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Abstract 

Howardite–eucrite–diogenite meteorites are believed to originate in the crust of the 

asteroid 4 Vesta, whose differentiation processes are still controversial. Since Vesta is 

probably a remnant of protoplanets, its physical properties and internal structure provide 

fundamental information for understanding accretionary histories of terrestrial planets 

like Earth and Mars. One of the possible geochemical information to strongly constrain 

differentiation processes of HED meteorites is chronological data. Despite several 

decades of studies on HED meteorites, a chronology of diogenite is poorly established 

due to little compatibilities of typical diogenites to general isotopic dating methods. In 

this study, experimental methods for applying four dating systems of 60Fe–60Ni, 87Rb–

87Sr, 146Sm–142Nd, and 176Lu–176Hf to HED meteorites are developed, and 87Rb–87Sr, 

176Lu–176Hf analysis of HED meteorites are performed. In addition to the chronological 

data, trace element compositions and Sm and Gd isotopic shifts are also used for 

investigating chemical differentiation processes and cosmic ray exposure histories, 

respectively. the first 176Lu–176Hf isotopic data of nine diogenites are presented together 

with their 87Rb–87Sr isotopic compositions and trace element abundances to investigate 

the differentiation processes of diogenites. 

The 176Lu–176Hf data sets of nine diogenites revealed the significantly higher initial 

176Hf/177Hf ratio of diogenites than that of eucrites, while there are no resolvable 

differences between their crystallization ages. On the basis of high initial ratio and the 

early crystallization ages of diogenites (4.40 ± 0.38 Ga), their source material is estimated 

to be the Vestan mantle. The 87Rb–87Sr systematics of nine diogenites are entirely 

disturbed probably due to impact events on the parent body. The significant variation 

observed in the rare earth element abundances of nine diogenites suggests their 

crystallization from compositionally divers melts. On the basis of mantle origin and 

compositional diversity of diogenites, the crystallization of diogenites from partial melts 

of the Vestan mantle is proposed in this study. The variation of trace element abundances 

of diogenites can be explained by the variation of the degree of partial melting. The 

timescale between the crystallization and partial melting of the Vestan mantle is estimated 

to be ~100–600 Ma from the 176Lu–176Hf isotopic data of nine diogenites and 
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experimentally obtained mineral/melt partitioning coefficients of several elements, while 

a heat source for the partial melting is uncertain. 

The Sm and Gd data sets of eucrites show significant isotopic shifts caused by (n,) 

type neutron capture reactions due to comic ray exposure. Neutron fluences of eucrites 

estimated from quantities of their 149Sm–150Sm shifts positively correlate with their CRE 

ages reported by previous studies. This indicates that cosmic ray exposures during the 

transition from Vesta to the Earth are dominant for eucrite and those on the surface of 

Vesta are limited. Except for a desert-find eucrite of DaG 480, model CRE ages of eucrites 

estimated from their neutron fluences can be attributed to CRE age clusters of eucrites. 

Significantly long model CRE age of this eucrite might reflect additional cosmic ray 

exposure on the Vestan surface. 
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1. Research background 

1.1. HED meteorites and asteroid 4 Vesta 

Terrestrial bodies in the solar system are believed to be established as a consequence 

of accumulation of gases and dusts that composed the solar protoplanetary disk. However, 

detailed processes that built dusts into planetary bodies are still in debate. The asteroid 4 

Vesta, which is the second largest main belt object, is an important target for investigating 

the evolutionary history of terrestrial planets due to its several unique characteristics. 

Vesta is one of the differentiated rocky bodies in the solar system that is much smaller 

than the other rocky bodies, such as the Earth, the Moon, and Mars. Thus, Vesta provides 

evidence to investigate the scale dependences of the magmatic evolution processes of 

terrestrial planets. Another uniqueness of Vesta that arises from its small size is a 

considerably short period of magmatic activity (e.g., Sahijpal et al., 2007). Although the 

records of physicochemical processes (e.g., differentiation, magmatism, metamorphism, 

metasomatism, and impacts) on larger terrestrial planets within the first a few hundred 

million years of the solar system are entirely erased by later magmatic activities, Vesta 

preserves the records of such early processes because of its short magmatic activity. The 

information about these processes will allow us to estimate the environment of the earliest 

stage of terrestrial planets. Moreover, since Vesta is a remnant of protoplanets (e.g., 

Russell et al., 2012), its physical properties and internal structure will be fundamental 

information for understanding the accretionary history of terrestrial planets. In this study, 

the early differentiation processes of Vesta are investigated based on the geochemistry of 

howardite–eucrite–diogenite (HED) meteorites. 

Material scientific evidence for investigating Vesta can be obtained from HED 

meteorites, which is the most abundant group of achondrites. HED meteorites are long 

believed to be surface materials of Vesta on the basis of the similarity of their reflectance 

spectra and dynamic link between Vesta (and Vestoids) and HED meteorites (e.g., 

McCord et al., 1970; Binzel and Xu, 1993). Furthermore, recent discoveries by the Dawn 

spacecraft confirmed that lithologic variation of the Vestan surface is similar to HED 

meteorites (e.g., Russell et al., 2012). Typical eucrites have two subgroups characterized 

by different petrological features. Basaltic eucrites are basaltic rocks composed of 
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plagioclase and low-Ca pyroxene, while cumulate eucrites are rarely found cumulate 

rocks with mineral compositions similar to those of basaltic eucrites. Diogenites are 

orthopyroxene-rich monomineralic cumulate rocks and a rarely found subgroup 

containing significant amount of olivine (> 10 vol%; Mittlefehldt, 2015) is generally 

called as olivine diogenite. Howardites are physical mixtures of fragments of eucrites and 

diogenites. In addition to HED meteorites, silicate phases of mesosiderites, which are 

differentiated meteorites that consist of almost equal amounts of silicates and Fe–Ni metal, 

are also believed to be originated in Vesta (e.g., Greenwood et al., 2006). At present, 1788 

eucrites including 55 cumulate eucrites, 615 diogenites including 20 olivine diogenites, 

457 howardites, and 349 mesosiderites are identified and approved by The Meteoritical 

Society (Meteoritical Bulletin Database, 2023). 

Geochemical, mineralogical, and petrological studies of HED meteorites over 

several decades have partly revealed the geologic history of Vesta, while many problems 

still remain unsolved. Similar oxygen isotope compositions (e.g., Clayton and Mayeda, 

1996; Greenwood et al., 2014) and comic ray exposure ages of HED meteorites (e.g., 

Eugster and Michel, 1994; Welten et al., 1997) indicate their break-up from a common 

parent asteroid (i.e., Vesta). Additionally, the similarity of oxygen isotope compositions 

of HEDs also suggests an occurrence of planetary-scale homogenization by the formation 

of global magma ocean on Vesta (e.g., Clayton and Mayeda, 1996; Greenwood et al., 

2014). Siderophile element abundances of HEDs are consistent with the planetary-scale 

magma ocean as well (e.g., Steenstra et al., 2016). Highly siderophile element abundances 

of HEDs evidence inputs of chondritic materials into their source regions associated with 

the late accretion (e.g., Dale et al., 2012; Day et al., 2012). 40Ar–39Ar ages of HED 

meteorites record a period of highly frequent impacts on Vesta at 3.4–4.1 Ga probably 

related to the bombardment event that caused the lunar cataclysm (e.g., Bogard and 

Garrison, 2003; Marchi et al., 2013). Zircon U–Pb ages of eucrites revealed an occurrence 

of global crustal metamorphism on Vesta at 4554.5 ± 2.0 Ma (Iizuka et al., 2015a).  
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1.2. Differentiation models of HED meteorites 

Although the differentiation processes of HED meteorites are still controversial, 

previous studies have provided two outstanding differentiation models of magma ocean 

model and partial melting model (Figure 1). The magma ocean model is firstly proposed 

by Mason (1962) and followed by numerous numbers of studies (e.g., Takeda, 1979; 

Righter and Drake, 1997; Ruzicka et al., 1997). Mason (1962) pointed out that major 

element compositions of pyroxenes in eucrites and diogenites are consistent with a 

sequence of crystallization products of a single igneous system. Eucrites, which are 

basaltic lava rocks, are formed as upper crust and diogenites, which are orthopyroxenitic 

cumulate rocks, are formed as lower crust. Later studies by Righter and Drake (1997) and 

Ruzicka et al. (1997) demonstrated that major element compositions of eucrites and 

diogenites are also consistent with the Mason’s magma ocean model. The other model of 

partial melting is proposed by Stolper (1977) and Consolmagno and Drake (1977). They 

demonstrated that partial melting of chondritic materials can successfully explain rare 

earth element abundances in eucrites. On the basis of this finding, they suggested that 

eucrites are formed from partial melts of a chondritic primitive material, while diogenites 

represent residual phases of partial melting. However, at present, the magma ocean model 

is preferred to the partial melting model on the basis of strong evidence from oxygen 

isotopic compositions and siderophile element compositions of HED meteorites for the 

occurrence of a global magma ocean on Vesta (e.g., Greenwood et al., 2014; Steenstra et 

al., 2016). However, in the framework of the partial melting model, the magma ocean 

model can be interpreted as an extreme pattern showing high degree of partial melting. 

Hence, these two differentiation models do not conflict essentially, and even their 

combination is possible (e.g., large degree of partial melting followed by magma ocean 

differentiation). 

On the basis of previous geochemical studies of eucrites, basaltic eucrites can be 

divided into three different subgroups of Main Group–Nuevo Laredo (MG–NL) trend, 

Stannern trend, and residual eucrites (e.g., Stolper et al., 1977; Barrat et al., 2007; 

Yamaguchi et al., 2009). The MG–NL trend group is most common eucrite and is 

characterized by wide variations in Mg# (molar ratio of Mg/[Mg + Fe] × 100), moderate 

variation in incompatible elements. These characteristics are interpreted as consequences 
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of source melt differentiations caused by fractional crystallization processes that 

produced MG–NL trend eucrites themselves (e.g., Stolper et al., 1977). The Stannern 

trend group is relatively rare subgroup and is characterized by similar Mg# to less evolved 

MG–NL trend eucrites, high incompatible element abundances, and significant negative 

Eu anomalies. These trace element characteristics are explained by contaminations of 

MG–NL parental melts by partial melts of the preexisting eucritic crust (Barrat et al., 

2007). The residual eucrite group is characterized by strange trace element abundance 

patterns (e.g., well-pronounced light REE depletions and positive Eu anomalies; 

Yamaguchi et al., 2009). On the basis of these trace element characteristics, the residual 

eucrites are interpreted as residual phases of partial melting processes (Yamaguchi et al., 

2009). 

Considering trace element abundances of diogenites, differentiation processes of 

HED meteorites should be more complicated than the Mason’s magma ocean model. This 

problem is firstly taken up by Fukuoka et al. (1977) and is addressed by following studies 

(e.g., Mittlefehldt, 1994; Mittlefehldt et al., 2012; Barrat et al., 2008; 2010; Barrat and 

Yamaguchi, 2014; Mandler and Elkins-Tanton, 2013). Although most of these studies 

reach a consensus that diogenites are formed from compositionally diverse multiple melts 

(not a single magma ocean), formation processes of the “compositionally diverse multiple 

melts” are still in debate. Barrat et al. (2010) demonstrated that a mixing of partial melts 

of magma ocean cumulates and eucritic crusts can produce the compositionally diverse 

melts and proposed formation of diogenites as crustal intrusions. However, Mittlefehldt 

et al. (2012) suggested that the involvements of eucritic melts are not required for the 

generation of the compositionally diverse melts. 

A lithological map created from the Dawn’s remote sensing data provides a further 

mystery about the differentiation processes of HED meteorites. In contrast to the 

predictions based on the magma ocean models (e.g., Righter and Drake, 1997; Ruzicka 

et al., 1997), olivine-rich mantle-like clasts are not found in a Vestan south pole region 

that exposes subsurface materials from a depth of ~60–100 km, but found in a north pole 

region that exposes materials from a depth of ~20 km (e.g., Ammannito et al., 2013a; 

2013b; Clenet et al., 2014). Based on these observations, Clenet et al. (2014) proposed 

that the Vestan crust–mantle boundary is deeper than 80 km, which is extremely deep 

compared with Vestan radius of ~250 km. However, as mentioned in Haba et al. (2019), 
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considering incompatible element contents in eucrites (CI chondrite × ~10–102; e.g., 

Consolmagno and Drake, 1977; Barrat et al., 2007) and its occupancy in Vestan crust 

(>60%; Consolmagno et al., 2015), such a thick crust unrealistically requires at least two 

times higher bulk trace element contents of Vesta relative to those of CI chondrite (Anders 

and Grevesse, 1989). Therefore, the missing olivine on the Vestan south pole region 

probably reflects significant lateral heterogeneity of Vestan interior or large-scale 

disturbance of this region by catastrophic collisional event.  
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Figure 1. Schematics of (a) magma ocean model and (b) intrusion model for 

differentiation of HED meteorites.  
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1.3. Geochronology of HED meteorites 

Although the temporal relationship between crystallizations of eucrites and 

diogenites is one of the key constraints for investigating the differentiation processes of 

HED meteorites, this relationship has not been established yet. Due to orthopyroxenitic 

monomineralic compositions and low incompatible element contents in diogenites, 

applications of the chronological approach using isotopic decay systems for diogenites 

are limited relative those of eucrites. Furthermore, published isotopic ages of diogenites 

(Table 1) are not necessarily consistent with each other. Although Takahashi and Masuda 

(1990) reported significantly younger 87Rb–87Sr ages of two diogenites than that of 

eucrites (Smoliar, 1993), Nakamura (1979) reported disturbed 87Rb–87Sr and 147Sm–143Nd 

systematics of four diogenites. Short-lived 26Al–26Mg chronometry indicates that three 

diogenites crystallized after the complete extinction of 26Al, while eucrites crystallized 

before that (Hublet et al., 2017). Tang and Dauphas (2012) provided the 60Fe–60Ni isotopic 

data set of three diogenites exhibiting the correlation between 56Fe/58Ni ratios and 60Ni 

excesses. However, the initial 60Fe/56Fe ratio of three diogenites is identical to that of 

eucrites within the error range corresponding to ~2 Ma. Noble gas 40K–40Ar and 40Ar–

39Ar ages of diogenites show a broad range of ~1000–4500 Ma (Kaneoka et al., 1979; 

Michel and Eugster, 1994), probably representing timings of degassing by impact events. 

A recent Pb–Pb dating study by Schiller et al. (2014) provides the most reliable internal 

isochron ages so far for two diogenites (4546.4 ± 4.7 Ma for Dhofar 700 and 4484.5 ± 7.9 

Ma for NWA 4215), which are significantly older than the internal Rb–Sr ages reported 

by Takahashi and Masuda (1990). They interpreted the younger Pb–Pb age of NWA 4215 

as a record of secondary thermal events later than the primary crystallization of this 

diogenite. In contrast, the older Pb–Pb age recoded by Dhofar 700 are interpreted as the 

primary crystallization age of this diogenite. However, Pb–Pb age data are limited for 

only these two diogenites and detailed comparison with other age data is difficult at 

present. 

Chronological data of diogenites are also important for detailed comparisons 

between differentiation models of HED meteorites and thermal evolution models of Vesta. 

A schematic comparison between the HED meteorite ages (Tang and Dauphas, 2012; 

Touboul et al., 2015) and thermal evolution model of Vesta (Neumann et al., 2014) is 
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shown in Figure 2. The differentiation events of Vesta are displayed along with age axis. 

Meteorite age in the figure represents the age of the events estimated from the 

geochronological age of HED meteorites obtained by isotopic dating approach. Age for 

thermal model represents the age of events estimated by numerical calculation approach. 

In general, the differentiation models based on geochemical approach (described in the 

section 1.2. Differentiation models of HED meteorites) and numerical calculation 

approach are difficult to compare directly because of the significant gap between the 

complexity of the processes that meteorites experienced and the simplification adopted in 

the numerical calculation approach. However, chronological data of meteorites enables 

quantitative comparisons between the differentiation models derived from experimental 

approach and the thermal evolution models derived from theoretical approach as shown 

in Figure 2.  
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Table 1. Published isotopic ages of diogenites. 

Sample Decay system Age Referencea 

Noble gas age    

Ellemeet 40K–40Ar 1210 ± 500 Ma ME 

Garland 40K–40Ar 1230 ± 140 Ma ME 

 244Pu–136Xe 4525 ± 40 Ma ME 

Ibbenbühren 40K–40Ar 1600 ± 600 Ma ME 

Roda 40K–40Ar 1880 ± 250 Ma ME 

Shalka 40K–40Ar 4710 ± 500 Ma ME 

Tatahouine 40K–40Ar 4030 ± 2000 Ma ME 

Y 74013 40K–40Ar 1150 ± 250 Ma ME 

Y 74097 40Ar–39Ar 1100 ± 62 Ma K 

Y 75032 40K–40Ar 2930 ± 300 Ma ME 

Internal isochron age    

Dhofar 700 Pb–Pb 4546.4 ± 4.7 Ma S2 

Johnstown 87Rb–87Sr 4390 ± 35 Ma TM 

NWA 4215 Pb–Pb 4484.5 ± 7.9 Ma S2 

Tatahouine 87Rb–87Sr 4398 ± 28 Ma TM 

External isochron or model age    

Bilanga, Johnstown, and Tatahouine 26Al–26Mg >7 Ma after CAIb H 

Bilanga, Tatahouine, and other 21 diogenites 26Al–26Mg <3 Ma after CAIc S1 

Johnstown, Roda, and Tatahouine 87Rb–87Sr 4450 ± 180 Ma BA 

Johnstown, Shalka, and Tatahouine 60Fe–60Ni identical to eucrite aged TD 

Johnstown and Tatahouine 87Rb–87Sr 4394 ± 11 Ma TM 

Johnstown, Tatahouine, and other 4 diogenites 53Mn–53Cr 4564.8 ± 0.9 Mae D, T 

Notes. aBA: Birck and Allègre (1981), D: Day et al. (2012), H: Hublet et al. (2017), K: Kaneoka et al. 

(1979), ME: Michel and Eugster (1994), S1: Schiller et al. (2011), S2: Schiller et al. (2017), T: Trinquier et 

al. (2008), TD: Tang and Dauphas (2012), TM: Takahashi and Masuda (1990). 
bThis age represents timing of complete extinction of 26Al. 
cModel age. 
dThe initial 60Fe/56Fe ratio of (3.31 ± 0.28) × 10−9 calculated from the isotope data set of the three diogenites 

is not converted to an absolute age due to controversial solar system initial ratio of 60Fe/56Fe. 
eThis external isochron age was calculated from an isotope data set that consists of not only diogenites but 

also eucrites and mesosiderites. 

 

 

Figure 2. Comparison between timings of differentiation events on Vesta based on 

meteorite ages and theoretical thermal model. Thermal model is based on Neumann et al. 

(2014) and meteorite ages are from Touboul et al. (2015) and Tang and Dauphas (2012).  
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1.4. Approach of this study 

As discussed above, chronological data of HED meteorites possibly provide key 

clues for constructing a differentiation model of Vesta. To obtain accurate and precise 

chronological data of HED meteorites (especially diogenites), four decay systems of 

60Fe–60Ni, 87Rb–87Sr, 146Sm–142Nd, and 176Lu–176Hf systematics are adopted in this study. 

Since these four decay systems show different heat-resistance and resolution, their 

combination should be helpful for interpretation of chronological data. Experimental 

methods to apply these four decay systems to HED meteorites are developed, and 87Rb–

87Sr and 176Lu–176Hf analysis of HED meteorites are carried out in this study. In addition 

to chronological data, REE abundances and Sm and Gd isotopic compositions of HED 

meteorites are also analyzed. REE abundances provide information about chemical 

differentiation processes. Sm and Gd isotopic compositions provide record of cosmic-ray 

exposure history of meteorite samples. Using these cosmochemical data of HED 

meteorites, possible models for early differentiation and magmatic activity on Vesta are 

discussed in this study. 
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2. Separation chemistry for Fe–Ni chronology 

2.1. Introduction 

Nickel is a moderately refractory and moderately siderophile element with five 

stable isotopes at mass numbers of 58, 60, 61, 62, and 64. Nickel isotope variability in 

meteorites provides cosmochemical perspectives of chronology and nucleosynthetic 

heterogeneity of early solar system objects. 60Fe–60Ni decay system has been used to 

determine relative chronology of early solar system objects since a discovery of 

radiogenic excesses in 60Ni derived from a short-lived nuclide 60Fe (t1/2 = 2.62 Myr; Rugel 

et al., 2009) by Shukolyukov and Lugmair (1993a,b). This decay system is especially 

useful for dating differentiated stony meteorites (i.e., achondrites) because their Fe/Ni 

ratios were elevated by removal of siderophile elements following metal–silicate 

segregation on their parent bodies. Non-radiogenic stable isotope anomalies of Ni in 

primitive meteorites (i.e., chondrites) and their components (e.g., chondrules, matrices, 

and calcium–aluminum-rich inclusions) provide some constraints on nucleosynthetic 

sources that contributed to the early solar system (e.g., Elliott and Steele, 2017; Nanne et 

al., 2019; Regelous et al., 2008; Render et al., 2018; Steele et al., 2012). 

Although earlier Ni isotopic works were performed on thermal ionization mass 

spectrometry (TIMS) (e.g., Birck and Lugmair, 1988; Morand and Allègre, 1983; 

Shimamura and Lugmair, 1983; Shukolyukov and Lugmair, 1993a,b), currently, most 

studies employ multi-collector inductively coupled plasma mass spectrometry (MC-ICP-

MS) for Ni isotope measurements (e.g., Chernonozhkin et al., 2015; Quitté et al., 2006; 

2011; Quitté and Oberli, 2006; Regelous et al., 2008; Render et al., 2018; Tang and 

Dauphas, 2012). Because of high first ionization potential of Ni (737 kJ/mol), MC-ICP-

MS provides significantly efficient ionization of Ni relative to TIMS and, therefore, is 

more suitable for high-precision isotope measurements. For accurate and precise Ni 

isotope measurement using MC-ICP-MS, high-quality Ni purification is required for 

eliminating interferences from matrix elements. 

Magnesium is one of the elements that is difficult to separate from Ni, while large 

numbers of typical rock-forming minerals (e.g., olivine, pyroxene, amphibole, and mica) 

contain Mg as a major element. For purifying Ni from Mg and most other matrix elements, 
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generally, an Ni-specific chelating agent of dimethylglyoxime (DMG) is used in solvent 

extraction (e.g., Morand and Allègre, 1983; Shimamura and Lugmair, 1983; Quitté and 

Oberli, 2006) and in eluent phase for cation-exchange chromatography (e.g., 

Chernonozhkin et al., 2015; Gall et al., 2012; Klaver et al., 2020; Regelous et al., 2008; 

Victor, 1986; Wahlgren et al., 1970; Wu et al., 2019). DMG and Ni forms an insoluble 

chelate complex at pH = ~8–9 and the Ni–DMG complex can be extracted by organic 

solvents. An Ni-specific extraction chromatography resin of Nickel Resin (available from 

Eichrom Technologies) also contains DMG and uses the same chelating reaction as 

conventional solvent extraction method. These methods can separate Ni efficiently from 

almost all matrix elements due to selective complexation of Ni–DMG. However, a strong 

coordinate bond of Ni–DMG also causes a technical issue after the separation chemistry. 

