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Abstract 9 

In order to understand the origin of oldhamite (CaS) in enstatite meteorites, we report Ca isotopic 10 

compositions (δ44/40Ca) of oldhamite (obtained from water leachate of bulk chondrites and aubrites 11 

and mineral separates from the Norton County aubrite) and silicate minerals from different types 12 

of enstatite chondrites and aubrite. The δ44/40Ca of the bulk enstatite chondrites range from 1.05‰ 13 

to 1.24‰, with an average of 1.13±0.12‰, higher than that of the estimate of the bulk silicate 14 

earth (~0.94‰). Major and trace element analyses show that the water leachates of enstatite 15 

chondrites are mainly composed of oldhamite, and they take over 20.6-68.5% Ca of the bulk 16 

meteorite Ca budget. The Ca isotope fractionation between oldhamite and residual silicate 17 

(Δ44/40Caoldhamite-silicate) for the studied enstatite chondrites is minimum (-0.44‰) for Abee (impact-18 

melt breccia) and maximum (+0.16) for St.Marks (EH5). The Ca isotope fractionation between 19 

oldhamite (individual mineral grains and leachate) and silicates in Norton County varies from -20 

0.47‰ to -0.31‰ with an average of -0.41‰. These Δ44/40Caoldhamite-silicate correlate well with 21 

previous theoretical calculation and suggests that the oldhamites in Norton County are in isotopic 22 

equilibrium with co-existing silicates, and therefore were formed during magmatic processes. 23 

However, in enstatite chondrites, the large variation on Δ44/40Caoldhamite-silicate and its negative 24 

correlation with metamorphic temperature reflects the redistribution and equilibration of Ca 25 

isotopes during metamorphism. The variable Δ44/40Caoldhamite-silicate found in unequilibrated 26 

chondrites reflect kinetic Ca isotope fractionation between oldhamite and nebular gas and 27 

therefore is evidence for the formation of oldhamite by condensation in the solar nebula. 28 

https://www2.cloud.editorialmanager.com/gca/viewRCResults.aspx?pdf=1&docID=28865&rev=3&fileID=941832&msid=3a7d8116-6b5d-43de-bf7f-81bdad7bfdeb
https://www2.cloud.editorialmanager.com/gca/viewRCResults.aspx?pdf=1&docID=28865&rev=3&fileID=941832&msid=3a7d8116-6b5d-43de-bf7f-81bdad7bfdeb
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30 

1 Introduction31 

Enstatite meteorites (both chondrites and achondrites) play a special role in planetary 32 

sciences as they possibly share a genetic link with the materials that have formed the Earth (Javoy, 33 

1995; Javoy et al., 2010). This is because they are the only meteorites displaying isotope 34 

similarities with Earth for many elements, such as O, N (Javoy et al., 1986), Ca (Schiller et al., 35 

2018; Valdes et al., 2014), Ti (Trinquier et al., 2009; Zhang et al., 2012), Nd (Boyet and Carlson, 36 

2007) or Cr (Mougel et al., 2018). However, enstatite meteorites and the Earth have distinct 37 

chemical composition, Si isotopic composition and redox state that are difficult to reconcile with a 38 

simple common origin (e.g., Fitoussi and Bourdon, 2012). Unlike most other types of meteorites 39 

and rocky planets, enstatite chondrites formed under highly reducing conditions (5 log units below 40 

the iron-wüstite buffer, IW < -5). Under these particular conditions, elements that are usually 41 

considered lithophile under the Earth mantle conditions tend to be siderophile and/or chalcophile 42 

(Gannoun et al., 2011; Lodders and Fegley, 1993). This is attested by the presence of various 43 

unusual sulfide phases in these rocks (Keil, 1989; Mason, 1966). Among these sulfides, 44 

oldhamites, CaS, has attracted much attention for their enrichment in rare-earth element (REE) 45 

and potentially control the REE and Ca budget of these meteorites. 46 

The stability of oldhamites in enstatite meteorites is strongly influenced by factors such as 47 

oxygen fugacity and saturation of relative elements. As a result, oldhamite have the potential to 48 

serve as a tracer for understanding the formation and evolution history of enstatite meteorites. 49 

However, the origin of oldhamites in enstatite meteorites remains a subject of debate. It has been 50 

proposed that oldhamites are direct condensates from the solar nebula based on their high 51 

concentrations of REE (e.g., 10 to 100 times the mean CI chondrite abundance; Gannoun et al., 52 

2011; Lodders and Fegley, 1993). On the other hand, observations of REE enrichments in 53 

oldhamites within enstatite achondrites (aubrites) is puzzling, as oldhamite formed during the 54 

aubrite melting episode should not be REE-rich for its low partition coefficients relative to silicate 55 

melt (McCoy et al., 1999). This discrepancy has led to alternative explanations such as magmatic 56 

origin for CaS crystallizing from an evolved melt depleted in FeO and enriched in incompatible 57 
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elements (Wood et al., 2014). Furthermore, the REE patterns in oldhamites are highly variable, 58 

even within the same meteorite specimen. This suggests that various oldhamite minerals may have 59 

different origins (Gannoun et al., 2011). Despite conducting detailed physicochemical or 60 

experimental modeling, no direct evidence has been provided to definitely confirm the origin of 61 

oldhamites in enstatite meteorites. 62 

Calcium (Ca) has 6 stable isotopes, 40Ca (96.94 %), 42Ca (0.647 %), 43Ca (0.135 %), 44Ca 63 

(2.086 %), 46Ca (0.004 %) and 48Ca (0.187 %), with 40Ca a major product of the decay of 40K 64 

(T1/2=1.25 Ga) and other isotopes formed by various nucleosynthetic mechanisms. It makes Ca 65 

isotopes a powerful tool on tracing planetary formation and evolution by studying the stable 66 

isotopic variations, the radiogenic enrichment for age dating and nucleosynthetic anomalies 67 

(Russell et al., 1978; Schiller et al., 2018; Yokoyama et al., 2017). Several studies have provided 68 

Ca isotope composition on enstatite meteorites with a discrepancy between different laboratories 69 

(Huang and Jacobsen, 2017; Simon and DePaolo, 2010; Valdes et al., 2014). This variability in Ca 70 

isotopic compositions could be attributed to two potential factors: the heterogeneity in proportion 71 

of Ca-dominant minerals or preferential dissolution of oldhamite (Valdes et al., 2014). Theoretical 72 

ab-initio calculations have suggested that oldhamite minerals should exhibit enrichment in lighter 73 

Ca isotopes compared to a silicate melt during magmatic processes (Huang et al., 2019). However, 74 

the actual Ca isotope composition of oldhamite in enstatite meteorites remains poorly constrained 75 

due to limited data. To date, only one study has determined the Ca isotope composition of 76 

oldhamite in an EH4 enstatite chondrite. Surprisingly, the study found that oldhamite in this 77 

particular meteorite is isotopically heavier than co-existing silicate minerals by leaching oldhamite 78 

from bulk rock in water (Valdes et al., 2014). This is opposite to theoretical calculation which 79 

implies that the origin of oldhamites could be more complex than initially expected. 80 

In order to trace the origin of oldhamite in enstatite meteorites and further explore their 81 

relationship with Ca isotopic variation among enstatite meteorites, we have carefully selected 82 

different types of enstatite chondrites and achondrites for analysis. The enstatite chondrites chosen 83 

to encompass varying degrees of metamorphism grades, from EH3 to EH6 and one EH-type 84 

impact breccia, along with one EL3 and three EL6 samples. As a representative of igneous 85 

achondrite we have included the aubrite sample, Norton County, which is known for containing 86 

large size oldhamite phenocrysts.  87 
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Previous study has attempted to extract oldhamite from bulk meteorite powder with water, 88 

considering its water solubility while other Ca-bearing minerals remain in silicate form. However, 89 

these studies have not provided the major element composition of the leachates, which has made it 90 

challenging to validate the efficiency of oldhamite extraction (Valdes et al., 2014). In this study, 91 

we also adopt the water leaching to extract oldhamite and report the Ca isotopic compositions 92 

