17O values in Type I and II 492 

chondrules from H chondrites (Kita et al., 2008), and Semarkona (LL3) chondrite (Kita et al., 2010). 493 

In Semarkona, type I and II both have similar Δ17O values (+ 0.5-0.7‰) that are lower than bulk 494 

LL chondrites (+1.2‰) indicating that chondrule phenocryts do not host the Δ17O anomalies. Thus, 495 

the issue is not the dichotomy between type I and type II chondrule O isotopic compositions, but 496 

the recognition of a high Δ17O anomaly. For example, Δ17O anomaly has been found in chondrule 497 

glass in LL chondrite, and would result from aqueous alteration with a high Δ17O ice component 498 

(Kita et al., 2010). Ge isotopes and detailed studies of O anomalies in chondrules would not favor 499 
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a mixing model linking phenocrysts in type I and II chondrules with the redox state, but a mixing 500 

with, or incorporation of a high Δ17O oxidized component in chondrules or matrix of chondrites. 501 

Several suggestions could be proposed for the similar Ge isotopic composition between type 502 

I and II chondrules. The first one would be that the evidence of an oxidizing component with high 503 

Δ17O must be found in the matrix of ordinary chondrites. The second one relates that 504 

unequilibrated H chondrites would have accreted low amount of high Δ17O phase leading to 505 

undetectable variation of d74Ge within our reproducibility. A systematic investigation of Ge isotopic 506 

compositions of chondrules and matrix of H, L and LL types would be necessary to understand 507 

their similar composition. 508 

 509 

4.2.2. The d74Ge- Δ17O-%Fa correlations in OCs and the accretion of nebular water 510 

The main issue of the correlations between Ge elemental and isotopic variations in 511 

ordinary chondrites, the percentage of fayalite in olivine, the oxygen isotopic composition and 512 

anomalies in (Δ17O), is the origin of the oxidation and how it relates to an asteroidal processes 513 

and/or a nebular origin. Correlations between %Fa in olivine and δ18O, Δ17O in meteorites were 514 

first identified in urelites by (Clayton and Mayeda, 1988). They interpreted these results to be 515 

associated with oxidation processes in the nebula. Based on the Δ17O-%Fa positive correlation 516 

between OCs groups, Rubin (2005) proposed that the increase in oxidation state from H to L to 517 

LL parent bodies is related to an increase in the proportion of an accreted oxidizing agent with 518 

high δ17O, δ18O and Δ17O signatures. Such elevated oxygen isotopic signatures have been 519 

identified by Choi et al. (1998) in magnetite in unequilibrated LL OCs which show a very large and 520 

unusual deviation from the TFL (Δ17O≈5‰), compared to OCs typical values (Δ17O≈0 to 2‰). Choi 521 

et al. (1998) suggest that high 18O - nebular water (δ18O = 21‰, Δ17O = 6.6‰) accreted on the 522 

parent body of OCs induced low-temperature aqueous alteration. Such asteroidal alteration has 523 
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been recognized to be responsible for the formation of magnetite by oxidation of FeNi alloys 524 

(Wasson and Krot, 1994; Krot et al., 1997; Choi et al., 1998), of fayalite rims on pyroxene grains 525 

by reaction of oxidized Fe with silica (Wasson and Krot, 1994), and of phyllosilicates (Hutchison 526 

et al., 1987; Choi et al., 1998) in LL unequilibrated OCs. 527 

It would be tempting to attribute high Ge - d74Ge compositions to the high 18O - nebular 528 

component (Figures 5 and 6) as the main oxidizing agent in the low temperature (T<500K) nebula 529 

is a H2O-gaseous component (McSween and Labotka, 1993; Krot et al., 1997). However, the 530 

thermodynamic state of H2O has been largely debated. McSween and Labotka (1993) and Krot et 531 

al., (1997) propose that ice condensates in the nebula are accreted onto the OC’s parent bodies 532 

and were later heated to vapor during metamorphism and reacted to form phyllosilicates, such as 533 

described in LL3 unequilibrated chondrites. Wasson and Krot (1994) and Wasson (2000) argue 534 

that the low temperatures, down to 160 K (or at 182K, Lodders et al., 2009), needed to condensate 535 

ice cannot be reached in the nebular location were OCs are formed (within 2-3 AU) and instead 536 

suggest that H2O is derived from accreted hydrated silicates. The key issue here is how 537 

germanium can be incorporated in the low–temperature H2O - oxidizing component. Germanium 538 

condensation temperature (T50% cond) is approximately 875K at 10-4 atm, and it can be argued 539 

that at low condensation temperatures, Ge has already condensed. It is likely that the very low  - 540 

temperature ice condensates do not contain any Ge. Yet, hydrated silicates form at the end of the 541 

condensation sequence, however at higher temperatures than ices (T50% cond < 350°C, Grossman 542 

and Larimer, 1974). One possibility is that dust enrichment in the continuous accreting nebula 543 

could make T50% cond higher (Wasson, 2000; Davies and Richter, 2014) and we propose that the 544 

last and infinitesimal fraction of Ge, possibly in the form of GeBr2 because of its very low 545 