Since the Ni–DMG bonding is difficult to dissociate through simple ionic reactions, a 

decomposition of DMG with strong oxidizing agents (e.g., perchloric acid, aqua regia, 

and nitric acid) is necessary before an isotopic analysis (e.g., Spivak-Birndorf et al., 2018). 

This decomposition treatment demands an enormous effort. Furthermore, if the 

decomposition is insufficient, residual DMG may cause several types of non-spectral 

interferences at an isotope measurement by MC-ICP-MS (e.g., Hughes et al., 2011; Teng 

and Yang, 2013). While there are a few Ni separation procedures that do not use DMG 

(e.g., Cook et al., 2006; Ireland et al., 2013; Moynier et al., 2007; Steele et al., 2011; Tang 

and Dauphas, 2012; Beunon et al., 2020), most of them are applicable only to specific 

types of samples or requires some special experimental equipment. 

Recently, a unique DMG-free Ni separation protocol was developed by Spivak-

Birndorf et al. (2018) and Render et al. (2018). They found that a combination of 

hydrochloric acid–acetic acid mixture with cation-exchange resin provides a sufficient 

separation between Mg and Ni. However, despite its obvious advantages owing to the 

elimination of the use of DMG, application of their Ni separation method is limited only 

to Ni-rich (range of Ni contents was ~0.1–30 wt%) geological samples (dunites and 

hydrous Ni–Mg silicates, Spivak-Birndorf et al., 2018; a bulk carbonaceous chondrite and 

Ca–Al-rich inclusions, Render et al., 2018). Since 60Fe–60Ni decay system is based on 

isotopic excess derived from − decay of 60Fe onto 60Ni, it is more beneficial to date 

samples showing higher Fe/Ni ratios such as achondrites. Thus, the application of their 

Ni separation method to Ni-poor samples largely enhances its usefulness for the 60Fe–
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60Ni dating. In this study, we improved the DMG-free separation method developed by 

Spivak-Birndorf et al. (2018) and Render et al. (2018) for expanding its applications to 

Ni-poor silicate samples (e.g., achondrites and especially HED meteorites). 
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2.2. Experiments 

2.2.1. Distribution coefficients of elements between cation-exchange resin and HCl–

acetic acid mixture 

To identify the optimum condition for the Mg–Ni separation, cation-exchange 

behavior of Mg, Al, Ca, Ti, and Ni in HCl–acetic acid mixture was analyzed at variable 

mixing proportions of HCl and acetic acid. The proportions tested in this study are 

combinations of 0.9, 1.2, 1.5, and 1.8 M HCl with 0, 20, 40, 60, 75, and 85 vol% acetic 

acid. Cation-exchange resin (Bio-Rad Laboratory, AG50W-X8, 200–400 mesh, ~0.1 mg) 

and HCl–acetic acid mixture (~5 g) containing Mg, Al, Ca, Ti, and Ni were put into a 

reaction beaker. After an equilibration for ~12 hours, the HCl–acetic acid mixture was 

collected from the beaker. This collected fraction was evaporated once and redissolved in 

2% HNO3. Finally, this sample solution was analyzed by a quadruple ICP-MS (Agilent 

7700x) for the determination of elemental abundances. The elemental abundances 

obtained in the ICP-MS analysis was converted to distribution coefficients using a 

following equation, 

 𝐾d =
𝑀resin 𝑊resin⁄

𝑀sol 𝑊sol⁄
=

(𝑀tot−𝑀sol) 𝑊resin⁄

𝑀sol 𝑊sol⁄
, 

where Kd represents a distribution coefficient of a certain element between the cation-

exchange resin and HCl–acetic acid mixture, Mresin and Msol are a weight of an element 

contained in the resin and solution, respectively, Mtot is a total weight of an element put 

into the reaction beaker, and Wresin and Wsol are a weight of the resin and solution, 

respectively. 

2.2.2. Separation chemistry 

Nickel separation chemistry of this study consists of four steps of ion-exchange 

chromatography including both cation- and anion-exchange (Table 2). Detailed 

descriptions for the individual separation steps are shown below. 

Step 1: The first step of the separation chemistry is removal of V, Cr, Mn, Fe, Co, 

Cu, Zn, Cd, and Sn by cation-exchange with HCl–acetone mixture. This step is adapted 

from Spivak-Birndorf et al. (2018) and Render et al. (2018). A cation-exchange resin 

(Bio-Rad Laboratory, AG50W-X8, 200–400 mesh, 2 mL) packed in polypropylene 
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column (Eichrom Technologies, 40 mm length, 8 mm inner diameter) was used for this 

purpose. After a cleaning and conditioning with 20 mL of H2O, 10 mL of 6 M HCl, 5 mL 

H2O, 5 mL of 2 M HCl–80% acetone mixture (i.e., 1 mL of 10 M HCl + 4 mL of acetone; 

hereafter “HCl–acetone”), a sample solution dissolved in 3 mL of HCl–acetone was 

loaded onto the resin. This sample solution was equilibrated in 10 M HCl once and was 

diluted by acetone just before the loading to promote a coordination of Cr3+–Cl−. This 

treatment significantly affects a quality of Cr–Ni separation since Cl−-coordinated Cr-

species show significantly lower affinity for a cation-exchange resin relative to that of Ni 

while the affinity of Cl−-free Cr3+ is similar to that of Ni (Larsen et al., 2016; 2018). After 

the sample loading, V, Cr, Mn, Fe, Co, Cu, Zn, Cd, and Sn were washed out with 

additional 22 mL of HCl–acetone and 2 mL of H2O. Nickel and matrix elements of Mg, 

Al, Ca, and Ti were collected by 5 mL of 6 M HCl. 

Step 2: The second step of the separation chemistry is removal of Mg, Al, Ca, and Ti 

by cation-exchange with HCl–acetic acid mixture. This step is modified after Spivak-

Birndorf et al. (2018) and Render et al. (2018). The column used in this step is the same 

as that of the step 1. After a cleaning and conditioning with 20 mL of H2O, 10 mL of 6 M 

HCl, 5 mL of H2O, and 5 mL of 1.5 M HCl–85% acetic acid mixture (i.e., 0.75 mL of 10 

M HCl + 4.25 mL of acetic acid; hereafter “HCl–acetic acid”), the Ni fraction from the 

step 1 redissolved in 3 mL of HCl–acetic acid was loaded onto the resin. Nickel and matrix 

elements of Na and K were collected by additional 15 mL of HCl–acetic acid while Mg, 

Al, Ca, and Ti were retained to the resin. These residual matrix elements were eluted from 

the resin with 10 mL of 6 M HCl. The Ni fraction collected in this step was processed by 

hot aqua regia (~100°C) for a decomposition of organic compounds probably derived 

from acetone and acetic acid. 

Step 3: The third step of the separation chemistry is removal of Na and K and clean-

up of Cr by cation-exchange with HCl and HNO3. This step is adapted from Larsen et al. 

(2018). A cation-exchange resin (Bio-Rad Laboratory, AG50W-X8, 200–400 mesh, 0.5 

mL) packed in glass column (40 mm length, 4 mm inner diameter) was used for this 

purpose. After the cleaning and conditioning with 10 mL of H2O, 2.5 mL of 6 M HCl, and 

2.5 mL of 0.5 M HCl, the Ni fraction from the step 2 redissolved in 4 mL of 0.5 M HCl 

was loaded onto the resin. For an efficient removal of Cr, this sample solution was 

equilibrated in 10 M HCl once and was diluted by H2O just before the loading to promote 
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a coordination of Cr3+–Cl− (Larsen et al., 2016; 2018). Sodium, K, and Cr were washed 

out with 10 mL of 0.5 M HNO3 and 0.5 mL of H2O. Nickel was collected by 3.5 mL of 6 

M HCl. 

Step 4: The fourth step of the separation chemistry is clean-up of Fe and Zn, who 

have isobars for Ni isotopes (58Fe to 58Ni and 64Zn to 64Ni), by anion-exchange with HCl. 

This step is adapted from Chernonozhkin et al. (2015) and Render et al. (2018). An anion-

exchange resin (Bio-Rad Laboratory, AG1-X8, 200–400 mesh, 0.5 mL) packed in glass 

column (40 mm length, 4 mm inner diameter) was used for this purpose. After a cleaning 

and conditioning with 10 mL of H2O, 2.5 mL of 0.5 M HNO3, 2.5 mL of 0.5 M HCl, and 

3 mL of 6 M HCl, the Ni fraction from the step 3 dissolved in 3.5 mL of 6 M HCl was 

loaded onto the resin. Nickel was collected with additional 3.5 mL of 6 M HCl while Fe 

and Zn were retained to the resin. After a decomposition of residual organic compounds 

by aqua regia, this Ni fraction was redissolved in 2% HNO3 for the isotope measurement 

by MC-ICP-MS. 

For confirming elution behavior of elements in the separation chemistry, a mixture 

of single-element standard solutions of Na, Mg, Al, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, 

Zn, Cd, and Sn was used as a test sample. This test sample was loaded onto the column 

and the eluents were collected at 1 mL interval. The collected eluents are measured by a 

quadrupole ICP-MS (Agilent 7700x) and atomic absorption spectrophotometer (Hitachi 

A-2000) to determine the relative abundances of the elements listed above.  
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Table 2. Four-step Ni purification chemistry. 

Step Volume Eluent Element 

Step 1 (2 mL, AG50W-X8, 200–400 mesh, 8 mm inner diameter, 40 mm length) 

Washing 20 mL H2O  

 10 mL 6 M HCl  

 5 mL H2O  

Conditioning 5 mL HCl-acetoneb  

Loading samplea 3 mL HCl-acetoneb 
V, Cr, Mn, Fe, Co, Cu, Zn, Cd, 

and Sn 
Eluting matrix 22 mL HCl-acetoneb 

 2 mL H2O 

Collecting Ni 5 mL 6 M HCl Mg, Al, Ca, Ti, and Ni 

 

Step 2 (2 mL, AG50W-X8, 200–400 mesh, 8 mm inner diameter, 40 mm length) 

Washing 20 mL H2O  

 10 mL 6 M HCl  

 5 mL H2O  

Conditioning 5 mL HCl-acetic acidc  

Loading sample 3 mL HCl-acetic acidc  

Collecting Ni 15 mL HCl-acetic acidc Na, K, and Ni 

Collecting matrix 5 mL 6 M HCl Mg, Al, Ca, Ti, REE, Hf... 

 

Step 3 (0.5 mL, AG50W-X8, 200–400 mesh, 4 mm inner diameter, 40 mm length) 

Washing 10 mL H2O  

 2.5 mL 6 M HCl  

Conditioning 2.5 mL 0.5 M HCl  

Loading samplea 4 mL 0.5 M HCl 

Na, K, and minor Cr Eluting matrix 10 mL 0.5 M HNO3 

 0.5 mL H2O 

Collecting Ni 3.5 mL 6 M HCl Ni 

 

Step 4 (0.5 mL, AG1-X8, 200–400 mesh, 4 mm inner diameter, 40 mm length) 

Washing 10 mL H2O  

 2.5 mL 0.5 M HNO3  

 2.5 mL 0.5 M HCl  

Conditioning 2.5 mL 6 M HCl  

Loading sampled 3.5 mL 6 M HCl 
Ni 

Collecting Ni 3 mL 6 M HCl 
aThis sample solution was equilibrated in 10 M HCl and diluted just before (~30 min) the loading. 
b2 M HCl–80% v/v acetone mixture (600 L of 10 M HCl + 2400 L of acetone). Prepared freshly. 
c1.5 M HCl–85% v/v acetic acid mixture (450 L of 10 M HCl + 2550 L of acetic acid). 
dThis fraction was collected together with lower one. 
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2.3. Results and discussion 

2.3.1. Distribution behavior of metal cations between cation-exchange resin and 

HCl–acetic acid mixture 

Figure 3 shows distribution coefficients of Mg, Al, Ca, Ti, and Ni between the cation-

exchange resin and HCl–acetic acid mixture measured in this study. The horizontal axis 

represents volume fraction of acetic acid. For example, 0 vol% in Figure 3 means that the 

solvent is pure 0.9 M HCl and 60 vol% means that the solvent is composed of 450 L of 

10 M HCl, 1550 L of H2O, and 3000 L of acetic acid (i.e., 5000 L of 0.9 M HCl–60 

vol% acetic acid). 

As shown in Figure 3, when the fraction of acetic acid is low (<60 vol%), affinities 

of all five elements studied here (Mg, Al, Ca, Ti, and Ni) for the cation-exchange resin 

increase along with addition of acetic acid. In contrast, when the fraction of acetic acid is 

high (>60 vol%), an affinity of Ni for the resin declines rapidly along with addition of 

acetic acid while those of Mg, Al, Ca, and Ti remain increasing or decline gradually. 

Consequently, the discrepancy between distribution coefficient (Kd) of Ni and other four 

elements gets larger at higher fraction of acetic acid. Comparing this trend among Figure 

3a–d, the declining of Kd of Ni is more notable at higher concentration of HCl. Thus, 

higher concentration of both of acetic acid and HCl provides better separation of Ni from 

other four elements. This effect is observed not only in acetic acid but also in other typical 

organic solvents and is interpreted as a consequence of enhancement of electrostatic 

interaction in the resin–solvent system (e.g., Korkisch, 1966; Korkisch and Ahluwalia, 

1967; Strelow et al., 1971). Most organic solvents show less permittivity relative to water 

(e.g., water, r = 78.3; ethanol, r = 24.5; acetone, r = 20.7; acetic acid, r = 6.15). Thus, 

an addition of organic solvent decreases the net permittivity of water–organic solvent 

medium. According to Coulomb’s law, this enhances electrostatic interactions in the 

solvent. As for cation-exchange with hydrochloric acid–organic solvent medium, an 

addition of organic solvent to hydrochloric acid probably causes a competing between 

enhanced cation–resin and cation–Cl− ionic bonding. An enhancement of a cation–resin 

bonding results in an increase of affinity for the resin while that of a cation–Cl− bonding 

results in a decrease of the affinity. For most metal cations (including Mg, Al, Ca, Ti, Ni), 

enhancement of a cation–resin bonding is predominant at low fraction of organic solvent 
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and, contrary, that of a cation–Cl− bonding turns to prominent along with addition of 

organic solvents (e.g., Korkisch, 1966; Korkisch and Ahluwalia, 1967; Strelow et al., 

1971). Since a mode of this competing effect differs from element to element, 

hydrochloric acid–organic solvent medium provides much better separation for several 

metal elements compared with aqueous hydrochloric acid. Figure 4 shows distribution 

coefficients of Mg, Al, Ca, Ti, and Ni between the cation-exchange resin and 1.0 M HCl–

acetone mixture measured in previous study (Strelow et al., 1971). The Kd value of Ni 

shows the decline at high fraction of acetone (Figure 4) as well as that in HCl–acetic acid 

(Figure 3). However, the decline in HCl–acetic acid is more pronounced than that in HCl–

acetone. Thus, acetic acid provides better separation between Mg and Ni relative to 

acetone. This is probably due to the difference in permittivity of acetic acid and acetone. 

Owing to its relatively low permittivity, acetic acid (r = 6.15) can decrease the net 

permittivity of the mixture with HCl more largely compared with acetone (r = 20.7). 

2.3.2. Evaluation of the separation chemistry 

Figure 5 shows the elution behavior of important elements for the Ni isotope analysis 

in four step resin chemistry of this study. The horizontal axis represents cumulative 

volume of eluent that was loaded onto the column. The vertical axis shows relative 

fraction of elements that eluted from the column. The total blank throughout the 

separation chemistry of this study is <2 ng. This blank level is negligible compared with 

the amount of Ni contained in the samples (~1–2 g, blank contribution is <0.1%). The 

recovery yield of Ni is ~80%. 

2.3.2.1. The optimum condition for Mg–Ni separation 

As mentioned above, the Kd value of Ni gets lower at higher fraction of acetic acid 

and higher molarity of HCl while those of Mg, Al, Ca, and Ti are relatively stable (Figure 

3). Thus, HCl–acetic acid mixture that contains higher amount of acetic acid and HCl 

provides better separation between Ni and other four elements. Furthermore, low Kd value 

of Ni is beneficial for eluting Ni with practical amount of the solvent in column 

chromatography method. Among 24 mixing proportions between HCl and acetic acid 

tested in this study, 1.8 M HCl–85 vol% acetic acid may be optimum for Mg–Ni 

separation. However, highly concentrated and pure HCl is difficult to prepare and handle. 
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Thus, two mixing proportions of 1.5 M HCl–85 vol% acetic acid and 1.8 M HCl–85 vol% 

acetic acid were tested. Figure 6 shows the elution behaviors of Mg and Ni in the 

separation step 2 performed with (a) 1.5 M HCl–85 vol% acetic acid and (b) 1.5 M HCl–

85 vol% acetic acid. Both of two mixing proportions provides a sufficient separation 

between Mg and Ni and there are no significant differences in their elution profiles. In 

this study, for the ease of handling, the 1.5 M HCl–85 vol% acetic acid was employed as 

an eluent for the separation step 2. 

2.3.2.2. Elution behavior of Cr 

The elution curve of Cr in the separation step 1 consists of three different peaks 

probably corresponding to Cr-species of CrCl3 + CrCl2
+, CrCl2+, and Cr3+ (Figure 7). This 

unique elution behavior of Cr is due to slow ligand exchange kinetics of Cr3+ and 

differences in the affinities to the cation-exchange resin among the Cl−-coordinated Cr-

species (Cr3+ > CrCl2+ > CrCl2
+ > CrCl3; e.g., Larsen et al., 2016; 2018). In the cation-

exchange with HCl media, Cl−-free Cr (i.e., Cr3+) shows the partitioning behavior similar 

to Ni (e.g., Larsen et al., 2016; 2018). Hence, Cr and Ni are difficult to separate 

thoroughly only by the step 1. As shown in Figure 7, the fraction of Cr involved into the 

Ni collection is ~2% of the total. This amount of Cr probably causes no significant effects 

on the Ni isotope measurements for Ni-rich samples (e.g., chondrites, chondrules, and 

CAIs), while this is not the case for Ni-poor samples (e.g., achondrites). Typical 

chondrites show Cr/Ni ratios of ~0.18–0.36 (mean compositions of chondrite groups; 

Wasson and Kallemeyn, 1988), which will decrease to <0.008 (0.36 × 2%) after the 

separation. According to previous works that tested the matrix effects on the Ni isotope 

measurements (e.g., Spivak-Birndorf et al., 2018; Tang and Dauphas, 2012), Cr/Ni < 1 is 

sufficient for the accurate and precise analysis. Thus, the residual Cr after the separation 

is not problematic for chondritic (i.e., Ni-rich) samples and the previous works (Spivak-

Birndorf et al., 2018; Render et al., 2018) paid little attention to Cr. In contrast to 

chondrites, howardite–eucrite–diogenite (HED) meteorites, the most abundant subgroup 

of achondrite, show Cr/Ni ratios of ~10–500 (Mittlefehldt, 2015), which will decrease to 

<10 (500 × 2%) after the separation. Even though Cr is not a critical interfering element 

for Ni, such a large amount of Cr probably causes several types of non-spectral 
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interferences at the isotope measurement; for instance, ionization interference, space 

charge effect, and obstruction of the orifice of plasma–vacuum interface. 

For improving the Cr–Ni separation, the cation-exchange chemistry of Larsen et al. 

(2018) was adopted as the step 3 of the separation chemistry of this study (Table 2). As 

mentioned above, unlike Cl−-free Cr(III), chlorinated Cr(III) species can be separated 

from Ni in cation-exchange chemistry with HCl (Figure 7). Hence, Cr–Ni separation can 

be improved by increasing fraction of chlorinated Cr(III) species in the sample solution. 

According to the thermodynamic calculation with PHREEQC (Parkhurst and Appelo, 

2013) conducted by Larsen et al. (2016), the fraction of Cl−-free Cr(III) can be decreased 

to nearly 0% in hot (>120°C) concentrated (>6 mol/L) HCl. Furthermore, owing to slow 

ligand-exchange rate of Cr(III), the chlorinated Cr(III) does not dissociate to Cl−-free 

Cr(III) immediately after the solution is cooled and diluted by water (Larsen et al., 2016). 

In this study, on the basis of these calculation and observation, Cr elution behavior in the 

separation step 3 was investigated to find appropriate experimental condition to achieve 

sufficient Cr–Ni separation. 

Figure 8 shows elution profiles of Cr-species in four different experimental 

conditions; (a) Cr was dissolved in 10 M HCl and heated at 120°C overnight 

In this separation step, the fraction of Cr involved into the Ni collection is ~0.8% 

(see Figure 5c). Thus, a combination of the step 1 and step 3 provides a removal of 

nominally ~99.98% Cr. Applying both of the two separation steps to HED meteorites, 

Cr/Ni ratios will decrease to <0.08, which is sufficient for avoiding significant 

interferences from Cr. 

2.3.2.3. Elution behavior of Mg 

For the Ni isotope analysis of Ni-poor planetary materials, large amounts of the 

samples should pass through the chromatographic column to obtain sufficient amount of 

Ni. In this case, the adsorption capacity of the ion-exchange resin becomes a critical factor 

for the attainment of sufficient separation, especially in the separation step 2. In this 

separation step, Al, Mg, and Ca, which are major constituents of rock-forming minerals, 

should be retained on the resin while Ni is eluted (Figure 5b). However, if the amount of 

Mg loaded onto the resin exceeds its adsorption capacity, Mg may elute from the resin 
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together with Ni. Hence, the Mg adsorption capacity of the resin was investigated prior 

to dealing with natural rock samples. 

As shown in Figure 9, an elution peak of Mg appears at smaller eluent volume when 

larger amount of Mg is loaded onto the resin. This elution behavior of Mg can be 

attributed to an ion-adsorption capacity of the cation-exchange resin. The nominal wet 

capacity of the AG50W-X8 cation exchange resin of 2.0 mEq/mL (Bio-Rad Laboratory) 

corresponds to ~24 mg/mL of Mg. In the case of the separation step 2 of this study, which 

2 mL of the cation-exchange resin is used in, the capacity is equal to ~48 mg of Mg. The 

amount of Mg loaded onto resin here is comparable with this capacity. Thus, when 15 mg 

of Mg was loaded onto the resin, its adsorption capacity was probably saturated. This idea 

is also consistent with the fact that the elution peak of Mg is not gaussian but trapezoidal 

(Figure 9c). Judging from the three elution curves obtained in this study (Figure 9), <10 

mg of Mg is not problematic for the Mg–Ni separation, which corresponds to <0.8 mEq. 