(δ44/40Ca) of the leachate (oldhamite) and remaining portion (silicates). This will enable us to gain 93 

valuable insights into the isotopic variations and better understand the role of oldhamite in Ca 94 

isotope variations among enstatite meteorites. To further validate the efficiency of our water 95 

leaching experiments, we have selected two individual oldhamite phenocrysts from the aubrite 96 

sample, Norton County, for a direct comparison. This comparative analysis will help us assess the 97 

consistency and reliability of our extraction method. 98 

By conducting a thorough investigation with these diverse enstatite meteorite samples, we 99 

aim to understand oldhamite's origin and its contribution to Ca isotopic variation. This research 100 

will shed light on the processes involved in the formation and evolution of oldhamite in enstatite 101 

meteorites. 102 

 103 

2 Sample and analytical method 104 

2.1 Sample description and leaching experiments 105 

For our study, we have carefully chosen a diverse set of meteorite samples. This includes 106 

seven EH-type (Qingzhen (EH3), Sahara 97096 (EH3), NWA13299 (EH3), Indarch (EH4), St. 107 

Marks (EH5), NWA12945 (EH6)), one EH-type impact-melt breccia (Abee (IMB)) and four EL-108 

type (MAC02837 (EL3), Ufana (EL6), Pillistfer (EL6), Hvittis (EL6)) enstatite chondrites. 109 

Moreover, a single aubrite, Norton County, has been included for this study. The enstatite 110 

chondrites chosen for analysis display a range of metamorphic grades, spanning from 3 to 6. The 111 

bulk rock Ca isotope composition of several samples, including Qingzhen, Sahara 97096, Abee, 112 

Indarch, St. Marks and Norton County, have been previously reported in the literature (Huang and 113 

Jacobsen, 2017; Simon and DePaolo, 2010; Valdes et al., 2014). Notably, a previous study has 114 

examined the oldhamite in Indarch using water leaching experiment (Valdes et al., 2014). In this 115 

study, we have extended the research by reporting the Ca isotope composition of both bulk 116 
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meteorite samples and water leachate along with their residues. Furthermore, we have isolated and 117 

analyzed two individual oldhamite mineral phenocrysts (>80 mg) from the Norton County aubrite. 118 

The chemical composition and Ca isotope composition of these phenocrysts will be used for direct 119 

comparison with the result obtained from the water leaching experiments. As part of our analytical 120 

framework, we have utilized a USGS (United States Geological Survey) reference material (GSP-121 

2) and a seawater standard (NASS-7). These reference materials were digested, purified and 122 

analysed alongside our meteorite samples, ensuring accuracy and precision in our measurements.  123 

To prepare the samples for analysis fresh rocks pieces were crushed into powders without 124 

using water cleaning. Although grain size of the powder could not be determined, we checked by 125 

eyesight for the absence of residual coarse grains or metal nodules after crushing. The resulting 126 

bulk rock powder samples (~15 mg) were dissolved using a mixture of 1 ml concentrated HNO3 + 127 

1 ml concentrated HF in 7 ml Teflon bomb vessels. This dissolution process took place in an oven 128 

(120℃) for 2 days (Inglis et al., 2018). After evaporation of the HF and HNO3, the samples 129 

underwent further treatment. A 1:1 volume mix of concentrated HNO3 and HCl was used to treat 130 

the samples, which were refluxed in the oven at 135℃ for a duration of 3 days. Finally, the 131 

samples were dried and redissolved in 4 mol/L HNO3 for chemical purification. 132 

In order to investigate the role of oldhamite on element abundances and isotopic composition 133 

in the whole rock budget, we conducted a series of leaching experiments. The experimental 134 

procedure involved the following steps:  135 

1. Sample preparation: approximatively 20 mg samples were carefully weighted and placed 136 

in small pre-cleaned tubes.  137 

2. Leaching process: We added 1 ml MQ water to the tubes containing the samples and 138 

agitated them for several minutes. This agitation promoted the reaction between 139 

oldhamite and water. Then the liquid was extracted following centrifugation. This 140 

leaching process was repeated for 2-3 times to ensure thorough separation of oldhamites.  141 

3. Conversion to Ca(NO3)2: The leached fraction was then treated with 1ml of concentrated 142 

HNO3 (~69 %) which converted all the Ca present into Ca(NO3)2 and then the samples 143 

were dried down.  144 

4. Ca purification: To prepare the samples for Ca purification, 1 mL of 4 mol/L HNO3 was 145 

added and ion exchange chromatography was employed.  146 
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Additionally, we conducted separate digestion of single oldhamite mineral separates obtained 147 

from Norton County aubrite using the same process as the leachates. The remaining portion of the 148 

leaching experiments, known as residues, were transferred to Teflon vessels. These residues were 149 

digested using the same procedure as bulk rock powders. 150 

 151 

2.2 Chemical purification 152 

Before proceeding with the Ca isotope purification process, we separated 5% (50 μL) of each 153 

solution fraction, which was then diluted in 5 mL 0.5 mol/L HNO3 for major and trace element 154 

analysis. The remaining solutions were further diluted with 4 mol/l HNO3 to achieve a Ca 155 

concentration of about 10 μg/g Ca in the solution before loading the samples. For chemical 156 

separation, we employed a well-documented procedure that has been used in previous studies (Dai 157 

et al., 2022), originally adapted from Valdes et al. (2014) by Feng et al. (2018). Here we provide a 158 

concise summary of the process. The chemical purification was conducted using a column filled 159 

with 250 μL of Eichrom DGA resin. After washing the columns, the samples were loaded in 0.4 160 

mL of 4 mol/L HNO3, which contain ~4 μg of Ca. The matrix elements were washed by adding 161 

6.75 mL of 4 mol/L HNO3, and the Ca fraction was collected with 3 mL of water. This procedure 162 

was performed twice to ensure thorough purification. Next, to eliminate Sr interference, the Ca 163 

fraction was further purified by passing it through ~100 μL of Eichrom Sr spec resin. After 164 

washing the resin, the samples were loaded in 0.5 mL of 3 mol/L HNO3, and the calcium was 165 

collected with an additional 1.5 mL of 3 mol/L HNO3. This collected Ca fraction was then dried 166 

down at 120°C. Several drops of concentrated HNO3 were added and evaporated to decompose 167 

potential organic matters leached during the column chemistry. Full procedural blanks were tested 168 

and was below ~3.4 ng, consistent with previous studies done at IPGP (Valdes et al., 2014). 169 

Finally, the samples were redissolved in 0.5 mol/L HNO3 for analysis on the multiple-collector 170 

inductively-coupled-plasma mass-spectrometry (MC-ICP-MS), Nu Sapphire. 171 

 172 

2.3 Calcium isotope measurement on the Nu Sapphire 173 

The detailed information for Ca isotope measurement on Nu Sapphire has been already 174 

documented (Dai et al., 2022). In this study, we report the mass-dependent deviation and the 175 

radiogenic Ca anomaly at the same time. For mass-dependent deviation, the data are originally 176 
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reported as δx/44Ca: 177 

δ
x/44

Ca=(
(x

Ca
44

Ca⁄ )sample

(x
Ca

44
Ca⁄ )SRM915b

-1)×103 178 

With x=40, 42, or 43. While the radiogenic input on 40Ca is reported using the epsilon 179 

notation as: 180 

ε40Ca=(
(40

Ca
44

Ca⁄ )n sample

(40
Ca

44
Ca⁄ )n SRM915b

-1)×104 181 

With (40Ca/44Ca)n representing the 40Ca/44Ca ratio corrected from the mass-dependent 182 

isotopic fractionation after being normalized to the 42Ca/44Ca ratio using the exponential law and a 183 

