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Abstract

Northwest Africa (NWA) 6704 is a unique achondrite characterized by a near-chondritic major 

element composition with a remarkably intact igneous texture. To investigate the origin of this 

unique achondrite, we have conducted a combined petrologic, chemical, and 187Re–187Os, O, and 

Ti isotopic study. The meteorite consists of orthopyroxene megacrysts (En55–57Wo3–4Fs40–42; 

Fe/Mn = 1.4) up to 1.7 cm in length with finer interstices of olivine (Fa50–53; Fe/Mn = 1.1–2.1), 

chromite (Cr# ~ 0.94), awaruite, sulfides, plagioclase (Ab92An5Or3) and merrillite. The results of 

morphology, lattice orientation analysis, and mineral chemistry indicate that orthopyroxene 

megacrysts were originally hollow dendrites that most likely crystallized under high super-

saturation and super-cooling conditions (1–102 °C/h), whereas the other phases crystallized 
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between branches of the dendrites in the order of awaruite, chromite → olivine → merrillite → 
plagioclase. In spite of the inferred high supersaturation, the remarkably large size of 

orthopyroxene can be explained as a result of crystallization from a melt containing a limited 

number of nuclei that are preserved as orthopyroxene megacryst cores having high Mg# or 

including vermicular olivine. The Re–Os isotope data for bulk and metal fractions yield an 

isochron age of 4576 ± 250 Ma, consistent with only limited open system behavior of highly 

siderophile elements (HSE) since formation. The bulk chemical composition is characterized by 

broadly chondritic absolute abundances and only weakly fractionated chondrite-normalized 

patterns for HSE and rare earth elements (REE), together with substantial depletion of highly 

volatile elements relative to chondrites. The HSE and REE characteristics indicate that the parental 

melt and its protolith had not undergone significant segregation of metals, sulfides, or silicate 

minerals. These combined results suggest that a chondritic precursor to NWA 6704 was heated 

well above its liquidus temperature so that highly volatile elements were lost and the generated 

melt initially contained few nuclei of relict orthopyroxene, but the melting and subsequent 

crystallization took place on a timescale too short to allow magmatic differentiation. Such rapid 

melting and crystallization might occur as a result of impact on an undifferentiated asteroid. The 

O–Ti isotope systematics (Δ17O = −1.052 ± 0.004, 2 SD; ε50Ti = 2.28 ± 0.23, 2 SD) indicate that 

the NWA 6704 parent body sampled the same isotopic reservoirs in the solar nebula as the 

carbonaceous chondrite parent bodies. This is consistent with carbonaceous chondrite-like 

refractory element abundances and oxygen fugacity (FMQ = −2.6) in NWA 6704. Yet, the Si/Mg 

ratio of NWA 6704 is remarkably higher than those of carbonaceous chondrites, suggesting 

significant nebular fractionation of forsterite in its provenance.

Keywords

NWA 6704; Primitive achondrite; Nucleosynthetic anomalies; Highly siderophile elements; 
Impact melting

1. INTRODUCTION

A fundamental and long-standing issue in planetary science is determining when, where, and 

how asteroids formed and differentiated (e.g., Ringwood 1961; Anders and Goles 1961; 

Mason 1967; Weiss and Elkins-Tanton, 2013; Day, 2015). Information regarding this must 

come from meteorites that record the early histories of their respective asteroidal parent 

bodies. Primitive achondrites are meteorites that have near-chondritic bulk compositions, but 

exhibit igneous and/or metamorphic textures (Prinz et al., 1980, 1983; Benedix et al., 1998; 

Weisberg et al., 2006; Rubin, 2007). They include several meteorite groups such as 

acapulcoites, lodranites, and winonaites (Weisberg et al., 2006; Greenwood et al., 2012). 

These meteorites record variable stages in the transition from chondrites to differentiated 

achondrites, from high degrees of metamorphism and anatexis of chondritic protoliths 

(acapulcoites and winonaites, e.g., Mittlefehldt et al., 1996; McCoy et al., 1996; Benedix et 

al., 1998; Floss et al., 2008), to various degrees of partial melting and melt extraction 

(lodranites as well as ureilites and brachinites, e.g., Goodrich, 1992; Mittlefehldt et al., 

1996; Rubin, 2006; Warren et al., 2006; Keil, 2014). Moreover, shared O isotopic 

compositions and other similarities suggest that acapulcoites–lodranites and winonaites–IAB 
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complex iron meteorites may share common parent bodies, respectively (e.g., McCoy et al., 

1993; Benedix et al., 1998, 2005; Floss et al., 2008). Thus, primitive achondrites provide an 

important opportunity to bridge the gap between chondrites and differentiated achondrites, 

and to decipher the thermal histories of (partially) undifferentiated planetesimals.

Recently, it has been found that several ungrouped achondrites, that are not classified into 

any known meteorite groups, also have near-chondritic major element compositions together 

with prominent igneous textures (e.g., Day et al., 2009, 2015; Gardner-Vandy et al., 2012; 

Warren et al., 2013). Such ungrouped achondrites are of importance for investigating the 

diversity of asteroids, and for refining our current understanding of early solar system 

evolution gained from grouped achondrites. Studies of ungrouped achondrites, however, are 

limited.

Northwest Africa (NWA) 6704 is an ungrouped achondrite found in Algeria in 2010, with a 

total known weight of 8.387 kg (Le Corre et al., 2014). NWA 6704 has rounded shiny 

surfaces with one small patch of remnant black fusion crust (Fig. 1). Its interior exhibits an 

igneous texture with no diagnostic shock deformation effects (Irving et al., 2011). The 

degree of weathering is restricted to minor coatings of orange dust on broken surfaces (Le 

Corre et al., 2014). NWA 6704 is composed of low-Ca pyroxene, less abundant Ni-rich 

olivine, plagioclase, chromite, Ni-Fe-metal (awaruite), sulfides (heazlewoodite and 

pentlandite) and merrillite (Irving et al., 2011; Le Corre et al., 2014). Initial studies indicated 

its bulk major element composition is nearly chondritic (Fernandes et al., 2013). The 

geochemical and petrological similarities suggest that NWA 6704 is paired with NWA 6693 

and NWA 6926 (Warren et al., 2013). U–Pb dating for acid-washed pyroxene of NWA 6704 

has yielded a Pb-Pb isochron age of 4562.46 ± 0.35 Ma with a measured 238U/235U ratio of 

137.7784 ± 0.0097 (Amelin et al., 2019). The pristine characteristics of NWA 6704, coupled 

with its early crystallization age, make it ideal for exploring the earliest stage of asteroid 

evolution.

In this study, we present petrologic observations, geochemistry including highly siderophile 

element (HSE: Re, Os, Ir, Ru, Pt, Pd) abundances, 187Re–187Os systematics, and O–Ti 

isotope systematics for NWA 6704. The results allow us to constrain the crystallization 

process of this unique achondrite and the nature and provenance of the parental body.

2. METHODS

2.1. Petrology

We prepared nine polished thin sections from four fragments of NWA 6704 for petrologic 

studies, (Table 1; TS-1 and −2 from fragment #1, TS-3–5 from fragment #2, TS-6 and −8 

from fragment #3, and TS-7 and −9 from fragment #4). Petrologic analyses were carried out 

by means of optical and electron microscopies at the University of Tokyo and National 

Institute of Polar Research, Japan. Optical microscopy was performed using a Nikon 
ECLIPSE E600W polarizing optical microscope equipped with Axiocam-MR camera and 

Axiovision 4 software. More detailed observation was conducted using a JEOL JXA-7000F 
field emission-scanning electron microscope equipped with an energy dispersive 

spectrometer (FE-SEM/EDS). Analytical conditions were 15 kV accelerating voltage, 10 
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mm working distance, and 12 nA specimen current. Major element compositions of minerals 

were determined using a JEOL JXA-8530L electron probe micro analyzer (EPMA) with 15–

25 kV accelerating voltages, 11 mm working distance, and 12–20 nA specimen currents. 

Elemental maps were acquired for the four thin sections (TS-6–9) using JEOL JXA-8900L 
EPMA with 15 kV accelerating voltages and 80 nA specimen current. The entire thin 

sections of TS-6 and TS-7 were mapped for characterization of their textural features and 

determination of modal abundances. Crystallographic orientations in the two thin sections 

were further investigated by FE-SEM combined with an electron back-scattering diffraction 

(EBSD) detector (JEOL JSM 7000F and 7100F FE-SEM/EBSD) with the HKL Channel-5 
data acquisition and processing software. The EBSD technique allows us to determine the 

crystallographic orientations from Kikuchi patterns regardless of mineral phase contents 

(Schwartz et al., 2009). The instruments were operated at an accelerating voltage of 15 kV, a 

working distance of 25 mm, and a beam current of 10nA. Orientation maps were created for 

orthopyroxene by scanning the sample (108–200 μm step), in which orientations are coded 

according to Euler color. Pole figure diagrams for {1 0 0} of orthopyroxene were obtained 

by processing the data. To characterize the spatial distribution of minerals in NWA 6704, we 

performed micro X-ray computed tomography (CT) using a ScanXmate-D180RSS270 at 

Tohoku University, Japan. A sample chip of NWA 6704 (2.4 × 12.4 × 16.7 mm) was scanned 

using an X-Ray beam at 130 kV and 120 μA, with isotropic voxels (3-D pixels) of 12.093 

μm. X-rays were filtered with 1 mm copper filter. We used a Thermo Fisher Scientific™ 

Amira™ 6.0 reconstruction software to recreate 3D images from the obtained 600–1600 2D 

slice images.

2.2. Major and trace element geochemistry

For major element geochemistry, a ~4 g fragment of NWA 6704 (fragment #5) was 

disaggregated using an agate mortar and pestle. Approximately 200 mg of the sample 

powder was fused in a mixture of sample powder and Li2-B4O7 to form a glass disk, on 

which the major element abundance determination was carried out using a Thermo-ARL 

Advant’XP + sequential X-ray fluorescence (XRF) spectrometer at the Washington State 

University (WSU) Geoanalytical Laboratory. Major elements were normalized on a volatile-

free basis with total Fe expressed as FeO.