Since typical stony meteorite contain ~10% of Mg, this amount is equal to ~100 mg of 

meteorites samples. For analyzing meteorite samples whose weight exceed 100 mg, the 

sample should be divided so that the adsorption capacity of the resin is not saturated. 
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Figure 3. Distribution coefficients of Mg, Al, Ca, Ti, and Ni between AG50W-X8 cation 

exchange resin and HCl–acetic acid mixture. 
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Figure 4. Distribution coefficient of Mg, Al, Ca, Ti, and Ni between AG50W-X8 cation-

exchange resin and HCl–acetone mixture. Data is from Strelow et al. (1971). 
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Figure 5. Elution curves for the four-step separation chemistry of this study. 
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Figure 6. Elution behavior of Mg and Ni in the separation step 2 performed with (a) 1.5 

M HCl and (b) 1.8 M HCl. 
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Figure 7. Elution behavior of Cr in the separation step 1. 
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Figure 8. Elution behavior of Cr in the separation step 3. 
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Figure 9. Elution behavior of Mg and Ni in the separation step 2 tested in Mg amount of 

(a) ~1 mg, (b) ~10 mg, and (c) ~15 mg. 
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2.4. Summary 

Modifying the Ni separation methods by Spivak-Birndorf et al. (2018) and Render 

et al. (2018), an efficient and practical chemical separation method for applying 60Fe–60Ni 

chronology to Mg-enriched and Ni-depleted silicate samples (especially HED meteorites) 

is developed in this study. For obtaining sufficient amount of Ni from Ni-depleted samples, 

large amount of the samples should be used. This simply results in large amounts of 

matrix elements in the separation chemistry, which cause some technical issues. The most 

important matrix elements here are Cr and Mg. Chromium exists in HCl media as four 

different coordination states of CrCl3, CrCl2
+, CrCl2+, and Cr3+, and Cr3+ is difficult to 

separate from Nd by the original methods of Spivak-Birndorf et al. (2018) and Render et 

al. (2018) (Figure 7). This problem is resolved by adding the separation step 3 (Figure 8), 

which is modified after Larsen et al. (2016; 2018). For Mg, the capacity of cation-

exchange resin is problematic in the separation step 2 of this study (Figure 5). To avoid 

this issue, the maximum amount of Mg that can be retained to the resin is identified 

(Figure 9). These two improvements made in this study expand the applicability of the 

DMG-free Ni separation method originally developed by Spivak-Birndorf et al. (2018) 

and Render et al. (2018) to Mg-enriched and Ni-depleted silicate samples.  
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3. Separation chemistry for Sm–Nd chronology 

3.1. Introduction 

146Sm–142Nd chronometry has been used as a powerful cosmochemical tool for 

dating early solar system materials since the first application by Notsu et al. (1973). This 

dating method is based on  decay of an extinct nuclide 146Sm to 142Nd with a half-life of 

103 Ma (Friedman et al., 1966; Meissner et al., 1987); note that a recent measurement by 

Kinoshita et al. (2012) provided a shorter half-life of 68 Ma while the former value is 

widely accepted by researchers at present (e.g., Marks et al., 2014). Owing to its short 

half-life, 146Sm–142Nd decay system provides more precise chronological data relative to 

other decay systems that are commonly applied for terrestrial samples (e.g., 87Rb–87Sr, 

147Sm–143Nd, and 176Lu–176Hf decay systems). As for HED meteorites, 146Sm–142Nd 

systematics of eucrites are investigated by previous studies (diogenites are not suitable to 

146Sm–142Nd dating due to low Nd contents).  

For the sufficient separation of Sm from other REEs (especially Ce and Sm) to 

perform highly accurate and precise isotope measurement, two types of chemical 

separation methods using Ln resin are calibrated in this study. The 146Sm–142Nd short-

lived dating requires a Ce/Nd ratio of the separated sample lower than 10−5 to avoid an 

interference from 142Ce onto 142Nd (e.g., Boyet and Carlson, 2005; Boyet et al., 2010). 

The first Nd separation method uses fine-particle Ln resin and is based on Mizutani et al. 

(2020). Although Ce and Nd is difficult to resolve with course-particle Ln-resin, they 

found that fine-particle resin is capable to provide better separation for them. The second 

is a separation method using a strong oxidizing agent of potassium bromate (KBrO3). In 

this method, Ce is oxidized to become tetravalent form other trivalent REEs including Nd. 

Here, these two separation methods are calibrated and modified to purify Nd from HED 

meteorite samples.  
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3.2. Experiments 

3.2.1. Calibration of the separation method using fine-particle Ln resin 

Firstly, the separation method using fine-particle Ln resin (Mizutani et al., 2020) is 

calibrated. This method is a simple combination of Ln resin (Eichrom Technologies, 

particle size 20–50 m) and hydrochloric acid. Lanthanides loaded onto Ln resin can be 

eluted in the order of atomic number together with hydrochloric acid flow. This tendency 

reflects the fact that affinity of lanthanides to Ln resin differs slightly, depending on their 

ionic radii (e.g., Ireland et al., 2013) and concentration of hydrochloric acid. For the sake 

of sufficient separation of Nd from Ce and Sm, concentration and amount of hydrochloric 

acid are calibrated. 

Judging from the results of calibration by Mizutani et al. (2020), Ce–Nd separation 

is much more difficult relative to Nd–Sm separation. Hence, a resolution of Ce–Nd 

separations is estimated prior to calibration experiments. A resolution between gaussian 

elution peaks of two elements in column chromatography can be expressed as 

 Res.A–B =
𝑉B−𝑉A

2𝜎B+2𝜎A
. (1) 

V is mean volume of gaussian elution peak,  is standard deviation of gaussian elution 

peak, and A and B represents certain elements in interests. According to the plate theory 

in chromatography, this equation can be rewritten as 

 Res.A–B =
1

4
 √𝑁 

𝑘B
′ 𝑘A

′⁄ −1

𝑘B
′ 𝑘A

′⁄
 

𝑘B
′

1+𝑘B
′ . (2) 

N is number of theoretical plates and k’ is capacity factor defined as 

 𝑘′ = 𝑘
𝑣s

𝑣m
, (3) 

where k is distribution coefficient of element between resin and eluent and vs and vm are 

volume of solid phase (i.e., resin) and mobile phase (i.e., eluent) in chromatographic 

column respectively. A requirement of chemical separation is Res. = 1 and larger value of 

Res. means better separation. Since the distribution coefficients of lanthanides between 

Ln resin and hydrochloric acid depend on concentrations of hydrochloric acid, the 

resolution in equation (2) can be drawn as a function of HCl concentrations in two-

dimensional graph. The resolutions of Res.Ce–Nd and Res.Pr–Nd estimated from equation (2) 
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are shown in Figure 10. Although Pr dose not cause isobaric interferences in Nd isotope 

measurements, presence of Pr prevents an ionization of Nd in the ion source of mass 

spectrometer. Thus, a removal of Pr by chemical separation is favorable for Nd isotope 

measurements. Number of theoretical plates in equation (2) is assumed to be N = 300 

based on the elution profile obtained by Mizutani et al. (2020), vs/vm is assumed to be 

0.55 (Yokoyama et al., 2020), and distribution coefficients measured by Ireland et al. 

(2013) are adopted as value of k. Capacity factors (k’) of Ce and Pr are also shown in 

Figure 10 together with the estimates for resolutions. Since the value k’ is proportional to 

the volume of HCl required to elute the element from the resin, it is useful to estimate the 

required time of chemical separation. As shown in Figure 10, both resolution and k’ show 

higher values at lower molarity of HCl. This means that the separations of Ce–Nd and 

Pr–Nd get better in lower molarity of HCl while the required time gets larger 

simultaneously. The requirement of chemical separation (Res. = 1) can be achieved at 

>0.5 M HCl for Ce–Nd. However, it is difficult to achieve Res.Pr–Nd > 1 at practical 

concentration of HCl. Based on the relationships among resolution, HCl concentration, 

and k’ shown in Figure 10, two concentrations of 0.15 M and 0.17 M (shown as black 

solid lines) are chosen for calibration of Ce, Pr–Nd separation in this study. k’ value of Pr 

at 0.15 M HCl (k’ ≈ 30) corresponds to ~24 hours of required time for the chemical 

separation treatment, which is upper limit of the required time to conduct the experiments 

repeatedly. 

A column for chromatographic separation is prepared by packing the Ln resin into a 

thin quartz column (0.5 mL volume, 2.5 mm inner diameter, 100 mm length). Following 

the loading of a few drops of standard sample solution for calibration (0.15 M or 0.17 M 

HCl containing La, Ce, Pr, Nd, and Sm) onto the resin, 0.15 M or 0.17 M HCl is loaded 

to wash out La, Ce, and Pr. Nd is collected by 7 mL of 0.25 M HCl and REEs heavier 

than Sm are eluted by 5 mL of 6 M HCl. 

3.2.2. Calibration of the separation method using KBrO3 

Secondly, the separation method using an oxidizing agent of KBrO3 (Kagami and 

Yokoyama, 2016) is calibrated. This method consists of two steps of column chemistry; 

Step 1 is separation of Ce from other REEs, Step 2 is separation of Nd from La, Pr, and 

Sm, which is similar to the separation chemistry of Mizutani et al (2020). A column for 
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both the separation step 1 and 2 is prepared by packing medium-particle Ln resin 

(Eichrom Technologies, particle size 50–100 m) into a thin quartz column (0.5 mL 

volume, 2.5 mm inner diameter, 100 mm length). A few drops of standard solution (10 M 

HNO3 containing La, Ce, Pr, Nd, and Sm) are loaded onto the resin that is conditioned by 

10 M HNO3 + KBrO3 (10 M HNO3 containing ~20 mM of KBrO3). REEs except for Ce 

are collected by 6 mL of 10 M HNO3 + KBrO3. Ce can be washed out by 2 mL of 10 M 

HNO3, 2 mL H2O, and 3 mL of 6 M HCl. The Ce-free REE fraction collected in the Step 

1 is redissolved in a few drops of 0.15 M HCl and loaded onto the same resin. La and Pr 

are eluted by 0.15 M HCl and Nd is collected by 7 mL of 0.25 M HCl. 

In addition to the calibration of the separation method of Kagami and Yokoyama 

(2016), a single step separation of Nd from La, Ce, Pr, and Sm is also tested in this study. 

A few drops of standard solution (0.15 M HNO3 containing La, Ce, Pr, Nd, and Sm) are 

loaded onto the resin that is preconditioned by 0.15 M HNO3 + KBrO3 (0.15 M HNO3 

containing ~20 mM of KBrO3). La, Pr, and Nd elutes successively with 0.15 M HNO3 + 

KBrO3 while the resin retains Ce. 

All the solutions eluted from the column in the calibration experiments are collected 

in 1 mL interval and measured by ICP-QMS (Agilent 7700x) at Nagoya University to 

obtain abundances of REEs. These data are used to draw elution curves of elements and 

to judge whether a quality of the separation is sufficient for 146Sm–142Nd isotope 

measurements. 
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Table 3. Cup configuration for Nd isotope measurement by TIMS in static mode. 

Cup L4 L3 L2 L1 C H1 H2 H3 H4 

Mass 140 142 143 144 145 146 148 150 152 

Element Ce Ce+Nd Nd Nd+Sm Nd Nd Nd Nd Sm 

 

 

 

Figure 10. Estimated resolution for (a) Ce–Nd and (b) Pr–Nd separation. The black 

dashed line represents resolution calculated by equation (2). The green dashed line 

represents capacity factor calculated by equation (3), which is proportional to mean 

volume of gaussian elution peak of Ce and Pr respectively (data from Ireland et al., 2013). 

Two black solid lines correspond to molarities of 0.15 M and 0.17 M, which are the 

concentrations chosen for calibration in this study. 
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3.3. Results and discussion 

3.3.1. Calibration results for the separation method using fine-particle Ln resin 

Elution curves for the separation method using fine-particle Ln resin measured in 

this study are shown in Figure 11 and Figure 12. As shown in these two figures, both 0.15 

M and 0.17 M HCl appear to successfully separate La, Ce, and Sm from Nd, whereas Pr 

is obviously difficult to separate from Nd. To assess a quality of the separation 

quantitatively, parameters that characterize elution curves of each element shown in 

Figure 11and Figure 12 are listed in Table 4. With respect to the values of Res., gaussian 

fitting curves for the elution data of La and Ce can be separated from those of Nd (Res. > 

1) in both 0.15 M and 0.17 M HCl, whereas those of Pr and Nd are difficult to separate 

(Res. < 1). However, considering the recovery yields in the Nd fractions, there are 

problems of the separation not only for Pr but also for La and Ce. Although elution curves 

of La and Ce are apparently separated from those of Nd (Figure 11 and Figure 12), they 

show considerably high recovery yields in the Nd fraction (La = 7.0% and Ce = 12.0 % 

for 0.17M HCl, La = 2.1% and Ce = 3.8% for 0.15 M HCl; Table 4). This may be caused 

by the tailing effect, which is a well-known phenomenon in column chromatography (e.g., 

Giddings, 1963). As shown in the elution curves in log-scale (Figure 11 and Figure 12), 

right shoulders of the elution curves do not follow the gaussian distributions and their 

declination are extremely gradual. While quantities of the tailing elements included in 

individual 1-mL fractions are lower than 1%, their summations can reach >1% of the 

recovery yields of La and Ce in the Nd fractions, which are problematic for accurate and 

precise isotope measurements of Nd; note that the requirement is Ce/Nd < 10−5. Because 

the tailing effects are ubiquitous in chromatographic processes and are difficult to avoid, 

the Nd separation method using fine-particle Ln resin is not appropriate for 146Sm–142Nd 

dating. It should be noted that Mizutani et al. (2020), who proposed the original of the 

separation method of this study, did not mention about the significant tailing of La and 

Ce in their text and elution curves. It is unclear whether they missed this tailing effect or 

successfully controlled that. However, since their main concern was isotope 

measurements of Dy, Er, and Yb, it is not unlikely that they overlooked the tailing of La 

and Ce, which do not interfere the isotope measurements of these three elements. 
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Changing the molarity of HCl is one of the possible approaches to improve the Pr–

Nd separation. Comparisons between the estimated resolutions for the Ce–Nd and Pr–Nd 

separations shown in Figure 10 and the experimental results in this study are presented in 

Figure 13. Although the calculations overestimate the resolutions of Ce–Nd and 

underestimate that of Pr–Nd, relations between the resolution and the HCl molarity are 

qualitatively consistent between the experiments and the estimations as shown in the 

figure. Considering the estimation for the Pr–Nd separation and experimental results of 

this study shown in Figure 13(b), HCl whose concentration is lower than ~0.05 mol/L 

may achieve the resolution value higher than 1.0. However, it should be noted that the 

resolution increases linearly along with decrease of HCl molarity in the range of the 

molarity higher than ~0.05 mol/L whereas k’ increases exponentially (Figure 13(b)). 

Since k’ value is proportional to the peak volume of elution curve, the separation 

experiment using ~0.05 M HCl should require considerably long time that is absolutely 

impractical for a routine experiment. Furthermore, the problem of peak-tailing still 

remains if >0.05 M HCl are used. Thus, changing HCl the molarity is not efficient for 

improving the Pr–Nd separation. 

Another possible way for improving the Pr–Nd separation is changing experimental 

equipment. In general, extension of length of chromatographic column is helpful to 

increase resolution of separation. Resolutions of the Pr–Nd separation improved by this 

approach is estimated by simple calculation. Using the experimental data in this study 

and equation (2), Res.Pr–Nd values were estimated for extended length of chromatographic 

column (Figure 14). The experiments in this study corresponds N ≈ 270 and Res.Ce–Nd ≈ 

0.9. For achieving Res.Ce–Nd = 1, N > 300 is required. For Res.Ce–Nd = 2, N > 1400 is 

required. Assuming N is proportional to the length of the chromatographic column, the 

column with >500 mm length, which is five times longer than the column regularly used, 

is required for the Res. = 2. Such a long column is not commercially available and is 

difficult to put into the clen experimental space in the laboratory. Furthermore, the tailing 

problem may be more severe in the longer column. Thus, extension of chromatographic 

column is not efficient for improving the Pr–Nd separation. 
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3.3.2. Calibration results for the separation method using KBrO3 

Elution curves for the separation method using KBrO3 with concentrated and diluted 

HNO3 are shown in Figure 15 and Figure 16, respectively. As mentioned in the section 

3.2.2. Calibration of the separation method using KBrO3, the method using concentrated 

HNO3 (Figure 15) is almost the same as Kagami and Yokoyama (2016). The method 

using diluted HNO3 (Figure 16) is based on a combination of the concepts of the two 

separation methods that the Ce removal using KBrO3 (e.g., Kagami and Yokoyama, 

2016) and the mutual separation of REEs using the fine-particle Ln resin (e.g., Mizutani 

et al., 2020). For the determination of the concentration of HNO3 to use in the mutual 

separation, the same calculation approach as the HCl methods (e.g., Figure 10) is 

adopted. Figure 17 shows the estimated resolutions for the La–Nd and Pr–Nd 

separations calculated by this approach. Owing to the oxidation reaction of Ce3+ to Ce4+ 

caused by KBrO3, the Ce–Nd separation does not have to be cared about in this 

separation method. This is the reason why the medium-particle Ln resin, which should 

show worse resolution quality relative to the fine-particle one, is chosen for this method. 

In general, a coarser-particle resin provides a faster elution speed in exchange for the 

resolution. Hence, if the separation quality is enough for the isotope measurement, a 

coarser-particle resin is obviously favorable for routine experiments. 

As shown in Figure 15, the separation method using KBrO3 with concentrated HNO3 

can remove Ce successfully from the other REEs. Though medium to heavy REEs are 

not shown in the figure, they are also collected by HNO3 + KBrO3 together with La, Pr, 

Nd, and Sm because of high molarity of HNO3. Hence, this fraction can be applied for 

further isotopic studies for REEs other than the Sm–Nd dating. The recovery yield of Ce 

in the Nd fraction is less than 0.01% of the total amount of Ce (Table 5), which is enough 

to achieve the requirement for 146Sm–142Nd isotope measurement of Ce/Nd < 10−5. The 

high-level elimination of Ce is a clear advantage of this method compared with the 

method using fine-particle Ln resin described above. Interestingly, Ce has two distinct 

gaussian elution peaks around ~8 mL and ~11 mL, respectively (see the log-scale elution 

curve in Figure 15). The minor peak around ~8 mL probably corresponds Ce3+ that are 

reduced mildly by KBrO3-free HNO3. The major peak around ~11 mL consists of Ce3+ 

that are reduced efficiently by a reducing agent of HCl + H2O2. Though the Ce removal 
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was successful in this method, a separation protocol to purify Nd from other REEs is 

required. For this additional separation, the separation method using fine-particle resin 

described above is useful (Figure 12). Here, the medium-particle Ln resin is adopted 

instead of the fine-particle one because the medium-particle one provides sufficient 

resolution for the separation of Nd from REEs other than Ce and show faster elution rate 

relative to the fine-particle one. As shown in Figure 18, this separation method 

successfully removes La and Sm from Nd. The recovery yields of La in the Nd fraction 

is 0.08% (Table 6). Interestingly, this recovery yield is obviously better than that of the 

separation method using fine-particle resin (4.91%; Table 4b), despite better La–Nd 

resolution in the fine-particle resin (4.91 in fine-particle and 3.89 in medium particle; 

Table 4 and Table 6). This difference reflects weaker tailing effect of La in the medium-

particle Ln resin (<0.1%-level; Figure 18) relative to that in the fine-particle one (>0.1%-

level; Figure 12). Although a clear cause of a difference of magnitudes of the tailings is 

difficult to identify, one possibility is an elution rate. The elution rate in the fine-particle 

resin is extremely slow (e.g., Ireland et al., 2013; Mizutani et al., 2020; Yokoyama et al., 

2020); for instance, <0.01 mL min−1 in the experimental setup of this study. In such a 

slow flow of eluent, vertical diffusion of REE cations in the chromatographic column 

may show significant effect. Assuming eluent/resin ratio in the column to be 1:1, it takes 

~25 min for a drop of eluent passing through the top from bottom of the 0.5-mL column 

(0.5 mL × 0.5 ÷ 0.01 mL min−1). Adopting a diffusion coefficient of Sm3+ in water (5.05 

× 10−10 m2 s−1; Sato et al., 1996) as a representative value for trivalent REE cations, a 

diffusion length of REE cations during ~25 min is calculated to be ~1.2 mm using the 

relation of d = (2Dt)1/2, which corresponds ~1% of the column length (~100 mm) used 

in this study. For the elution peak volume of La (4.50 mL; Table 4b), the diffusion length 

is ~5.2 mm, corresponding ~5% of the column length. Though it is difficult to judge 

whether the diffusion is responsible for the whole tailing effects observed in the fine-

particle resin (Figure 11 and Figure 12), the vertical diffusion of cations is probably one 

of the causes of the tailing effects. The removal of 90% of Ce (i.e., 10% of Ce recovery 

yield in the Nd fraction; Table 6) in the separation method using medium particle-resin 

is also helpful for the elimination of Ce. 

As shown in Figure 16, the separation method using KBrO3 with diluted HNO3 can 

remove Ce and most of other REEs from Nd through a single-step column chemistry. 
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Only two exceptions are La and Pr. For Pr, elution peaks of this element and Nd overlap 

obviously that is recognized even in the linear-scale elution curve (Figure 16). For La, 

significant overlap of a tailing of La and elution peak of Nd can be confirmed in the log-

scale elution curve (Figure 16), though this overlap is not recognizable in the linear-

scale. The recovery yields in the Nd fraction are 1.8% for La and 95.5% for Pr, 

respectively (Table 5). However, remaining La and Pr do not cause critical problem for 

Nd isotope measurement because these two elements do not have any isobars of Nd 

isotopes. These elements only prevent efficient ionization of Nd at the isotope 

measurement by TIMS. Although it is invisible in the linear-scale elution curve, Ce show 

a small elution peak around ~13 mL in the log-scale elution curve, probably due to low 

oxidation ability of diluted HNO3. This results in slightly higher Ce recovery in the Nd 

fraction (0.08; Table 5b) relative to that of the method using concentrated HNO3 (<0.01; 

Table 5a). Since the Ce removal is the most essential requirement for the 146Sm–142Nd 

dating, the method using concentrated HNO3 (Figure 15) is adopted as a Nd separation 

method in this study. It should be noted that though the method using diluted HNO3 can 

separate Nd from other REEs in single step chemistry, it requires additional separation 

step for removing K that derived from KBrO3. Hence, there are no significant difference 

between convenience of the method using diluted and concentrated HNO3.  



3. Separation chemistry for Sm–Nd chronology 3.3. Results and discussion 

41 

Table 4. Parameters characterizing elution curves in Figure 11 and Figure 12. 