42Ca/44Ca ratio of 0.31221 (Russell et al., 1978). Changes in the abundance of 40Ca relative to 184 

other calcium isotopes can originate from nucleosynthetic anomalies, as well as from the 185 

radioactive decay of 40K to 40Ca by electron (β−) emission (half-live of 1.27 billion years). Due to 186 

higher K/Ca ratios in some chondrites, radioactive decay can produce up to 4.02 ε-unit increase in 187 

40Ca over the age of the Solar System. The initial ε40Ca values, which reflect the nucleosynthesis 188 

anomalies, were reported as ε40Ca0 after correction of the radioactive decay of 40K using the age of 189 

the samples. The effect of concentration mismatch on Sapphire is more significant than on other 190 

MC-ICP-MS and such effect could be variable due to the modification of tuning parameter at the 191 

beginning of each session. To avoid the concentration mismatch effect, a simple calibration was 192 

performed based on the method described in Dai et al. (2023a). 193 

In this study, all the data have been acquired using SRM 915b as the standard because the 194 

original SRM 915a standard is not commercially available anymore. To facilitate comparison with 195 

previous data we have renormalized to SRM 915a and present the stable isotope data as δ44/40Ca as 196 

used in most studies (Antonelli et al., 2019; Huang and Jacobsen, 2017; Simon et al., 2009).  197 

The long-term external reproducibility was determined by the analysis of reference material 198 

GSP-2 and NASS-7 on Sapphire over an eleven-month period (Dai et al., 2023b). The external 199 

reproducibility of δ44/40Ca and ε40Ca are 0.07 ‰ and 0.50 ε-unit (2SD), respectively, typically 200 

better than what was obtained on thermal ionization mass spectrometry (TIMS) and older 201 

generation of MC-ICP-MS (>0.10‰, 2SD). The δ44/40Ca values of NASS-7 and GSP-2 are 1.92 ± 202 

0.08 ‰ (2SD) and 0.71 ± 0.08‰ (2SD), while their ε40Ca values are -0.16 ± 0.27 ‰ (2SE) and 203 

4.36 ± 0.49‰ (2SE), respectively, consistent with literature values (Amsellem et al., 2017; Feng et 204 

al., 2018; He et al., 2017; Li et al., 2018; Liu et al., 2017; Schiller et al., 2012; Valdes et al., 2014).  205 
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 206 

3 Results 207 

The Ca isotope data for the oldhamite leachates, silicate residues and bulk rocks of enstatites 208 

are listed in Table 1 and presented in Figure 1. The δ44/40Ca of the bulk EH chondrites range from 209 

1.05 ± 0.07‰ to 1.15 ± 0.04‰, with an average of 1.10 ± 0.06‰ (2SD, n=7). The EL3 chondrite 210 

displays identical δ44/40Ca value with EH chondrites. In contrast, the δ44/40Ca values of the bulk 211 

EL6 chondrites are higher than other samples, with an average of 1.22 ± 0.03‰ (2SD, n=3). The 212 

aubrite, Norton County, show similar δ44/40Ca values (1.12 ± 0.05‰) to enstatite chondrites. These 213 

findings suggest that the δ44/40Ca of enstatite chondrites is higher than that of bulk silicate Earth 214 

(~0.94‰). The Ca isotope fractionation between oldhamite and residual silicate part is reported as 215 

Δ44/40Caoldhamite-silicate = δ44/40Caleachate - δ44/40Caresidue. The values of Δ44/40Caoldhamite-silicate vary across 216 

different chondrites and generally correlate with the metamorphic grade of each sample. For 217 

instance, Abee (IMB) exhibits a Δ44/40Caoldhamite-silicate of -0.44‰, while St Marks (EH5) displays a 218 

value of +0.16‰. Norton County’s Δ44/40Caoldhamite-silicate is determined to be -0.31 ± 0.09‰ while 219 

the difference between individual oldhamite grains within Norton County is found to be -0.44 ± 220 

0.08‰ and -0.47 ± 0.08‰, respectively. 221 

The abundance of radiogenic 40Ca (produced by the radioactive decay of 40K), in the 222 

analyzed fractions (bulk rocks and leachates containing oldhamites and residues) varies with 223 

different K/Ca ratios. To determine the initial ε40Ca values of different enstatites, we calculated the 224 

average values from the bulk, leachate and residual parts. The initial ε40Ca values span a range 225 

from -0.81 to +0.41, with an average of -0.36 ± 0.23 (2SE). These results are consistent with the 226 

ε40Ca values of the bulk silicate earth. 227 

The water solubility of alkali sulfides, such as oldhamite and niningerite, leads to the 228 

preferential extraction of these minerals in water leachates, while silicates, metals, and other 229 

sulfides (e.g., FeS) remain in the residual material. Consequently, this leaching process effectively 230 

separates the calcium (Ca) present in oldhamites and other silicate phases. The mass and elemental 231 

budgets of leachates are computed and presented in Table 2. Due to the unknown exact mass of 232 

leachates and residues, the mass fraction of leachates is determined by assuming that all the 233 

leached components consist of sulfides and by dividing the weight of leachates to the weight of 234 
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the bulk rock powder before leaching (see Table S1). Similarly, the relative elemental budget is 235 

obtained using the same methodology. Throughout our analysis, we observed that the leachates 236 

mainly consist of Ca, with limited amounts of Mg, Na, Mn and Fe (Figure 2). The analysis 237 

indicates that the leached minerals are predominantly composed of oldhamite, with some presence 238 

of niningerite and a NaS-rich phase. It is noteworthy that the abundance of the NaS-rich phase 239 

decreases as the metamorphic grade advances, especially in EH chondrites. The mineral 240 

proportion of oldhamite within the leachates varies, ranging from 0.3% to 2.0%. This represents a 241 

significant portion, accounting for 20.6% to 68.5% of the Ca budget, overall agree with the 242 

efficiency on extracting oldhamites by using water or weak acetic acid in literatures (Boyet and 243 

Gannoun, 2013).  244 

The REE pattern and budget indicate that the leachates contain 0.7% to 8.2% of the REEs 245 

(based on Ce as an example), compared to the bulk rock. Considering the proportion of leached 246 

minerals in the bulk rock, the leachates have CI-normalized REE concentrations ranging between 247 

1 and 10, lower than that from literatures (e.g., 10 to 100 times the mean CI chondrite abundance; 248 

Gannoun et al., 2011; Lodders and Fegley, 1993). However, two individual oldhamite grains 249 

exhibit significantly high concentrations of REEs, reaching approximately 100 times the mean CI 250 

chondrite abundance. Regarding the REE patterns, the leachates from EH-type chondrites exhibit 251 

nearly flat patterns, while those from EL-type and aubrite samples show negative Eu anomalies. 252 

 253 

4 Discussion  254 

4.1 Calcium isotope composition of enstatite chondrites 255 

Previous studies suggested the enstatite meteorites could be the potential source for rocky 256 

planets like Earth, attributed to their similar isotopic compositions (Javoy et al., 2010). However, 257 

the significant variation in the δ44/40Ca values among enstatite meteorite samples, ranging from 258 

0.95‰ to 1.46‰, and even exhibiting variability within the same sample have been used to argue 259 

for such an enstatite chondrites/Earth connection (Amsellem et al., 2017; Huang and Jacobsen, 260 