For solution-based bulk and mineral chemistry measurement, two fusion-crust free 

subsamples of NWA 6704 (fragment #3: 678 mg, fragment #6: 42.9 mg) were powdered in 

an agate mortar and pestle. In addition to NWA 6704, an aliquot of NWA 6693 (39.5 mg) 

was also prepared for bulk chemistry measurement. Four powdered whole rock fractions of 

NWA 6704 (50.2 mg, 50.1 mg, 51.6 mg aliquots of fragment #3-a,b,c, and whole aliquot of 

fragment #6) and the NWA 6693 aliquot were digested with a concentrated 3:1 HF–HNO3 

mixture in a Parr® digestion bomb at 190 °C for 96 h. Besides, plagioclase and 

orthopyroxene mineral separates of NWA 6704 were digested a concentrated 3:1 HF–HNO3 

mixture on a hot plate. Digestion was followed by a treatment with alternating solution of 6 

M HCl and concentrated HNO3 for conversion to a soluble form. Aliquots of fragment #3 

were diluted by a factor of 500 in 0.5 M HNO3 for trace elements using a Thermo Fisher 

Scientific™ iCAP Q™ ICP–MS at the University of Tokyo. Aliquots of NWA 6704-

fragment #6 and mineral separates and NWA 6693 were diluted in 2% HNO3 for trace/minor 
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and major elements using a Thermo Fisher Scientific Element XR high-resolution 

inductively coupled plasma mass spectrometer (ICP-MS) at the University of California at 

Davis. Sample dilution factors were 4500 and 95,000 for trace/minor and major elements, 

respectively. Analyses were made in low-, medium-, or high-resolution, based on the 

resolution conditions needed for a given element. The accuracy was evaluated by analyzing 

well-characterized terrestrial rock standards (BHVO-2 and JB-1b) and Murchison meteorite 

dissolved in the same manner as NWA 6704. These results are reported in Table EA-1 

together with literature values (Jarosewich, 1971; Terashima et al., 1998; Friedrich et al., 

2002; Makishima and Nakamura, 2006; Jochum et al., 2015; Kon and Hirata, 2015).

2.3. Highly siderophile element and Re–Os isotope analysis

Four bulk fragments as well as a non-magnetic and magnetic separates were analyzed for 

highly siderophile element abundances (Re, Os, Ir, Ru, Pt, Pd) and 187Re–187Os isotope 

systematics. Approximately 70 mg of bulk fragments and a non-magnetic (primarily silicate) 

fraction were crushed into fine powders using an agate mortar and pestle. The magnetic 

fraction, containing mostly FeNi-rich metal, could not be crushed, and was dissolved as 

whole grains. Samples were combined with ~5 mL of a 2:1 mixture of Teflon distilled, 

concentrated HNO3 and HCl, and appropriate amounts of two isotopic spikes, one enriched 

in 185Re and 190Os, the other enriched in 191Ir, 99Ru, 194Pt, and 105Pd. Samples, spikes, and 

acids were sealed in 8 mL Pyrex™ Carius tubes (Shirey and Walker, 1995) and heated at 

260 °C for three days. After digestion, Os was extracted from the acid by solvent extraction 

using CCl4, and back extraction into concentrated HBr (Cohen and Waters, 1996). The Os 

was then purified using a microdistillation technique from a dichromate solution into 

concentrated HBr (Birck et al., 1997). The remaining HSE (Re, Ir, Ru, Pt, and Pd) were 

separated and purified via anion exchange chromatography using 10 mL Bio-Rad columns 

loaded with ~1 mL of AG1-X8 anion exchange resin (Rehkämper and Halliday, 1997).

Purified Os was analyzed by negative thermal ionization mass spectrometry (N-TIMS) on 

either the University of Maryland (UMd) VG Sector 54 or Thermo-Fisher Triton using 

Faraday cups. The Os solutions were dried onto Pt filaments and then a Ba(OH)2 activator 

was added (Creaser et al., 1991). The other HSE were analyzed as solutions by 

multicollector-ICP-MS (MC-ICP-MS) on the Nu Plasma at University of Maryland (UMd) 

using Faraday cups. The measurements of Ir, Ru, Pt, and Pd were corrected for mass bias by 

interspersing standards with sample measurements. Tungsten was added to Re fractions and 

mass bias corrections were made using 184W/186W = 1.0780 (Kleine et al., 2004).

Mean (N = 2) blanks were 1.3 ± 1.3 pg for Re, 1.6 ± 0. 8 pg for Os, 0.7 ± 0.4 pg for Ir, 2.3 

± 0.3 pg for Ru, 4.3 ± 4.0 pg for Pt, and 4.6 ± 4.6 pg for Pd. The Os blank correction was 

1.4% for the silicate fraction, and less than 0.12% for all other fractions. Blank corrections 

of Re, Pt, and Pd were 2.6%, 3.9%, and 1.5%, respectively, for the silicate fraction. All other 

blank corrections, including Ir and Ru blank corrections for the silicate fraction, were less 

than 0.1%. Uncertainties arising from blank corrections are included in reported 

uncertainties. The total uncertainties for Ir, Ru, Pt, and Pd concentrations of bulk and 

magnetic fractions are ≤1%. For the Re and Os concentrations of bulk and magnetic 

Hibiya et al. Page 5

Geochim Cosmochim Acta. Author manuscript; available in PMC 2020 January 15.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



fractions, uncertainties are less than 0.2% and 0.1%, respectively. The total uncertainties for 

HSE concentrations of silicate fractions are all less than 5%.

2.4. Oxygen isotope analysis

A ~550 mg fragment of NWA 6704 was crushed in a silicon nitride mortar and pestle, then 

sieved. The grain size of constituent minerals of NWA 6704 ranged up to centimeter length. 

To reduce the heterogeneity in the mineral proportion among the analyzed sample aliquots, a 

mineral fraction of 73–120 μm in diameter was used for the analyses. The fraction was 

washed in high purity water three times and dried at 80 °C overnight. After drying, metal 

grains were magnetically removed from the fractions. Since no weathered material was 

identified in the separated fraction under the microscope, no further cleaning was performed.

The O isotope analyses were conducted on five separates using the fluorination and gas 

purification methods modified after Sharp (1990) at the Institute for Planetary Materials, 

Okayama University. Details of the method are described in Tanaka and Nakamura (2013) 

and Pack et al. (2016). About 1–2 mg of sample was placed in a Ni sample holder. To 

remove the absorbed moisture, the sample was baked at 170 °C for 6 h in vacuo, then 

prefluorinated with BrF5 for 1 h before analysis. The O2 was extracted from each sample 

using a CO2 laser (PIN-10R, Onizca Glass, Japan) with BrF5 as oxidation agent. Extracted 

oxygen was then purified and trapped with 13 Å molecular sieve at liquid nitrogen 

temperature. Total procedural O2 blanks for the laser fluorination method were typically <20 

ppm relative to the sample gas. Thus, no blank correction was performed. The isotope ratios 

in the purified O2 gases were determined using a Thermo Finnigan MAT253 gas source 

mass spectrometer with the dual inlet mode. Each sample measurement comprised 8 blocks 

of 11 cycles with a total measurement time of ~90 min. The 18O/16O and 17O/16O of the 

samples are expressed as the common delta (δ) notation relative to VSMOW as δ17 or 18O = 

103 × [(17 or 18O/16O)sample/(17 or 18O/16O)VSMOW − 1] using a VSMOW-SLAP scale. The 

excess 17O values relative to terrestrial silicate fractionation line (TSFL) are defined as Δ17O 

= 103 × [ln(δ17O* × 10−3 + 1) − 0.527 × ln(δ18O × 10−3 + 1)], where δ17O* = δ17O + 0.039 

(Tanaka and Nakamura, 2013; Pack et al., 2016). Since most of the laboratories for O 

isotope analysis do not calibrate the working gas by VSMOW-extracted oxygen, it is widely 

assumed that the Δ17O value of VSMOW is the same as that of the so-called terrestrial 

fractionation, i.e. Δ17O = 0, (Tanaka and Nakamura, 2013). The δ17O* value defined in this 

study corresponds to the δ17O value so far published by other laboratories unless otherwise 

mentioned. The precision and accuracy during the course of this study were monitored by 

analyzing the San Carlos olivine (MSOL-1), which yielded δ18O = 5.246 ± 0.066, δ17O* = 

2.762 ± 0.036, and Δ17O = 0.001 ± 0.010 (N = 5, 2 SD).

2.5. Titanium isotope analysis

For Ti isotope analysis, we used ca. 300 chromite grains, which were hand-picked from a 

medium-grain fraction (60–350 μm in diameter) of NWA 6704 under the stereoscopic 

microscope. Two chromite aliquots were separately washed in distilled acetone and digested 

with ~1 mL of concentrated HF + HNO3 + HClO4 with a volume ratio of 20:10:1 in a Parr® 

bomb at 190 °C for 2 days. The digested samples were converted from insoluble fluorides to 
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soluble compounds by repeated evaporation with concentrated HNO3 + HClO4, and finally 

re-dissolved in 2 mL of 6 M HCl.

For accurate and precise determinations of Ti isotope compositions, the purification of Ti 

was required to avoid matrix effects and isobaric interferences of Ca, V and Cr during the 

measurements. Our samples were processed through a three-step ion-exchange procedure 

based on Yamakawa et al. (2009), Zhang et al. (2011), and Schiller et al. (2014). In the first 

step, the sample dissolved in 2 mL of 6 M HCl was loaded onto a column packed with AG1-

X8 anion resin (200–400 mesh), in which Ti and most matrix elements were eluted, while Fe 

was retained by the resin. The elution was dried down and re-dissolved in 3 mL of 0.5 M 

HNO3, which was then loaded onto a column containing AG50W-X8 cation resin (200–400 

mesh). In the second-step, most matrix elements including Ca, Cr, and V were removed with 

0.5 M HNO3 and 1.8 M HCl, and then Ti was collected with 0.5 M HF. The Ti fraction was 

dried down and re-dissolved in 3 mL of 12 M HNO3 for the third step using Eichrom 
prepacked 2 mL cartridges containing TODGA resin (200–400 mesh). The third step 

removed residual Ca, Cr and V with 12 M HNO3, and Ti was collected with 12 M HNO3 

+ 1% H2O2.