 

(a) Parameters for Figure 11 (i.e., fine-particle resin with 0.17 M HCl). 

 La Ce Pr Nd 

Va (mL) 3.66 9.04 12.63 15.33 

a (mL) 0.53 0.82 0.91 0.74 

Nb 48 120 190 430 

k' 11.2 29.1 41.1 50.1 

Res. with Ndc 4.60 2.01 0.82 — 

Recovery yield in Nd fraction (%) 7.0 12.0 78.4 91.6 

 

(b) Parameters for Figure 12 (i.e., fine-particle resin with 0.15 M HCl). 

 La Ce Pr Nd 

Va (mL) 4.50 11.15 15.83 19.45 

a (mL) 0.43 0.72 0.96 1.10 

Nb 110 240 270 320 

k' 14.0 36.2 51.8 63.8 

Res. with Ndc 4.91 2.29 0.88 — 

Recovery yield in Nd fraction (%) 2.1 3.8 45.6 98.5 
aGaussian fitting parameters. V corresponds an average and  corresponds a standard deviation of the 

distribution. 
bN is an equivalent number of theoretical plates calculated from individual gaussian fitting curves. 
cRes. between each element and Nd is calculated using V, , and equation (2). 

 

 

Table 5. Parameters characterizing elution curves in Figure 15 and Figure 16. 

 

(a) Parameters for Figure 15 (i.e., KBrO3 with concentrated HNO3). 

 La Ce Pr Nd 

Va (mL) 0.37 10.75 0.39 0.40 

a (mL) 0.21 0.20 0.23 0.23 

Nb — — — — 

k' 0.2 — 0.3 0.4 

Res. with Ndc 0.04 11.86 0.02 — 

Recovery yield in Nd fraction (%) 100.0 <0.01 100.0 100.0 

 

(b) Parameters for Figure 16 (i.e., KBrO3 with diluted HNO3). 

 La Ce Pr Nd 

Va (mL) 4.14 23.02 12.69 17.51 

a (mL) 0.37 0.59 1.09 1.31 

Nb 130 — 140 120 

k' 12.8 — 41.3 47.6 

Res. with Ndc 3.11 2.22 0.39 — 

Recovery yield in Nd fraction (%) 1.8 0.08 95.5 91.5 

*Detailed descriptions for the parameters shown here are the same as Table 4. 
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Table 6. Parameters characterizing elution curves in Figure 18. 

 La Ce Pr Nd 

Va (mL) 5.47 13.56 22.66 30.50 

a (mL) 0.51 1.07 1.41 1.69 

Nb 110 160 180 180 

k' 17.2 44.2 62.0 74.5 

Res. with Ndc 3.89 1.65 0.61 — 

Recovery yield in Nd fraction (%) 0.08 10.5 99.7 99.9 
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Figure 11. Elution profile for the separation method using fine-particle (20–50 m) Ln 

resin with 0.17 M HCl. Horizontal axis shows cumulative volume of eluents loaded onto 

column, and vertical axis shows relative fraction of elements measured in this study. 

Symbols shows analytical data, and dashed lines are least-square gaussian fitting curves 

of them. The left is linear-scale, and the right is log-scale. 

 

 

 

Figure 12. Elution profile for the separation method using fine-particle (20–50 m) Ln 

resin with 0.15 M HCl. Legend is the same as Figure 11. 
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Figure 13. Comparisons between the estimated resolutions for (a) Ce–Nd and (b) Pr–Nd 

separations using HCl as eluent and the experimental results of this study. Green and 

black dashed lines show estimations for k’ and resolution, respectively. Green and black 

crosses show experimentally obtained values of k’ and resolution, respectively. 

 

 

 

Figure 14. Estimated resolution of Pr–Nd separation. On the basis of the value of Res.Ce–

Nd of 0.15 M HCl in this study, Res.Ce–Nd at different length of the column (i.e., number of 

theoretical plate) are estimated.  
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Figure 15. Elution profile for the separation method using KBrO3 with concentrated 

HNO3. Legend is the same as Figure 11. The medium-particle (50–100 m) Ln resin is 

used for this experiment. 

 

 

 

 

 

 

Figure 16. Elution profile for the separation method using KBrO3 with diluted HNO3. 

Legend is the same as Figure 11. The medium-particle (50–100 m) Ln resin is used for 

this experiment. 
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Figure 17. Comparisons between the estimated resolutions for (a) La–Nd and (b) Pr–Nd 

separations using HNO3 as eluent and the experimental results of this study. Green and 

black dashed lines show estimations for k’ and resolution, respectively. Green and black 

crosses show experimentally obtained values of k’ and resolution, respectively. N = 130 

corresponds medium-particle (50–100 m) Ln resin that is used for the separation method 

using KBrO3. 

 

 

 

Figure 18. Elution profile for the separation method using medium-particle (50–100 m) 

Ln resin with 0.15 M HCl, which is an additional La–Pr separation protocol for the 

separation method using concentrated HNO3 + KBrO3. Legend is the same as Figure 11.  
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3.4. Summary 

For adopting the 146Sm–142Nd short-lived chronometry to HED meteorites, two 

different concepts for chemical purification of Nd are calibrated and compared in this 

study. The Nd separation method using fine-particle Ln-resin (Mizutani et al., 2020) 

cannot separate Ce from Nd successfully, probably due to significant tailing effect of Ce 

in the column chromatographic separation. The amount of the remaining Ce in the Nd 

fraction is problematic for accurate 146Sm–142Nd dating because of the isobaric 

interference form 142Ce onto 142Nd. In contrast, the Nd separation method using KBrO3 

(Kagami and Yokoyama, 2016) can remove Ce from Nd successfully owing to the 

efficient oxidation of Ce3+ to Ce4+. This method can be applied to HED meteorite samples 

to obtain accurate and precise 146Sm–142Nd isotopic data.  
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4. Rb–Sr and Lu–Hf chronology of diogenites 

4.1. Introduction 

As discussed in chapter 1. Research background, chronological data is one of key 

factors that strongly constrain differentiation processes of Vesta. Here, 176Lu–176Hf 

systematics (λ176Lu = 1.867 × 10−11; Söderlund et al., 2004) of nine diogenites are firstly 

investigated to determine the crystallization ages of diogenites and to reveal the 

chronological relationship between eucrites and diogenites. Although 176Lu–176Hf 

systematics of eucrites were investigated systematically by Blichert-Toft et al. (2002) and 

Bouvier et al. (2015), that of diogenites have not yet been investigated. Hence, new 176Lu–

176Hf isotope data of diogenites will allow detailed comparisons between formation ages 

of eucrites and diogenites. Furthermore, because of its high closure temperature (e.g., 

Scherer et al., 2000; Anczkiewicz et al., 2007) due to low diffusivities of Lu and Hf (e.g., 

Bloch et al., 2017), 176Lu–176Hf systematics is not largely affected by impact disturbance. 

This is helpful for determining accurate crystallization ages of diogenites. 

In addition to 176Lu–176Hf systematics, 87Rb–87Sr systematics (λ87Rb = 1.42 × 10−11; 

Steiger and Jäger, 1977) of nine diogenites are also investigated in this study. Although 

Takahashi and Masuda (1990) provided statistically meaningful 87Rb–87Sr isochron ages 

of two diogenites, other two studies reported disturbances of 87Rb–87Sr systematics of 

diogenites within subsamples of single diogenites (Birck and Allègre, 1981) and among 

three different diogenite samples (Nakamura, 1979). 87Rb–87Sr systematics possibly 

records temporal information of different events from 176Lu–176Hf systematics because of 

the relatively weak refractoriness of 87Rb–87Sr systematics against thermal disturbances 

(e.g., Harrison et al., 1979). Therefore, a combination of 87Rb–87Sr and 176Lu–176Hf 

systematics may provide detailed thermal history of HED meteorites. 

For investigating the differentiation processes of igneous rocks, rare earth element 

(REE) abundance pattern is a powerful and well-established geochemical tool (e.g., 

Masuda and Matsui, 1966). Although REE abundances of diogenites are investigated in 

several previous studies (e.g., Barrat et al., 2008; Barrat et al., 2010; Mittlefehldt et al., 

2012), a combination of REE abundance pattern and chronological information from 

87Rb–87Sr and 176Lu–176Hf systematics will allow a construction of more detailed 
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differentiation model of diogenites than those in previous studies. In this study, based on 

the new 87Rb–87Sr and 176Lu–176Hf isotopic data sets and REE abundances of nine 

diogenites, the differentiation processes of HED meteorites are discussed.  
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4.2. Experiments 

Three fall diogenites (Bilanga, Johnstown, and Tatahouine), three desert-find 

diogenites (Hamara, LMT 042, and NWA 5480, where Hamara and LMT 042 are 

provisional names), and three Antarctic diogenites (Y 74013, Y 74097, and Y 002875) 

were used in this study for investigating their 87Rb–87Sr and 176Lu–176Hf systematics and 

REE abundances. Details of these diogenite samples are described in Table 7. The nine 

samples include brecciated, unbrecciated, ordinary, and olivine-bearing diogenites. 

4.2.1. Sample digestion 

In this study, each diogenite sample was analyzed after the division into three 

fractions of whole-rock, acid-residue, and acid-leachate. Since meteorites, especially 

desert-finds, often suffer both chemical and isotopic alterations during terrestrial 

residence (e.g., Nishikawa et al., 1990; Crozaz et al., 2003; Bland et al., 2006), the 

removal of terrestrial contaminants from meteorite samples is a key to obtain correct 

geological records of their parent bodies. Furthermore, the presence of Ca-phosphates in 

diogenites also causes two significant problems. First, since Ca-phosphate is a major host 

phase of incompatible elements despite being an accessory mineral in diogenites, an 

abundance of Ca-phosphates strongly controls whole-rock trace element compositions of 

diogenites. Therefore, whole-rock trace element data of diogenites generally reflects not 

only variations of parental melt compositions but also variations of Ca-phosphate 

contents (e.g., Barrat et al. 2008; 2010), which is problematic for modeling the 

differentiation processes of digenites. Second, isotope systems in Ca-phosphate are easily 

disturbed relative to those in pyroxene due to its low melting point (Yamaguchi et al., 

2013). In fact, a significantly younger apatite U–Pb age relative to a whole rock age was 

reported for the Béréba eucrite (Zhou et al., 2011). Presence of such a young Ca- 

phosphate may disturb isotope systems in whole-rock diogenites. For the removal of these 

phases (i.e., terrestrial contaminants and Ca-phosphates) from the diogenite samples, an 

HCl-leaching treatment adjusted to complete digestion of Ca-phosphates was applied in 

this study. 

For the HCl-leaching experiment, ~1 g of each sample fragment was used in this 

study. After an ultrasonic acetone wash to remove the terrestrial organic contaminants 
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from the sample fragment, the fragment was powdered using an agate mortar and pestle. 

The powder was leached using 5 mL of hot (100°C) 0.5 M HCl for 24 hours. After the 

collection of the acid-leachate fraction, the acid-residue fraction was completely digested 

by concentrated HF–HClO4 mixture. These two sample fractions obtained in these 

procedures in this study were defined as “leachate” and “residue” respectively. Dry 

weights of these two fractions are shown in Table 8. The two olivine diogenites (LMT 

042 and NWA 5480) display considerably high dry weights of leachate fractions relative 

to those of the seven ordinary diogenites due to weak acid-resistance of olivine (Table 8). 

For the whole-rock analysis, ~200–800 mg of each sample fragment was used in this 

study. After the ultrasonic acetone wash and the powdering using an agate mortar and 

pestle, the sample powder was completely digested by the HF–HClO4. This sample 

fraction was defined as “WR” in this study. Note that the sample fragments used for the 

whole-rock analysis and HCl-leaching experiment were obtained from different parts of 

the original meteorite samples. Finally, the three sample fractions (i.e., WR, residue, and 

leachate) were evaporated to dryness once and redissolved in ~5 mL of 3 M HCl (“mother 

solution”). A major portion (~90%) of the mother solution was used for the separation 

chemistry. The minor portion (~10%) was taken up with ~5 mL of 2% HNO3 for the 

determination of trace element abundances by an inductively coupled plasma mass 

spectrometry (ICP-MS). 

4.2.2. Separation chemistry 

Prior to handling the meteorite samples, the Hf separation procedure following Yang 

et al. (2010) was calibrated. A mixture of standard solutions of Rb, Sr, REE, and Hf was 

loaded on an Ln-Spec resin (produced from Eichrom Technologies Corp., particle size of 

100–150 μm) packed in 2 mL (~0.8 cm inner diameter and ~4 cm length) polypropylene 

column (produced by Eichrom Technologies Corp.) to confirm the elution behaviors of 

Sr, Nd, and Hf. Contents of several elements in eluted fractions were semi-quantitatively 

measured by an Agilent 7700x ICP-MS at Nagoya University. The result of the calibration 

is shown in Figure 19. Rubidium, Sr, Nd, and Sm were efficiently eluted by 3 M HCl with 

other matrix elements. Hafnium was successfully separated from interfering elements of 

Yb and Lu (176Yb and 176Lu on 176Hf). Titanium, causing significant shifts of Hf isotope 

ratios in multi-collector ICP-MS (MC-ICP-MS) measurements (Münker et al., 2001), was 
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also cut off from the Hf fraction. Although this separation method purified Hf properly as 

described by Yang et al. (2010), an occurrence of flow-preventing bubbles from 4 M HCl–

0.5% H2O2 was found to be a significant problem of this method, which had been pointed 

out by Bast et al. (2015) yet. For reducing the occurrence of the bubbles, the HCl–H2O2 

was freshly prepared and kept at the low temperature environment (~5°C) just before its 

use. 

Combining the result of the calibration (Figure 19) and well-confirmed Sr separation 

method used in Sakuma et al. (2018), purifications of Hf and Sr were achieved through a 

two-step resin chemistry (Table 9). In the first step of the resin chemistry to purify Hf, 5 

mL of the mother solution of the sample (3 M HCl) was loaded on the Ln-spec resin (i.e., 

column I in Table 9), following the washing and conditioning by 60 mL of 6 M HCl–0.2 

M HF and 21 mL of 3 M HCl. A matrix fraction containing Sr was collected with 

additional 10 mL of 3M HCl for the next separation chemistry. Interfering elements of 

Yb, Lu, and Ti were eluted from the resin with 15 mL of 4 M HCl, 20 mL of 6 M HCl, 

and 20 mL of 4 M HCl–0.5% H2O2 successively. Note that the volume of 4 M HCl–0.5% 

H2O2 depends on the Ti contents in the sample solution (see Yang et al., 2010). Finally, 

Hf was collected with 5 mL of 2 M HF. The Hf fraction was evaporated once and 

redissolved in 2% HNO3 for the isotope measurement by MC-ICP-MS. 

In the second step of the resin chemistry to purify Sr, an Sr-spec resin (produced 

from Eichrom Technologies Corp., particle size of 100–150 μm) packed in 0.5 mL (about 

0.2 cm i.d. and 4 cm length) glass column (i.e., column II in Table 9) was used. After the 

washing and conditioning by 20 mL of H2O and 2.5 mL of 3 M HNO3, the matrix fraction 

collected in the first step of the resin chemistry, which was evaporated once and 

redissolved in 0.5 mL of 3 M HNO3, was loaded on the Sr-spec resin. Matrix elements 

were eluted with additional 2.5 mL of 3 M HNO3, and Sr was collected by 3 mL of hot 

(~50°C) H2O. Organic compounds that present in the Sr fraction were decomposed by 

aqua regia for avoiding some technical problems at the Sr isotope measurement by TIMS. 

4.2.3. Mass spectrometry 

Hafnium isotope analysis of the nine diogenites was performed using a Thermo 

Scientific Neptune Plus MC-ICP-MS at Korea Institute of Geoscience and Mineral 

Resources. Eight Faraday cups were used to monitor the ion-beam intensities of 172Yb+, 
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174Hf+, 175Lu+, 176Hf+, 177Hf+, 178Hf+, 179Hf+, and 180Hf+ with the static mode (Table 10). In 

the low mass-resolution mode of the MC-ICP-MS, 200 ppb Hf standard solutions yielded 

ion-beam intensities of ~3 × 10−11 A for 177Hf+. Isobaric interferences from 176Yb and 

176Lu on 176Hf were corrected by 172Yb/177Hf and 175Lu/177Hf ratios assuming 176Yb/172Yb 

= 0.6125 and 176Lu/175Lu = 0.02668, while the interferences from 180Ta and 180W on 180Hf 

could not be corrected due to a limitation of the number of Faraday cups. The exponential 

law (Russell et al., 1978) and the normalization value of 179Hf/177Hf = 0.7325 (Patchett 

and Tatsumoto, 1980) were used for instrumental mass bias corrections. The Hf fraction 

collected from the column I (Table 9) was introduced into the MC-ICP-MS through a wet 

sample introduction system. Each sample measurement comprised 128 integrations of the 

isotope ratios. 

Strontium isotope analysis of the nine diogenites was performed using a VG Sector 

54-30 TIMS at Nagoya University. Five Faraday cups were used to monitor the ion-beam 

intensities of 84Sr+, 85Rb+, 86Sr+, 87Sr+, and 88Sr+ with the dynamic mode (Table 11). The 

Sr fraction collected from the column II (Table 9) was loaded on a Re filament with a 

Ta2O5 activator to stabilize an ionization behavior of Sr. Heating currents of 3–4 A were 

applied to the filaments and 200 ng of Sr standard samples yielded ~2 × 10−11 A of 88Sr+ 

ion currents. Isobaric interferences from 87Rb on 87Sr were corrected by 85Rb/87Sr ratios, 

assuming 87Rb/85Rb = 0.3559. The exponential law (Russell et al., 1978) and the 

normalization value of 88Sr/86Sr = 8.37861 (Moore et al., 1982) were used for instrumental 

mass bias corrections. Each sample measurement comprised 200 integrations of the 

isotope ratios. Note that abundances of 84Sr could not be determined in this measurement 

due to low signal/noise ratio and insufficient calibrations of the Faraday cup position. 

However, the defect of 84Sr data was not problematic in this study because the target of 

this measurement was detection of the radiogenic 87Sr excesses and the nucleosynthetic 

isotope anomalies were not considered. 

Trace element (Rb, Sr, REE, and Hf) abundances of the nine diogenites were 

measured by an Agilent 7700x ICP-MS at Nagoya University. The measurement was 

performed using the He mode of the ICP-MS to decrease the interferences from 

polyatomic ions onto the target isotopes. Concentrations of the trace elements were 

determined by calibration curve method. Interferences from oxides of Ba and lighter REE 
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onto heavier REE were corrected using factors of the oxide formation obtained from 

analyses of test solutions. 
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Table 7. Details of diogenite samples used in this study. 

Sample Abbreviation Typea Brecciationb Comment 

Recent-fall     

Bilanga BL D brecciated  

Johnstown JT D brecciated  

Tatahouine Ta D unbrecciated  

Desert-find     

Hamara HM D brecciated provisional sample 

LMT 042 LMT Ol D brecciated provisional sample 

NWA 5480 NWA Ol D unbrecciated impact-melt brecciad 

Antarctic-find     

Y 74013 Y13 D unbrecciated recrystallized texturee, pair with Y 74097e 

Y 74097 Y97 D unbrecciated recrystallized texturee, pair with Y 74013e 

Y 002875 Y875 D unbrecciated  

Notes. aD: diogenite, Ol D: olivine diogenite. Cited from Barrat et al. (2010) and Meteoritical Bulletin 

Database (2020). 
bCited from Barrat et al. (2010) and Meteoritical Bulletin Database (2020). 
dTotally remelted by shock event except for olivine grains (Yamaguchi et al., 2015). 
eRecrystallized by shock event (Takeda et al., 1981; Yamaguchi et al., 2011). 

 

 

 

 

Table 8. Dry weights of residue and leachate fractions. 

Sample Sample powder (g)a Residue (g)b Leachate (g)c 

Bilanga 1.2397 1.2196 0.0511 

Johnstown 1.3085 0.6771 0.0559 

Tatahouine 1.0306 0.6693 0.0505 

Hamara 1.1171 — 0.0490 

LMT 042 0.9652 — 0.1292 

NWA 5480 1.2595 (1.6406)d 0.2106 

Y 74013 1.0125 0.9825 0.0555 

Y 74097 1.0612 1.0322 0.0477 

Y 002875 1.0190 1.0022 0.0317 

Notes. aWeights of sample powders used for the HCl-leaching experiments. 
bDry weights of residue fractions of the HCl-leaching. 
cDry weights of leachate fractions of the HCl-leaching. 
dThis value is unrealistically higher than the weight of the sample powder probably due to insufficient 

dryness. 
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Figure 19. Elution behaviors of Rb, Sr, Nd, Sm, Yb, Lu, and Hf from Ln-Spec resin 

measured by ICP-MS. The vertical axis shows relative values of count per second (CPS) 

of elements in each eluted fraction normalized by the maximum value. The horizontal 

axis represents cumulative volume of solution eluted from the column. Strontium and Nd 

are efficiently eluted with 3 M HCl. Hafnium is collected by 2 M HF after the elution of 

Yb and Lu with 4 M HCl and 6 M HCl respectively. 
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Table 9. Resin chemistry procedure for the separation of Sr and Hf. 

Step  Eluent volume Acid 

Column I (Ln-Spec 2mL, 0.8 cm inner diameter, 4 cm length) 

Preparation  20 mL × 3 times 6 M HCl–0.2M HF 

Preconditioning  7 mL × 3 times 3 M HCl 

Loading samplea  5 mL 3 M HCl 

Eluting matrixa  5 mL × 2 times 3 M HCl 

Eluting matrix  5 mL × 3 times 4 M HCl 

Eluting matrix  5 mL × 4 times 6 M HCl 

Eluting Tib  10 mL × several timesc 4 M HCl–0.5% H2O2
d 

Collecting Hf  5 mL 2 M HF 

Column II (Sr-Spec 0.5 mL, 0.2 cm inner diameter, 4 cm length) 

Preparation  5 mL × 3 times H2O 

Preconditioning  2.5 mL 3 M HNO3 

Loading sample  0.5 mL 3 M HNO3 

Eluting matrix  2.5 mL 3 M HNO3 

Collecting Sr  3 mL Hot H2O (50°C) 

Notes. Column I and II are based on Yang et al. (2010) and Sakuma et al. (2018) respectively. 
aThe eluted portions were collected for Sr purification in column II step. 
bHigh abundance of Ti causes systematic shifts of 176Hf/177Hf ratio in MC-ICP-MS measurement (Münker 

et al., 2001). 
cThis acid was loaded on the column until eluted solution appeared to be colorless; Color of the solution is 

orange to red when Ti is present. In this study, 2 times were enough for the diogenite samples. 
dFor reducing the occurrence of flow-preventing bubbles in the column, this acid was freshly prepared and 

had been kept at the low temperature environment (~5°C) just before its use. 

 

 

 

Table 10. Cup configuration for Hf isotope measurement by MC-ICP-MS in static mode. 