2017; Simon and DePaolo, 2010; Valdes et al., 2014). Here we find that the δ44/40Ca values of the 261 

bulk rocks are remarkably consistent, with an average of 1.13 ± 0.12‰ (2SD, N = 11). This 262 

finding deviates from the existing literature data and underscores the need for a more 263 
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comprehensive discussion regarding the factors contributing to the observed variation. The precise 264 

determination and constraint of the average δ44/40Ca of enstatite chondrites are crucial to gain a 265 

better understanding of their isotopic composition and its potential implications for the formation 266 

of rocky planets. 267 

Sample heterogeneity provides a plausible explanation for the observed variations. In the 268 

case of enstatite meteorites, the amount of oldhamites is relatively minor (<1%) but it significantly 269 

contributes to the bulk rock's Ca content (20.6% to 68.5% in this study). It is worth noting that 270 

oldhamites are soluble in water and susceptible to degradation under oxidizing conditions. 271 

Consequently, their loss during alteration processes on Earth's surface or even during sample 272 

cleaning procedures, as proposed by Valdes et al. (2014), could account for the discrepancies in 273 

isotopic composition compared to the findings by Simon and DePaolo (2010). 274 

Here, we focus on Ca isotope data for the Abee (IMB) meteorite (Figure 3) to evidence this. 275 

Previous studies have reported a range of δ44/40Ca values for Abee, spanning from 0.95‰ to 276 

1.34‰, while our data falls well within this range (1.11 ± 0.05‰, 2SD). It is noteworthy that the 277 

oldhamite leachate and silicate component of Abee align coincidentally with the δ44/40Ca variation 278 

observed in the bulk rock across different literature sources. By conducting a modal calculation of 279 

the calcium budget for an average enstatite material, approximately 50% of the calcium is 280 

contained within oldhamites (Piani et al., 2016). In this study, the measured δ44/40Ca values of 281 

enstatite chondrites and the calculated δ44/40Ca values derived from a mass-balance calcium budget 282 

exhibit excellent agreement. This indicates that the samples analyzed in this study are 283 

homogeneous.  284 

Furthermore, the δ44/40Ca values of bulk EL6 chondrites range from 1.16‰ to 1.24‰, 285 

slightly higher than those of other enstatite chondrites. The elevated δ44/40Ca values observed in 286 

EL6 chondrites could be attributed to calcium loss resulting from the extraction of metals or 287 

sulfides during metamorphism. Unlike EH chondrites, EL chondrites exhibit lower abundances of 288 

metal and sulfide phases, larger chondrule sizes, and depletion of least refractory rare earth 289 

elements (REEs) such as Eu and Yb (Barrat et al., 2014). These characteristics are explained by a 290 

potential early melting event that occurred prior to the accretion of the final parent body 291 

(Horstmann et al., 2014; Weyrauch et al., 2018). Although oldhamite has a high melting 292 

temperature as a pure substance (2450-2525℃, Chase and Organization, 1998), it can easily melt 293 
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and dissolve in silicate melts at high temperatures. Experimental results have confirmed that all 294 

metal-sulfide components completely melt at 1000°C when the EH4 chondrite Indarch is heated in 295 

a closed system (Fogel et al., 1996; McCoy et al., 1999). Consequently, the extraction of a 296 

plagioclase and oldhamite-bearing melt has been proposed to explain the observed calcium 297 

depletion observed in EL6 chondrites (Rubin et al., 2009). Interestingly, the oldhamites in EL6 298 

chondrites exhibit lower δ44/40Ca values than the co-existing silicate fraction, suggesting that the 299 

loss of this mineral may contribute to the heavier δ44/40Ca values observed in EL6 chondrites 300 

compared to other enstatite chondrites. Except for the EL6 chondrites with Ca loss by later events, 301 

the average δ44/40Ca value of EH and EL3 chondrites (1.10 ± 0.06‰, 2SD) provided herein 302 

represents the most precise estimate to date for enstatite chondrites. 303 

 304 

4.2 Oldhamites in Norton County: igneous origin 305 

The origin of oldhamites in aubrites, which are suggested to be igneous rocks from 306 

differentiated planetary bodies, continue to be a subject of debate regarding their nebular or 307 

magmatic origins (Floss and Crozaz, 1993; Lodders, 1996; Wheelock et al., 1994). The 308 

uncertainty arises from their rare earth element (REE) abundances and complex REE patterns, 309 

which do not align with sulfide/silicate melt REE partition coefficients derived from experimental 310 

studies (Dickinson and McCoy, 1997; Floss and Crozaz, 1993). In this study, the Ca composition 311 

of oldhamite individual grains, leachate fraction and silicate parts provide valuable insights into 312 

the origins of oldhamite in aubrites, thereby contributing to the ongoing discussion surrounding 313 

their formation mechanisms. 314 

Both individual oldhamite grains and leachate fractions exhibit a negative europium (Eu) 315 

anomaly (Figure S1), similar to oldhamite grains found in igneous contacts with other aubritic 316 

minerals reported in the literature (Wheelock et al., 1994). The δ44/40Ca value of the silicate 317 

fraction is determined to be 1.27 ± 0.08‰, while the leachate fraction displays a lower value of 318 

0.96 ± 0.06‰. The two individual oldhamite grains exhibit slightly lower δ44/40Ca values 319 

compared to the leachate (0.83 ± 0.03‰ and 0.80 ± 0.05‰ vs 0.96 ± 0.06‰). Huang et al. (2019) 320 

conducted calculations on the equilibrium calcium isotope fractionation factor between oldhamite 321 

and various silicate minerals, suggesting that oldhamite tends to be enriched in light Ca isotopes 322 

compared to silicate minerals. For Norton County, the equilibrium temperature can be estimated 323 
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based on its mineral composition. Both the MnS-FeS-oldhamite and Si-kamacite geothermometers 324 

provide consistent temperatures around 1130 ± 80 K (Jordan et al., 2019; Lodders, 1996). Under 325 

these conditions, the theoretical equilibrium Ca isotope fractionation between oldhamite and 326 

different silicate minerals (-0.60‰ to -0.35‰) is consistent with difference observed between the 327 

oldhamite and silicate fraction (-0.47 ± 0.08‰ to -0.31 ± 0.09‰), indicating that the oldhamites in 328 

Norton County probably are in isotopic equilibrium with co-existing silicates (Figure 4). 329 

The relative enrichment of REEs that we observe in the oldhamites does not match the 330 

sulfide/silicate melt REE partition coefficients obtained from experimental studies, where values 331 

are typically 1 or less (Dickinson and McCoy, 1997; Ingrao et al., 2019; Lodders, 1996). This 332 

discrepancy suggests that the formation of oldhamites is not simply governed by oldhamite/silicate 333 

melt equilibrium. An early crystallization of enstatites has been proposed as a mechanism to 334 

concentrate REEs in the residual melts, primarily composed of sulfides and albite-like components, 335 

and oldhamites could be the final product in such process.  336 

To further explore this phenomenon, a simplified model using the bulk composition of 337 

Norton County as the starting material has been used (Figure 5 and Table S2). Assuming the bulk 338 

Norton County as initial melt and following a roughly crystallization step by literature (Okada et 339 

al., 1988), approximately 95% to 99% silicate crystallization (mainly enstatite and olivine, with 340 

limited clinopyroxene and plagioclase) can result in an enrichment of REEs by a factor of 10 to 341 

100 in the residual melt, which agrees with what we observe in the natural samples. Though such 342 

magmatic process could start at much higher temperature, the relative low cooling rate of Norton 343 

County (1-10 K/Ma) would promote the chemical and isotopic equilibrium at lower temperature 344 

which relative to the prior of oldhamite formation (e.g., Okada et al., 1988). Considering the final 345 

equilibrium temperature at 1130K, the calculated oldhamites exhibit lower δ44/40Ca values 346 

