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Primitive achondrites are meteorites characterised by granoblastic textures evidencing high-
temperature metamorphism and low degrees of partial melting. These include the acapulcoite
and lodranite meteorites, which originated from a common parent body. Acapulcoites
experienced low degrees of partial melting (ca. <1 to 5%) and lodranites experienced
higher degrees of partial melting (∼5-20%). Meteorite collections also include a sample of
their chondritic precursor, Grove Mountains 020043, as well as limited examples of partial
melting products, such as the mm-sized gabbroic clasts in the Lewis Cliff 86220 transitional
acapulcoite-lodranite and the 4.86 g pyroxene-plagioclase coarse-grained Frontier Mountain
93001 meteorite. This suite of samples, thus, provides us with a crucial snapshot into the
transition from chondritic material to differentiated planetesimals. Here we propose that
the 75.8 g alkali-rich Néma 001 meteorite, a coarse-grained igneous meteorite composed
primarily of ortho- and clinopyroxene, plagioclase, and olivine, also originated from the
acapulcoite-lodranite parent body. This is supported by a bulk oxygen isotope composition
that is undistinguishable from that of the acapulcoites-lodranites and similar ferromagnesian
mineral Fe/Mn ratios. Petrological modelling suggests that Néma 001 represents silicate
melts formed by ∼15% melting of a chondritic precursor similar to Grove Mountains 020043.
With the addition of Néma 001, we now have a comprehensive suite of samples from the
acapulcoite-lodranite parent body, including chondritic precursor material, residues from
∼1-20% partial melting, and variably differentiated igneous rocks. This unique suite of
samples is key to further investigate melting and differentiation processes of asteroids, and
supports the existence of partially differentiated planetesimals.

1 Introduction

In our nascent Solar System, it is thought that refractory
calcium- and aluminium-rich inclusions (CAI), chondrules,
and micrometre-scale dust migrated towards the mid-plane
of the protoplanetary disc and accreted to form the first
rocky bodies (e.g., Dauphas and Chaussidon, 2011). Some

of these early bodies reached a size of a few tens of km in
radius and partially or completely melted within ∼1.5 Ma
after the formation of CAIs due to decay of short-lived
radioactive isotopes (26Al, 60Fe) (e.g., Kleine et al., 2005;
Hevey and Sanders, 2006). These types of parent bodies
are sampled by the achondrite group of meteorites. Comple-
menting the records of these early melted bodies, chondritic
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Petrogenesis of Néma 001

meteorites provide us with samples of unmelted asteroids,
which accreted later than ∼1.5–2 Ma after the CAIs formed
(Mason, 1967; Kleine et al., 2005, 2009; Hevey and Sanders,
2006; Sugiura and Fujiya, 2014). In practice this top level
distinction between achondrites and chondrites sampling
differentiated and unmelted bodies, respectively, is overly
simplistic. For instance, palaeomagnetism studies suggest
that chondrites from a range of groups (CV, R, and ordinary)
may represent the undifferentiated crust of planetesimals
with partially to fully melted interiors (Gattacceca et al.,
2016; Bryson et al., 2019; Cournède et al., 2020; Carporzen
et al., 2011; Elkins-Tanton et al., 2011; Weiss and Elkins-
Tanton, 2013).