Cup L4 L3 L2 L1 C H1 H2 H3 

Mass 172 174 175 176 177 178 179 180 

Element Yb Yb+Hf Lu Yb+Lu+Hf Hf Hf Hf Hf+Ta+W 

 

 

 

Table 11. Cup configuration for Sr isotope measurement by TIMS in dynamic mode. 

Cup L2 L1 Ax H1 H2 

Sequence 1 84Sr 85Rb 86Sr 87Rb + 87Sr 88Sr 

Sequence 2 85Rb 86Sr 87Rb+87Sr 88Sr — 

Sequence 3 86Sr 87Rb+87Sr 88Sr — — 
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4.3. Results and discussion 

4.3.1. REE abundances of diogenites 

The trace element abundances of the nine diogenites measured by the ICP-MS are 

listed in Table 12 and the CI-chondrite normalized REE abundance patterns are shown in 

Figure 20 and Figure 21. Concentrations of the elements in the residue and leachate 

fractions shown in Table 12 represent the weight proportions of the elements in individual 

fractions to the sample powders used for the HCl-leaching experiments. (La/Lu)n, 

(La/Sm)n, (Dy/Lu)n, and (Lu/Hf)n are concentration ratios of these elements normalized 

by the CI-chondrite values (Anders and Grevesse, 1989), where (La/Sm)n and (Dy/Lu)n 

represent slopes of lighter REE (LREE) and heavier REE (HREE) enrichments in the 

REE-pattern plot, respectively. Ce/Ce* and Eu/Eu* show magnitudes of abundance 

anomalies of Ce and Eu in the REE-pattern plot relative to neighbor elements, i.e., Ce/Ce* 

= Cen/(Lan  Prn)
1/2 and Eu/Eu* = Eun/(Smn  Gdn)

1/2, where Lan, Cen, Prn, Smn, Eun, and 

Gdn are CI-normalized concentrations of these elements. Concentrations of the elements 

in the residues and leachates expressed as the weight proportion of the elements to dried 

sample weights after the HCl-leaching are shown in Table 13. Note that since the 

fragments used for the whole-rock and HCl-leaching analysis were obtained from 

individually different parts of the original meteorite samples, trace element data are not 

necessarily consistent between the WR and residue and leachate. 

4.3.1.1. Characteristics of REE abundances of diogenites and effects of HCl-leaching 

Most of the WR and residue fractions of the nine diogenites show sub-chondritic 

REE abundances (Figure 20) characterized by HREE enrichments (WR, (Dy/Lu)n = 0.25–

0.89; residue, (Dy/Lu)n = 0.21–0.92; Table 12) and negative Eu anomalies (WR, Eu/Eu* 

= 0.33–0.88; residue, Eu/Eu* = 0.11–0.57; Table 12). These characteristics are consistent 

with REE partitioning coefficients between orthopyroxene, major constituent of 

diogenites, and melts (Figure 22; Schwandt and McKay, 1998; Sun and Liang, 2013), 

while the LREE abundance patterns of the nine diogenites (Figure 20a and b) are not 

necessarily consistent with the partitioning coefficients. The disagreement between the 

LREE patterns and partitioning coefficients is simply explained by lower abundances of 

LREE in diogenite pyroxenes relative to those of HREE. LREE abundance patterns of 
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diogenites are easily affected by the presence of terrestrial contaminants and Ca-

phosphates, which generally show LREE-enriched REE abundances. In contrast to WRs 

and residues, most of the leachate fractions of the nine diogenites show positive Eu 

anomalies and flat to LREE-enriched REE patterns (Figure 20c). These characteristics 

are obviously opposite to those of orthopyroxene/melt partitioning coefficients (Figure 

22), indicating that accessory minerals and terrestrial contaminants are effectively 

dissolved by the HCl-leaching. 

Comparing the REE abundance patterns between the WRs and residues (Figure 21), 

those of the residues are more consistent to the patterns of partitioning coefficients (Figure 

22). Values of (La/Sm)n and Eu/Eu* ratios are generally lower in the residues than in the 

WRs (Figure 23a and d), i.e., LREE depletions and negative Eu anomalies are clearer in 

the residues. This suggests that accessory LREE and Eu-rich components are effectively 

removed from the residue samples by the HCl-leaching and that the residue fractions 

represent trace element compositions of diogenite pyroxenes more correctly than the WR 

fractions. However, despite the effective removal of the HCl-soluble accessory phases 

from the samples, some of the residue fractions of the diogenites show LREE enrichments 

(Figure 20b) that are apparently inconsistent with the REE partitioning coefficients 

(Figure 22). This is probably due to the presence of HCl-resistant LREE-rich components 

in these samples. Such LREE enrichments were also observed in 6 M HCl-washed residue 

samples of diogenites analyzed by Barrat et al. (2010). Hence, LREE abundance patterns 

of diogenites do not necessarily represent trace element compositions of pure pyroxenes 

in diogenites. 

Contrary to (La/Sm)n ratios, values of (Dy/Lu)n ratios do not show considerable 

changes between the WRs and residues (Figure 23a and b). Furthermore, the HREE 

abundance patterns of the WRs and residues (Figure 20) are consistent with the 

pyroxene/melt partitioning coefficients (Figure 22). This indicates that HREE 

compositions of the diogenites are robust to presence of Ca-phosphates and terrestrial 

contaminants. Therefore, it is plausible to assume that HREE abundance patterns of the 

residue fractions correctly reflect trace element compositions of pure diogenite pyroxenes. 
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4.3.1.2. Cerium anomalies in diogenites and terrestrial weathering 

Some of the nine diogenite samples show slight but significant both positive and 

negative Ce anomalies (Ce/Ce* = 0.92–1.3; Table 12) in the REE abundance patterns 

(Figure 20). Since recent-fall (i.e., non-weathered) eucrites and their constituent minerals, 

including zircon, do not show significant Ce anomalies (e.g., Barrat et al., 2007; Haba et 

al., 2014), the Ce anomalies in the diogenites are probably related to terrestrial weathering 

and contamination. LREE abundance patterns of diogenites are easily modified by these 

processes due to lower LREE contents in diogenites relative to those in eucrites. 

For the three Antarctic diogenites, positive Ce anomalies (Ce/Ce* ~ 1.1; Table 12) 

observed in the WR fractions are probably due to dissolution of easily soluble minerals 

(e.g., Ca-phosphates) during Antarctic weathering. Since Ce4+ is less soluble than 

trivalent REE, Ce4+ retains on the meteorite samples while other REE are removed 

following the dissolution of minerals (e.g., Crozaz et al., 2003). Significantly lower REE 

contents in the leachate fractions of the three Antarctic diogenites relative to those of the 

other samples (Table 12) support this idea. A large positive Ce anomaly in the leachate of 

Y 002875 (Ce/Ce* = 1.3) is also consistent with presence of such a residual Ce4+ in the 

WR samples. The HCl-leaching in this study removed the residual Ce from the Antarctic 

diogenite samples and, consequently, the residue fractions do not show clear Ce 

anomalies. 

In the case of the recent-fall and desert-find diogenites, the WR fractions of 

Tatahouine and NWA 5480 show significant positive Ce anomalies (Tatahouine, Ce/Ce* 

= 1.2; NWA 5480, Ce/Ce* = 1.1; Table 12), while other four samples do not show 

significant anomalies (Figure 20a). Contrary to the Antarctic diogenites, the leachate 

fractions of these diogenites contain large amount of REE comparable with the residue 

fractions (Figure 21). Therefore, Ce anomalies in the WR fractions of these diogenites is 

difficult to explain only by the dissolution processes and an additional process of a 

formation of iron-hydroxides should be considered. Iron-hydroxides, which display 

positive Ce anomalies, are often formed on clacks in meteorites during their terrestrial 

residence (e.g., Barrat et al., 1999). This process possibly causes significant positive Ce 

anomalies in weathered meteorite samples. Iron-hydroxides in the non-Antarctic 

diogenites are dissolved by the HCl-leaching because of their weak acid-resistance and, 

consequently, the residue fractions do not show significant Ce anomalies (Figure 20b). 
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However, acid-resistant terrestrial contaminants showing no Ce anomalies may remain in 

the residue fractions. Therefore, chemical and isotopic data of the diogenite samples 

showing significant Ce anomalies should be carefully addressed. A large Ce anomaly in 

the residue fraction of Johnstown digenite (Figure 23c) is due to anomalously steep LREE 

depletion in its REE pattern (Figure 20b) and is not a genuine anomaly. 

4.3.1.3. Europium anomalies in diogenites 

The residue fractions of the nine diogenites show a large variation of magnitudes of 

negative Eu anomalies (Eu/Eu* = 0.11–0.59; Table 12). Since the residue fractions are 

likely to represent REE compositions of pure diogenite pyroxenes (see 4.3.1.1. 

Characteristics of REE abundances of diogenites and effects of HCl-leaching), the 

variation of Eu anomalies is probably related to parent body processes. 

A possible origin of Eu anomalies of diogenites is a variation of oxygen fugacities 

in diogenite source regions. Since Eu anomaly is caused by a divalent behavior of Eu in 

reduced conditions, oxygen fugacity primarily controls a degree of Eu anomaly. On the 

bases of a thermochemical modelling of diogenite differentiations using the pMELTS 

program (Ghiorso et al., 2002), Mitchel and Tomkins (2019) proposed presence of slight 

but significant variations of fO2 values (ΔIW of −1.6 to −1.8) in diogenite source regions. 

However, an Eu partitioning model by McKay et al. (1994) demonstrates that this fO2 

variation do not result in significant variation of Eu anomalies and insufficient to 

reproduce the large variation of Eu anomalies in the nine diogenites. Therefore, a 

contribution of a fO2 variation on the Eu anomalies of the nine diogenites should be 

negligible. 

According to Barrat et al. (2010), the Eu anomalies in diogenites are explained by 

involvements of partial melts of eucritic crusts on differentiation processes of diogenites. 

In their model, parental melts of diogenites are formed by remelting of magma ocean 

cumulates after the solidification of global magma ocean. Parental melts of diogenites 

interact with eucritic upper crust and mixed with its partial melts during their uplifts. 

Diverse (Dy/Lu)n and Eu/Eu* ratios of diogenites can be explained by variations of 

mixing ratios between partial melts of magma ocean cumulate and eucritic upper crust. 

Alternatively, Mittlefehldt et al. (2012) suggested that subsolidus diffusion played a 

significant role to produce the variation of Eu anomalies in diogenites. Since a diffusion 
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of divalent Eu2+ is much faster than those of trivalent REE3+ (Cherniak and Liang, 2007), 

Eu2+ in diogenite pyroxenes may have reequilibrated with adjacent accessory minerals by 

later thermal events (e.g., impact events) after their crystallization, while REE3+ did not 

mobilized. This process also can reproduce the variation of Eu anomalies in diogenites. 

4.3.1.4. Flat to La-enriched LREE patterns of Bilanga, Tatahouine, and NWA 5480 

Although most of the residue fractions of the nine diogenites show La-depleted and 

Sm-enriched patterns in LREE regions of the REE abundance patterns, Bilanga, 

Tatahouine, Hamara, and NWA 5480 display anomalously La-rich (i.e., (La/Sm)n ≥ 1; 

Table 12) LREE abundance patterns (Figure 20b). These LREE enrichments suggests 

presence of acid-resistant LREE-rich components in these diogenite samples. For 

Tatahouine and NWA 5480, such La-rich REE patterns were also reported by previous 

studies (Takahashi and Masuda, 1990; Barrat et al., 1999; 2008; 2010), while the origin 

of La enrichments was not discussed in detail there. 

For Bilanga, the presence of a significant amount of plagioclase in the sample may 

be contribute to the LREE enrichment. According to the petrographic analysis by 

Domanik et al. (2004), Bilanga contains large exotic plagioclase clasts derived from 

different source rocks. Because of its high LREE contents, plagioclase can vary LREE 

abundance patterns of diogenites significantly even if its abundance in diogenites is as 

low as 1% (Barrat et al., 2010). However, the largest negative Eu anomaly of the Bilanga 

among the residue fractions of the nine diogenites (Eu/Eu* = 0.11; Table 12) rules out 

significant contributions of plagioclase on the REE abundance of Bilanga. If the REE 

abundance pattern of Bilanga were affected by plagioclase, the negative Eu anomaly of 

Bilanga should be erased or strongly decreased due to large positive Eu anomaly of 

plagioclase (Barrat et al., 2010). Although a contamination of chondritic materials 

through brecciation processes (e.g., Zolensky et al., 1996; Gounelle et al., 2003; 

Prettyman et al., 2012) is also capable to contribute LREE enrichments in diogenites, low 

highly siderophile element abundances in Bilanga (CI × 10−4; Dale et al., 2012) rule out 

significance of this effect. 

The LREE enrichments in the residue fractions of Tatahouine and NWA 5480 are 

more difficult to explain. In contrast to Bilanga, these two diogenites show non-brecciated 

textures and do not contain a significant amount of plagioclase (Barrat et al., 1999; 
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Yamaguchi et al., 2015). Therefore, their LREE enrichments should not be produced by 

the presence of plagioclase clasts. For NWA 5480, an impact melting brecciation might 

be related to its LREE enrichment. Although NWA 5480 do not show obvious evidences 

of chondritic contaminations in their texture, its high platinum group element (PGE) 

abundances (CI × 10−3; Dale et al., 2012; Day et al., 2012; Yamaguchi et al., 2015) record 

significant chondritic contaminations by an impact melting brecciation (Yamaguchi et al., 

2015). However, the degree of chondritic contamination in NWA 5480 inferred from its 

PGE abundances (0.1%; Yamaguchi et al., 2015) is not enough to account for the LREE 

abundances of NWA 5480. For reproducing the La enrichment in NWA 5480 (CI × 10−2; 

Figure 21f), ~1% of chondritic contamination is required. Hence, an impact melting 

brecciation cannot simply explain the La enrichment in NWA 5480. 

Interestingly, the WR and residue fractions of Tatahouine and NWA 5480 show quite 

similar characteristics of REE abundances (i.e., positive Ce anomalies, La enrichments, 

and strong HREE enrichments), despite different types and degrees of terrestrial 

weathering that they suffered from. This strongly suggests that characteristics of their 

REE abundances are originated in their parent body, while processes that produced their 

La enrichments are unclear. 

4.3.1.5. Characteristics of REE abundances of olivine diogenites 

Two olivine diogenites analyzed in this study (LMT 042 and NWA 5480) show no 

remarkable similarities in their REE abundances. On the one hand, NWA 5480, together 

with Tatahouine, is the most REE-poor sample among the nine diogenites used in this 

study (Figure 20b), suggesting its crystallization from non-fractionated primitive melt. 

On the other hand, LMT 042 is the most REE-rich sample among the nine diogenites 

(Figure 20 b), suggesting its crystallization form highly fractionated melt. This indicates 

that presence of olivine does not significantly affect REE abundances of diogenites. 

4.3.2. 176Lu–176Hf systematics of diogenites 

The 176Lu–176Hf isotope compositions of the nine diogenites determined by the MC-

ICP-MS are listed in Table 14. Elemental ratios of Lu/Hf determined by the ICP-MS 

(Table 12) are converted to 176Lu/177Hf ratios (Table 14) using recommended values of 

standard isotope ratios of these elements (Meija et al., 2016). A 176Hf/177Hf ratio of 
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0.281876 ± 0.000008 was obtained for an Hf standard material of JMC 475 by the MC-

ICP-MS measurement in this study, which is slightly higher than the recommended value 

of 0.282163 ± 0.000009 by Blichert-Toft et al. (1997). 

The external 176Lu–176Hf isochron diagrams for the WR, residue, and leachate 

fractions of the nine diogenites are shown in Figure 24 and the internal isochron diagrams 

are shown in Figure 25. The 176Lu–176Hf data set of the residue fractions defines a 

meaningful regression line on the isochron diagram (Figure 24b), while the other two data 

set of WRs and leachates are scattered (Figure 24a and c). Note that contributions of 

elemental fractionations of Lu and Hf during the HCl-leaching experiments on the 

176Lu/177Hf ratios of the residue fractions should be insignificant, considering the lower 

contents of Lu and Hf in the leachate fractions than those in the residues (Table 12). 

4.3.2.1. 176Lu–176Hf age and initial 176Hf/177Hf ratio of diogenites 

The 176Lu–176Hf age of 4.40 ± 0.38 Ga and initial 176Hf/177Hf ratio of 0.2820 ± 0.0013 

are calculated from the 176Lu–176Hf data set of the residue fractions of the nine diogenites 

(Figure 24b) using the model 3 fit (McIntyre et al., 1966) of the Isoplot software (Ludwing, 

2012). This initial 176Hf/177Hf ratio is significantly higher than the reference eucrite value 

(0.27977 ± 0.00008; Bouvier et al., 2015), while the 176Lu–176Hf age is identical to that 

of eucrites (4.59 ± 0.15 Ga; Bouvier et al., 2015) within the error range. The 176Lu–176Hf 

age of the nine diogenites is also consistent with published formation ages of diogenites 

determined by 26Al–26Mg (Schiller et al., 2011; Hublet et al., 2017), 53Mn–53Cr (Lugmair 

and Shukolyukov, 1998; Trinquier et al., 2008; Day et al., 2012), 60Fe–60Ni (Tang and 

Dauphas, 2012), and 87Rb–87Sr (Birck and Allègre, 1981; Takahashi and Masuda, 1990) 

decay systems within the error range. 

The substantial discrepancy in the initial 176Hf/177Hf ratios between eucrites and 

diogenites indicates their differentiation from individually distinct source materials. Note 

that, although a neutron capture reaction can induce a positive shift of 176Hf/177Hf ration 

in meteorite sample thorough its cosmic-ray exposure, the magnitude of this shift (up to 

~+4 ε-unit in typical neutron fluence conditions; Sprung et al., 2010) is negligible, 

compared with the uncertainty of the initial 176Hf/177Hf ratio of the nine diogenites (~50 

ε-unit). The significant scattering of data points of the residue fractions around the 
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regression line (MSWD = 30; Figure 24b) possibly reflects variations of 176Lu–176Hf ages 

and initial 176Hf/177Hf ratios of the individual diogenite samples. 

4.3.2.2. Disturbance by terrestrial contamination 

The disturbance of the 176Lu–176Hf systematics of the WRs is probably due to the 

presence of terrestrial contaminants in the samples. As mentioned in 4.3.1.2. Cerium 

anomalies in diogenites and terrestrial weathering, positive Ce anomalies in WR fractions 

of Tatahouine and NWA 5480 (Figure 23c) indicate the presence of significant amounts 

of terrestrial contaminants in these samples. Hence, 176Hf/177Hf ratios of these samples 

may be affected by low terrestrial values. Since these two diogenites originally have the 

highest 176Hf/177Hf ratios among the nine diogenites (Figure 24b), even minute amounts 

of terrestrial contaminations can largely change their 176Hf/177Hf ratios. This is consistent 

with significant deviations of 176Lu–176Hf data points of these two diogenites from the 

reference eucrite line (Figure 24a). Note that Ce anomalies in the WR fractions of the 

three Antarctic diogenites of Y 74013, Y 74097, and Y 002875 (Figure 23c) were probably 

generated by the dissolution processes during Antarctic residence (see 4.3.1.2. Cerium 

anomalies in diogenites and terrestrial weathering) and, therefore, non-significant 

deviations of their 176Lu–176Hf compositions from the eucrite line (Figure 24c) do not 

conflict with this idea. 

The 176Lu–176Hf compositions of the leachate fractions of six diogenites (Bilanga, 

Johnstown, Tatahouine, Hamara, LMT 042, NWA 5480) strongly suggest the presence of 

terrestrial contaminants in these diogenite samples. All of the 176Lu–176Hf isotope data of 

the leachates are plotted on righter part of the internal isochron diagrams relative to those 

of the WRs and leachates (Figure 25), indicating the presence of terrestrial contaminants 

in all of the six diogenites. Furthermore, the 176Hf/177Hf ratios of the leachate fractions of 

Tatahouine, Hamara, and NWA 5480 are largely different from those of the residue 

fractions of them (Figure 25c, d, and f), suggesting significant contributions of terrestrial 

contaminations on Hf isotope compositions of WR fractions. The negative correlation 

between the Lu/Hf ratios and 176Hf/177Hf ratios shown in the external isochron diagram 

for the leachate fractions (Figure 24c) also suggests the presence of terrestrial Hf in these 

samples. This negative correlation probably represents the mixing between meteoritic Hf 

(upper-left endmember) and terrestrial Hf (lower-right endmember). These terrestrial 
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contaminants are effectively removed from the samples by the HCl-leaching and, 

consequently, the residue fractions provided the meaningful regression line on the 

isochron diagram (Figure 24b). 

4.3.3. 87Rb–87Sr systematics of diogenites 

The 87Rb–87Sr isotope compositions of the nine diogenites determined by the TIMS 

are listed in Table 14. Elemental ratios of Rb/Sr determined by the ICP-MS (Table 12) are 

converted to 176Lu/177Hf ratios (Table 14) using recommended values of standard isotope 

ratios of these elements (Meija et al., 2016). A mean value of 87Sr/86Sr = 0.710248 ± 

0.000002 was obtained for an Sr standard material of NIST SRM 987 by the TIMS 

measurements in this study. 

The external 87Rb–87Sr isochron diagrams for the WR, residue, and leachate fractions 

of the nine diogenites are shown in Figure 26 and the internal isochron diagrams are 

shown in Figure 27. All of the 87Rb–87Sr data sets of the WR, residue, and leachate 

fractions do not define meaningful regression lines on the external isochron diagrams 

(Figure 26). 

4.3.3.1. Disturbance by terrestrial contamination and impact event 

In contrast to the 176Lu–176Hf systematics, the 87Rb–87Sr systematics of the nine 

diogenites, are totally disturbed. Disturbances of 87Rb–87Sr systematics of diogenites were 

also reported by Nakamura (1979) and Birck and Allègre (1981). Since terrestrial 

contaminations generally induce left-ward shifts of 87Rb–87Sr data points on the isochron 

diagram (e.g., Nishikawa et al., 1990), the substantial presence of the 87Rb–87Sr data 

points on the righter part of the isochron diagram (Figure 26) suggests contributions of 

additional processes other than terrestrial contaminations on the disturbance of the 87Rb–

87Sr systematics. 