The Ti isotopic compositions were measured using a Thermo Fisher Scientific Neptune Plus 
MC-ICP-MS interfaced to a Cetac Aridus II desolvating nebulizer at the University of 

Tokyo. The measurements were conducted using a Jet sample cone and a skimmer H-cone in 

the high-resolution mode, which resulted in a typical sensitivity for Ti of 60–70 V·ppm−1 

(1011 Ω resistor). Data were acquired with dynamic mode on Faraday cups to monitor 

species 44Ca+, 91Zr2+, 46Ti+, 47Ti+, 48Ti+, 49Ti+ and 50Ti+ (line 1) and 46Ti+, 51V+ and 52Cr+ 

(line 2) with integration times per cycle of 8.4 and 4.2 s, respectively. Each measurement 

comprised 40 scans with a magnet idle time between each peak jump of 3 s. Under the high-

resolution mode argide interferences (38Ar12C, 36Ar14N, and 40Ar12C) could be resolved 

from the isotopes of interest (50Ti and 52Cr). Instrumental mass bias was corrected relative 

to 49Ti/47Ti = 0.749766 (Leya et al., 2007) using an exponential law (e.g., Russell et al., 

1978, Albarède and Beard 2004) as well as an equilibrium law (e.g., Wombacher and 

Rehkämper, 2003, Young and Galy, 2004). The isobaric interferences (46Ca on 46Ti, 48Ca on 
48Ti, 50V and 50Cr on 50Ti) were corrected following the procedure of Zhang et al. (2011), in 

which optimum isotope ratios of 46Ca/44Ca, 48Cr/44Ca, 50V/51V and 50Cr/52Cr were 

empirically estimated to eliminate apparent Ti isotope anomalies for a Ti standard solution 

doped with Ca, V or Cr. No significant level of Zr2+ interference was observed during the 

sample measurements. The total procedural Ti blanks were less than 0.1 ng, while analyzed 

samples contained ~2 μg of Ti. The Ti isotope ratios of samples are expressed as the 

common epsilon (ε) notation relative deviation from the NIST SRM 3162a standard as 

ε46, 48, or 50Ti = 104 × [(46, 48, or 50Ti/47Ti)sample/(46, 48, or 50Ti/47Ti)NIST3162a − 1]. To 

evaluate the accuracy and precision of data obtained by the separation and instrumental 

protocols, we analyzed the international rock standard BCR-2 during the course of this 

study. We obtained ε46Ti = −0.17 ± 0.30, ε48Ti = −0.02 ± 0.31, and ε50Ti = −0.10 ± 0.32 (N 

= 8, 2 SD), which are consistent with the values reported in the previous study (Zhang et al., 

2011).
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3. RESULTS

3.1. Petrology

Northwest Africa 6704 is composed dominantly of large orthopyroxene grains, with smaller 

grains of Ni-rich olivine, feldspars (plagioclase and K-feldspar), chromite, NiFe-metal 

(awaruite), sulfides (heazlewoodite and pentlandite) and merrillite. The modal abundances of 

minerals were obtained for two thin sections (TS-6 and TS-7) from their phase maps 

obtained by X-ray intensity maps on the entire thin sections. The results are summarized in 

Table 2. The micro-CT images of individual minerals and the combined image of the major 

phases other than orthopyroxene are shown in Fig. 2a–e. As olivine and chromite have 

similar X-ray absorption coefficients, these minerals are shown together in Fig. 2b. Further, 

3-D rotating or passing-through views of the mineral morphology can be seen in the 

Electronic annex Video files (EA. 2–8).

Orthopyroxene is identified by straight extinction under crossed nicols, EBSD patterns, and 

low CaO content. The size of orthopyroxene is mostly greater than a few mm and up to 1.7 

cm in length. The grain size of orthopyroxene is highly variable on various scales and 

orthopyroxene grain larger than 0.5 cm is called as megacryst in this paper. Some of NWA 

6704 fragments consist mostly of orthopyroxene megacrysts (TS-2–5, 7 and 9, termed as 

“coarse lithology”: Figs. 2a–e and 3a–c), whereas other fragments consist mostly of 

orthopyroxene with grain size 1 mm across on average and minor megacrysts (TS-1, 6 and 8, 

termed as “fine lithology”: Fig. 3d–f). Orthopyroxene megacrysts are either euhedral or 

subhedral. In the coarse lithology (Fig. 3a–c), the megacrysts are elongated parallel to the c-

axes, and show a shape-preferred orientation (Fig. 4). In many places, the orthopyroxene 

megacrysts are in direct contact with each other without a clear interstitial part. Their 

boundaries are very irregular and indented on a grain-size scale, and thus the adjacent 

megacrysts are interlocked with each other. Orthopyroxene megacrysts contain abundant 

euhedral olivine and anhedral plagioclase, which tend to occur in the marginal zone of 

megacrysts. Some megacrysts also enclose curvilinear trains of irregularly-shaped micro-

bubbles (Fig. 5a and b) as well as tiny oval-shaped inclusions of chromite (Fig. 5c). Raman 

spectroscopy demonstrates that the clear to pinkish bubbles are now empty. Both sorts of 

included objects are localized in the core and/or mantle of megacrysts, and in some places, 

are aligned parallel along the earlier growth surface.

Minor amounts of pigeonite occur as a rim surrounding some orthopyroxene megacrysts 

with thicknesses of up to a few hundred lm. The pigeonite and surrounded orthopyroxene 

share the same c-axis orientation. Augite (Fs17En45-Wo39) occurs as exsolution lamellae in 

pigeonite. The lamellae have thickness up to ~0.1 μm with 1–2 μm spacing.

Plagioclase occurs mostly in orthopyroxene megacrysts as “inclusions” apparently isolated 

from each other in the coarse lithology, whereas it occurs along the grain boundaries or 

interstices of orthopyroxene and olivine grains in the fine lithology. Notably, plagioclase 

shares the same optical extinction positions over an area up to a few cm scale in both the 

coarse and fine lithologies. The EBSD analyses also indicate the identical lattice orientations 

of plagioclase over such area. Plagioclase often shows a cuspate morphology with extremely 

low dihedral angles of ≤40° against contacting two mafic crystals with distinct 
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crystallographic orientations irrespective of their assemblage (plagioclase-olivine-

orthopyroxene, plagioclase-olivine-olivine, etc.). The dihedral angles are, however, greater 

than 60° on the scale of ~10 μm (Fig. 6–i). Some plagioclase domains enclosed in 

orthopyroxene megacrysts show rectangular morphology with both curvatures and straight 

interfaces with the host (Fig. 6–ii). Our EBSD analysis showed that such facets are parallel 

to c-axis of the adjacent orthopyroxene, and the shapes of plagioclase are consistent with [1 

0 0], [0 1 0] and [0 0 1] axes of the orthopyroxene (Fig. 6). Moreover, some plagioclase 

domains have thin delicate maze-like morphology (Fig. 6–iii) extending into orthopyroxene 

megacrysts. These observations indicate that the apparently isolated grains of plagioclase are 

inter-connected with each other in three dimensions, which is recognizable in the obtained 

micro-CT image (Fig. 2d). Some plagioclase grains contain tightly clustered oval inclusions 

(Fig. 7), which tend to be aligned parallel to [1 0 0] axis of plagioclase, indicating that these 

inclusions were trapped during the crystallization of plagioclase. Twinning of plagioclase is 

vague and the wavy extinctions are not clearly observed. This indicates that NWA 6704 is 

unshocked to very weakly shocked, corresponding to shock stage S1 or S2 (Fritz et al., 

2017).

Olivine occurs mostly as euhedral to subhedral grains with diameters from 50 μm to 1.7 mm 

and they are intimately associated with anhedral plagioclase. It shows sharp extinction under 

crossed-nicols, consistent with the low shock stage. Some olivine grains contain melt 

inclusions that are filled with glass containing bubbles and euhedral orthopyroxene skeletal 

crystals (Fig. 8a). In the coarse lithology, olivine is distributed in the outer parts of 

orthopyroxene megacrysts, rarely occurring along megacryst boundaries (Fig. 3c). In the fine 

lithology, the size of olivine is comparable to that of orthopyroxene, and the olivine is rather 

homogeneously distributed with clear avoidance of core regions of orthopyroxene 

megacrysts (Fig. 3f). In both the coarse and fine lithologies, olivine occasionally occurs as 

anhedral vermicular inclusions within orthopyroxene megacrysts (Fig. 8b). These vermicular 

olivine inclusions occur only in one place near the center of each orthopyroxene megacryst 

(e.g., red circles in Fig. 3a–e). The number of orthopyroxene megacrysts containing such 

vermicular olivine inclusions tends to be smaller for the coarse lithology: The thin sections 

of the fine lithology have more than five orthopyroxene megacrysts including vermicular 

olivine, whereas the thin sections of the coarse lithology have only a few of them. The 

EBSD analysis reveals that these inclusions have twisted crystallographic orientations.

Chromite is euhedral to subhedral and its size ranges from 30 to 300 μm in diameter. It is 

mostly present in the marginal part of orthopyroxene megacrysts together with plagioclase 

and olivine and it is absent in the core regions of orthopyroxene megacrysts. In fine-grained 

areas of the fine lithology, it occurs along grain boundary of olivine, mostly associated with 

plagioclase. Inclusions of chromite are also observed in olivine. Some chromite grains 

contain sub-rounded melt inclusions.

Awaruite is rounded in morphology and has a size ranging from 20 μm to 1 mm in diameter. 

In the coarse lithology, larger grains (~1 mm) are present with plagioclase and olivine in the 

margin of orthopyroxene megacrysts. Smaller grains (~20 μm) occur mainly as ovals or 

spherules, scattering among the texture. Inclusions of awaruite are observed in 

orthopyroxene, olivine, and plagioclase. Moreover, there are composite inclusions of Ni-Fe-
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S minerals including awaruite and heazlewoodite with or without pentlandite (Fig. 8c). 

Some of the composite inclusions show rounded morphology, but others show facetted 

outline against the host orthopyroxene (Fig. 8c), which indicates that it was a single 

crystalline phase when incorporated in the host. Some of the larger awaruite grains are 

associated with orthopyroxene grains and the reaction rims of Fe and Ni-rich olivine are 

observed along the grain boundaries with thickness of 5 μm (Fig. 8d).

Merrillite has a rounded morphology and grain size ranging from 20 to 100 μm in diameter. 

It is associated with plagioclase or pigeonite, and sometimes occurs as oval inclusions in 

plagioclase.

The representative EPMA data (in wt.%) for individual phases are summarized in Table 3. 