temperature of condensation (Sears, 1978), could condense in phyllosilicates, thus acquiring high 546 

d74Ge values, as discussed in part 4.1.1. 547 
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Increasing δ17O, δ18O, Δ17O anomalies and δ74/70Ge from H to L and LL OCs would then 548 

reflect the increasing incorporation of high 18O - high δ74/70Ge, but low Ge- nebular water hosted 549 

in phyllosilicates during accretion of OC parent bodies. Increasing δ74/70Ge and Ge content in metal 550 

cannot result from simple mixing and requires parent body processes related to destabilization of 551 

phyllosilicates during thermal metamorphism. 552 

During planetesimal heating, phyllosilicates will dehydrate and 18O-rich and δ74/70Ge-high 553 

water (or vapor) is liberated and then oxidizes the Fe-Ni metal as FeO, forming magnetite, and 554 

increasing the %Fa in olivine. Germanium released in water is likely to be incorporated in the metal 555 

because of its siderophile behavior, but its small amount will not contribute to the significant 556 

increase of Ge from H, L to LL OCs. The increase of siderophile elements,  Ge, together with Ni 557 

and Co (Chou et al., 1973; Rubin, 1990), is better explained by increasing oxidative Fe loss in the 558 

residual metal. By contrast, the high δ74/70Ge composition of released H2O component reacting 559 

with the metal is expected to significantly increase the δ74/70Gemetal proportionally to the amount of 560 

accreted oxidizing agent from H to LL OCs. As such interaction may occur during metamorphism, 561 

a correlation in δ74/70Gemetal maybe expected from type 3 to 6 in a given OC group. However, we 562 

propose that the lack of δ74/70Gemetal correlation with petrologic types is imputable to the relatively 563 

high temperature of thermal metamorphism, even recorded in the earlier stage of pervasive H2O 564 

alteration by magnetite formation in type 3 chondrite (T≈675°C) (Krot et al. 1997; Choi et al., 1998; 565 

Tait et al., 2014). Fractionation of stable isotopes at equilibrium is a function of 1/T2, thus an 566 

increase in temperature of metamorphism from types 3 to 6 (675 to 975°C, Tait et al., 2014) would 567 

not induce significant variations in the Ge isotopic fractionation between H2O-component and 568 

metal with petrologic type. Hence, Ge isotopic fractionation that we see between groups is 569 

primarily function of the amount of high δ74/70Ge – nebular water hosted in accreted phyllosilicates. 570 

 571 

4.3. Dhajala, a reduced L chondrite 572 
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The higher δ74/70Gemetal of Dhajala (H3.8) than other H chondrites, including Sharps (H3.4) 573 

which has a similar petrologic type, needs to be discussed as Dhajala does not fit the correlations 574 

shown in Figures 5B and 6. Dhajala and Sharps have both undergone a very low degree of 575 

metamorphism. They lie within the field of oxygen isotopes as H chondrites, but Dhajala (H3.8) 576 

has oxygen isotopic anomalies slightly higher than Sharps (H3.4) (Δ17ODhajala=0.698 and 577 

Δ17OSharps=0.646, Clayton et al., 1991). The high Femetal content in Dhajala compared to Sharps 578 

(15.98 wt% and 12.02 wt% respectively), and the low FeObulk (10.18 wt% and 13.64 wt% 579 

respectively) (Table 5), would reflect more reduced conditions for Dhajala than for Sharps. In 580 

contrast, Dhajala is more oxidized (%Fa= 19.3) and contains 0.04 wt% of carbon whereas Sharps 581 

is more reduced (%Fa=17.5) and has a higher carbon content of 0.95 wt% (Jarosewich, 1990). 582 

Dhajala germanium isotopic composition is more in line with the L chondrite type than with the H 583 

type (Figures 2, 6).  Dhajala might have accreted the same proportions of an oxidizing component 584 

as a L chondrite, leading to olivine formation with high %Fa (>20) and the rise of δ74/70Gemetal 585 

approaching the L Ge isotopic signature. It then experiences reduction by carbon (McSween and 586 

Labotka, 1993) following the reaction (5): 587 

C + MgFeSiO4 = MgSiO3 + Fe + CO (Warren and Huber, 2006) (5) 588 

In conclusion, the high composition of δ74/70Gemetal in Dhajala with low %Fa is the result of 589 

high carbon activity in this meteorite which has not been lowered by C dissolution in taenite (Romig 590 

and Goldstein, 1978). It implies that Dhajala should be formed in the L region of the accretionary 591 

disk before being reduced by carbon. This suggests that the OCs accretion environment is 592 

heterogeneous and that δ74/70Ge should be considered as a tracer that fossilized locations where 593 

undifferentiated meteorites have been accreted. 594 

 595 

4.4. Relationship between redox state of OC and  IIE iron meteorites  596 
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IIE non-magmatic iron meteorites were formed by impact-induced melting and destruction of 597 

a chondritic parent body followed by metal silicate re-accretion (Luais, 2007; Ruzicka, 2014; 598 