The primitive achondrite meteorites provide us with a
crucial snapshot into the transition from unmelted chon-
dritic material to differentiated bodies. These primitive
achondrites typically have bulk compositions similar to chon-
drites, but are characterised by achondrite textures generally
interpreted as resulting from low degrees of partial melting
(e.g., Krot et al., 2014). The acapulcoite and lodranite
meteorites are primitive achondrites that are thought to
originate from a common parent body, and to represent
residues of ca. 1 to 20% partial melting of a chondritic
precursor (Mittlefehldt et al., 1996; McCoy et al., 1997a,b;
Floss, 2000; Keil and McCoy, 2018; Lucas et al., 2022).
Acapulcoites have experienced very low degrees of partial
melting (ca. < 1 to 5%) at temperatures of ∼950 to
1100 °C. They are fine-grained (< 500 µm) rocks typically
displaying granular textures. Lodranites are characterised
by larger grain sizes (≥ 500 µm) than acapulcoites, having
experienced higher degrees of partial melting (∼5 to 20%)
deeper in their parent body at temperatures of ∼1100 to
1250 °C (Mittlefehldt et al., 1996; McCoy et al., 1997a,b;
Floss, 2000; Dhaliwal et al., 2017; Keil and McCoy, 2018;
Lucas et al., 2022). Based on similar mineral chemistry,
and oxygen and chromium isotope compositions, it is likely
that we have a sample of the chondritic precursor of the
acapulcoites-lodranites: the type 4 chondrite Grove Moun-
tains (GRV) 020043 (Li et al., 2018; McCoy et al., 2019).
Detailed studies of the mineralogy and mineral minor and
trace element variations of acapulcoites and lodranites also
indicate that silicate melts were extracted from lodranite
precursors and interacted with the overlying acapulcoite and
acapulcoite-lodranite transitional horizons, as represented by
gabbroic clasts in Lewis Cliff (LEW) 86220 acapulcoite and
the 4.86 g Opx-Cpx-Plag coarse-grained Frontier Mountain
(FRO) 93001 meteorite (e.g., McCoy et al., 1997b; Folco
et al., 2006; Lucas et al., 2022).

A few ungrouped achondrite meteorites show that partial
melting of chondritic material in the first few million years of
evolution of the Solar System produced alkali-rich melts with
broadly andesitic compositions. These achondrites include
Erg Chech 002 (Barrat et al., 2021), Grave Nunataks (GRA)
06128/06129 (Day et al., 2009, 2012; Shearer et al., 2010),
and the evolved clast ALM-A from the Almahata Sitta
polymict meteorite (Bischoff et al., 2014). These last two
meteorites have been genetically linked to the brachinite
and ureilite asteroidal parent bodies, respectively. Here we

describe the mineralogy and geochemistry of the meteorite
Néma 001, which was found in 2021 in the Mauritanian Sa-
hara Desert, and show that its characteristics are consistent
with its formation by partial melting of a chondritic precursor
for which the acapulcoite-lodranite meteorites represent
partial melting residues. We propose that altogether the
type 4 chondrite GRV 020043, acapulcoites, lodranites, and
Néma 001 provide us with the first complete sample suite
linking chondritic and differentiated achondritic materials
from a single parent asteroid.

2 Methods

2.1 Bulk oxygen isotope analysis

The triple oxygen isotope composition of a ∼2.1 mg aliquot
of a powdered assemblage of a dozen grains totalling 7 mg
was carried out at the Stable Isotopes Laboratory (PANISS)
of CEREGE (Aix-en-Provence, France) using a laser fluori-
nation line coupled to a Delta V Plus ThermoFisher Isotope
Ratio Mass Spectrometer (IR-MS). More specifically, O2

was first extracted using a laser-heating fluorination tech-
nique (Alexandre et al., 2006; Suavet et al., 2010; Outrequin
et al., 2021), followed by a cryogenic purification with a slush
at -114 °C to remove any molecule interfering with the mass
33 (e.g., NF for example). The gas was then directly sent
to the dual-inlet mass spectrometer. The oxygen isotope
results are expressed in ‰ versus the international reference
standard V-SMOW. The δ

18O and δ
17O values of the

reference gas were calibrated with measurements of a NBS
28 standard (δ18O = 9.570 ‰; δ17O = 4.991 ‰; Δ17O =
0 ‰, where Δ

17O = δ
17O – 0.52 × δ

18O; Wostbrock and
Sharp, 2021). The sample measurements were corrected
on a daily basis using a 1.5 mg quartz internal laboratory
standard “Boulangé” (Alexandre et al., 2006; Suavet et al.,
2010; Outrequin et al., 2021). The triple oxygen isotope
composition of silicates is expressed on the Vienna Standard
Mean Ocean Water-Standard Light Antarctic Precipitation
(VSMOW-SLAP) scale as recommended by Wostbrock and
Sharp (2021). The reproducibility of the measurements of
the quartz laboratory standard was 0.16, 0.09, and 0.011 ‰
for δ

18O, δ
17O, and Δ

17O, respectively (1σ uncertainties,
n = 6).