The major element compositions of individual minerals are generally homogeneous among 

thin sections. Orthopyroxene is mostly homogeneous with the ferrosilite component (Fs = 

100 × Fe/(Mg + Fe + Ca)) ranging from 40 to 42, enstatite component (En = 100 × Mg/(Mg 

+ Fe + Ca)) from 55 to 57, and wollastonite component (Wo = 100 × Ca/(Mg + Fe + Ca)) 

from 3 to 4. The average value of Fe/Mn is 1.4. However, some orthopyroxene megacrysts 

have a chemically distinctive core characterized by low Ca and high Mg contents. The 

EPMA line profile (Fig. 9) illustrates that the core has relatively low Ca and Ti contents and 

high Mg# (the center: Fs35En64Wo0.8) with gradual increases of Ca, and Ti and decrease of 

Mg towards the margin of Ca and Mg plateau (Ca = 0.02 mol%, Mg# = 60.5), which is 

rimmed by orthopyroxene with the “normal” Mg# (the shaded area in Fig. 9b–d; Ca = 0.02–

0.03 mol%, Mg# = 57–60). The orthopyroxene rim is further surrounded by pigeonite 

having many exsolution of clinopyroxene.

Olivine has a slightly heterogeneous chemical composition ranging from 50 to 53 in fayalite 

content (Fa = 100 × Fe/(Mg + Fe)) with Fe/Mn = 1.1–2.1 and the average NiO = 0.9 wt.%. 

Vermicular olivine inclusions in the core regions of orthopyroxene megacrysts are richer in 

Fe (Fa54–55) than “normal” olivine (Table 3).

Chromite has a Cr/(Cr + Al) ~ 0.94 and a notably high ferric content of ~2.2 wt.% of Fe2O3. 

Sub-rounded glass inclusions in chromite are rich in Fe, Ti and Mg as compared to glass 

inclusions in other phases (Table 3).

Ni-Fe metal is identified as awaruite with Ni contents ranging from 78 to 81 wt.% (Table 3). 

In Ni-Fe composite inclusions in orthopyroxene, awaruite has a chemical composition of 

Fe20Ni79, corresponding to relatively Ni-poor single awaruite grains, whereas heazlewoodite 

and pentlandite have compositions of Fe3Ni55S42 and Fe26Ni24S48, respectively.

Plagioclase is extremely Na-rich and classified as albite. It has slight heterogeneity with 

variation of albite content (Ab = 100 × Na/(Ca + Na+K)) from 91 to 93. It is also rich in 

orthoclase component (Or = 100 × K/(Ca + Na+ K)) ranging from 4 to 6, while the anorthite 

content (An = 100 × Ca/(Ca + Na+K)) varies from 2 to 3.

3.2. Geothermometry and geobarometry

The temperatures estimated by applying the two-pyroxene geothermometer of Lindsley and 

Andersen (1983) to 18 pairs of orthopyroxene and augite inverted from pigeonite range from 
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900 to 1200 °C, with an average of 1050 °C. Olivine-spinel Fe-Mg exchange 

geothermometry of Fabriés (1979) for neighboring spinel and olivine yields temperatures 

ranging from 850 to 970 °C with an average of 900 °C. The cooling rate of NWA 6704 can 

be constrained from the relationship between the calculated temperature of the average 

olivine composition and chromite core (T*) and sizes (ϕ = ~35–260 μm in diameter) of 

respective chromite grains by applying geospeedometry established by Ozawa (1984). The 

T*–ϕ diagram (Fig. 10) indicates a cooling rate of 10−4–10−2 °C/h. Considering, however, 

that NWA 6704 is composed predominantly of orthopyroxene in which Mg-Fe diffusion is 

slower than in olivine, the actual cooling rate was slower than this estimate.

The coexistence of olivine, orthopyroxene, and spinel allows us to constrain the oxygen 

fugacity (fO2) on the basis of the olivine-spinel oxygen geobarometry of Ballhaus et al. 

(1991). Using the temperature estimated from the olivine-spinel Fe-Mg exchange 

geothermometer for each chromite grain, the fO2 is constrained to be 2.6 log units below the 

fayalite-magnetite-quartz buffer (FMQ −2.6). The result is consistent with the presence of 

Ni-rich metal (78–81 wt.% Ni) and ferric content in chromite (2.23 wt.% Fe2O3).

3.3. Major and trace elements

The measured whole rock and mineral compositions of NWA 6704 measured by solution-

based ICP-MS are summarized in Table 4. The bulk major element compositions estimated 

using the modal mineral abundances obtained from the phase maps (Table 2) and mineral 

chemical compositions (Table 3) are also listed in the table. The XRF major element 

analysis of fragment #5 yielded substantially 6% lower SiO2 and 4% higher FeO contents 

than the estimates on fragment #4 using the modal mineral abundance and mineral 

compositions, indicating chemical heterogeneity among the fragments. The Si/Mg ratio in 

the both fragments is distinctly higher than that in CI chondrites (Si/Mg ~ 1.9–2.2 × CI), 

whereas relative abundances of Na, Ni, Fe, Mn, K and Ca to Mg are similar to or slightly 

lower than those in CI chondrites (~0.8–1.0 × CI). In Fig. 11, the whole rock major and trace 

element abundances of NWA 6704, normalized to CI chondrite abundances (Palme and 

O’Neill, 2014), are plotted against the order of decreasing incompatibility to orthopyroxene 

(Kennedy et al., 1993; Bédard, 2007; Laubier et al., 2014) (Fig. 11a) and the 50% 

condensation temperature for a solar composition gas at 10−4 bar (Tc, Lodders, 2003) (Fig. 

11b). The plots show that, relative to CI chondrite, NWA 6704 is depleted in elements 

having Tc of <900 K irrespective of lithophile, siderophile, or chalcophile (Fig. 11b), 

whereas there is no systematic change in the relative elemental abundances with the 

incompatibility (Fig. 11a). Among the two whole rock fractions analyzed for trace elements, 

fragment #3 has markedly higher abundances of Sr and Ba than fragment #6. Considering 

that these elements are sensitive indicators of terrestrial weathering (Barrat et al., 2003), the 

data suggest that fragment #3 is more affected by terrestrial weathering. Both of the two 

fragments show moderate depletion in heavy REE abundances as compared to CI chondrite 

(0.5 × CI) with only slightly light REE depleted to enriched patterns ([La/Yb]N = 0.63–2.1, 

[Eu/Eu*] = 0.84–1.09) (Fig. 12). The present data for NWA 6704 and NWA 6693 are 

generally consistent with those obtained for NWA 6693 by Warren et al. (2013), except for 

Cr, some REE, Ni, V, and Co. The differences may be partly due to the uneven distribution 

of minor phases such as Ni-Fe-metal, phosphate, and chromite between samples.
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3.4. Highly siderophile elements and Re–Os isotopes

The HSE abundances and 187Re–187Os systematics for NWA 6704 are presented in Table 5. 

Highly siderophile element abundances, normalized to CI chondrite abundances (Orgueil; 

Horan et al., 2003) are shown in Fig. 13. The milligram-sized bulk fragments have broadly 

chondritic HSE abundances, ranging from ~0.2 × to ~5 × CI abundances of Ir. The metal 

fraction has much higher HSE abundances, with ~48 × CI Ir. By contrast, the silicate 

fraction has much lower HSE abundances than bulk fractions, with ~0.05 × CI Ir. The 

relative abundances of all fractions are only slightly fractionated from CI chondrite relative 

abundances. CI-normalized Re/Ir, Os/Ir, Ru/Ir, Pt/Ir, and Pd/Ir range from 0.7–1.7, 0.7–1.4, 

0.8–1.7, 1.0–1.4, and 0.7–2.2, respectively. To estimate NWA 6704 HSE abundances at the 

whole-rock scale, the HSE abundances of the milligram-sized bulk fragments were 

averaged, weighted by mass (Fig. 13). Although the HSE abundances of a calculated whole 

rock composition are similar to bulk chondrites, on a finer scale there are HSE fractionations 

and large variations in the absolute HSE abundances among milligram-sized bulk fragments.

The 187Re–187Os systematics are shown in Fig. 14. The milligram-sized bulk fragments 

have 187Os/188Os ranging from 0.121 to 0.147, while those ratios in metal and silicate 

fractions are within the range. The 187Os/188Os in the bulk and metal fractions are correlated 

well with Re/Os but not with 1/Os (Fig. 14a and b), indicating that the regression line in Fig. 

14a represents not a mixing line but an isochron. The isochron regression using ISOPLOT 

(Ludwig, 2001) defines an age of 4576 ± 250 Ma, indicating early Solar System closure of 

the isotope system. By contrast, the silicate fraction plots below this isochron (Fig. 14a). The 
187Re–187Os systematics of these samples can be expressed in ΔOs units (where ΔOs is the 

deviation in parts per 10,000, from a primordial 4568 Ma reference isochron, using 

parameters from Becker et al. (2001) and Archer et al. (2014) (ΔOs = 104 × [187Os/
188Ossample − [0.09517 + 0.07908 × 187Re/188Ossample]]). The ΔOs of bulk samples and 

metal range from +0.8 to +6.8, whereas the silicate sample has a ΔOs value of −24 ± 10 

(Table 5; Fig. 14c). The larger error bars for the silicate are the result of low Re and Os 

abundances, and consequently, larger blank corrections.

3.5. Oxygen and Ti isotopes

The results of O isotope analyses of NWA 6704 are summarized in Table 6, together with 

those of a different fragment of NWA 6704 (Irving et al., 2011) and paired NWA 6693 

(Warren et al., 2013). The five fractions analyzed in this study yielded slightly variable δ18O 

and δ17O values but identical Δ17O values within analytical uncertainty. Moreover, the δ18O 

and δ17O values are clearly distinct from the previously reported values for NWA 6704 

(Irving et al., 2011), while the Δ17O values are consistent with those of Irving et al. (2011). 

The variations in the δ18O and δ17O values can be attributed to the difference in mineral 

abundance among the analyzed fractions. Our results yield an average Δ17O value of –1.052 

± 0.004 (2 SD), which is similar to the Δ17O value of –1.08 obtained from paired NWA 6693 

(Warren et al., 2013).

The Ti isotope ratios normalized using the exponential law are presented in Table 7, whereas 

those using the equilibrium law are reported in Table EA-9. There are no resolvable 

differences between ε46, 48, or 50Ti values obtained with the exponential and equilibrium 
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laws, and the former will be used for the following discussion. The two analyzed chromite 

fractions yielded identical results. The average ε46Ti and ε48Ti values are 0.06 ± 0.39 and 

0.21 ± 0.54 (2 SD), which are indistinguishable from the results of the terrestrial basalt 

BCR-2. By contrast, the average ε50Ti value of 2.28 ± 0.23 (2 SD) is markedly higher than 

that of the terrestrial rock. The Ca/Ti, V/Ti and Cr/Ti ratios in the measured sample fractions 

are 2.0 × 10−3, 10−5, and 10−5, respectively. There is no correlation between ε50Ti and V/Ti 

nor Cr/Ti, indicating that the observed 50Ti excess in NWA 6704 is not an analytical artifact 

of the interferences of 50Cr and 50V. These results are consistent with those obtained for a 

whole rock fraction of NWA 6704 (Sanborn et al., 2019). Furthermore, the ε50Ti and ε46Ti 

values are plotted on the correlation line proposed for Solar System objects by Trinquier et 

al. (2009) (ε50Ti = (5.48 ± 0.27) × ε46Ti − (0.04 ± 0.20)) within analytical uncertainty.