In the external 87Rb–87Sr isochron diagram for the WR fractions (Figure 26a), the 

data points of Tatahouine and NWA 5480 show the largest deviations from the reference 

diogenite line (Takahashi and Masuda, 1990) among those of the nine diogenites. This is 

consistent with the fact that the 176Lu–176Hf compositions of the WR fractions of these 

two diogenites are strongly affected by terrestrial contaminants (Figure 24a). However, 

considering the 87Rb–87Sr composition of the leachate fraction of Tatahouine, 
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mechanisms of the disturbance of the 87Rb–87Sr systematics of diogenites should be more 

complicated than those of 176Lu–176Hf systematics. In contrast to the case of 176Lu–176Hf 

systematics (Figure 24c), the 87Rb–87Sr data point of the residue fraction of Tatahouine 

shows larger deviations from the reference diogenite line relative to that of the leachate 

(Figure 26c). If the disturbance of the 87Rb–87Sr systematics of the nine diogenites were 

caused only by terrestrial contaminations, the 87Rb–87Sr compositions of the residue 

fractions should have been more consistent with the reference line relative to those of the 

leachates. Therefore, the large deviation of the 87Rb–87Sr data point of the residue of 

Tatahouine from the reference diogenite line indicates significant contribution of 

additional processes other than terrestrial contaminations on its 87Rb–87Sr composition. 

The 87Rb–87Sr composition of the residue of Johnstown also shows such large deviation 

from the reference line (Figure 27b), supporting this idea. For the desert-find diogenites, 

the disturbances of their 87Rb–87Sr systematics (Figure 27d, e, and f) are probably due to 

intensive contaminations of terrestrial Sr, which is also recorded by desert-find eucrites 

(Hidaka and Yoneda, 2016). On the basis of non-contaminated REE abundance patterns 

of the three Antarctic diogenites (Figure 21g, h, i), their 87Rb–87Sr systematics should not 

be severely affected by terrestrial contaminants. Considerably low 86Sr/87Sr ratio of the 

leachate fraction of Y 74013 (0.699208 ± 0.000007; Figure 27e) rules out significant 

invasion of terrestrial Sr into Antarctic diogenites. 

Considering a lower closure temperature of 87Rb–87Sr system (~700°C for whole-

rock; Harrison et al., 1979) than that of 176Lu–176Hf system (>900°C for garnet; 

Anczkiewicz et al., 2007), the 87Rb–87Sr systematics of the nine diogenites are likely to 

be affected by impact heating on their parental body. 40K–40Ar and 40Ar–39Ar ages of 

diogenites are mostly younger than 4.0 Ga (Kaneoka et al., 1979; Michel and Eugster, 1 

994), indicating impact-resetting of these isotope systems of diogenites after their 

crystallization. Although 87Rb–87Sr system resists more intense heating relative to 40K–

40Ar and 40Ar–39Ar systems (e.g., Harrison et al., 1979), some of impact events which 

disturbed these noble gas isotope systems of diogenites probably disturbed 87Rb–87Sr 

isotope system of them. 
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4.3.3.2. Internal 87Rb–87Sr impact ages of diogenites 

As discussed above, 87Rb–87Sr systematics of diogenites probably suffered from 

impact disturbances. Although the 87Rb–87Sr systematics of the three desert-find 

diogenites are likely to be severely affected also by terrestrial contaminants, those of the 

six recent-fall and Antarctic-find diogenites do not significantly affected by terrestrial 

contaminants. Therefore, a regression for the 87Rb–87Sr data set of the three fractions of 

individual diogenites can be assumed to represent impact reset ages of them. 

Calculated internal 87Rb–87Sr model impact ages of the six recent-fall and Antarctic-

find diogenites are listed in Table 15. Since Y 74013 is paired with Y 74097 (Takeda et 

al., 1981), their model age is calculated together. All of the six diogenites show the initial 

87Sr/86Sr ratios higher than basaltic achondrite best initial of 0.6989 (Papanastassiou and 

Wasserburg, 1969; Smoliar, 1993; Hans et al., 2013), suggesting that the regressions 

represent not mixing trends with terrestrial contaminants but chronologically meaningful 

relations of 87Rb–87Sr decay system. Interestingly, in contrast to Takahashi and Masuda 

(1990), Tatahouine do not provide meaningful internal 87Rb–87Sr regressions and 

Johnstown show relatively young 87Rb–87Sr age of 1626 ± 950 Ma (Table 15). This 

indicates significantly heterogeneous impact disturbances in these two diogenites. Such 

heterogeneities in diogenites are also reported by Birck and Allègre (1981). Model 87Rb–

87Sr impact ages of Y 74013 and Y 74097 (3305 ± 1500 Ma; Table 15) are significantly 

older than their noble gas ages of 1150 ± 250 Ma for Y 74013 (Michel and Eugster, 1994) 

and 1100 ± 250 Ma for Y 74097 (Kaneoka et al., 1979), indicating that these meteorites 

experienced at least two times of intense impacts. An earlier intense impact at ~3000 Ma 

probably induced recrystallizations of these two diogenites (Takeda et al., 1981; 

Yamaguchi et al., 2011) and, subsequently, a relatively moderate impact at ~1000 Ma 

caused a degassing of noble gases from these two diogenites. A large variation of model 

87Rb–87Sr impact ages of the six diogenites (Table 15) indicate frequent occurrences of 

intense impacts on the Vestan surface later than the lunar cataclysm period of 3.4–4.1 Ga 

(e.g., Bogard and Garrison, 2003; Marchi et al., 2013). 

4.3.3.3. Implication for the origin of Eu anomalies in diogenites 

As mentioned in 4.3.1.3. Europium anomalies in diogenites, there are two 

hypotheses for the origin of the variation of Eu anomalies in diogenites; contaminations 
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of eucritic melts (Barrat et al., 2010) and subsolidus reequilibration (Mittlefehldt et al., 

2012). The disturbances of 87Rb–87Sr systematics of the nine diogenites strongly support 

the occurrence of significant subsolidus diffusions of Eu in these diogenites. Since the 

ionic radius of Sr2+ (1.25 Å, 8-fold coordination; Shannon, 1976) similar to that of Eu2+ 

(1.26 Å, 8-fold coordination; Shannon, 1976), they show similar diffusion behaviors (e.g., 

Liang et al., 2004; Cherniak and Liang, 2007). Therefore, the disturbance of 87Rb–87Sr 

systematics of the diogenites, which indicates a reequilibration of Sr isotope composition 

in the diogenites, also indicates a reequilibration of Eu2+ in the diogenites. Furthermore, 

non-disturbed 176Lu–176Hf systematics of the residue fractions of the nine diogenites 

indicates that REE3+ and Hf4+ in the diogenites are not reequilibrated by thermal events 

that reequilibrate Sr2+ and Eu2+ in the diogenites due to relatively low diffusivities of 

REE3+ and Hf4+ (e.g., Cherniak and Liang, 2007; Bloch et al., 2017). In this case, Eu2+ 

can disperse from diogenite pyroxenes leaving REE3+ behind (Mittlefehldt et al., 2012). 

This process possibly produced the variation of Eu anomalies in diogenites, while there 

are no direct evidences for that at present. 

4.3.4. Differentiation process of diogenites 

4.3.4.1. Source material of diogenites 

As mentioned in 4.3.2.1. 176Lu–176Hf age and initial 176Hf/177Hf ratio of diogenites, 

the substantial discrepancy in the initial 176Hf/177Hf ratios between eucrites and diogenites 

indicates their differentiation form individually distinct source materials. Here, 

geochemical properties of source materials of diogenites are discussed in detail. 

Figure 28 shows the temporal evolution of the Hf isotope composition by the decay 

of 176Lu to 176Hf. The vertical axis of εHf represents the fractional deviation of 176Hf/177Hf 

ratio from chondritic uniform reservoir (CHUR) value (Bouvier et al., 2008) at certain 

time T, 

 𝜀Hf = [
( Hf176 / Hf177 )sample

𝑇

( Hf176 / Hf177 )CHUR
𝑇 − 1] × 104, (4) 

where ( Hf176 / Hf177 )sample
𝑇   and ( Hf176 / Hf177 )CHUR

𝑇   are the 176Hf/177Hf ratio of a 

sample and CHUR at a time T, respectively. A black diamond in Figure 28 represents the 

176Lu–176Hf age and the initial 176Lu–176Hf age of diogenites given in this study (Figure 

24b). Dashed lines display the evolutions of Hf isotope compositions of model reservoirs, 
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which differentiated from CHUR at 4.6 Ga with individually different (Lu/Hf)n ratios. 

The gray line shows CHUR compositions (i.e., Hf isotope evolution with (Lu/Hf)n = 1). 

As shown in Figure 28, the 176Lu–176Hf age and the initial 176Hf/177Hf ratio of the 

diogenites are consistent with the evolution of model reservoir characterized by high 

(Lu/Hf)n ratio of >8, while those of eucrites (Bouvier et al., 2015) are consistent with the 

chondritic εHf evolution (Figure 28). This strongly indicates the presence of the highly 

fractionated geochemical reservoir showing superchondritic (Lu/Hf)n ratio at the early 

stage of Vesta. Note that the Hf evolution diagram (Figure 28) is robust if other 176Lu–

176Hf CHUR compositions are employed. Three published CHUR compositions 

(Blichert-Toft and Albarède, 1997; Patchett et al., 2004; Iizuka et al., 2015b) were tested 

as ( Hf176 / Hf177 )CHUR
𝑇  in Equation (4) and no recognizable differences were observed 

in the evolution diagram; being absolutely the same as Figure 28, the diagrams for these 

three CHUR compositions are not shown here. 

To meet these chronological and geochemical requirements, the most possible source 

material of diogenites is the Vestan mantle. Assuming the formation of planetary-scale 

magma ocean on Vesta (e.g., Greenwood et al., 2014), an olivine-rich mantle is the first 

crystallizing phase from the magma ocean (e.g., Righter and Drake, 1997; Mandler and 

Elkins-Tanton, 2013). Furthermore, the magma ocean with a chondritic (Lu/Hf)n ratio 

produce an olivine-rich mantle characterized by a superchondritic (Lu/Hf)n ratio on the 

basis of the experimentally obtained olivine/melt partitioning coefficients of Lu and Hf 

(DLu/DHf = 4.35–35.5; Kennedy et al., 1993; Zanetti et al., 2004). Although mantle-like 

materials apparently derived from Vesta has not yet been discovered among the present-

day meteorite collections, the subchondritic (Lu/Hf)n ratios of eucrites (~0.85 as an 

average of sixteen basaltic eucrites; Blichert-Toft et al., 2002) also supports the 

probability of the high (Lu/Hf)n ratio of the Vestan mantle. 

4.3.4.2. Trace element diversity of diogenites and partial melting of the Vestan mantle 

The orthopyroxenitic mineral compositions of diogenites are highly favorable for 

modeling their differentiation processes, allowing us to assume that orthopyroxene is the 

only crystallizing solid from melts during the formation of diogenites. In this case, 

evolutions of trace element contents in the melts following diogenite crystallizations can 

be simply calculated using orthopyroxene/melt partitioning coefficients and appropriate 
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differentiation models. As discussed in subsection 4.3.1.1. Characteristics of REE 

abundances of diogenites and effects of HCl-leaching, (Dy/Lu)n ratios of the residue 

fractions of the diogenites are likely to reflect REE compositions of pure pyroxenes. Here, 

these modelling approach are applied to the (Dy/Lu)n data of the residue fractions of the 

nine diogenites for investigating differentiation processes of diogenites. 

To test the validity of conventional magma ocean crystallization models for 

diogenite differentiation (e.g., Takeda, 1979; Righter and Drake,1997; Ruzicka et al., 

1997), (Dy/Lu)n variations of pyroxenes produced by a fractional crystallization of a 

single melt are investigated. In this model, the concentration of element i in the melt 𝑐𝑙
𝑖 

can be written as 

 𝑐𝑙
𝑖 = 𝑐𝑙,0

𝑖 𝑓𝐷𝑖−1, (5) 

where 𝑐𝑙,0
𝑖  is the initial concentration of element i in melt, f is the weight fraction of 

residual melt, and Di is the partitioning coefficient of element i between the crystallizing 

minerals and melt (Allègre and Minster, 1978). Adopting orthopyroxene/melt partitioning 

coefficients of Dy and Lu (Schwandt and McKay, 1998; DDy = 0.050, DLu = 0.104; mean 

values for five measurements) to Di and parental melt composition of Tatahouine that is 

back calculated using the partitioning coefficients to 𝑐𝑙,0
𝑖 , 𝑐𝑙

𝑖 values are determined as a 

function of f (Figure 29). The white circles in Figure 29 display the calculated (Dy/Lu)n 

ratios of orthopyroxenes produced by the fractional crystallization of the parental melt of 

the Tatahouine. As shown in Figure 29, the fractional crystallization of a single melt 

results in an extremely small variation of (Dy/Lu)n ratios (white circles) relative to that 

of the residues of the nine diogenites (black circles). This strongly indicates the 

crystallization of diogenites from not a global magma ocean but compositionally diverse 

multiple melts. It should be noted that although REE partitioning behavior depends on P–

T–X conditions (e.g., Yao et al., 2012; Sun and Liang, 2013), this dependence is negligible 

when considering DDy/DLu ratio. 

A partial melting can account for both the Vestan mantle origin of diogenites (Figure 

28) and the compositional variation of diogenites (Figure 29). To test the validity of the 

partial melting as the differentiation process of diogenites, possible compositional 

variations of the partial melts of the Tatahouine and NWA 5480 diogenites are estimated. 

These two diogenites shows the highest Dy/Lu and Lu/Hf ratios among the nine 

diogenites (Table 12). On the basis of the incompatible element-depleted or relatively 
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mantle-like compositions of these two diogenites, they were chosen as starting materials 

of the partial melting calculation. The variations of (Dy/Lu)n and (Lu/Hf)n ratios of partial 

melts of the Tatahouine and NWA 5480 are calculated using the numerical model of batch 

partial melting (Allègre and Minster, 1978): 

 𝑐𝑙
𝑖 =

𝑐𝑠,0
𝑖

𝐷𝑖+𝑓(1−𝐷𝑖)
, (6) 

where 𝑐𝑙
𝑖  is the concentration of element i in the partial melt, 𝑐𝑠,0

𝑖   is the initial 

concentration of element i in solid phase, f is the weight fraction of the partial melt, and 

Di is the partitioning coefficient of element i between solid phase and melt. The 

olivine/melt partitioning coefficients of Dy, Lu, and Hf (Zanetti et al., 2004; DDy = 0.0025, 

DLu = 0.063, DHf = 0.0037; DLu was calculated from the lattice strain parameters shown 

in Table 3 of Zanetti et al., 2004) are substituted to Di in Equation (6), while the 

concentrations of Dy, Lu, and Hf of the residues of Tatahouine and NWA 5480 are 

substituted to 𝑐𝑠,0
𝑖 . As shown in Figure 30, the partial melts of the Tatahouine and NWA 

5480 display broad ranges of (Dy/Lu)n and (Lu/Hf)n ratios (black crosses), which are 

comparable to those of the residues of the nine diogenites (black diamonds) and reference 

diogenite data (white diamonds; Barrat et al., 2010). In this case, the variation of trace 

element compositions of diogenites can be explained by the variation of degree of partial 

melting. 

Wilson and Keil (1996) demonstrated that later-formed partial melts are more likely 

to be trapped at deeper part of the Vestan crust as dikes or sills and not to erupt at surface 

as a consequence of successive decrease of the density of the crust due to impact events. 

This supports the crystallization of diogenites as cumulates from later-formed partial 

melts of the Vestan mantle. Furthermore, the presence of chemically equilibrated and 

unequilibrated diogenites reported by Yamaguchi et al. (2011), suggesting the presence 

of diogenites that crystallized at shallower depth in the Vestan crust than expected by 

conventional magma ocean model, is consistent with the formation of diogenites as 

intrusions. 

Although Barrat et al. (2010) proposed the mixing of the partial melt fractions 

between the mantle and eucritic crust as the origin of the compositional diversity of the 

diogenite parental melts, the discrepancy in the initial 176Hf/177Hf ratios between eucrites 

and diogenites (Figure 28) rules out such a significant involvement of the eucritic melts 
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in the crystallization of diogenites. If the compositional diversity of diogenites resulted 

from the mixing between the partial melts of the Vestan mantle and those of the eucritic 

crust, the initial 176Hf/177Hf ratio of diogenites would be similar to that of eucrites. 

Therefore, diogenites should be crystallized from partial melts of the Vestan mantle that 

is not directly related to the eucritic melts. Note that, in this case, the variation of Eu 

anomalies in diogenites should be explained by subsolidus reequilibration proposed by 

Mittlefehldt et al. (2012), which is consistent with the disturbances of the 87Rb–87Sr 

systematics of the nine diogenites (see 4.3.2.1. 176Lu–176Hf age and initial 176Hf/177Hf ratio 

of diogenites). The complicated relationship between (Dy/Lu)n and Eu/Eu* of diogenites 

shown in Figure 31 also suggests that the origin of the variation of Eu anomalies in 

diogenites is not a simple mixing between mantle partial melts and crustal partial melts. 

The partial melting model of this study described above indicates spatially separated 

origins of eucrites and diogenites. However, the broadly howarditic composition of the 

Vestan surface revealed by the Dawn spacecraft (e.g., Ammannito et al., 2013a; Beck et 

al., 2017) apparently conflicts with the spatial separation between eucrites and diogenites. 

One of the most plausible solutions for this problem is the hit-and-run collusion model 

proposed by Haba et al. (2019). Based on the presence of two distinctive populations of 

zircon 207Pb–208Pb ages of mesosiderites, they newly constructed the mesosiderite 

formation model comprising a large-scale disruption by a catastrophic collision and a 

subsequent accretion of collisional debris. In their model, the Vestan surface is covered 

with the accreted collisional debris that are mixture of the Vestan crust, mantle, and core 

materials, which is certainly consistent with the howarditic composition of the Vestan 

surface regardless of the original structure of the Vestan crust. Therefore, diogenites are 

likely to be crystallized from the partial melts of the Vestan mantle and, subsequently, be 

excavated by the hit-and-run collision to accrete on the Vestan surface again as mixtures 

with eucritic materials. 

An alternative model that possibly explains the diogenite data given in this study is 

a shallow magma ocean model described by Neumann et al. (2014). They constructed a 

numerical model of the thermal evolution of Vesta considering partitioning and transport 

of 26Al associated with migrations of silicate melts. In their model, a shallow magma 

ocean with a thickness of up to few tens of km is formed in subsurface layer of Vesta and 

a planetary-scale magma ocean assumed in many other models (e.g., Righter and Drake 
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1997; Barrat et al. 2008, 2010; Mandler and Elkins-Tanton 2013) is not formed due to 

efficient heat transport by the partitioning of 26Al into silicate melts. Their model shows 

that though the lifetime of the shallow magma ocean is ~104–106 years, the magmatism 

in deeper part of the Vestan mantle proceeds for up to 150 Ma. Upward migrations of 

incompatible element-rich silicate melts from the deeper mantle possibly causes a 

depletion of incompatible elements (i.e., increase Lu/Hf ratio) there. Thus, this deeper 

mantle has a potential to be a source material of diogenites, while Neumann et al. (2014) 

regarded diogenites as crystallization products of the shallow magma ocean. However, 

homogeneous oxygen isotope compositions (e.g., Greenwood et al. 2014) and siderophile 

element depletions (e.g., Steenstra et al. 2016) in HED meteorites strongly suggest 

formation of a global magma ocean on Vesta. Furthermore, because of the uncertainty of 

the composition of the depleted deeper mantle formed in the shallow magma ocean model, 

the relationship between this model and the high 176Hf/177Hf ratio of the diogenites 

observed in this study is difficult to assess. Therefore, below, the discussion focuses on 

the partial melting of the Vestan mantle that crystallized from the planetary-scale magma 

ocean. 

4.3.4.3. Timescale of mantle remelting and implications for its heat source 

A heat source in the Vestan mantle is the unsolved issue of the mantle remelting 

scenario to produce diogenites by early differentiation of Vesta. To remelt the mantle, an 

additional heat source after the magma ocean solidification is necessary. A mantle 

overturn is one of possible processes to induce the remelting (e.g., Hublet et al., 2017). 

Below, the validity of a mantle overturn for the heat source of the remelting is investigated 

focusing on the timescale of the remelting. 

It should be noted that the timescale between the crystallization and the remelting of 

the Vestan mantle can be estimated from the initial 176Hf/177Hf ratio of the diogenites 

presented in this study and the 176Lu–176Hf composition of CHUR (Bouvier et al., 2008). 

Focusing on the timescale of the mantle remelting, a general form of the radioactive decay 

of 176Lu to 176Hf can be written as: 

 (
Hf176

Hf177 )
initial

diogenite

= (
Hf176

Hf177 )
initial

mantle

+ (
Lu176

Hf177 )
mantle

(𝑒𝜆𝑡 − 1). (7) 
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The term “t” represents the timescale of the mantle remelting. ( Hf176 Hf177⁄ )initial
diogenite

 

and ( Hf176 Hf177⁄ )initial
mantle  are the initial 176Hf/177Hf ratios at the crystallization of 

diogenites and the Vestan mantle, respectively.  ( Lu176 Hf177⁄ )mantle  represents the 

176Lu/177Hf ratio of the Vestan mantle. Assuming that the initial 176Hf/177Hf ratio of the 

Vestan mantle is equal to the CHUR value at 4.6 Ga (Bouvier et al., 2008), the timescale 

“t” can be written as a function of (176Lu/177Hf)mantle by rearranging equation (7): 

 𝑡 =
1

𝜆
ln [1 +

( Hf176 Hf177⁄ )initial
diogenite

−( Hf176 Hf177⁄ )initial
mantle

( Lu176 Hf177⁄ )mantle ]. (8) 

A black solid line in Figure 32 represents this Equation (8). The gray shaded zone shows 

the range of the experimentally obtained olivine/melt partitioning coefficients of Lu and 

Hf, which provide the reasonable estimation of the (Lu/Hf)n ratio of the Vestan mantle. 

Assuming that the (Lu/Hf)n ratio of the Vestan mantle reflects the olivine/melt partitioning 

coefficients of these elements (DLu/DHf = 4.35–35.5; Kennedy et al., 1993; Zanetti et al., 

2004), the timescale between the crystallization and the remelting is estimated to be 

~100–1000 Ma (corresponding to the interceptions of the black solid line with the end of 

the gray shaded zone in Figure 32). Considering the 176Lu–176Hf age of the diogenites 

given in this study (4.40 ± 0.38 Ga; Figure 24b) and the assumption of the Vestan mantle 

formation at 4.6 Ga, the timescale estimation should be revised to ~100–600 Ma. 

This large timescale of remelting indicates later formation of diogenites, compared 

with the early formation of eucrites within up to ~10 Ma after CAI formation inferred 

from several short-lived chronometers (e.g., 26Al–26Mg, Hublet et al., 2017; 53Mn–53Cr, 

Trinquier et al., 2008; 60Fe–60Ni, Tang and Dauphas, 2012; 182Hf–182W, Touboul et al., 

2015). The later formation of diogenites is consistent with the younger 87Rb–87Sr ages for 

two diogenites relative to those of eucrites reported by Takahashi and Masuda (1990) and 

the absence of resolvable decay products of a short-lived nuclide 26Al in three diogenites 

reported by Hublet et al. (2017). However, in contrast to these observations, Trinquier et 

al. (2008) and Tang and Dauphas (2012) found that the 53Mn–53Cr and 60Fe–60Ni data of 

three diogenites define regression lines on isochron diagrams together with the eucrite 

data, suggesting simultaneous formation of these two meteorite classes. Furthermore, 

Schiller et al. (2011) observed a significant variation of 26Mg abundances in diogenites 

and proposed the early crystallization of diogenites within ~4 Ma after CAI formation. 