(ranging from 0.91‰ to 0.85‰) than silicate mineral crystallization and are consistent with our 347 

observations (0.96‰ to 0.80‰). Our result implies that the oldhamites in Norton County were 348 

formed during magmatic processes. 349 

The REE patterns of oldhamites in other aubrites are highly variable, with both positive and 350 

negative Eu anomalies, indicating a more complex history. Previous studies suggested that the 351 

oldhamites with negative Eu anomalies might be attributed to igneous processing or subsolidus 352 

equilibration similar to EL6 chondrites. Meanwhile, some oldhamites in aubrites with positive Eu 353 



 13 / 24 
 

anomalies are only observed in EH3-4 chondrites and are suggested to be relict after the formation 354 

of aubrite parent bodies (Floss and Crozaz, 1993). The successful application of our approach to 355 

Norton County indicates that calcium isotopes are a powerful tool for tracing the origin of 356 

oldhamite minerals. However, further studies are required to fully explore this potential and 357 

unravel the complexities associated with oldhamite formation in other aubrites. 358 

 359 

4.3 Redistribution of Ca isotopes during heating processes on enstatite 360 

parent bodies 361 

The Ca isotope fractionation between oldhamite and silicate, Δ44/40Caoldhamite-silicate, in 362 

enstatite chondrites exhibit variable values from -0.44‰ to +0.16‰, which differs from the result 363 

observed in the Norton County aubrite. This suggests that the Ca isotopic variations between 364 

oldhamites and the residual fractions does not arise purely from equilibrium Ca isotope 365 

fractionation but rather reflects the influence of another process. 366 

Enstatite chondrites have been proposed to undergo subsequent thermal metamorphism 367 

induced by the decay of short-lived radionuclides or impacts after their accretion. During this 368 

progressive thermal metamorphism from petrologic types 3-6, both the texture and mineralogy of 369 

the chondrites have been reset. For instance, the well-defined chondrules present in type 3 370 

chondrites become recrystallized in higher metamorphic grades and even absent in type 6 371 

chondrites. Additionally, the size of crystalline plagioclase increases, while other minerals such as 372 

olivine may be absent in high-grade samples (Huss and Lewis, 1994; Huss et al., 2006). For 373 

impact-induced breccias, melted chondrules and metal/sulfide-rich shock veins are often observed 374 

which indicates that they could be partly melted and recrystallized (Rubin and Scott, 1997). 375 

The heating event accompanying with recrystallization of minerals leads to the redistribution 376 

of elements and isotopes, and the metamorphic temperature can be recorded by specific minerals. 377 

This is also reflected in the composition of our leachates. As the EH chondrites progress from type 378 

3 to type 6, the Na content in the leachates decreases, suggesting the transfer of Na from sulfide 379 

phases to silicate phases or its loss with the extracted melts (Figure 2c). Meanwhile, trace 380 

elements, like REEs, U and Th, tend to concentrate in sulfides (Barrat et al., 2023). Various 381 

mineral thermometers have been employed to constrain the metamorphic temperature (Zhang and 382 

Sears, 1996). Overall, with the progress of metamorphic grade, the relative metamorphic 383 
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temperature will also increase (Table S4). For type3 chondrites, the peak temperatures during 384 

heating event are lower than 500℃ while for type 5-6 chondrites, such as EH6 and EL6, their 385 

peak temperature could reach higher than 800℃ (Huss et al., 2006). The temperature during high 386 

grade metamorphism can cause melting and migration of sulfide-rich melts and further improve 387 

the chemical and isotopic redistribution between different phases (Fogel et al., 1996; McCoy et al., 388 

1999). The IMB sample Abee shows the lowest Δ44/40Caoldhamite-silicate value among all the enstatite 389 

chondrites which is consistent with the value in the igneous aubrite Norton County. It has the 390 

highest metamorphic temperature among all the chondrites which is induced by impact event. 391 

Such event may have heated them to temperatures higher than their normal metamorphic 392 

temperatures after which they were partly molten and rapidly quenched as breccias (Rubin and 393 

Scott, 1997). It is worth noting that in some samples like the EH5 St. Marks, the metamorphic 394 

temperature does not match their metamorphic grade determined by the morphology. It indicates 395 

that the metamorphic events on enstatite chondrites could be complex with multiple stages. 396 

Previous studies suggest that EH and EL type chondrites could experience different thermal 397 

history on their parent body. For example, Hammouda et al. (2022) proposed that all the EL 398 

chondrites may experience a melting event on its parent body due to their identical REE patterns 399 

in CaS, while the variation on REE patterns in CaS among EH chondrites should reflect oldhamite 400 

recrystallization during metamorphism. In this study, for both EH and EL chondrites, their 401 

Δ44/40Caoldhamite-silicate show good correlation with their metamorphic temperature which overall 402 

increase from type 3 to type 6 (Figure 4 and S2). The positive Δ44/40Caoldhamite-silicate values are 403 

mostly observed in type 3 chondrites with lower metamorphic temperature. Meanwhile, the 404 

samples with higher metamorphic temperature have much lower Δ44/40Caoldhamite-silicate values and 405 

the oldhamite and silicate phases tend to reach Ca isotopic equilibrium. This trend clearly 406 

indicates a process of Ca redistribution from the least equilibrated type 3 chondrites to the near Ca 407 

isotopic equilibrium observed in type 6 chondrites, driven by heating metamorphism and widely 408 

occurs in both EH and EL chondrites. 409 

 410 

4.4 Condensation origin of oldhamite in unequilibrated EH3 chondrites 411 

During heating metamorphism, the redistribution of Ca isotopes is common as discussed 412 

above. It is noteworthy that for EH3 chondrites, all the oldhamite leachates exhibit higher δ44/40Ca 413 



 15 / 24 
 

values compared to the co-existing silicates, and they plot the farthest from the metamorphic re-414 

equilibrium trend. EH3 chondrites are the least affected by metamorphism, and thus potentially 415 

preserving nebular isotopic and chemical characteristics.  416 

A model for the early evolution of the enstatite chondrite parent bodies is an onion-shell-417 

layered structure, with type 3 chondrites representing the surface layer that experienced the least 418 

metamorphic effects (Trieloff et al., 2003). In the context of chondrite metamorphism, the 419 

maximum heating temperatures estimated for EH3 chondrites are estimated to be lower than 420 

500 ℃, as indicated by thermometers such as Fe-Ni-P and niningerite-alabandite (Huss et al., 421 

2006; Zhang and Sears, 1996). In contrast, the temperature estimates derived from oldhamite 422 

suggest temperatures of 700-800 ℃, which are significantly higher than the peak temperature of 423 

the metamorphism (Table 2 and Figure S2) and higher than the metamorphism temperatures 424 

defined for EH4-6. This observation suggests that the temperatures recorded by oldhamites may 425 

represent other events that occurred before accretion, rather than being indicative of heating 426 

metamorphism. 427 

In details, at least two distinct groups of oldhamite with different origins have been observed 428 

in chondrules and metal-sulfide clasts in EH3 chondrites based on their morphology and REE 429 

patterns, suggesting a complex history within the solar nebula (Gannoun et al., 2011). Enstatite 430 

chondrites are predominantly composed of chondrules (approximately 80%) with limited matrix. 431 

One proposed explanation for the origin of oldhamites is their formation within chondrules. Piani 432 

et al. (2016) suggested that oldhamites in chondrules were formed through sequential sulfide 433 

saturation during the interaction between chondrule melts and sulfur-rich gases or directly 434 

crystallized from the melt. However, if this were the case, no variation on REE patterns should be 435 

observed in oldhamites due to the expected oldhamite/silicate melt partition coefficients. Most 436 

oldhamites in enstatite chondrites are found in the matrix rather than within chondrules (Weisberg 437 

and Kimura, 2012). The leachates obtained from EH3 chondrites using weak acid solutions yield 438 

nearly flat CI-normalized REE patterns, which differs from the strong positive anomalies for both 439 