4. DISCUSSION

4.1. Crystallization process of NWA 6704

The overall texture of NWA 6704 is characterized by interlocking aggregate of 

orthopyroxene megacrysts with finer euhedral-subhedral olivine and anhedral plagioclase. 

The crystallographic consistency of the apparently isolated plagioclase domains indicates 

that the apparent “inclusions” are inter-connected in three dimensions, and thus 

orthopyroxene megacryst and plagioclase are interlocked. The dihedral angles of plagioclase 

against contacting two mafic crystals are very low (θ ≤ 40°), but the tips of plagioclase are 

rounded on the scale of ~10 μm (Fig. 6–i), implying that plagioclase crystallized from melt 

filling interstices of mafic minerals and its morphology was frozen at the stage approaching 

the textural equilibrium characterized by the median angle populations of 100°–130° for 

granulite-grade rocks (Kretz, 1966; Vernon, 1968, 1970). In addition to these dihedral angle 

features, the coexistence of curvatures (or cuspate) and straight interfaces (Fig. 6–ii) is 

consistent with the growth of orthopyroxene narrowing melt filled spaces before the 

crystallization of plagioclase. Further, such facets are parallel to the c-axis of orthopyroxene 

(Fig. 4), indicating that the outline of plagioclase is controlled by the rational crystal facets 

of orthopyroxene megacrysts. These observations strongly suggest that orthopyroxene 

megacrysts of NWA 6704 originally had “hollow” structures, and that plagioclase filled the 

space of a well-connected, complex network of pores in the megacrysts.

Minor phases in NWA 6704 include pigeonite, chromite, metal, sulfides and merrillite. 

Pigeonite occurs as rims on some orthopyroxene megacrysts, whereas the other minor 

phases are intimately associated with olivine and plagioclase. These observations indicate 

that the orthopyroxene started to crystallize in the melt before the other phases. Moreover, 

the occurrence of chromite and awaruite as inclusions in olivine indicates that they 

crystallized earlier than olivine. On the other hand, merrillite occurs in the margin of olivine 

as well as orthopyroxene. Thus, the following crystallization sequence is inferred: 

orthopyroxene (pigeonite) → awaruite, chromite → olivine → merrillite → plagioclase. 

Besides, the compositional variations observed in some orthopyroxene megacrysts 

containing Mg-rich cores (Fig. 9) indicate that the mantle characterized by the Ca and Mg 

plateaus grew slightly before the crystallization of “normal” orthopyroxene, which was 

followed by the overgrowth of pigeonite. The chemically distinct core is considered to 
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represent a relict grain from the precursor, which must have existed before the crystallization 

of the megacryst. The gradual compositional change is attributed to diffusion between the 

relict core and the host magma before the major crystallization stage of orthopyroxene. The 

vermicular olivine may also be inherited from the precursor, given that they always occur in 

cores of orthopyroxene megacrysts and have distinct chemical and crystallographic features 

from the normal olivine (Table 3).

Our EBSD mapping demonstrates that elongation of orthopyroxene megacrysts is along c-

axis (Fig. 4). Such extension of single crystals in preferred growth orientations generally 

forms dendrites, a crystal having a branching structure with uniform lattice and optical 

properties throughout (Cody and Cody, 1995). Hence, the organized subdivision into sub-

parallel units of megacrysts suggests their crystallization by dendritic growth and ripening, 

rather than by a complex combination of nucleation or crystal aggregation (Welsch et al., 

2012). Such dendritic structure of each orthopyroxene megacryst is partly recognizable in 

the micro-CT images (Fig. 2a and EA-7).

Branching, dendritic crystals generally form under extreme super-saturation conditions 

(Lofgren, 1980; Vetere et al., 2015), suggesting that the initial cooling rate of NWA 6704 

was very rapid. Crystal morphology as a function of cooling rate was investigated for 

various melts by dynamic crystallization experiments (e.g., Lofgren, 1980). The results for 

basaltic compositions showed that the typical crystal shape is euhedral-equant and slightly 

skeletal or blocky at <2 °C/h, elongate and skeletal to even more acicular at 2–10 °C/h, 

dendritic to spherulitic at >10 ° C/h, and a feathery texture as observed in “spinifex-textured 

rock” (Fleet and MacRae, 1975) at >50 °C/h. Vetere et al. (2015) confirmed that elongated 

dendrites can form even by heterogeneous crystallization at cooling rates of 7–60 °C/h from 

the starting temperature of 1300 °C, whereas crystallization is suddenly suppressed at 

>1800 °C/h from the same starting temperature, leaving glassy products. These experiments 

were mostly on clinopyroxene, olivine, and plagioclase, which could show morphological 

behaviors distinct from orthopyroxene. Nevertheless, skeletal or dendritic orthopyroxene has 

been reported from rapidly solidified terrestrial rocks, such as komatiite lavas (Arndt and 

Fleet 1979) and orbicular diorite intrusions (Durant and Fowler, 2002), suggesting that 

orthopyroxene dendrite could form essentially in the same manner as clinopyroxene. Thus, 

we infer that the initial cooling rate of NWA 6704 was most likely about 1–102 °C/h 

(dendrite formation conditions) and not higher than 103 °C/h (glass formation conditions).

The grain sizes of the NWA 6704 orthopyroxenes (0.4–1.7 cm) are significantly larger than 

dendritic crystals observed in eucrites or lunar and Martian basalts (μm to ~mm; Barrat et 

al., 2003; Walton and Herd, 2007; Hewins and Zanda, 2012). Such coarse dendritic crystals 

would be formed when very few nuclei exist in the superheated parental melt at the onset of 

cooling, so as to suppress homogeneous nucleation (Walton and Herd, 2007). Remarkably, a 

thin section of the fine lithology tends to contain more orthopyroxene grains with Mg-rich 

cores and vermicular olivine inclusions that are considered to be inherited components from 

the precursor (Fig. 8b and 9). The relationship may reflect that these cores acted as nuclei 

for the dendritic growth of orthopyroxene giving rise to megacryst formation when such 

nuclei are limited in number.
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In contrast to the initial very high cooling rate to produce the dendritic texture for 

orthopyroxene, the olivinespinel geospeedometry indicates a significantly slower cooling 

rate of <10−4–10−2 °C/h at 850–970 °C (Fig. 10). A similar cooling rate of 2.0 × 10−2 °C/h 

at a temperature interval between 1100 and 950 °C is estimated from the thickness and 

wavelength of some augite exsolution lamellae that are similar to those observed in the 

Zagami martian meteorite (Brearley, 1991; Takagi et al., 2014). These results indicate that 

the cooling rate significantly decreased below a temperature of ~1100 °C during the cooling 

of NWA 6704.

On the basis of the textural and mineral chemical data and the above considerations, the 

following crystallization processes are inferred for NWA 6704: (1) the parental magma was 

initially dominated by melt with a few grains of relict Mg-rich orthopyroxene and 

vermicular olivinebearing orthopyroxene, (2) orthopyroxene rapidly crystallized under 

highly super-saturation conditions, mostly on the preexisting seeds, which suppressed 

homogeneous nucleation and resulted in the formation of orthopyroxene megacrysts with 

dendritic and branching morphology, (3) as the temperature fell with decreasing cooling 

rate, the dendritic growth of orthopyroxene ceased and thickening of the branches proceeded 

with crystallization of awaruite and chromite followed by olivine and merrillite, narrowing 

the pore space between the orthopyroxene branches, (4) plagioclase started crystallization 

with limited numbers of nuclei when a interstitial residual melt was still well-connected, and 

eventually it completely filled the pore space.

The initial state of the crystallization can be further explored from the diffusional zoning 

developed around the relict Mg-rich core of orthopyroxene megacryst. Applying the average 

Fe2+-Mg interdiffusion coefficient along the c and b axis directions of orthopyroxene of 

Ganguly and Tazzoli (1994), the diffusional profile indicates that the time scale of heating 

and cooling was on the order of <102 s. Such instantaneous melting is consistent with the 

presence of vermicular olivine inclusions. Reaction experiments between natural olivine 

crystals (Fo91, Fo39, and Fo31) and SiO2-rich melt at high temperatures (1100–1320 °C) 

showed that vermicular olivine can form via its partial dissolution under the conditions 

where the olivine has an Fe content higher than the equilibrium Fe content of olivine with 

the melt and when the duration of heating is too short (<102 h at >1300 °C) to dissolve the 

Fe-rich olivine out (Tsuchiyama, 1986).

Most of the petrologic and mineral chemical features of NWA 6704 described above are 

consistent with those reported for paired NWA 6693, such as the intact igneous texture with 

the lack of shock metamorphic features, optical continuity of plagioclase over large areas, 

micro-inclusion alignments in plagioclase, and Ni-rich olivine, metal and sulfide 

compositions, even though an olivine-rich clast reported for NWA 6693 (Warren et al., 2013) 

has not been found in NWA 6704. Nevertheless, the inferred crystallization process is 

inconsistent with previously proposed cumulate origin for NWA 6693/6926 by Warren et al. 

(2013), who interpreted that NWA 6693 underwent an intense shock after its formation as a 

cumulate, causing selective melting of plagioclase and infiltration of the melt to account for 

the optical continuity of plagioclase. However, the dendtritic structure of orthopyroxene 

megacrysts and the presence of glass- and skeletal orthopyroxene-bearing inclusions in 

olivine (Fig. 8a) provide strong evidence for rapid cooling during crystallization of the mafic 
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minerals. In addition, as discussed below, the rapid initial crystallization rather than 

cumulate origin can be more readily reconciled with the lack of chemical evidence for 

significant magmatic fractionation.