2.2 Whole rock trace element analysis

After sawing the main mass of Néma 001 (ca. 3 × 4 cm
in size; Figure 1) with a diamond wire saw, we recovered
606 mg of dust. Around 40 mg of this representative dust
was digested at 120 °C for 48 h on a hot plate in PFA
beaker using distilled concentrated HF and HNO3 acid in
proportion 1:3 at the Laboratoire G-Time at Université
Libre de Bruxelles (ULB). After evaporation, concentrated
distilled HCl was added for 48 h on hot plate at 120 °C. The
solution was clear after this treatment, and the sample was
evaporated and redissolved in HNO3 (5%) for dilution before
analyses. Synthetic standards were used for preparing a
calibration curve and USGS BHVO-2 standard was used for
checking reproducibility and accuracy. Samples were doped
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with In for monitoring and correcting possible instrumental
drift. Internal reproducibility was better than 7% for all
elements (RSD) (see Table S1, Tartèse et al., 2025). Note
that there is likely some contamination from the sawing
blade for elements such as Fe, Co, Ni, Cu, and Cr.

2.3 Scanning electron microscopy

We acquired backscatter electron (BSE) images and X-ray
chemical maps of the Néma 001 polished section using the
Oxford instrument Aztec software on a Hitachi benchtop
scanning electron microscope (SEM) at the University of
Manchester.

2.4 Electron probe microanalysis

Quantitative major elements analyses of minerals were
obtained using a Cameca SX100 electron microprobe at
Université Pierre et Marie Curie (UPMC) CAMPARIS facility.
The operating conditions were 15 kV accelerating voltage
with a current of 15 nA and a counting time of 30 s, with a
focused beam (1 µm). Both natural and synthetic standards
were used for calibration: albite for Na; anorthite for Al;
apatite for P; diopside for Mg, Si, Ca; orthoclase for K;
pyrite for S; MnTiO3 for Mn and Ti; Cr2O3 for Cr; Fe2O3

for Fe; NiO for Ni; vanadinite for V2O3; and Zn for ZnO.
The detection limits were 324 µg.g-1 for K, 327 µg.g-1 for
Ca, 453 µg.g-1 for S, 461 µg.g-1 for Al, 475 µg.g-1 for
Na, 593 µg.g-1 for Si, 610 µg.g-1 for Mg, 649 µg.g-1 for
P, 809 µg.g-1 for Mn, 1134 µg.g-1 for Ni, 1234 µg.g-1 for
Fe, 1270 µg.g-1 for Cr, 1596 µg.g-1 for Ti, and 3260 µg.g-1

for Co. All analyses with oxide totals outside of the range
98.5–101 wt% were discarded. Results are reported in Table
S2 (Tartèse et al., 2025).

2.5 Reflectance spectroscopy

Bi-directional reflectance spectra were obtained on about
100 mg of powder and on an epoxy-mounted polished slab of
Néma 001. Powder measurements as well as point spectra
on the thick section were obtained with the SHADOWS
instrument at the Institut de Planétologie et d’Astrophysique
de Grenoble (Potin et al., 2018) in the 0.5–2.6 µm range.
Reflectance spectra were obtained at a phase angle of 20°,
with a spot size of 6 mm in diameter, and normalised with
SpectralonTM and InfragoldTM. The spectral sampling is
10 nm with a spectral resolution of 3 to 10 nm across the
spectral range. Because of the presence of resin in the
thick section, we used a spectrum obtained on a feldspar-
rich area (that should be featureless in this spectral range
or with very weak bands) to identify and correct organic
absorption bands related to the resin. This resin signature
was removed from spectra measured on clinopyroxene-rich
and olivine-rich areas.