Wasson and Wang 1986). This group is divided into an old group (Miles, Weekeroo Station) and 599 

a young group (Netschaëvo, Watson), formed between 4.3-4.5 and 3.5-3.8 Ga respectively. They 600 

have a complex mineralogy, mainly composed of metal and silicate inclusions. These inclusions 601 

represent 5-10 vol% of IIE meteorites and are composed of silicate (feldspar, pyroxene and 602 

olivine) phosphates, sulfide and chromite (McDermott et al., 2016). Silicate inclusions are 603 

classified into two categories (1) chondritic inclusions with relic chondrules and (2) differentiated 604 

inclusions (McDermott et al., 2016). 605 

The genetic links between H OC and IIE iron meteorites have been first identified on the 606 

occurrence in IIE irons of chondrule relics and silicate inclusions, with similar elemental and 607 

oxygen isotopic composition as silicates from H OC (Olsen and Jarosewich, 1971; Clayton and 608 

Mayeda, 1996). However, on the basis of (1) concentrations in refractory and volatile siderophile 609 

elements, (2) low Δ17O values in silicate inclusions in IIE Netschaevo meteorite, it has been 610 

inferred that impact from which IIE iron meteorites were formed, takes place on an HH parent body 611 

more reduced than H group (McDermott et al., 2016; Wasson, 2017).  612 

In Figure 9 we report a positive correlation between δ74/70Ge of IIE bulk metal (Luais, 2007; 613 

Luais, 2012), OCs metal (data from this study), and Δ17O measured in silicate inclusions of IIE 614 

irons and in bulk silicates of H, L and LL OC (see Table 5 for oxygen references). IIE iron meteorite 615 

values in δ74/70Gemetal and Δ17Osilicate inclusions are lower than those for H chondrites. Considering that 616 

the H chondrites are the less oxidized group, then the lowest δ74/70Gemetal and Δ17Osilicates inclusion 617 

(Figure 9) of IIE old groups would have the expected isotopic composition of the most reduced 618 

HH parent body. This demonstrates a genetic link between IIE iron meteorites and a HH parent 619 

body. Then, the combined use of δ74/70Ge in metal and Δ17O in silicate prove to be a powerful tool 620 

for constraining the genetic links between meteorite families. 621 
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 622 

5 - Summary 623 

We report the first data set of germanium isotopic composition for bulk and separated phases 624 

from ordinary chondrites. Germanium isotopic composition has been measured by MC-ICP-MS 625 

coupled to a hydride generator system with a 2σ long term reproducibility of about 0.1‰. We find 626 

that Ge isotopic composition of ordinary chondrites is mainly driven by the metal phase. The 627 

δ74/70Gemetal values increase significantly through the OCs sequence and that H, L and LL groups 628 

are distinguishable, with -0.51 ± 0.09‰, -0.31 ± 0.09‰ and -0.26 ± 0.09‰ respectively. 629 

Implications of germanium isotopes in the understanding of ordinary chondrites composition are 630 

as follows.  631 

• The very high Ge concentration of metal compared to other phase and the lack of isotopic 632 

fractionation between metal and bulk (Δ74/70Gebulk-metal=0.03±0.21‰) imply that the metal is 633 

the main contributor of the of Ge elemental and isotopic budget and can be considered a 634 

good proxy for bulk Ge isotopic composition. 635 

• The lack of significant δ74Gemetal variation between unequilibrated and equilibrated OCs 636 

within each group implies that δ74Ge variation between groups is inherited from nebular 637 

process rather than parent body processes. 638 

• The lower concentration of Ge in silicate compared to metal ,and the decrease of 639 

Δ74/70Gemetal-silicate during metamorphism, from H3 to H6 type, without substantial change in 640 

δ74Gemetal composition, is the result of an increase in δ74/70Ge values in the silicate It implies 641 

that metal and silicate are at least, partially equilibrated in a closed system during 642 

metamorphism. 643 

• The positive Δ74/70Gemetal-silicate is remarkably similar to previously reported Ge isotopic 644 

fractionation between (1) magmatic iron meteorites and Earth silicates (2) metal and olivine 645 
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from pallasites. Ge isotopic fractionation between metal and silicate appears to be inherited 646 

from older partially differentiated planetesimals that were destroyed and re-accreted. 647 

• The two well-defined positive correlations between δ74/70Gemetal and %Fa, Δ17O 648 

respectively, demonstrate that Ge isotopic composition is a tracer for oxidizing processes 649 

during accretion. In the case of Dhajala, small and large chondrules have the same Ge 650 

isotopic compositions, therefore size sorting chondrule mechanism cannot explain 651 

δ74/70Gemetal-%Fa and Δ17O correlation. Instead these correlations would result from an 652 

increase in the amount of accreted high 18O-high δ74/70Gemetal nebula water hosted in 653 

hydrated silicates.  654 

• The δ74/70Gemetal- Δ17Osilicate correlation in OCs provides evidence for the existence of the 655 

HH reduced parent body and its genetic link with IIE iron meteorites. Further study may 656 

show the slightly lighter Ge isotopic composition of IIE iron meteorites being produced 657 

during melting of the metal phase of OCs. 658 
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