Although, at present, the discrepancies among these diogenite ages are difficult to explain, 
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we consider that the fact that the number of diogenite samples used in this study is more 

than any other previous studies mentioned above (except for Schiller et al., 2011) ensures 

the reliability of this study. Anyway, further investigation of this problem is strongly 

required. 

Considering the timescale of remelting (~100–600 Ma), the diogenites could not 

present at the timing of the hit-and-run collision (4525.39 ± 0.42/0.85 Ma; Haba et al., 

2019), which formed mesosiderites. This is absolutely inconsistent with the formation of 

the howarditic Vestan surface by the hit-and-run collision (see 4.3.4.2. Trace element 

diversity of diogenites and partial melting of the Vestan mantle). This indicates either the 

formation of the howarditic Vestan surface by later impact events (i.e., not by hit-and-

collision) or extreme incompatible element-depletion in the Vestan mantle. As described 

above, the timescale of remelting was calculated assuming that the Vestan mantle 

(Lu/Hf)n ratio is equal to the experimentally obtained olivine/melt DLu/DHf ratio. 

Therefore, if the Vestan mantle (Lu/Hf)n ratio is higher than the DLu/DHf ratio, the 

timescale can be smaller than the current estimation of ~100–600 Ma. Since there are no 

reliable estimations for the Vestan mantle (Lu/Hf)n ratios, further consideration about this 

problem is difficult at present. 

The timescale of remelting (~100–600 Ma) is apparently inconsistent with the 

geophysical estimation of the timescale of the Vestan mantle overturn of ~1 Ma by Elkins-

Tanton et al. (2008). The discrepancy in the timescales estimated from the two different 

models suggests that overturn is an unrealistic heat source for the Vestan mantle remelting. 

However, their approach of the estimation is based on the Rayleigh–Taylor instability, 

which requires viscosity, compositional density gradient, gravitational acceleration, and 

thickness of the solid state Vestan mantle. Because of the difficulty of the accurate 

determination of these physical quantities, their estimation involves significant 

uncertainty. Hence, the chronologically estimated timescale of the remelting does not 

necessarily conflict with a mantle overturn. For the detailed investigation of the validity 

of a mantle overturn for the heat source of the remelting, further understanding of the 

physical property of the Vestan mantle is required. 

An intense impact is another possibility of the heat source of the Vestan mantle 

remelting. Some recent studies (e.g., Davison et al., 2010) propose that impact-heating 

may induced large-scale melting on asteroids. The occurrence of an early bombardment 
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on Vesta is well confirmed by the pioneering work of Bogard and Garrison (2003), who 

investigated 40Ar–39Ar ages of several types of HED samples and found a cluster of 

impact-reset ages within ~3.5–4.1 Ga, which is probably related to the lunar cataclysm. 

The observation of Bogard and Garrison (2003) is supported by numerous following 

studies (e.g., Marchi et al., 2013) and the impact-reset ages are recorded not only in 

whole-rock HED samples but also in various types of HED components like glass veins 

in an unequilibrated eucrites (Buchanan et al., 2005). Consistently, as discussed above, 

the disturbance of the 87Rb–87Sr systematics of the nine diogenites (Figure 26) is probably 

the record of frequent intense impacts on Vesta. Moreover, the presence of the giant 

impact basin Rheasilvia (~500 km diameter; Schenk et al., 2012) at the Vestan south pole 

is substantial evidence of the occurrence of intense impacts on Vesta. Considering the 

recent formation of the Rheasilvia (~1 Ga provided by a crater-counting approach; Schenk 

et al., 2012), an impact which formed the Rheasilvia itself is incapable to account for the 

heat source of the mantle remelting. However, the timing of intense impacts on Vesta 

(~3.5–4.1; Bogard and Garrison, 2003) slightly overlaps with the 176Lu–176Hf age of the 

diogenites given in this study (4.40 ± 0.38 Ga; Figure 24b). This slight overlap does not 

exclude the possibility of the formation of diogenites by impact-induced magmatism in 

the Vestan mantle. 
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Figure 20. REE patterns of (a) WR, (b) residue, and (c) leachate fractions of nine 

diogenites. The CI chondrite compositions for the normalization are from Anders and 

Grevesse (1989). For the leachates and residues, the vertical axis shows the proportion of 

weight of elements in each fraction to the bulk weight of sample powder used for the HCl-

leaching experiment. The error bars display standard errors of individual experiments in 

2σ. 
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Figure 21. Comparison of REE patterns between WR, residue, and leachate fractions of 

nine diogenites.  The CI chondrite compositions for the normalization are from Anders 

and Grevesse (1989). For the leachates and residues, the vertical axis shows the 

proportion of weight of elements in each fraction to the bulk weight of sample powder 

used for the HCl-leaching experiment. The error bars display standard errors of individual 

experiments in 2σ. 
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Figure 22. Experimentally obtained orthopyroxene/melt partitioning coefficients of REE. 

Data are from Schwandt and McKay (1998) and Sun and Liang (2013). 

 

 

 

Figure 23. Comparison of (a) (La/Sm)n, (b) (Dy/Lu)n, (c) Ce/Ce*, and (d) Eu/Eu* ratios 

between WR and leachate fractions of nine diogenites. The horizontal axis shows 

elemental ratios of WR fractions, while the vertical axis shows those of residues. 

Abbreviations of meteorite names are listed in Table 7. The error bars display standard 

errors of individual experiments in 2σ. 
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Table 14. 87Rb–87Sr and 176Lu–176Hf isotopic compositions of nine diogenites. 

Sample 87Rb/86Sra 87Sr/86Srb 176Lu/177Hfa 176Hf/177Hfc 

WR     

Bilanga 0.104 (5) 0.70262 (2) 0.0491(3) 0.2856 (7) 

Johnstown 0.0959 (12) 0.701941 (8) 0.0810 (12) 0.28701 (10) 

Tatahouine 1.00 (3) 0.712611 (9) 0.220 (12) 0.296 (2) 

Hamara 0.149 (8) 0.709066 (9) 0.123 (7) 0.2935 (9) 

LMT 042 0.129 (3) 0.708465 (7) 0.0556 (11) 0.28438 (7) 

NWA 5480 0.081 (4) 0.7227 (14) 0.277 (11) 0.2965 (12) 

Y 74013 0.0560 (7) 0.70178 (6) 0.159 (7) 0.2961 (9) 

Y 74097 0.0154 (13) 0.70022 (3) 0.167 (6) 0.2960 (6) 

Y 002875 0.195 (9) 0.707533 (10) 0.133 (5) 0.2931 (3) 

Residue     

Bilanga 0.119 (4) 0.703850 (8) 0.067 (2) 0.28773 (12) 

Johnstown 0.207 (6) 0.704674 (7) 0.0627 (10) 0.28631 (2) 

Tatahouine 1.19 (4) 0.724216 (9) 0.200 (9) 0.3009 (2) 

Hamara 0.53 (2) 0.709906 (7) 0.105 (2) 0.2911 (4) 

LMT 042 0.73 (2) 0.704776 (8) 0.0311 (7) 0.283591 (11) 

NWA 5480 0.19 (2) 0.711946 (9) 0.47 (2) 0.3211 (4) 

Y 74013 0.028 (7) 0.701050 (10) 0.0950 (14) 0.29066 (8) 

Y 74097 0.033 (3) 0.701241 (10) 0.167 (6) 0.2964 (2) 

Y 002875 0.158 (11) 0.706611 (8) 0.128 (3) 0.29327 (10) 

Leachate     

Bilanga 0.50 (2) 0.720114 (9) 0.47 (3) 0.287 (4) 

Johnstown 0.0388 (9) 0.700765 (8) 0.57 (4) 0.288 (2) 

Tatahouine 0.353 (10) 0.709674 (7) 0.41 (4) 0.292 (4) 

Hamara 0.0517 (5) 0.709350 (7) 0.8 (3) 0.2824 (4) 

LMT 042 0.0553 (7) 0.705597 (7) 0.93 (5) 0.2845 (10) 

NWA 5480 0.040 (2) 0.712090 (9) 0.60 (15) 0.285 (4) 

Y 74013 0.00261 (10) 0.699208 (7) 0.13 (3) 0.28 (2) 

Y 74097 0.031 (11) 0.700440 (11) 0.8 (7) 0.283 (14) 

Y 002875 0.33 (4) 0.711106 (13) 2 (2) 0.28 (3) 

Standard     

NIST SRM 987 — 0.710248 (2)d — — 

JMC 475 — — — 0.281876 (7) 

Notes. Figures in parenthesis show standard errors in 2σ. 
aElemental ratios are determined using ICP-MS. 
bIsotopic ratios of 87Sr/86Sr are determined using TIMS. 
cIsotopic ratios of 176Hf/177Hf are determined using MC-ICP-MS. 
dAn average and standard deviation (2σ) of repeat analyses (11 times) are shown. 
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Table 15. Model 87Rb–87Sr impact ages of six recent-fall and Antarctic-find diogenites. 

Sample Age (Ma)a Initial 87Sr/86Sra MSWD 

Bilanga 2970 ± 1600b 0.6984 ± 0.0052b 16 

Johnstown 1626 ± 950b 0.6998 ± 0.0017b 29 

Tatahouine 991 ± 9200b 0.70 ± 0.12b 1074 

Y 74013 and Y 74097 3305 ± 1500b 0.69933 ± 0.00073b 40 

Y 002875 1757 ± 360c 0.70261 ± 0.00099c 0.047 

Notes. aStandard errors (2σ) are shown. 
bModel-3 solution (McIntyre et al., 1966) by Isoplot program (Ludwing, 2012). 
cModel-1 solution (McIntyre et al., 1966) by Isoplot program (Ludwing, 2012). 
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Figure 24. External 176Lu–176Hf isochron diagrams for (a) WR, (b) residue, and (c) 

leachate fractions of nine diogenites. Abbreviations of meteorite names are listed in Table 

7. The error bars display standard errors of individual experiments in 2σ. The reference 

eucrite line (dashed line) is from Bouvier et al. (2015). The isotope data of the leachate 

fractions of the three Antarctic diogenites (Y 74013, Y 74097, and Y 002875) are not 

shown in the diagram due to large analytical error. The 176Lu–176Hf data set of the residue 

fractions define the 176Lu–176Hf age of 4.40 ± 0.38 Ga (2σ) and the initial ratio of 0.2820 

± 0.0013 (2σ) for the nine diogenites. The WRs and leachates do not define any regression 

meaningful regression lines on the isochron diagrams. 

 

 

 

Figure 25. Internal 176Lu–176Hf isochron diagrams for nine diogenites. The error bars 

display standard errors of individual experiments in 2σ. The reference eucrite line (dashed 

line) is from Bouvier et al. (2015). Isotope data of two paired diogenites of Y 74013 and 

Y 74097 are plotted together in single isochron diagram (f).  
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Figure 26. External 87Rb–87Sr isochron diagrams for (a) WR, (b) residue, and (c) leachate 

fractions of nine diogenites. Abbreviations of meteorite names are listed in Table 7. The 

error bars display standard errors of individual experiments in 2σ. The reference diogenite 

line (dashed line) is from Takahashi and Masuda (1990). None of the three fractions of 

the nine diogenites define any regression lines on the isochron diagrams. 

 

 

 

 

Figure 27. Internal 87Rb–87Sr isochron diagrams for nine diogenites. The error bars 

display standard errors of individual experiments in 2σ. The reference diogenite line 

(dashed line) is from Takahashi and Masuda (1990). Isotope data of two paired diogenites 

of Y 74013 and Y 74097 are plotted together in single isochron diagram (f). 
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Figure 28. Hf isotope evolution diagram for eucrites and diogenites. The horizontal axis 

represents 176Lu–176Hf ages and the vertical axis shows fractional deviations of 

176Hf/177Hf ratios from CHUR (Bouvier et al., 2008). The definition of εHf is described 

in Equation (4). The gray line shows the εHf value of CHUR (=0). The black diamond 

and white circle represent the 176Lu–176Hf ages and initial 176Hf/177Hf ratios of the nine 

diogenites (this study) and eucrites (Bouvier et al., 2015), respectively. The error bars 

show 2σ errs. The dashed lines display the εHf evolutions of model reservoirs that 

differentiated from CHUR at 4.6 Ga with individually different (Lu/Hf)n ratios. 
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Figure 29. (Dy/Lu)n variation of orthopyroxene produced by fractional crystallization of 

single melt. The horizontal axis represents a weight fraction of pyroxene that crystallize 

from the melt (i.e., value of f in Equation (5)). The white circles show the (Dy/Lu)n ratios 

of crystallizing pyroxenes calculated by Equation (5) and the black ones show the 

(Dy/Lu)n ratios of the residues of the nine diogenites measured in this study. 
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Figure 30. Compositional variation of partial melt of Tatahouine and NWA 5480 

diogenites. The black diamonds display the compositions of the residues of the nine 

diogenites measured in this study, and the white ones display reference acid-washed 

diogenite data (Barrat et al., 2010). The types of black crosses show the compositional 

variations of equilibrated partial melts of the Tatahouine and NWA 5480 diogenites 

calculated by Equation (6) (a left trend is for Tatahouine and a right one is for NWA 5480). 

The percentages found nearby the black crosses represent the values of f in Equation (6) 

(i.e., degrees of partial melting). Abbreviations of meteorite names are listed in Table 7. 
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Figure 31. Correlation diagram for (Dy/Lu)n and Eu/Eu* of diogenites. Abbreviations of 

meteorite names are listed in Table 7. The black diamonds display the compositions of 

the residue fractions of the nine diogenites measured in this study, while the white ones 

show those of acid-washed diogenite samples of Barrat et al. (2010). The error bars 

represent standard errors (2σ). 
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Figure 32. Relationship between (Lu/Hf)n ratio of Vestan mantle and timescale of its 

remelting. The horizontal axis shows (Lu/Hf)n ratios of the Vestan mantle. The vertical 

axis shows the timescale between the crystallization and remelting of the Vestan mantle. 

The black line represents the relationship between the (Lu/Hf)n ratio and timescale 

calculated by Equation (8). The dashed gray lines display 95% confidence interval of the 

calculated values, corresponding to the standard error (2σ) of the initial 176Hf/177Hf ratio 

of the nine diogenites given in this study. The gray dashed zone represents the rang of the 

published olivine/melt partitioning coefficients of Lu and Hf (Kennedy et al., 1993; 

Zanetti et al., 2004). 
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4.4. Summary 

The isotopic data set of the 176Lu–176Hf decay system from the residues of the nine 

diogenites defines a meaningful regression line on the isochron diagram (Figure 24b). 

The 176Lu–176Hf age of 4.40 ± 0.38 Ga and the initial 176Hf/177Hf ratio of 0.2820 ± 0.0013 

obtained from the regression line indicate that the source material of diogenites 

differentiated at the early stage of Vesta and shows a high (Lu/Hf)n ratio (>8). The Vestan 

mantle is consistent with these characteristics. The significant disturbance of the 87Rb–

87Sr systematics of the nine diogenites suggests the occurrence of multiple intense impacts 

on Vesta. The variation of trace element abundances of the nine diogenites suggests their 

differentiation from compositionally diverse multiple parental melts. Based on these 

observations, we propose the crystallization of diogenites from the partial melts of the 

Vestan mantle in the following history. 

 

1. Vesta was formed by the accretion of planetesimals at an early stage of the solar system. 

The radioactive decay heat by short-lived nuclides (26Al and probably 60Fe) induced 

the formation of a planetary-scale magma ocean and the segregation of a metallic core 

on Vesta. 

2. Following the cooling of the magma ocean, an olivine-rich mantle characterized by 

superchondritic Lu/Hf ratio was firstly crystallized. Subsequently to the crystallization 

of olivine and orthopyroxene, eucrites were formed as basaltic upper crust. 

3. After ~100–600 Ma from the solidification of the mantle, an additional heat source 

(overturn, impact, or other processes) induced partial melting of the Vestan mantle. 

The partial melts show the variation of REE compositions depending on the degree of 

melting. Diogenites crystallized from these melts with the superchondritic initial 

176Hf/177Hf ratio of 0.2820 ± 0.0013 due to the high Lu/Hf ratio of the Vestan mantle. 

4. After the crystallization, the diogenites suffered multiple intense impacts on Vesta, and 

their 87Rb–87Sr systematics were disturbed significantly. Some of the impacts ejected 

diogenitic clasts from the surface of Vesta and delivered them to near-Earth orbit. 
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5. Neutron capture effects in eucrites 

5.1. Introduction 

Cosmic-ray exposure (CRE) ages determined by abundances of cosmogenic 

nuclides are unique aspects of histories of meteorites that cannot be investigated by other 

geochemical approaches. During the transitions of meteoroids from parent bodies to the 

Earth, spallation reactions induced by galactic cosmic-ray irradiations produce 

cosmogenic nuclides having half-life of 105–106 years (e.g., 10Be, 26Al, 37Cl, and 53Mn), 

which never present in non-irradiated environment. Thus, for recent-fall meteorites, the 

length of the transition time of meteoroids (i.e., CRE ages) can be estimated from the 

abundances of these nuclides. Eugster and Michel (1994) investigated cosmogenic 

nuclides of noble gases in HED meteorites and revealed the presence of two major of 

their CRE ages at 21 and 38 Ma and other three break-up events at 6, 12, and 73 Ma. 

Then, eucrite samples that belongs to the same CRE age cluster can be presumed to have 

been located in close or the same regions in their parent body. The presence of the multiple 

CRE age clusters guarantees that HED meteorites in our collection represent multiple 

regions of their parent body. 

Another approach to investigate CRE histories of meteorites is based on neutron 

capture reactions of stable isotopes. The interaction of cosmic rays with planetary material 

produces neutrons, which are captured by the nuclei of surrounding elements in the 

material. As a consequence of this reaction, nuclei having especially large thermal 

neutron-capture cross sections (e.g., 149Sm and 155, 157Gd) show significant variations in 

isotopic composition even in natural environments. Thus, the CRE history of planetary 

materials can be investigated from the isotopic compositions of some specific elements 

like Sm and Gd. For deriving the CRE history of planetary materials, neutron-capture 

reactions of the (n,)-type, whose daughter nuclides show low radioactivities and small 

neutron-capture cross sections, are useful because the records of neutron-capture 

reactions can be derived quantitively from the isotopic variations between the deficit of 

parent and excess of daughter nuclides. As typical examples of the (n,)-type neutron-

capture reactions, it is well known that significant isotopic shifts of 149Sm–150Sm and 

157Gd–158Gd have often been found in extraterrestrial materials like meteorites and lunar 
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surface soils (e.g., Lugmair et al., 1971; Hidaka et al., 1999; 2007; 2017) because 149Sm 

and 157Gd have very large thermal neutron-capture cross sections. Because the two 

nuclides have slightly different resonance energies for thermal neutron capture, 0.0973 

eV for 149Sm and 0.0314 eV for 157Gd, a combination of the isotopic shifts between 

149Sm–150Sm and 157Gd–158Gd provides information on the energy distribution of 

thermalized neutrons. The first attempts at this approach were successfully applied to 

lunar regolith samples recovered in the Apollo mission (Lugmair et al., 1971; Burnett et 

al., 1972; Russ, 1972; Russ et al., 1973). These studies demonstrated that the lunar 

regolith shows large isotopic shifts of Sm and Gd because of long-time irradiation on the 

lunar surface (this type of irradiation is called 2-irradiation). Furthermore, recent studies 

(e.g., Nishiizumi et al., 1996; Hidaka et al., 2017; 2022) showed that most lunar 

meteorites also experienced long-time 2-irradiation on the lunar surface, whereas the 

contributions of cosmic-ray irradiation in space (this type of irradiation is called 4-

irradiation) are limited due to their short transition from the Moon to the Earth (<1 Ma). 

Other than lunar samples, Sm and Gd isotopic shifts of aubrite meteorites were also 

investigated (Hidaka et al., 1999; 2012). Because aubrites are characterized by a long 

transition period from the parent body to the Earth (>10 Ma; Lorenzetti et al., 2003; Miura 

et al., 2007), they might experience significantly long exposure times to 4-irradiation in 

space. 

Contrary to cosmogenic nuclides, which provide precise CRE records of recent <100 

Ma, (n,) shifts of stable isotopes preserve whole CRE records of planetary materials 

owing to their stabilities. Although 4-irradiation records of eucrites in space is well 

established by previous studies (e.g., Eugster & Mitchel, 1994; Miura et al., 1998), 2-

irradiation on their parent body could not discussed due to the lack of the data of (n,) 

shifts of stable isotopes. In this study, (n,) isotopic shifts of Sm and Gd of eucrites are 

measured to investigate their CRE record in detail, especially focusing to the possibility 

of 2-irradiation of eucrites. 

  



5. Neutron capture effects in eucrites 5.2. Experiments 

97 

5.2. Experiments 

5.2.1. Samples 

Eight basaltic eucrites, Dar al Gani (DaG) 380, DaG 391, DaG 411, DaG 443, DaG 

480, Juvinas, Millibillillie, and Stannern, were used in this study. The DaG series 

meteorites were found in the Libyan Desert, and were weakly shocked: DaG 380 is a 

monomict, whereas DaG 391, DaG 411, and DaG 443 are polymict (Grossman, 1999; 

Grossman and Zipfel, 2001). The other three eucrites, Juvinas, Millibillillie, and Stannern, 

are well known as basaltic eucrites and have often been used in chronological and 

geochemical studies to further understanding of the early evolution processes of the solar 

planetary materials (e.g., Bouvier et al., 2015; Bermingham et al., 2016; Brennecka and 

Kleine, 2017). 

As standard reference materials without cosmic-ray irradiation, chemical reagents of 

Sm and Gd (1000 mg L–1 of single-element standard solutions for the inductively coupled 

plasma mass spectrometer (ICP–MS) and ICP atomic emission spectroscopy analyses 

commercially obtained from SPEX CertiPrep) were used for the determination of their 

isotopic ratios. 

5.2.2. Chemical treatment 

Each sample, weighing 0.3 to 0.4 g, was powdered and then decomposed completely 

by HF–HClO4 with heating. After evaporation to dryness, the residue was redissolved in 

5 mL of 2 M HCl. This sample solution was divided into two portions: the main portion, 

over 90% of the total solution, was for isotopic measurements of Sm and Gd using a 

TIMS, and the minor portion was for the determination of elemental abundances of rare 

earth elements (REEs) using ICP–MS. 