2.6 Laser ablation – inductively coupled plasma mass
spectrometry

2.6.1 Minor and trace element analysis

Trace element abundances were determined in plagioclase,
clinopyroxene, orthopyroxene, and olivine in Néma 001 at

The University of Manchester, using a Teledyne Photon Ma-
chines Analyte Excite+ 193 nm ArF Excimer laser ablation
system with a HelEx II active 2-volume ablation cell, coupled
to an Agilent 8900 ICP-MS using a Squid signal-smoothing
device (see Table S3, Tartèse et al., 2025, for a summary
of the analytical setup and data processing procedure).

Silicates were analysed using a spot size of 85 µm, a
fluence of 4 J.cm-2, and a repetition rate of 5 Hz. Each
analysis lasted 40 s and was preceded by 20 s counting
time of the gas blank (background). We analysed the
following masses (with dwell time in ms in brackets):
7Li (10), 23Na (10), 26Mg (5) 27Al (5), 29Si (5), 39K (10),
44Ca (5), 45Sc (10), 47Ti (10), 51V (10), 52Cr (10),
55Mn (10), 57Fe (10), 59Co (10), 60Ni (10), 63Cu (10),
66Zn (10), 71Ga (10), 85Rb (10), 88Sr (10), 89Y (10),
90Zr (10), 93Nb (10), 95Mo (10), 133Cs (10), 137Ba (10),
139La (20), 140Ce (20), 141Pr (20), 146Nd (20), 147Sm (20),
153Eu (20), 157Gd (20), 159Tb (20), 163Dy (20), 165Ho (20),
166Er (20), 169Tm (20), 172Yb (20), 175Lu (20), 208Pb (10),
232Th (10), and 238U (10). Signal intensities were corrected
from background contributions by subtracting the gas
blank.

The Trace Elements data reduction scheme of the Io-
lite v4.8 software (Paton et al., 2010) was used for data
reduction, using known Si abundances for reference mate-
rials (Jochum et al., 2005; Woodhead and Hergt, 2000)
and those measured by EPMA for Néma 001 silicates for
internal standardisation. Silicate analyses were bracketed
by analysing USGS reference glasses BHVO-2G, BIR-1G,
and BCR-2G every ∼10–15 unknown analyses. USGS
glass BIR-1G was used as the primary reference material
(except for 238U for which we used BCR-2G), while glasses
BHVO-2G and BCR-2G were treated as unknowns and
used as quality control reference materials. For most of
the elements analysed, accuracy is typically within ±10%
of recommended values for the BHVO-2G and BCR-2G
USGS reference glasses, and better than ±5% for REE (see
Table S4, Tartèse et al., 2025). The combination of a
large spot size of 85 µm, a moderate fluence of 5 J.cm-2,
and total laser shot counts of < 250, was used to minimise
fractionation effects between silicate minerals and silicate
glass calibration materials (Bussweiler et al., 2019). All data
are given in Table S4 (Tartèse et al., 2025), together with
their associated 2 standard error uncertainties and detection
limits calculated using the method of Howell et al. (2013).

2.6.2 Apatite U-Pb dating

Apatite U-Pb dating and rare earth element (REE) analyses
were carried out simultaneously at the University of Manch-
ester using a Teledyne Photon Machines Analyte Excite+
193 nm ArF excimer laser ablation system equipped with a
HelEx II active 2-volume ablation cell, coupled to an Agilent
8900 triple quadrupole Inductively Coupled Plasma Mass
Spectrometer (ICP-MS) using a Squid signal-smoothing de-
vice. A summary of the analytical setup and data processing
procedure is provided in Table S5 (Tartèse et al., 2025).