4.2. Highly siderophile element systematics of NWA 6704

Although the 187Re–187Os system cannot be used for precise dating of NWA 6704 formation 

because of the limited variation in Re/Os, it is useful for placing constraints on the 

occurrence and timing of secondary processes that may have affected the HSE in NWA 6704 

fractions. The 187Re–187Os systematics of NWA 6704 bulk and metal fractions are generally 

consistent with system closure since formation, given that they fall on or near a primordial 

isochron (Fig. 14a). The deviation of the silicate fraction from a primordial isochron most 

likely indicates that a minor amount of Re has been added (Fig. 14c). Prior studies have 

noted similar disturbances of the Re–Os systems in some samples from Northwest Africa 

(Brandon et al., 2012). Despite the minor disturbance, the HSE abundances of the silicate 

sample were not evidently affected by secondary processes by more than a few percent.

The relative and absolute HSE abundances of bulk fragments are broadly chondritic, but 

variable among individual fragments. The variation in HSE abundances indicates that HSE 

carriers are heterogeneously distributed on a milligram scale in NWA 6704. The 

heterogeneity most likely reflects a nugget effect of HSE-rich carriers, as argued by Warren 

et al. (2013) for paired NWA 6693. Further, some modest Re/Os variations among different 

bulk fragments may be partly attributed to Re/Os fractionation caused by changing redox 

states, as Re has the highest oxidation potential among the HSEs. Indeed, the occurrence of 

Feand Ni-rich olivine grains observed along the boundaries between large awaruite and 

orthopyroxene grains (Fig. 8d) suggests olivine formation via oxidation reaction of awaruite 

consuming orthopyroxene during cooling.

Warren et al. (2013) reported depletions in the abundances of S and chalcophile elements 

relative to bulk CI chondrites in paired NWA 6693. In addition to being siderophile, the 

HSE, and especially Pd, are also chalcophile. Sulfides in iron meteorites can have Pd 

abundances that are ~10% of the Pd abundances of coexisting Fe, Ni-rich metal (Carlson and 

Hauri, 2001). Therefore, sulfide loss may result in Pd depletions and HSE fractionations if 

sulfides act as a major HSE carrier. However, bulk fragments of NWA 6704 do not have Pd 

depletions. Therefore, despite the loss of S and chalcophile elements (and possibly sulfide 

phases), Pd behaved coherently with the other HSE and remained almost wholly retained in 

the metal. Evidently, under the formation conditions of NWA 6704, Pd behavior was far 

more siderophile than chalcophile.

Igneous processes should have equilibrated the HSE among metals and silicates. However, 

the apparent NWA 6704 metal/silicate concentration ratio for Ir is ~960. Although metal-

silicate partition coefficients tend to decrease with increasing pressure and temperature for at 

least some HSE (e.g., Mann et al., 2012), even under P-T conditions appropriate for the 

terrestrial lower mantle, partition coefficients for Ir do not decrease below ~104. Thus, the 

HSE abundances of the measured NWA 6704 silicate fraction either reflect disequilibrium or 

the presence of some small fraction of HSE- rich metal or sulfide. Mixing calculations 

indicate that the presence of only 0.2% of the measured metal in a virtually HSE-free silicate 
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fraction can broadly account for the HSE abundances in the silicate fraction. However, the 

relative HSE abundances of the metal and silicate fraction are not identical (Fig. 13). 

Therefore, metal or sulfide present in the silicate fraction must have relative HSE 

abundances that differ from the measured metal fraction. This may reflect restricted addition 

of exogenous HSE-enriched, possibly impactor materials during or subsequent to magmatic 

crystallization, as observed for some basaltic achondrites (Riches et al., 2012). Note, 

however, that such contamination should have trivial effect on the HSE systematics of bulk 

and metal fractions because of their higher abundances. Indeed, their 187Re–187Os 

systematics define a primordial isochron rather than a mixing line (Fig. 14a and b).

4.3. Constraints on parent body processes

Multiple processes, including core formation, silicate differentiation, and degassing, can give 

rise to chemical variations among different parts of planetary bodies. Immediately following 

core formation, the HSE concentrations of the silicate portions of planetary bodies were 

most likely highly depleted and fractionated, relative to chondrites (e.g., Capobianco et al., 

1993) because the HSE have high (>104–106 under low pressure conditions) and variable 

metal-silicate partition coefficients (e.g., Kimura et al., 1974; Newsom, 1990; O’Neill et al., 

1995; Borisov and Palme, 1995; Fortenfant et al., 2003). In addition, the HSE are typically 

fractionated during silicate differentiation because of their diverse compatibilities in silicate 

systems (e.g., Barnes et al., 1985; Walker et al., 1999; Puchtel et al., 2004, 2007; Day et al., 

2010). The absolute and relative HSE abundances of a calculated whole rock, which were 

calculated from the four bulk fragments, are broadly chondritic (Fig. 13). Except for Pd, the 

HSE abundances of the estimated whole rock composition are within 2r of carbonaceous, 

ordinary, enstatite, and Rumuruti-like chondrites (Fig. 15a), and one of the bulk fragments 

has HSE abundances that are within 2σ of ordinary chondrites for all HSE, including Pd. 

The HSE of NWA 6704 are also less fractionated than primitive achondrites, including 

ureilites, brachinites, brachinite-like achondrites, and GRA 06129 (Fig. 15b). Further, 

Warren et al. (2013) reported that the relative and absolute abundances of siderophile 

elements (including Co, Ni, Ir, Os, and Au) and non-volatile lithophile elements of paired 

NWA 6693 are only minimally fractionated relative to bulk chondrites. The nearly chondritic 

absolute and relatively unfractionated HSE abundances of NWA 6704 and NWA 6693 

indicate that their precursor rocks most likely had chondritic absolute and relative HSE 

abundances, and that they crystallized from a melt that underwent only minor metal and 

sulfide fractionation. This, in turn, suggests that a parent body had not segregated metal or 

sulfide on a global scale to form a core by the time the samples formed.

The significance of the parent body differentiation can be further constrained from other 

geochemical systematics of NWA 6704. Silicate differentiation processes including crystal 

accumulation should cause significant fractionation between elements having highly 

different compatibilities in silicate systems. The CI chondrite-normalized REE pattern of 

NWA 6704 is compared with those of NWA 6693 and primitive achondrites in Fig. 12. The 

absolute abundances of REE in NWA 6704 and NWA 6693 are slightly sub-chondritic (0.4–

0.7 × CI), which led some to argue its cumulate origin (Jambon et al., 2012; Warren et al., 

2013). However, the only weakly fractionated REE patterns of NWA 6704 and NWA 6693 

(Fig. 12), together with the lack of systematic depletion of highly incompatible lithophile 
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and siderophile elements (Fig. 11b and 13), require that neither the parental magma nor 

precursor underwent significant silicate differentiation.

A plot of Fe/Mn ratio vs. Fe/Mg ratio (Fig. 16) can be used to evaluate chemical 

fractionation during planetary processes, because (1) silicate differentiation is accompanied 

by variation in Fe/Mg ratio with minor Fe/Mn fractionation, (2) metal-silicate segregation 

causes correlated changes in Fe/Mn and Fe/Mg ratios, and (3) volatility-controlled 

differentiation can lead to more variation in Fe/Mn ratio than in Fe/Mg ratio (Goodrich and 

Delaney, 2000). Like primitive achondrites, NWA 6704 yields a Mn/Mg ratio (~1.06 × CI) 

within the range of chondritic ratios. As compared to primitive achondrites including 

lodranites and winonaites/IAB (~0.73 × CI and ~0.65 × CI, respectively), NWA 6704 has 

Fe/Mn and Fe/Mg ratios (Fe/Mg ~ 1.18 × CI; Fe/Mn ~ 1.11 × CI) similar to those of 

carbonaceous chondrites, which is consistent with the restricted silicate differentiation and 

metal-silicate segregation.

NWA 6704 is severely depleted in elements having Tc of <900 K, relative to the reference 

CI chondrite (Fig. 11b). Such depletion is recognizable for NWA 6693, but the degrees of 

the depletion are remarkably different between the two meteorites especially for Rb, Pb, and 

Te (Table 4). Further, a whole rock sample of NWA 6693 used for Rb–Sr dating has a nearly 

chondritic Rb abundance of 3.2 μg/g, which is one order of magnitude higher than that of 

NWA 6704 (Amelin et al., 2019). As a result of the Rb abundance variation, mineral 

separates of NWA 6704 and NWA 6693 yielded clearly distinct 87Rb/86Sr and 87Sr/86Sr 

ratios, but the Rb–Sr isotope data define a single isochron with an age of 4.54 ± 0.03 Ga, 

which is consistent with the Pb–Pb and Al–Mg ages (Amelin et al., 2019; Sanborn et al., 

2019). This indicates that the observed Rb variation was established at or around the time of 

crystallization, implying that the depletion of the highly volatile element with variable 

degrees resulted from a high-temperature magmatic event forming NWA 6704 and NWA 

6693.

Limited chemical fractionation among elements with TC > 900 K indicates that the effects of 

planetary differentiation processes must have been restricted for NWA 6704 and NWA 6693 

compared to primitive achondrites characterized by more fractionated chemical 

compositions. The large-scale distributions of HSE-rich carriers (primarily metal and 

sulfides) in NWA 6704 appear to have been largely unchanged during melting and 

crystallization. Transport of these carriers must have therefore been limited. Moreover, 

fractional melting in the precursor and crystal accumulation in the parental magma should 

have been insignificant. One possibility for the restricted differentiation despite melting and 

crystallization is that the NWA 6704 parent body was too small for gravitational separation 

of metals, sulfides or silicate minerals from melt. Alternatively, melting and crystallization 

may have happened on a timescale that was too short to allow segregation of these phases. 

The latter is compatible with the petrological observations suggesting instantaneous melting 

followed by rapid crystallization. Plausibly, a chondrite-like precursor to NWA 6704 was 

rapidly heated well above liquidus temperature such that the generated melt contained a 

limited number of relics from the precursor and retained the primitive chemical features 

except for the highly volatile elements with Tc of <900 K that were lost by degassing. This 

rapid heating was immediately followed by rapid cooling, which resulted in the formation of 
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dendritic orthopyroxene megacrysts and prevented silicate differentiation and metal/sulfide 

segregation. Such precipitous thermal phenomenon may be implemented by an impact event, 

even though no unambiguous mineralogical evidence for this proposal, such as the presence 

of high-pressure phases, is preserved in NWA 6704.