Eu and Yb observed in single CaS grains analyzed by in-situ techniques (Barrat et al., 2014). This 440 

discrepancy suggests the presence of a sulfide phase with negative Eu and Yb anomalies, which is 441 

believed to be concealed within the fine-grained matrix (Hammouda et al., 2022). Assuming the 442 

oldhamites grains in chondrules with positive Eu anomalies and significant REE enrichment were 443 
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produced during later chondrule formation events (Piani et al., 2016), this “missing” part in matrix 444 

should reflect other process which resembles the first condensates from a reduced nebular gas 445 

(Ebel et al., 2006; Hammouda et al., 2022). To reconcile the mass balance between leachate and 446 

in-situ data, it is proposed that this missing phase, considered as an early condensate material, 447 

constitutes over 90% of the leachate, while the rest parts are niningerite grains (5% to 6%) and 448 

REE-enriched oldhamites (~1%) (Hammouda et al., 2022). Throughout our mass balance 449 

calculation, the leachates from EH3 chondrites consist of 51.6% to 61.7% oldhamites, 19.6% to 450 

26.8% niningerite and 11.5% to 27.2% Na-rich sulfides. As a result, the missing component is 451 

likely to be dominated by oldhamite with limited Na, Mg, and K. Consequently, most oldhamites 452 

in EH3 chondrites are in matrix and represent the product from solar nebula. The observed 453 

positive Δ44/40Caoldhamite-silicate values in unequilibrated EH3 chondrites, which is the farthest from 454 

the equilibrium Ca isotope fractionation between oldhamite and silicate minerals, should reflect 455 

kinetic Ca isotope fractionation between oldhamite and the nebular gas, providing evidence for the 456 

formation of oldhamite through condensation or interaction with the gas in the solar nebula. As 457 

previous study suggested, Ca isotopic composition of oldhamites could provide a way to constrain 458 

the formation process of enstatite chondrites in the future (Huang et al., 2019). 459 

 460 

4.5 Calcium isotope evolution of reduced planet embryos 461 

It is believed that during the early stage of planetary formation the rocky planetary embryos 462 

like proto-Earth are more reduced than during the final stages and similar to Mercury (e.g., 463 

Wadhwa, 2008; Wohlers and Wood, 2015). Under reducing conditions, Ca and other elements 464 

normally regarded as lithophile elements can become siderophile and/or chalcophile, leading 465 

potential elemental and isotopic fractionation during differentiation (Anzures et al., 2020; Cartier 466 

and Wood, 2019). Some of these elements are thought to sink into core with sulfides like FeS 467 

during the magma ocean differentiation (Barrat et al., 2023). The oldhamite with other alkali metal 468 

sulfides are often observed to co-exist with troilite in enstatite chondrites. As its density is 469 

significantly lower than troilite and other silicate minerals, oldhamites (and other alkali sulfides) 470 

should likely separate from FeS melt and migrate to the surface of the planetary embryos (Siebert 471 

et al., 2004). During the later global magma ocean stage, these sulfide melts should dissolve in 472 

silicate melts and crystalize at the top of the magma ocean eventually to form a primordial 473 
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planetary crust (Cartier and Wood, 2019). These crusts would mainly consist of oldhamite and 474 

plagioclase which could be the main reservoir of REE and other incompatible elements (Figure 6).  475 

Up to now, the building blocks of Mercury are still debated, but enstatite meteorites 476 

(especially aubrites) are considered as the best analogue rocks of Mercury’s surface for their 477 

similar oxygen fugacity (Cartier and Wood, 2019; Udry et al., 2019). The significant Ca isotope 478 

fractionation between oldhamite and silicate phases evidenced in the present work indicates that 479 

Ca isotope should fractionate during a mercurial magma ocean differentiation. About 7-11 % of S 480 

is suggested to remain in mercury’s silicate mantle (Namur et al., 2016), mainly composed of 481 

forsterite and enstatite, with minor amounts of clinopyroxene and Ca-Mg-Fe sulfide complex 482 

(Cartier and Wood, 2019). The oldhamites, together with graphite and plagioclase should migrate 483 

to the surface for their lower density than other minerals during magmatic evolution. This is in 484 

agreement with the MESSENGER spacecraft observations showing that Mercury has a Fe-poor 485 

and S-rich crust in which sulfur are mainly present as oldhamite and niningerite (Malavergne et al., 486 

2014). The thickness of the mercurial crust is estimated to be about 35-53 km, with a density of 487 

about 2.7-3.1 g/cm3, which represents 2.5% of the total mass of Mercury (mantle 23.5%) (Vander 488 

Kaaden and McCubbin, 2015). Assuming that the Norton County aubrite is a relevant analog of 489 

Mercury’s mantle, silicate cumulates containing enstatite and forsterite with higher δ44/40Ca (1.29-490 

1.40‰) would sink into the deeper mantle leaving a layered crust composed of plagioclase and 491 

oldhamite with a lower δ44/40Ca value (0.92-0.98‰) and a 0.4-0.5‰ Ca isotopic difference 492 

between mantle and crust (Figure 6).  493 

 494 

5 Conclusion  495 

Calcium isotopic compositions (δ44/40Ca) of oldhamite (obtained from water leachates of 496 

chondrites and aubrites and separated minerals from the Norton County aubrite) and silicate 497 

minerals from enstatite meteorites were measured to study the origin of oldhamites and further 498 

discuss their relationship with the Ca isotopic variation observed among enstatite meteorites. The 499 

δ44/40Ca of the bulk enstatite chondrites range from 1.05‰ to 1.24‰, with an average of 1.13 ± 500 

0.12‰, which is higher than the estimated value of the bulk silicate Earth (~0.94‰). Except for 501 

the EL6 chondrites which suffered Ca loss due to secondary events, the average δ44/40Ca value of 502 
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EH and EL3 chondrites (1.10 ± 0.06‰, 2SD) provided in this study is the most precise constrain 503 

on the average δ44/40Ca of enstatite chondrites. The Ca isotopic fractionation between oldhamite 504 

(individual mineral grains and leachates) and silicates in Norton County varies from -0.47‰ to -505 

0.31‰ with an average of -0.41‰, which is consistent with previous theoretical calculation of 506 

equilibrium Ca isotopic fractionation. It suggests that the oldhamites in Norton County were 507 

formed at isotopic equilibrium with co-existing silicates. This provides direct evidence that these 508 

oldhamites were formed during magmatic processes rather than being inherited from nebular 509 

condensation processes. The Δ44/40Caoldhamite-silicate of enstatite chondrites varies from -0.44‰ in 510 

Abee (impact EH4) to +0.16‰ in St.Marks (EH5) and correlate with the metamorphic 511 

temperature. This trend indicates a process of calcium redistribution from type 3 chondrites to the 512 

type 6 chondrites, driven by thermal metamorphism. The observed positive Δ44/40Caoldhamite-silicate 513 

values in unequilibrated EH3 chondrites reflect kinetic Ca isotope fractionation between 514 

oldhamite and the nebular gas, providing evidence for the formation of oldhamite through 515 

condensation or interaction with the gas in the solar nebula. 516 
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 529 

Appendix A. Supplementary Material 530 

Two supplementary files are attached to this article. The first file is a spreadsheet and contains the 531 

elemental abundance of different parts of our leaching experiments (Table S1), the detailed modal 532 

calculation of Ca and REE fractionation of aubrite magma crystallization (Table S2), the Ca 533 

isotope composition of enstatite meteorites in literatures (Table S3), and metamorphic/equilibrium 534 

temperature of enstatite meteorites calculated by different thermometers from literatures (Table 535 