The material ablated from target apatite was carried to
the ICP-MS by high purity He, which was mixed with Ar
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before injection into the plasma source. High purity N2 was
added to the He stream at a flow rate of 2.5 mL/min to
enhance sensitivity. Tuning of the ICP-MS and mass cali-
bration were performed at the start of the analytical session
by optimising the ion signals during ablation of the NIST
SRM 612 reference glass, while maintaining 238U+/232Th+

close to unity and minimising the 232Th16O+/232Th+ ratio
(ca. 0.17%).

Apatite was ablated using a 65 µm circular spot size,
a fluence of 5 J.cm2, and a repetition rate of 6 Hz.
Each analyses lasted 40 s and was preceded by 20 s
counting time of the gas blank (background). We
analysed the following masses (with dwell time in ms
in brackets): 31P (5), 44Ca (5), 89Y (10), 139La (10),
140Ce (10), 141Pr (10), 146Nd (10), 147Sm (10), 153Eu (10),
157Gd (10), 159Tb (10), 163Dy (10), 165Ho (10), 166Er (10),
169Tm (10), 172Yb (10), 175Lu (10), 202Hg (10),
204Pb (20), 206Pb (30), 207Pb (50), 208Pb (10),
232Th (10), 238U (30).

For U-Pb data reduction, we used the Madagascar (Mad)
apatite standard (ID-TIMS age of 473.5 ± 0.7 Ma; Cochrane
et al., 2014) as our primary reference material, and the MRC-
1 apatite (ID-TIMS age of 153.4 ± 0.4 Ma; Apen et al.,
2022), the BRZ-1 apatite (ID-TIMS age of 2078 ± 12 Ma
Apen et al., 2022), Duluth Complex FC1 apatite (1078 ±
12 Ma; Härtel et al., 2023), and Durango apatite (32.7 ±
0.1 Ma; Paul et al., 2021) treated as unknown for quality
control. Raw data were corrected for background, mass
bias, and U-Pb downhole fractionation using the VizualAge
UComPbine routine in the Iolite v4.8 software (Paton et al.,
2010; Petrus and Kamber, 2012; Chew et al., 2014). We
obtained intercept dates of 155.2 ± 1.3 Ma for MRC-1 (2σ,
n = 8, MSWD = 1.9, anchored at a common 207Pb/206Pb
of 0.85; Apen et al., 2022), 2115 ± 10 Ma for BRZ-1 (2σ,
n = 8, MSWD = 2.4, anchored at a common 207Pb/206Pb
of 1.14; Apen et al., 2022), 1059 ± 15 Ma for FC1 (2σ,
n = 6, MSWD = 0.4, unanchored and yielding a common
207Pb/206Pb of 0.90 ± 0.04 identical to known ratio; Härtel
et al., 2023), and 33.9 ± 0.7 Ma for Durango (2σ, n = 8,
MSWD = 1.1, anchored at a common 207Pb/206Pb of
0.8615; Paul et al., 2021), which are consistent with known
U-Pb ages of these reference materials. For REE data
reduction, we used the Durango apatite as our primary
reference material (using the trace element abundances
given in Chew et al., 2016), and the Trace Element data
reduction scheme of the Iolite v4.8 software (Paton et al.,
2010), with 31P as an internal standard and a nominal P
abundance of 41.2 wt% for all apatite analyses. All results
are provided in Tables S6 (U-Pb dating) and S7 (REE
analyses) of Tartèse et al. (2025).

2.7 Secondary ion mass spectrometry

Mg isotope compositions and Al/Mg concentration ratios
were measured with the CAMECA IMS 1280-HR2 ion
microprobe at CRPG-CNRS in Nancy (France).