For the isotopic study, the major portion of each sample solution was loaded onto a 

cation exchange resin-packed column (Bio-Rad AG50WX8, 200–400 mesh, H+ form, 50 

mm length  4.0 mm diameter). The column was washed with 1.7 M HCl for the elution 

of major elements and then washed with 6 M HCl for REE elution. The REE fraction was 

evaporated to dryness, redissolved in a drop of 0.25 M HCl, and loaded onto a column 

packed with LN-resin (Eichrom, LN-resin, particle size of 20–50 m, 100 mm length  

2.5 mm diameter). The column was washed with 0.25 M HCl. Then, Sm and Gd were 
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eluted with 0.35 M and 0.5 M HCl, respectively. The details of the chemical procedures 

for the REE mutual separation are given in Mizutani et al. (2020). 

The minor portion of each sample solution was evaporated to dryness and 

redissolved using 5 mL of 2% HNO3. A 0.01 g quantity of a 1 ppb mixture solution of 

indium and bismuth was added to the sample solution as an internal standard to optimize 

the analytical conditions for the determination of the elemental abundances of the REEs. 

An Agilent 7500cx ICP–MS instrument was used for the analyses. 

5.2.3. Mass spectrometry 

Isotopic analyses of Sm and Gd for individual samples were performed using a TIMS 

(Triton Plus) at the National Museum of Nature and Science in Tsukuba, Japan. Sm and 

Gd were measured on double Re filaments without any activators. 147Sm/152Sm = 0.56031 

and (155Gd + 156Gd)/160Gd = 1.61290 were used as the normalization factors for the 

correction of instrumental mass fractionation of Sm and Gd isotopic ratios, respectively 

(Hidaka et al., 1995; Hidaka and Yoneda, 2007; 2014). All analyses were performed in 

static mode with the amplifier rotation system. The detailed analytical protocols for the 

Sm and Gd isotopic measurements were described in previous studies (e.g., Hidaka and 

Yoneda, 2014). 
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5.3. Results and Discussion 

5.3.1. REE abundances 

Figure 33 shows CI chondrite-normalized REE abundance patterns of eucrite 

samples measured in this study. All eight eucrites exhibit REE abundances similar to 

Stannern-trend eucrites. Judging from the pronounced negative Eu anomalies and heavy 

REE depletions (i.e., (Dy/Lu)n < 1) of DaG 391 and Stannern, these two can be classified 

as Stannern-trend eucrites, whereas the other six can be classified as MG–NL-trend 

eucrites. High incompatible element abundances of Stannern-trend eucrites are 

interpreted as a consequence of contamination of Main Group eucritic magmas by melts 

derived by partial melting of the asteroid’s crust. Millibillillie has a positive Eu anomaly 

(Eu/Eu* = 1.2), whereas other eucrites show negative Eu anomalies (Eu/Eu* = 0.7–0.9). 

These data are almost the same as those in typical basaltic eucrites shown by previous 

studies (Consolmagno and Drake, 1977; Makishima and Masuda, 1993; Barrat et al., 

2000; Yamaguchi et al., 2009). 

It is reported that terrestrial weathering also causes significant REE mobilization of 

meteorites. The REE patterns of some Antarctic eucrites show positive or negative Ce 

anomalies (Floss and Crozaz, 1991; Mittlefehldt and Lindstrom, 1991). These REE 

abundance variations are interpreted as being caused by the dissolution of phosphates, 

which are important REE carriers in water equilibrated with the atmosphere (Mittlefehldt 

and Lindstrom, 1991), and the fractionation of Ce from the other +3 charged REE due to 

oxidization of Ce to the +4 state. Cold desert weathering can also cause similar REE 

disturbance in meteorites (Shimizu et al., 1984; Floss and Crozaz, 1991; Mittlefehldt and 

Lindstrom, 1991), but the state in the hot desert is more complex than the situation of 

Antarctic weathering. Many secondary minerals filling cracks, such as carbonates and 

sulfates, were found in hot desert samples (Barrat et al., 2003; Lee and Bland, 2004). 

However, among those meteorites, light-REE-poor samples have light-REE enrichment 

patterns, and significant REE mobilization has not been detected in Saharan eucrites, 

which are rich in REE abundances, except for one eucrite (NWA 047) showing obvious 

light-REE enrichment (Barrat et al., 2003). As shown in Figure 33, the samples used in 

this study also display no REE mobilization, suggesting no clear traces of cold or hot 

desert weathering on REE abundances. 
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5.3.2. Sm and Gd isotopic shifts 

The Sm and Gd isotope ratios of the eight eucrites measured using TIMS are listed 

in Table 16. The data show clear isotopic deficits in 149Sm and 157Gd and excesses in 

150Sm and 158Gd for seven of the eight eucrites, excepting DaG 443. Because the neutron-

capture reaction of 149Sm(n,)150Sm produces 150Sm from the equivalent number of 149Sm, 

the isotopic decrement of 149Sm quantitatively corresponds to the isotopic increment of 

150Sm. Thus, if Sm isotope composition is affected predominantly by this reaction, Sm 

isotope data points yield a linear trend with slope –1 in the 150Sm/152Sm–149Sm/152Sm 

three-isotope diagram. Similarly, if a Gd isotope is affected by a neutron-capture reaction 

of 157Gd(n,)158Gd, Gd isotope data yield the same trend on the 157Gd/160Sm–158Gd/160Gd 

three-isotope diagram. The correlation diagrams between 149Sm/152Sm and 150Sm/152Sm 

and between 157Gd/160Gd and 158Gd/160Gd for the occurrence of neutron-capture reactions 

are shown in Figure 34, respectively. Except for DaG 443, all seven eucrites measured in 

this study show significant isotopic shifts of Sm and Gd from those of terrestrial standard 

materials (STD). As shown in Figure 34, the Sm and Gd isotope data of these eucrites are 

consistent with the straight lines with slope –1 drawn from STD compositions, which 

represent isotopic shifts caused by the neutron-capture reactions. These trends strongly 

suggest that the Sm and Gd isotope shifts of these eucrites are caused by neutron-capture 

effects associated with exposure to cosmic rays. The fluence of neutrons generated by 

cosmic-ray irradiation can be quantified by the following equation based on previous 

studies (e.g., Hidaka et al., 1995; 2012), 

𝛹sample =
( Sm150 Sm149⁄ )

sample
− ( Sm150 Sm149⁄ )

STD

( Sm150 Sm149⁄ )
STD2

− ( Sm150 Sm149⁄ )
STD

×
𝛴sample

𝛴STD2
× 𝛹STD2, 

where  and  represent neutron fluences and effective total macroscopic neutron-

capture cross sections, respectively. STD2 is a standard material that is experimentally 

irradiated by thermal neutrons of 5.94  1015 n cm–2 in a laboratory (Hidaka et al., 1995), 

and STD is a standard material that represents the natural composition of Sm isotopes 

without irradiation. Comparisons between Sm isotopic shifts of meteorite samples and 

experimentally irradiated material provide estimates of neutron fluence. According to this 

equation, the neutron fluences of eucrite samples measured in this study are calculated as 

(0.28–2.38)  1015 n cm–2 (see Table 17), which are 10 to 102 times lower than those of 
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lunar regolith and aubrites (>1016 n cm–2; e.g., Hidaka and Yoneda, 2007; Hidaka et al., 

2010; 2012). 

Figure 35 shows a comparison between neutron fluences measured in this study and 

CRE ages measured by Miura et al. (1998). In general, these two quantities are 

proportionally correlated because they are proportional to amounts of certain nuclides 

that are produced by cosmic-ray irradiation. However, some meteorite samples do not 

show such a linear correlation due to the inconsistency between the neutron fluences and 

the CRE ages because of complicated rather than simple CRE processes. Neutron fluences 

estimated from a stable nuclide like 150Sm record the whole CRE history of meteorites 

after their formation as a part of the parent body. By contrast, the CRE ages, estimated 

from a short-lived nuclide like 81Kr with a half-life of 0.23 Ma, record the CRE duration 

of recent–100 Ma (mainly after the ejection from the parent body). Hence, if meteorite 

samples experienced irradiation on the surface of their parent body earlier than recent–

100 Ma before ejection, they show high neutron fluences relative to their CRE ages. This 

is often the case for lunar meteorites (e.g., Hidaka et al., 2017). As shown in Figure 35, 

three fall-eucrites measured in this study, Juvinas, Millibillillie, and Stannern, show a 

positive correlation between their neutron fluences and CRE ages, with no excesses of 

their neutron fluences. This suggests that neutron-capture reactions in these three eucrites 

occurred predominantly by 4-irradiation during their transport from the parent body to 

the Earth, and that 2-irradiation at the surface of their parent body is negligible. A slight 

deficit of the neutron fluence found in Juvinas is probably due to the different samples 

used for the estimation of neutron fluences in this study and CRE age in a previous study. 

Considering that the recovered mass of Juvinas was over 90 kg (Meteoritical Bulletin 

Database), many Juvinas fragments were originally located in various depths of the large 

meteoroidal body in space. The Juvinas sample used in this study may have been located 

at a deeper part of the whole Juvinas meteorite relative to that used for determining the 

CRE age (Miura et al., 1998) during 4-irradiation. Assuming that the four desert-found 

eucrites (DaG 380, DaG 391, DaG 411, and DaG 480; DaG 443 was excluded because of 

its low neutron fluence) are exposed to the same flux of neutrons as the three fall-eucrites, 

their CRE ages can be estimated using linear regression of neutron fluences and CRE 

ages of the three fall-eucrites. The estimated CRE ages of the desert-found eucrites are 

also shown in Figure 35 together with those of the three fall-eucrites measured by Miura 
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et al. (1998). The gray bars in the figure display the CRE age clusters of eucrites reported 

by Miura et al. (1998). As shown in Figure 35, the estimated CRE ages of DaG 391, DaG 

411, and DaG 380 can be attributed to the previously reported age clusters, whereas DaG 

480 has an apparently greater CRE age than these age clusters. This indicates that DaG 

480 was ejected from the parent body by an impact event that differs from other studied 

eucrites, or that DaG 480 experienced additional irradiation on the surface of the parent 

body. 

5.3.3. Constraints on the cosmic-ray irradiation condition from the isotopic 

variations of Sm and Gd in eucrites 

The energy of neutrons generated by cosmic-ray irradiation depends on the 

temperature, size, and composition of the irradiated target material (e.g., Spergel et al., 

1986). In this study, the energy distribution of neutron fluence in the thermal region (E < 

0.1 eV) in eucrites is investigated from the combination of the Sm and Gd isotopic shifts. 

Using the difference of the neutron-capture resonance energies between 149Sm and 157Gd, 

0.0973 eV and 0.0314 eV, respectively, a comparison of the magnitudes between 149Sm–

150Sm and 157Gd–158Gd isotopic shifts provides information on the neutron energy profile 

in a thermal region. For the quantitative assessment of the neutron energy profile in 

individual eucrites, an index Sm/Gd given by Russ et al. (1971) is defined as follows: 

𝜀Sm

𝜀Gd
=

( Sm150 Sm149⁄ )
sample

− ( Sm150 Sm149⁄ )
STD

1 + ( Sm150 Sm149⁄ )
sample

( Gd158 Gd157⁄ )
sample

− ( Gd158 Gd157⁄ )
STD

1 + ( Gd158 Gd157⁄ )
sample

. 

As listed in Table 17, the seven eucrites measured in this study (DaG 443 is excluded 

because of its low neutron fluence) have similar Sm/Gd values (0.61–0.81), which are 

identical within the 2 error range. This indicates that these eucrites experienced almost 

identical irradiation conditions, predominantly 4-irradiation in space, as discussed in 

Section 3.2. Hence, the Sm/Gd ratios of the eucrites measured in this study can be 

interpreted to represent the neutron energy distribution generated by the 4-irradiation. 

Although the Sm/Gd values of the eucrites are identical within the 2 error range, it 

should be noted that DaG 480 shows a slightly higher Sm/Gd value (0.81) than those of 
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the six other eucrites (0.61–0.67). Interestingly, DaG 480 also shows the highest neutron 

fluences among the seven eucrites (Figure 35), suggesting that DaG 480 might have 

experienced another irradiation period in addition to the simple 4-irradiation. One of the 

hypothetical ideas is that DaG 480 experienced 2-irradiation on the surface of the parent 

body. Assuming that this idea is correct, the difference of Sm/Gd values between DaG 

480 and the six other eucrites may be interpreted as the difference in the energy 

distribution of neutrons generated by 2- and 4-irradiation, implying that 4-irradiation 

produces more thermalized neutrons than does 2-irradiation. 

For a better understanding of the CRE conditions of the eucrites, their Sm/Gd ratios 

are compared with those of lunar samples (Hidaka et al., 1999; 2000; Hidaka and Yoneda, 

2007). The Sm/Gd ratios of different types of meteorites cannot be compared simply 

because it is considered that the parameter Sm/Gd depends on the chemical composition 

of the target materials. In this study, for characterizing the chemical compositions of 

meteorite samples from the perspective of their influence on the energy distribution of 

neutrons, an effective macroscopic neutron-capture cross section eff, which is generally 

used for an index of chemical composition, is defined as follows: 

𝛴eff = ∑ 𝜎𝑖

𝑖

× 𝐴𝑖 , 

where i represents individual nuclides, and i and Ai are neutron-capture cross sections 

and atomic abundances of the nuclide i, respectively. Figure 36 is a correlation diagram 

between eff and Sm/Gd for the individual meteorite samples. In the figure, dashed lines 

are theoretical prediction lines of Sm/Gd along with eff at two different temperatures, 0 

and 400 K, given by Lingenfelter et al. (1972). Two data sets from eucrites and lunar 

samples are clearly distinguished in the figure because there is a clear difference in their 

individual eff values (0.0085–0.011 for A-12, -16, and -17 lunar-regolith samples, 0.004–

0.005 for A-15 lunar-regolith samples, and 0.0065–0.007 for eucrites). The data points of 

eucrites measured in this study, together with those of lunar samples, are plotted between 

the two theoretical prediction lines in the figure. This indicates that the irradiation 

conditions of individual meteorites in the figure are roughly similar to each other. It is 

difficult to present a statistically critical discussion on the irradiation conditions of 

individual eucrites only from the Sm/Gd values because of their large analytical 

uncertainties. However, the irradiation conditions of eucrites measured in this study seem 
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to show more thermalized effects than those of most lunar samples. The data points of 

eucrites are plotted close to the lower line showing the temperature of 400 K, whereas 

most of the data points of lunar samples are plotted relatively close to the upper line (0 

K) in the figure. This implies that neutrons in eucrites generated by cosmic rays were well 

thermalized compared with those in the lunar samples. Because 2-irradiation is 

dominant for the lunar samples, whereas 4-irradiation is dominant for the eucrites, the 

difference in neutron energy between the eucrites and lunar samples may reflect this 

difference in the irradiation condition, implying that 4-irradiation produces more 

thermalized neutrons than does 2-irradiation. Interestingly, the discrepancy of Sm/Gd 

ratios among the eucrites (discussed above) also implies the same interpretation. Both the 

comparisons of the Sm and Gd isotopic shifts among the eucrite samples and between 

eucrites and lunar samples consistently imply that 4-irradiation produces thermalized 

neutrons. However, considering the influence of target size on neutron energy, it is well 

known that larger targets can produce better-thermalized neutrons than can smaller targets 

(e.g., Spergel et al., 1986). Then, the thermalized neutrons make the Sm/Gd value low. In 

other words, the higher the contribution of 2-irradiation, the lower the value of Sm/Gd. 

Our results from the isotopic shifts of Sm and Gd for eucrites are inconsistent with the 

common sense for the mechanism of neutron production induced by cosmic-ray 

irradiation. Although DaG 480 seems to show a slightly higher Sm/Gd value than do the 

other eucrites, the precision of the Sm/Gd values for eucrites is not sufficient to 

distinguish the difference between individual eucritic species. By contrast, the isotopic 

shifts of Sm and Gd for most lunar samples are tens to hundreds of times larger than those 

for eucrites. As a result, the precision of the isotopic variations of Sm and Gd of lunar 

samples is sufficient to discuss the thermalization degree from the Sm/d value. Then, the 

model of Lingenfelter et al. (1972) is generally known to provide a lower trend of the 

Sm/d value relative to the experimental data (e.g., Russ et al., 1971; 1972; Sands et al., 

2001). However, in the case of eucrites, in the current analytical situation, it should be 

concluded that there is no clear evidence for the pre-irradiation record of DaG 480 before 

ejection from the parent body. 
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Figure 33. CI chondrite-normalized REE abundance patterns of eight eucrites used in this 

study. The REE data for CI chondrite are from Anders and Grevesse (1989). 

 

 

 

 

 

Figure 34. Correlation diagrams for (a) 149Sm/152Sm vs. 150Sm/152Sm and (b) 157Gd/160Gd 

vs. 158Gd/160Gd. The black lines represent ideal isotopic shifts that caused by the neutron 

capture reactions of 149Sm(n,)150Sm and 157Gd(n,)158Gd, respectively. The error bars in 

individual data points display 2SEs. 
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Figure 35. A correlation diagram between CRE ages (Ma) and neutron fluences (1015 n 

cm−2) for eucrites. The neutron fluences of the seven eucrites are estimated from the Sm 

isotopic shifts in this study. The CRE ages of Juvinas, Millibillillie, and Stannern shown 

in red circles are from Miura et al. (1998), while those of the other four eucrites shown in 

white circles are given as the model ages in this study. The dashed line in the figure is a 

least-square regression for the red circles that passes through the origin. The gray bars 

represent CRE age clusters of eucrites (Miura et al., 1998). 
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Figure 36. A correlation diagram between effective macroscopic cross section eff and an 

index for thermalized degree of neutron Sm/Gd. The data of lunar regolith samples (A-

12, -15, -16, and -17) are from Hidaka et al. (1999; 2000) and Hidaka and Yoneda (2007). 

The error bars display 2SEs for individual samples (open symbols for lunar samples and 

black circles for eucrites) and 2SD for the mean eucrite (red circle). The dashed lines in 

the figure reveal the theoretical predictions at two different temperatures T = 0 K and 400 

K given by Lingenfelter et al. (1972). 
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5.4. Summary 

Isotopic measurements of Sm and Gd for eight eucrites were performed to 

understand the CRE histories of individual eucrites. As a result of the discussion on the 

possibility of pre-irradiation of the eight eucrites on the parent body, positive evidence 

was not given by the model of Lingenfelter et al. (1972) based on the combination of Sm 

and Gd isotopic shifts because of the large analytical uncertainties and small difference 

of Sm/Gd parameters among the individual eucrites. Because the energies of the first 

resonance integral for neutron-capture reactions are very close between 149Sm (0.0973 

eV) and 157Gd (0.0314 eV), the resolution of the Sm/Gd parameters is not sufficient to 

distinguish the difference among the individual eucrites used in this study. Because 167Er 

has a large resonance integral in the epithermal region (0.5 < E < 2000 eV), the 

combination of the isotopic variations between 149Sm and 167Er may provide a hint for the 

difference in CRE histories of individual meteorites. However, considering the simple 

comparison of the cross section for neutron capture between 149Sm and 167Er, a neutron 

fluence above 1016 n cm–2 is required to detect clearly the isotopic shift of 167Er–168Er. 

Although the combination of the isotopic shifts of Sm and Er was effectively used for 

lunar meteorites showing thermal neutron fluences of (2–14)  1016 n cm–2 to determine 

the energy balance between thermal and epithermal neutrons (Hidaka et al., 2020), it 

would not be expected to find clear evidence from the same application to eucrites having 

thermal neutron fluences of (0.28–2.38)  1015 n cm–2 in this study. 
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6. Conclusions 

Although the new Hf isotope data set of the nine diogenites obtained in this study 

revealed isotopically distinct origins of eucrites and diogenites, three primary problems 

about the diogenite differentiation are still remaining; (a) quantitative relationships 

between crystallization ages of eucrites and diogenites, (b) genetic relationships among 

individual diogenites, and (c) origin of Eu anomalies in diogenites. For addressing 

problems (a) and (b), precise determinations of crystallization ages of diogenites based 

on the short-lived 60Fe–60Ni systematics (t1/2 = 2.62 Ma; Rugel et al., 2009) may be useful. 

Because of the short half-life of 60Fe, 60Fe–60Ni systematics provides precise 

chronological information for early solar system objects. Although the solar system initial 

abundance of 60Fe is still controversial between bulk and in-situ analysis (see Elliott and 

Steele, 2017), this decay system will work successfully as the relative chronometer for 

eucrites and diogenites, whose 60Fe abundances must have been once homogenized at the 

global magma ocean stage of Vesta. 

The only existing 60Fe–60Ni data of diogenites have been provided by Tang and 

Dauphas (2012). They reported the 60Fe–60Ni data set of three diogenites, which is 

consistent with the eucrite 60Fe–60Ni isochron line. This suggests the simultaneous 

crystallization of eucrites and diogenites, which apparently conflicts with the result of this 

study. For revisiting the 60Fe–60Ni systematics of diogenites, the nine diogenites used in 

this study will be analyzed with the HCl-leaching treatment, while the Tang and Dauphas 

(2012) analyzed non-leached bulk samples. Since some diogenites contain significant 

amounts of metals characterized by considerably lower Fe/Ni ratios relative to those of 

silicates (e.g., Gooley and Moore, 1976; Floran et al., 1981; Bowman et al., 1997), the 

residual metal-free phases after the HCl-leaching are expected to show larger excesses of 

radiogenic 60Ni than those of non-leached samples. This is helpful to obtain precise 

chronological data. The removal of terrestrial contaminants is also important effect of the 

HCl-leaching for the accurate isotopic dating of diogenites (see section 2.1). 

Although 60Fe–60Ni systematics of eucrites are investigated in several previous 

studies (Shukolyukov and Lugmair, 1993a; 1993b; Sugiura et al., 2006; Rudraswami et 

al., 2010; Quitté et al., 2011; Tang and Dauphas, 2012), a systematic study using various 
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types of eucrite samples has not been performed yet. Furthermore, at present, there are no 

60Fe–60Ni isotope data are for cumulate eucrites. Therefore, both cumulate and non-

cumulate eucrites will be analyzed together with the diogenite samples to reveal the 

temporal relationships of their crystallizations in detail. 

For addressing the problem (c) of the origin of Eu anomalies in diogenites shown 

above, a more detailed calibration of the acid-leaching method may be helpful. Since the 

CI-normalized concentrations of Eu in diogenites are generally lower than those of other 

REE, magnitudes of Eu anomalies in diogenites are easily affected by contaminations of 

exotic components. Hence, detailed discussions about Eu anomalies in diogenites require 

the almost complete removal of contaminations and accessory materials. For this purpose, 

the sequential acid washing procedure used in Iizuka et al. (2019), more intensive than 

the HCl-leaching in this study, may be effective. They applied the acid washing procedure 

on the pyroxene-rich fractions of several eucrites. Minor plagioclases in the fractions were 

effectively removed and, consequently, they obtained pure pyroxene compositions of the 

eucrites. An application of this acid washing procedure on the diogenite samples probably 

allows us more plausible discussions about Eu anomalies of diogenites than those in this 

study.  
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