S4). The second supplementary file contains additional figures, including the REE patterns of 536 

different fractions of our leaching experiments and the results of our model calculation (Figure S1), 537 

and the correlation between Δ44/40Caoldhamite-silicate and metamorphic/crystallization temperature 538 

determined by other thermometers (Figure S2).  539 
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 702 

Figure caption 703 

Figure 1. Ca isotope composition of enstatite meteorites and leached oldhamite and residual 704 

fractions. The grey band represents the δ44/40Ca of the bulk silicate earth from Kang et al. (2017), 705 

0.94 ± 0.05‰. The red bands represent the average δ44/40Ca (1.10 ± 0.06‰, 2SD) of enstatite 706 

chondrites estimated by EH and EL3 chondrites in this study. The Ca isotope composition of 707 

different enstatite meteorites reported in the literature are shown for comparison (Table S3, Huang 708 

and Jacobsen, 2017; Simon and DePaolo, 2010). For data measured by MC-ICP-MS, the δ44/40Ca 709 

value have been renormalized to Ca standard SRM 915a with -0.36 ε-unit anomalies on 40Ca 710 

(Amsellem et al., 2017; Valdes et al., 2014). 711 

 712 

Figure 2. (a) Leachate contribution to the Ca budget in different enstatite meteorites. (b) 713 

Contribution of six major elements to the bulk leachate budget of different enstatite meteorites. 714 

The detailed content of each leachate is listed in Table 2. (c) Plots of crystallization temperature 715 

for Norton County and metamorphic temperatures for enstatite chondrites versus Na/Ca ratio of 716 

their leachates in this study. The thermometer for estimating the metamorphic temperature of 717 

enstatite chondrites is from Zhang and Sears (1996). The estimation of equilibrium temperature of 718 

Norton County is from Lodders (1996) and Jordan et al. (2019). For samples without relative 719 

mineral data for calculation, the metamorphic temperature are estimated by average range of their 720 

metamorphic grades (Zhang and Sears, 1996). 721 

 722 

Figure 3. Ca isotope composition of Abee (Impact melt breccia) meteorite.  723 

 724 
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Figure 4. Plots of the crystallization temperature for Norton County and metamorphic 725 

temperatures for enstatite chondrites versus Δ44/40Caoldhamite-silicate values from meteorites in this 726 

study. One data from Valdes et al. (2014) is shown for comparison. The dashed lines are 727 

theoretical equations of equilibrium fractionation between oldhamite and other silicate minerals, 728 

including clinopyroxene (Cpx), orthopyroxene (enstatite, En) and plagioclase (anorthite, An) 729 

(Huang et al., 2019).  730 

731 

Figure 5. Modelled δ44/40Ca of oldhamite-rich melt and differentiated silicate cumulates versus 732 

their relative REE distribution during aubritic magma crystallization. The δ44/40Ca of starting 733 

material is 1.21‰ by mass balance calculation of our results. The REE distribution is calculated 734 

by the most abundant REE element, Ce, and normalized to CI abundance. Our measured data on 735 

single oldhamite phenocrysts, leachate and residual of Norton County are shown for comparison. 736 

The nature observation and model calculation agree well. 737 

738 

Figure 6. Schematic illustration of Ca isotope fractionation during highly reduced planetary 739 

embryos (Mercury and enstatite meteorite parent body). (a) metamorphism, (b) mantle melting, (c) 740 

magma ocean crystallization. 741 

742 

743 

744 



Table 1. Ca isotope composition of enstatite meteorites and relative leaching and Residual fractions in this study 

Sample Name Type Note K/Camass δ40/44Ca1 2sd δ42/44Ca1 2sd δ43/44Ca1 2sd n δ44/40CaSRM915a δ44/40Caage-Corrected
2 2sd ε40Ca ε40Ca0

3 2se 

‰ ‰ ‰ ‰ ‰ 

Sahara 97096 EH3 Bulk rock 0.044 -0.34 0.06 -0.19 0.07 -0.09 0.06 8 1.06 1.12 0.06 0.48 -0.07 0.41 

replicate 0.044 -0.33 0.09 -0.19 0.06 -0.13 0.03 4 1.05 1.10 0.09 0.48 -0.07 0.51 

Residue 0.084 -0.28 0.08 -0.18 0.03 -0.05 0.07 7 1.00 1.11 0.08 0.77 -0.28 0.17 

Leachate 0.000 -0.49 0.05 -0.22 0.05 -0.12 0.02 4 1.21 1.21 0.05 -0.46 -0.46 0.34 

Calculated bulk 1.14 0.09 -0.27 0.23 

Qingzhen EH3 Bulk rock 0.087 -0.23 0.07 -0.15 0.07 -0.13 0.07 4 0.95 1.05 0.07 0.80 -0.29 0.44 

Residue 0.177 -0.07 0.05 -0.08 0.09 -0.15 0.16 4 0.79 1.01 0.05 1.00 -1.22 0.74 

Leachate 0.022 -0.39 0.07 -0.19 0.05 -0.12 0.13 6 1.11 1.14 0.07 -0.02 -0.29 0.70 

Calculated bulk 1.09 0.09 -0.60 0.62 

NWA13299 EH3 Bulk rock 0.206 -0.13 0.09 -0.18 0.05 -0.10 0.08 4 0.85 1.11 0.09 2.34 -0.24 0.67 

Residue 0.320 0.08 0.08 -0.14 0.07 -0.13 0.13 3 0.64 1.04 0.08 3.66 -0.37 0.51 

Leachate 0.020 -0.39 0.01 -0.23 0.01 -0.08 0.03 3 1.11 1.13 0.01 0.72 0.47 0.11 

Calculated bulk 1.07 0.08 -0.05 0.52 

Indarch EH4 Bulk rock 0.076 -0.28 0.07 -0.18 0.08 -0.10 0.03 3 1.00 1.09 0.07 0.89 -0.06 0.55 

Residue 0.245 -0.13 0.06 -0.24 0.09 -0.05 0.09 4 0.85 1.16 0.06 3.58 0.51 0.70 

Leachate 0.003 -0.30 0.06 -0.20 0.06 -0.07 0.03 3 1.02 1.02 0.06 0.81 0.77 0.63 

Calculated bulk 1.09 0.09 0.41 0.49 

St.Marks EH5 Bulk rock 0.066 -0.34 0.04 -0.18 0.08 -0.09 0.13 4 1.06 1.15 0.04 0.21 -0.62 0.59 

Residue 0.283 -0.01 0.08 -0.13 0.05 -0.06 0.06 5 0.73 1.08 0.08 2.60 -0.95 0.25 

Leachate 0.004 -0.52 0.05 -0.22 0.04 -0.11 0.13 4 1.24 1.24 0.05 -0.70 -0.75 0.47 

Calculated bulk 1.19 0.09 -0.77 0.19 

NWA12945 EH6 Bulk rock 0.099 -0.23 0.07 -0.12 0.05 -0.05 0.06 7 0.95 1.07 0.07 0.13 -1.11 0.22 

Residue 0.137 -0.32 0.04 -0.23 0.06 -0.11 0.08 6 1.04 1.22 0.04 1.44 -0.27 0.25 

Leachate 0.063 0.00 0.04 0.00 0.05 -0.01 0.07 4 0.72 0.80 0.04 0.02 -0.78 0.18 

https://www2.cloud.editorialmanager.com/gca/download.aspx?id=941862&guid=a7a03545-0bdc-47cc-af28-8d455194d512&scheme=1
https://www2.cloud.editorialmanager.com/gca/download.aspx?id=941862&guid=a7a03545-0bdc-47cc-af28-8d455194d512&scheme=1