4.4. Constraints on the provenance of the parent body

The O isotope compositions of meteorites have long been used to investigate their parent 

bodies, since different meteorite groups and, by extension, different planets have distinct 

Δ17O values, probably as a result of isotope-selective photo-dissociation of CO in the early 

solar nebula (Clayton, 2002; Yurimoto and Kuramoto, 2004; Lyons and Young, 2005). More 

recently, it has been shown that each meteorite group has distinctive mass independent 

isotope variations of heavier elements such as Ti, Cr, and Ni (Trinquier et al., 2007, 2009; 

Dauphas and Schauble, 2016, and references therein). In particular, carbonaceous chondrites 

have substantially higher values of ε50Ti and ε54Cr as compared to most differentiated 

meteorites and ordinary and enstatite chondrites. The carbonaceous chondrite parent bodies 

(C-type asteroids) are considered to have accreted in the outer solar system and then 

implanted into the main asteroid belt (Walsh et al., 2011). Thus, the isotope data are 

interpreted to reflect distinct isotope features between the inner and outer early solar nebula 

(Warren, 2011; Budde et al., 2016; Van Kooten et al., 2016; Kruijer et al., 2017). This 

potentially offers a new means of assessing the parent body provenance, even though the 

cause of the isotope variations is a matter of on-going debate (e.g., Trinquier et al., 2009; 

Dauphas et al., 2010; Qin et al., 2011). In Fig. 17, we compare the O–Ti–Cr isotope 

systematics of NWA 6704 and other planetary materials (the ε54Cr value of 1.69 ± 0.07 for 

NWA 6704 is from Sanborn et al., 2019). The comparison shows that NWA 6704 plots 

within the range of carbonaceous chondrites. This correspondence suggests that its parent 

body sampled the same reservoirs of O, Ti and Cr in the outer solar system as the 

carbonaceous chondrite parent bodies. If so, it is likely that the precursor of NWA 6704 was 

originally hydrous, but water was lost during the magmatic event together with the highly 

volatile elements such as Rb. The empty inclusions observed in the orthopyroxene 

megacrysts (Fig. 5a and b) may represent a vestige of trapped fluid that was derived from the 

hydrous precursor.

NWA 6704 shows further similarities to carbonaceous chondrites in fO2 and refractory 

major element abundances. The fO2 of NWA 6704 (FMQ −2.6) estimated from the olivine-

spinel geobarometry is similar to those of CV chondrites and distinctly higher than those of 

ordinary and enstatite chondrites (Righter and Neff, 2007), suggesting its parent body 

accretion in a relatively oxidized environment. The Al/Mg and Ca/Mg ratios in NWA 6704 

(Al/Mg ~ 1.27 × CI; Ca/Mg ~ 1.06 × CI) are within the range of carbonaceous chondrite 

values (Al/Mg 0.98–1.37 × CI; Ca/Mg 0.97–1.38 × CI), while those ratios are distinctly 

lower in non-carbonaceous chondrites (Al/Mg 0.84–0.93 × CI; Ca/Mg 0.75–0.94 × CI) that 

have lower abundances of refractory Ca-Al-rich inclusions (CAIs) in non-carbonaceous 

chondrites (e.g., Palme, 2000; Rubin, 2011) (Fig. 18).

On the other hand, NWA 6704 is clearly distinct from both carbonaceous and non-

carbonaceous chondrites in its high Si/Mg (~1.85 × CI; chondrites and primitive achondrites 
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0.62–1.40 × CI). Such elevated Si/Mg ratio is observed also in NWA 6693 (Warren et al., 

2013) and results in their higher modal ratios of low-Ca pyroxene to olivine than those in 

carbonaceous chondrites. The high Si/Mg ratio in NWA 6704 cannot be attributed to igneous 

differentiation on its parent body, because the nearly chondritic HSE and only weakly 

fractionated REE patterns preclude significant magmatic fractionation (previous section). 

Aqueous alteration processes are incapable of fractionating Si from Mg without a 

remarkable change of Fe/Mg ratio (Tomeoka and Buseck, 1985; McSween, 1987) that is not 

observed in NWA 6704. It is difficult to account for the increased Si/Mg ratio by 

volatilization processes on the parent body, given the rather chondritic Na/Mg and K/Mg 

ratios in NWA 6704 and NWA 6693 (Fig. 18) despite more volatile features of Na and K 

relative to Si. Instead, the Si enrichment in NWA 6704 may result from cosmo-chemical 

fractionation in the solar nebula that is thought to be responsible for Si/Mg variations among 

different chondrite groups (Larimer, 1979).

It has long been known that carbonaceous and non-carbonaceous chondrites define distinct 

trends in a Mg/Si vs. Al/Si diagram (Fig. 19) (Jagoutz et al., 1979; Larimer, 1979; 

Alexander, 2005): there are little Mg/Si variations but significant Al/Si variations for 

carbonaceous chondrites, whereas correlated variations between Mg/Si and Al/Si ratios are 

observed for non-carbonaceous chondrites. On the basis of predicted condensation sequence 

for the cooling solar nebula, the cosmochemical trend for carbonaceous chondrites has been 

considered to reflect the addition of the earliest condensates to the solar (CI) composition, 

whereas that for non-carbonaceous chondrites has been explained by the removal of 

forsterite and earlier condensates (Larimer, 1979). The nebular fractionation of forsterite is 

consistent with a more recently recognized correlation between the Mg/Si ratios and Si 

isotopic compositions of different meteorite groups (Fitoussi et al., 2009; Dauphas et al., 

2015).

If the significantly lower Mg/Si ratio in NWA 6704 (Mg/Si ~ 0.52 × CI) is due to the nebular 

fractionation, then the NWA 6704 parent body likely formed in a region of the 

protoplanetary disk where the forsterite component was significantly depleted as compared 

to the accretion regions of any known chondrites. At the same time, the remarkable deviation 

of NWA 6704 from the noncarbonaceous chondrite trend (Fig. 19) suggests that the most 

refractory component was relatively enriched in the region. Given that CAIs and refractory 

presolar materials exhibit high ε50Ti and ε54Cr values (e.g., Choi et al., 1998; Trinquier et 

al., 2009; Qin et al., 2011; Kööp et al., 2016), the refractory component enrichment in NWA 

6704 can account for its carbonaceous chondrite-like Ti and Cr isotopic compositions 

despite of its non-chondritic Mg/Si ratio.

5. SYNTHESIS AND IMPLICATIONS

The unique achondrite NWA 6704 consists of orthopyroxene megacrysts with finer 

interstitial crystals of olivine, chromite, awaruite, sulfides, plagioclase and merrillite. The 

petrology, morphology and mineral chemistry collectively indicate the following 

crystallization sequence for NWA 6704: (1) melt-dominant state with a few grains of relict 

Mg-rich orthopyroxene and vermicular olivine-bearing orthopyroxene, (2) following rapid 

growth of orthopyroxene mostly on the preexisting seeds under high super-saturation 
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conditions, which suppressed homogeneous nucleation and resulted in the formation of 

orthopyroxene megacrysts (up to ~1.7 cm) with dendritic and branching morphology, (3) as 

the temperature fell, dendritic growth of orthopyroxene ceased and thickening of branches 

proceeded with crystallization of awaruite and chromite followed by olivine and merrillite in 

the pore space between the orthopyroxene branches, and (4) finally plagioclase crystallized 

with limited numbers of nuclei and filled the well-connected pore space, resulting in the 

interlocking between plagioclase and othropyroxene megacrysts. The diffusional zoning 

profile in a high Mg# pyroxene core, together with the presence of vermicular olivine 

inclusions, indicates that the initial melt-dominant state was instantaneous. The dendritic 

textures of orthopyroxene also indicate its rapid crystallization under super-cooling (1–

102 °C/h) conditions. By contrast, the olivine–spinel geospeedometry records the notable 

decrease in cooling rate at a later stage of crystallization (<10−4–10−2 °C/h at below 

~1100 °C).

The Re–Os isochron age of 4576 ± 250 Ma, defined by the bulk and metal fractions, 

suggests system closure since crystallization. The roughly chondritic HSE abundances of the 

bulk fragments with only weakly fractionated HSE and REE patterns require that the 

parental melt and precursor had undergone neither significant segregation of metals, 

sulfides, nor silicate minerals. Furthermore, the variable degrees of depletion in elements 

having Tc of <900 K relative to chondrites suggest volatilization of the elements during the 

magmatism to form NWA 6704. The limited chemical fractionations among moderately and 

highly refractory elements during the igneous event can be attributed to the short-time scale 

of the melting of the precursor and following crystallization. The precipitous thermal event 

might occur as a result of an impact event, even though no diagnostic impact features are 

observed in the mineralogy of NWA 6704. Such impact melting has been previously inferred 

for the origin of acapulcoites, lodranites, and ureilites (Rubin, 2007; Warren and Rubin, 

2010), while others have proposed that the internal radioactive decay of 26Al was the heat 

source for melting and metamorphism of these meteorites (e.g., McCoy et al., 1996; Touboul 

et al., 2009; Keil and McCoy, in press). The consistent U–Pb (4562.76 + 0.22/−0.30 Ma: 

Amelin et al., 2019), Al–Mg (4563.13 ± 0.27 Ma, Sanborn et al., 2019) and Mn–Cr ages 

(4562.17 ± 0.76 Ma, Sanborn et al., 2019) of NWA 6704 indicate that the parent body 

accreted within ~4 Ma after CAI formation. It is, therefore, most likely that the parent body 

was internally heated by 26Al decay. However, heating solely by the internal radioactive 

decay would not cause rapid melting well above liquidus temperature as inferred for NWA 

6704. We envision that an impact event on the radioactively heated, but not differentiated 

parent body induced a regional instantaneous melting up to a super-liquidus temperature 

immediately followed by rapid cooling. As a result, coarse orthopyroxene dendrites 

crystallized from the generated melt having a chondritic composition on the surface. The 

decrease of cooling rate in the late stage of the crystallization may reflect its burial under hot 

debris piled up within an ejecta blanket. Assuming that the cooling proceeded essentially by 

thermal conduction with a thermal diffusivity of 10−7 m2/s (Horai and Winkler, 1974), the 

burial depth is estimated to be on the order of ~102 m.

The O and Ti isotope compositions of NWA 6704 are similar to those of carbonaceous 

chondrites and distinct from those of non-carbonaceous chondrites. The Cr isotope data 

provide a consistent view of the isotopic similarity to carbonaceous chondrites (Sanborn et 
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al., 2019). Further similarities between NWA 6704 and carbonaceous chondrites are 

observed in fO2 and refractory major element abundances such as Ca/Mg and Al/Mg ratios. 