Feldspar settings Because of the very low Mg content of
the feldspars, measurements were made in monocollection
mode using the central electron multiplier (EM) for 24Mg+,

25Mg+, and 26Mg+ and the central Faraday cup (FC2) for
27Al+. The samples were sputtered with a ∼5 nA O–

primary beam rastered over 15 × 15 µm. The transfer
optic magnification was set at 80 µm to ensure an efficient
instrumental transmission and to fully fill the field aperture
set at 2500 µm. The mass resolving power (MRP) was set
at M/ΔM ∼2500 in order to completely remove the 24MgH+

interference on 25Mg+. One measurement consisted of a
90 s preanalysis sputtering to clean the sample surface and
attain stable count rates on detectors followed by automatic
secondary beam and energy centering, and 40 cycles with
counting times during each cycle of 4, 5, 10, 10, 3, and
2 s at masses 23.8 (background for EM), 24Mg, 25Mg,
26Mg, 26.8 (background for FC2) and 27Al, respectively.
Miyake-Jima plagioclase (27Al/24Mg = 347, determined
by LA-ICP-MS for the crystal used here) was used to
calibrate the instrumental isotopic fractionation and the
relative Al/Mg ion yield. Two sigma standard errors on the
mean of ±4–5‰ for δ’25Mg, δ’26Mg, and δ

26Mg* were
obtained for the standard. The relative Al/Mg ion yield
was determined to be 1.13 ± 0.02. Typical counts rates for
Néma 001 feldspars were 6000 cps, 750 cps, 800 cps, and
3 × 107 cps for 24Mg, 25Mg, 26Mg, and 27Al, respectively.
The uncertainties reported for the measurements of the
samples are 2σ uncertainties calculated by summing in a
quadratic way the uncertainties due to counting statistic
for each analysis and the uncertainties related to calibration
of instrumental isotopic fractionation and Al/Mg ion yield.

Olivine settings The measurements were made in multi-
collection mode using four off-axis FCs, L1, C, H1, and
H’2 for 24Mg+, 25Mg+, 26Mg+, and 27Al+, respectively
(see Piralla et al., 2023, for details). The samples were
sputtered with a ∼10 nA O- primary beam rastered over 5
× 5 µm. The transfer optic magnification was set at 80 µm
to insure an efficient instrumental transmission and to fully
fill the field aperture set at 2500 µm. The MRP was set
at M/ΔM ∼2500 (slit 1) in order to completely remove
the 24MgH+ interference on 25Mg+. One measurement
consisted of a 90 s preanalysis sputtering to clean the sample
surface and attain stable count rates on detectors, during
which offsets of FCs were measured, followed by automatic
secondary beam and energy centering, and 40 cycles of 5 s
integration time for data acquisition. San Carlos olivine,
Gold Enstatite, CLDR01 glass, and Ipanko-4 Spinel were
used to calibrate the instrumental isotopic fractionation and
the relative Al/Mg ion yield. Two sigma standard errors on
the mean of ±0.04‰, ±0.04‰, and ±0.04‰ for δ’25Mg,
δ’26Mg, and δ

26Mg*, respectively, were obtained for the
standards. The relative Al/Mg ion yield was determined
to be 0.801 ± 0.009. The uncertainties reported for the
measurements of the samples are 2σ uncertainties calculated
by summing in a quadratic way the uncertainties due to
counting statistic for each analysis and the uncertainties
related to calibration of instrumental isotopic fractionation
and Al/Mg ion yield (Table S8, Tartèse et al., 2025).