Calculated bulk 1.00 0.06 -0.72 0.48 

Abee EH Impact-melt 

breccia 
Bulk rock 0.089 -0.28 0.05 -0.16 0.08 -0.13 0.14 3 1.00 1.11 0.05 0.51 -0.61 0.15 

Residue 0.215 -0.43 0.05 -0.31 0.04 -0.08 0.09 5 1.15 1.42 0.05 1.95 -0.76 0.23 

Leachate 0.003 -0.25 0.00 -0.11 0.03 -0.03 0.11 2 0.97 0.98 0.00 -0.24 -0.28 0.27 

Calculated bulk 1.15 0.05 -0.55 0.28 

MAC02837 EL3 Bulk rock 0.045 -0.30 0.04 -0.18 0.01 -0.10 0.14 6 1.02 1.08 0.04 0.76 0.19 0.06 

Residue 0.083 -0.251 0.05 -0.19 0.03 -0.11 0.14 6 0.97 1.08 0.05 1.39 0.35 0.12 

Leachate 0.002 -0.35 0.06 -0.19 0.09 -0.11 0.09 9 1.07 1.07 0.06 0.32 0.29 0.55 

Calculated bulk 1.07 0.08 0.28 0.31 

Ufana EL6 Bulk rock 0.064 -0.41 0.07 -0.22 0.09 -0.12 0.09 6 1.13 1.21 0.07 0.37 -0.43 0.45 

Residue 0.086 -0.45 0.02 -0.24 0.05 -0.11 0.08 6 1.17 1.28 0.02 0.31 -0.77 0.35 

Leachate 0.001 -0.43 0.05 -0.15 0.06 -0.09 0.06 4 1.15 1.15 0.05 -1.20 -1.22 0.59 

Calculated bulk 1.24 0.06 -0.81 0.45 

Pillistfer EL6 Bulk rock 0.065 -0.43 0.07 -0.23 0.09 -0.06 0.07 4 1.15 1.24 0.07 0.33 -0.49 0.63 

Residue 0.082 -0.49 0.09 -0.26 0.04 -0.13 0.07 4 1.21 1.31 0.09 0.38 -0.65 0.67 

replicate 0.082 -0.53 0.06 -0.27 0.02 -0.16 0.08 4 1.25 1.35 0.06 0.37 -0.66 0.28 

Leachate 0.004 -0.31 0.06 -0.12 0.03 -0.07 0.09 5 1.03 1.04 0.06 -0.66 -0.71 0.24 

Calculated bulk 1.28 0.09 -0.63 0.11 

Hvittis EL6 Bulk rock 0.075 -0.35 0.10 -0.13 0.07 -0.14 0.10 4 1.07 1.16 0.10 -0.84 -1.78 0.27 

replicate 0.075 -0.40 0.04 -0.20 0.03 -0.04 0.05 4 1.12 1.22 0.04 0.05 -0.89 0.37 

Residue 0.092 -0.35 0.07 -0.13 0.06 -0.10 0.05 5 1.07 1.19 0.07 -0.85 -2.01 0.27 

replicate 0.092 -0.37 0.07 -0.24 0.04 0.00 0.09 3 1.09 1.21 0.07 1.15 0.00 0.60 

Leachate 0.012 -0.32 0.05 -0.12 0.02 -0.11 0.16 3 1.04 1.06 0.05 -0.76 -0.91 0.34 

Calculated bulk 1.18 0.08 -0.60 0.60 

Norton County Aubrite Bulk rock 0.004 -0.40 0.05 -0.21 0.05 -0.11 0.05 4 1.12 1.12 0.05 0.38 0.33 0.41 

Residue 0.006 -0.54 0.07 -0.24 0.06 -0.14 0.06 7 1.26 1.27 0.07 -0.40 -0.47 0.33 

Leachate 0.003 -0.24 0.06 -0.12 0.08 -0.04 0.04 4 0.96 0.96 0.06 0.03 -0.01 0.71 



Single oldhamite 1 0.001 -0.11 0.03 -0.06 0.05 0.00 0.07 4 0.83 0.83 0.03 0.05 0.04 0.51 

Single oldhamite 2 0.000 -0.08 0.05 -0.01 0.03 0.01 0.04 7 0.80 0.80 0.05 -0.55 -0.55 0.29 

replicate 0.000 -0.10 0.09 -0.01 0.07 0.00 0.06 3 0.82 0.82 0.09 -0.80 -0.80 0.39 

Calculated bulk 1.21 0.09 -0.05 0.46 

Reference materials 

NASS-7 Seawater -1.20 0.08 -0.58 0.07 -0.28 0.11 20 1.92 0.08 -0.16 0.27 

GSP-2 Granodiorite 0.44 0.08 0.00 0.09 0.03 0.05 5 0.71 0.08 4.36 0.49 

1: The Ca isotope ratios are relative to SRM 915b. 

2. For Hvittis, replicate measurements with higher precision are used for discussion in this study.

3. ε40Ca0 is calculated after correction of the radioactive decay of 40K using the age of the samples around 4565 Ma. 



Table 2. Mass and elemental budget of leachates from different enstatite meteorites 

Sample name Leach/WR Old/WR Old/Leach Leach-Ca/WR Leach-Ce/WR Major elements content in 

leachate 

Na Mg K Ca Mn Fe 

wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. % 

Sahara 97096 1.1% 0.6% 53.2% 32.8% 1.9% 28.7% 9.9% 0.0% 49.5% 0.3% 10.0% 

Qingzhen 1.4% 0.9% 61.7% 58.0% 3.8% 12.3% 10.8% 1.3% 58.1% 0.4% 16.7% 

NWA13299 1.0% 0.5% 51.6% 35.7% 2.8% 26.1% 7.8% 1.3% 48.0% 0.3% 16.2% 

Indarch 3.3% 2.0% 58.9% 68.5% 1.1% 9.2% 26.7% 0.2% 59.1% 0.2% 4.5% 

St.Marks 0.7% 0.6% 82.2% 65.9% 1.8% 3.0% 14.3% 0.4% 81.0% 0.5% 0.5% 

NWA12945 1.0% 0.8% 85.5% 51.8% 1.8% 1.5% 5.0% 5.1% 80.7% 2.2% 5.3% 

Abee 1.1% 0.9% 81.7% 61.0% 2.2% 7.5% 2.3% 0.5% 75.2% 0.3% 13.6% 

MAC02837 1.4% 1.3% 93.4% 42.5% 1.9% 1.1% 4.2% 0.2% 90.3% 1.4% 2.9% 

Ufana 0.5% 0.4% 82.6% 30.2% 8.2% 1.7% 3.8% 0.6% 76.7% 0.5% 15.7% 

Pillistfer 0.3% 0.3% 100.0% 25.1% 0.7% 1.9% 1.0% 0.6% 93.4% 0.1% 2.8% 

Hvittis 0.5% 0.4% 78.2% 22.8% 2.1% 4.4% 7.3% 0.9% 74.1% 0.4% 11.9% 

Norton County 1.4% 0.8% 57.4% 20.6% 6.2% 0.6% 35.8% 0.2% 59.2% 1.8% 1.1% 

Detailed information on chemical composition of leachate and relative residual can be found in Table S1. The chemical composition of leachate shown in this table are calculated by normalizing the total mass of six 

major elements to 100%. Leach: leachate; WR: bulk meteorite; Old: oldhamite. 

https://www2.cloud.editorialmanager.com/gca/download.aspx?id=941857&guid=715d33e5-6578-4fda-8f39-991e6676c6b9&scheme=1
https://www2.cloud.editorialmanager.com/gca/download.aspx?id=941857&guid=715d33e5-6578-4fda-8f39-991e6676c6b9&scheme=1
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