However, NWA 6704 has a Mg/Si ratio significantly lower than observed in carbonaceous 

chondrites and non-carbonaceous chondrite trend. These findings imply that the NWA 6704 

parent body formed under oxidized conditions in an outer region of the solar system where 

nebular fractionation of forsterite and earlier condensates proceeded efficiently, followed by 

implantation of a refractory component having elevated ε50Ti and ε54Cr values.
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Fig. 1. 
An image of the reassembled mass of NWA 6704 (courtesy of Greg Hupé). The scale cube is 

1 cm3.
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Fig. 2. 
3D X-ray computed tomography (CT) images of (a) orthopyroxene, (b) olivine-chromite, (c) 

Fe-Ni metal, (d) plagioclase and (e) minerals other than orthopyroxene: olivine-chromite 

(green), metal (yellow), and plagioclase (pink).
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Fig. 3. 
Scanned images of “coarse-part” (TS-7) and “fine-part” (TS-6) are shown in the left- and 

right-hand columns, respectively. (a, d) opennicols, (b, e) crossed-nicols and (c, f) chemical 

maps: orthopyroxene (blue), olivine (green), metal (red), and plagioclase (white). Vermicular 

olivine inclusions in the core regions of orthopyroxene megacrysts are highlighted by a red 

circle.
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Fig. 4. 
(a) Pole figure diagrams for orthopyroxene {1 0 0} in thin section TS7. The maps were 

created with Euler color ascribed to orientations. (b) The inverse pole figure map of the 

analyzed area. The color of each phase corresponds to the color in obtained crystal 

orientation stereo nets. It shows that [0 0 1] of orthopyroxene grains correspond to their 

maximum length axes.
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Fig. 5. 
Optical thin section images of curvilinear trains of micro-inclusions (<2–30 μm) enclosed in 

some orthopyroxene megacrysts: (a and b) open- and crossed nicol views of rounded to 

irregularly-shaped clear to pinkish empty bubbles, and (c) open-nicol view of rectangular to 

oval brownish chromite inclusions.
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Fig. 6. 
Back-scattered electron image of thin section TS-7. The [1 0 0], [0 1 0] and [0 0 1] axes of 

orthopyroxene are compared with the shape of plagioclase, indicating that the shape of 

plagioclase is controlled by the facets of orthopyroxene megacrysts. Plagioclase typically 

shows three types of morphology; (i) cuspate shape with extremely low dihedral angles (0 < 

θ ≤ 40°) on the scale greater than ~100 μm, and with much greater than 60° on the scale 

smaller than ~20 μm, (ii) rectangular morphology with both curvatures and straight 

interfaces with the host, and (iii) thin, delicate maze-like morphology with or without 

branches extending into orthopyroxene megacrysts.
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Fig. 7. 
Reflected-light, crossed-nicol view of oval inclusions in plagioclase of NWA 6704.
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Fig. 8. 
Backscattered electron images showing (a) a melt inclusion in olivine, composed of skeletal 

orthopyroxene and glass with bubbles, (b) vermicular olivine inclusions within the 

orthopyroxene, (c) Fe-Ni-S minerals of awaruite (Fe20Ni80) + heazlewoodite (Fe2Ni56S42) + 

pentlandite (Fe27Ni25S48) enclosed by orthopyroxene, and (d) reaction rims of Fe, Ni-rich 

olivine along the grain boundary between large awaruite and orthopyroxene.
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Fig. 9. 
A chemically zoned orthopyroxene megacryst: (a) Ca-mapping image and line profiles (2 

μm step) of (b) Mg#, (c) Ca and (d) Ti. The shaded area (Ca = 0.02–0.03 mol%, Mg# = 57–

60) shows the compositional range of “normal” Mg# orthopyroxene, randomly selected 

pyroxene among the thin section (n = 20). The orthopyroxene is further surrounded by 

pigeonite having exsolution lamellae of clinopyroxene.
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Fig. 10. 
Plot of estimated temperature (T* c) vs. grain size (usp) for chromite grains of NWA 6704. 

The T*c usp relationship can be used to constrain the cooling rate based on geospeedometry 

established by Ozawa (1984). The data for NWA 6704 chromite grains are represented by 

red points. The T*c were estimated using the olivinespinel Fe-Mg exchange geothermometer 

of Fabrie´s (1979) for each chromite grain with the neighboring olivine.
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Fig. 11. 
CI-normalized (Palme and O’Neill, 2014) major and trace element abundances of NWA 

6704. (a) The data for whole rock fragments #3 and #6 are plotted against the order of 

decreasing incompatibility to orthopyroxene (Kennedy et al., 1993; Bédard, 2007; Laubier et 

al., 2014). The whole rock data obtained by Jean-Alix Barrat (J.B.) are also shown for 

comparison. (b) The averaged values of the data shown in (a) are plotted against the 50% 

condensation temperature for a solar composition gas at 10−4 bar (Tc, Lodders, 2003).
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Fig. 12. 
Comparison of CI-normalized (Palme and O’Neill, 2014) whole rock rare earth element 

abundances between NWA 6704 and various primitive achondrites (GRA 06128/9, Brachina 

and Zag from Day et al., 2012; Winona from Floss, 2008; ALH 81261 and MAC 88177 

from Mittlefehldt et al., 1996; ALH 77257 from Spitz and Boynton, 1991; NWA 6693 from 

Warren et al., 2013). NWA6704-J.B. represents the data provided by Jean-Alix Barrat (J.B.). 

Also shown are rare earth element patterns of plagioclase and pyroxene separates of NWA 

6704.
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Fig. 13. 
CI-normalized (Horan et al., 2003) highly siderophile element abundances of NWA 6704 

bulk fragments, metal, silicate, and calculated whole rock. Uncertainties are smaller than 

symbols.

Hibiya et al. Page 43

Geochim Cosmochim Acta. Author manuscript; available in PMC 2020 January 15.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



Fig. 14. 
187Re–187Os systematics of NWA 6704 bulk, metal, and silicate fractions. Uncertainties are 

smaller than symbols unless shown. (a) Re–Os isochron calculated using ISOPLOT 

(Ludwig, 2001) for NWA 6704 metal and bulk fractions. (b) Plot of 187Os/188Os vs. 1/Os. 

(c) The absolute deviation in parts per 10,000, from a primordial 4568 Ma reference 

isochron (ΔOs) plotted against 187Re/188Os.
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Fig. 15. 
CI-normalized (Horan et al., 2003) highly siderophile element (HSE) abundances of NWA 

6704 whole rock, compared with those of (a) chondrite groups and (b) achondrites. HSE 

abundances in (a) are doubly normalized to CI chondrites (Horan et al., 2003) and Ir. For 

comparison, doubly normalized average and 2σ of ordinary, carbonaceous, enstatite, and 

Rumuruti-like chondrites HSE abundances are also shown in (a). The HSE abundances of 

NWA 6704 whole rock in (b) are normalized only to CI chondrites (Horan et al., 2003). For 

comparison, CI-normalized HSE abundances of various primitive achondrites are also shown 

in (b). The plots for ordinary, carbonaceous, enstatite, and Rumuruti-like chondrites are 

based on the data reported by Walker et al. (2002), Horan et al. (2003), Brandon et al. 

(2005), Fischer-Gödde et al. (2010) and Day et al. (2015). Data for GRA 06129 are from 

Day et al., 2009, Brachina and Zag from Day et al., 2012, and ALHA 77257 from 

Rankenburg et al., 2008.
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Fig. 16. 
Plot of Fe/Mn vs. Fe/Mg, comparing NWA 6704 with chondrites, primitive achondrites, 

HED/SNC, and lunar basalts (Goodrich and Delaney, 2000 and the references listed there). 

The NWA 6704 data shown here were obtained with XRF.
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Fig. 17. 
Comparisons of isotope compositions of NWA 6704 with planetary materials: (a) ε50Ti vs. 

Δ17O; (b) ε50Ti vs. ε54Cr. Data sources are as follow: Δ17O, Clayton et al. (1991), Clayton 

and Mayeda (1996, 1999), Franchi et al. (1999), Newton et al. (2000), Greenwood and 

Franchi (2004), Greenwood et al. (2005, 2010, 2012), Wiechert et al. (2001, 2004), Scott et 

al. (2009), Schrader et al. (2011) and Harju et al. (2014); for ε50Ti, Trinquier et al. (2007, 

2008, 2009), Leya et al. (2008), Qin et al. (2010a,b) Yamakawa et al., (2010) and Zhang et 

al. (2012); ε54Cr, Yamashita et al. (2005), Shukolyukov and Lugmair (2006a,b), Trinquier et 

al. (2007), Shukolyukov et al. (2009, 2011), Qin et al. (2010a,b), Göpel and Birck, (2010), 

Yamakawa et al., (2010), Larsen et al. (2011), Petitat et al. (2011), Qin et al. (2011), Sanborn 

et al. (2014), Bonnand et al. (2016), Göpel et al. (2015), Sanborn and Yin (2015), Schmitz et 

al. (2016) and Schoenberg et al. (2016).
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Fig. 18. 
Mg and CI-normalized whole rock elemental abundances of NWA 6704 (XRF data in Table 

4), compared with those of Sun (Palme and Beer, 1993), various chondrites (CI, CM, CO, 

CV, CR, CK, CH, LL, L, H, EH and EL from Wasson and Kallemeyn, 1988; R from Schulze 

et al., 1994) and primitive achondrites (Acapulcoite from Palme, 1981; Lodranite and 

Brachinite from Mittlefehldt et al., 1998; Winonaite from Graham et al., 1977; Ureilite from 

Wiik, 1972; NWA 6693 from Warren et al., 2013).
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Fig. 19. 
Plot of Mg/Si vs. Al/Si diagram, comparing NWA 6704 (XRF data in Table 4) with solar 

photosphere, chondrites, primitive materials (IDPs from Schramm et al., 1989; Comet’s 

Halley dust from Jessberger et al., 1988), and NWA 6693 (Warren et al., 2013). The gray 

bars show two distinct trends intersect at solar composition; one is defined by carbonacous 

chondrites, and the other by non-carbonaceous chondrites.
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Table 2

Modal mineralogy of NWA 6704 thin sections (in vol.%).

vol.% TS-6 TS-7

Orthopyroxene 68.7 69.9

Olivine 14.0 11.6

Plagioclase 9.9 11.1

Pigeonite 6.9 7.0

Metal 0.34 0.27

Spinel 0.16 0.14

Phosphate 0.06 0.05

Sulfide Minor Minor

Total 100.06 100.06
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