The Mg isotope compositions are given in delta notation
according to: δ’25MgX = ln[(25Mg/24Mg)X/(25Mg/24Mg)R]
× 1000 (similarly for 26Mg) with R referring to the ratio for
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SRM 980 from Galy et al. (2003). The 26Mg excesses due
to 26Al decay are denoted δ

26Mg* with δ
26Mg* = δ’26Mg –

δ’25Mg/β (with β = 0.511, corresponding to kinetic mass
fractionation of Mg isotopes). Note that the choice of the
mass fractionation law is not critical to the current data
set since the degree of intrinsic mass fractionation is small
and most likely due to imperfectly corrected matrix effects
in feldspars (Table S8, Tartèse et al., 2025), and because
the Al/ Mg ratios of feldspar that control the isochron are
high enough for the uncertainty introduced by the choice
of fractionation law to be insignificant. The (26Al/27Al)0

and δ
26Mg*0 were calculated from the isochron regression

fitted using the Isoplot software (Vermeesch, 2018). The
26Al-26Mg relative age was calculated using the canonical
26Al/27Al (5.23 × 10-5; Jacobsen et al., 2008) and a 26Al
half-life of 0.717 Ma (Basunia and Hurst, 2016).

2.8 Wet chemistry and Mg isotope mass spectrometry

Wet chemistry was performed at the Laboratoire G-Time
at Université Libre de Bruxelles (ULB) on a bulk rock
aliquot and three mineral separate fractions (orthopyroxene,
clinopyroxene, plagioclase). Samples were digested in 1:3
distilled concentrated HF:HNO3, and, after evaporation,
followed by three steps in distilled concentrated HNO3.
Solutions were clear after those steps. A 0.5% aliquot was
taken from the bulk sample to measure 27Al/24Mg ratios
on the Agilent 7700 ICP-MS at Laboratoire G-Time at
ULB. Measurements were calibrated using different standard
solutions gravimetrically prepared with different Al/Mg
ratios representing the range measured in the present study
(Al:Mg of 0:10; 1:10; 1:100; 100:1; 100:10, 100:20 and
200:0.5). Indium and Sc were used as internal standards.
Each 27Al/24Mg ratio reported in Table S8 (Tartèse et al.,
2025) is the average of 5 individual measurements and the
quoted uncertainties are 2SE.

Magnesium was purified using cation-exchange resin
AG50W-X12 in 0.4 cm diameter × 20 cm length columns.
The procedure from Hublet et al. (2017) was slightly
modified by doubling the length of the column. The first
step was made in 1 mol l-1 HNO3 while the second step
used a mixture of 1 mol l-1 HNO3: 0.1 mol l-1 HF to ensure
the total removal of major cations (Ca, Na, Fe, Ti) with a
yield better than 95%.

Magnesium isotope ratios were measured on the CC-MC-
ICP-MS Nu Instruments Sapphire at ULB in wet mode and
low resolution. Samples were introduced in 1% HNO3. The
instrumental mass bias was corrected by exponential law
and standard-sample bracketing using the NIST SRM 980
magnesium metal standard that was calibrated against the
DSM-3 Mg isotope standard (Galy et al., 2003). Each
standard and sample measurement consisted of a cycle of
two blocks of 30 measurements (integration time of 10 sec-
onds) with a concentration of 500 ng g-1, corresponding
to 22 V for 1011 Ω amplifiers on 24Mg. Reproducibility
and accuracy were checked over the course of analyses by
repeated measurements of the synthetic standard Cambridge
1 (Galy et al., 2003) and the USGS BCR-2 standard. All

the ratios are expressed in ‰, where x stands for 25Mg or
26Mg, following:

∂xMg =




(
xMg
24Mg

)
sample(

xMg
24Mg

)
SRM 980

− 1
 ∗ 103 (1)

The excess in 26Mg (δ26Mg*) was calculated using a beta
factor of 0.511, and each measurement is the average of
∼14–22 individual measurements. All uncertainties reported
are 2SE uncertainties. The δ

26Mg* calculated for the BCR-
2 terrestrial standard was 0.021 ± 0.010 ‰ (n = 42).

The (26Al/27Al)0 and δ
26Mg*0 were calculated from the

isochron regression fitted using the Isoplot software (Ver-
meesch, 2018). The 26Al-26Mg relative age was calculated
using the canonical 26Al/27Al (5.23 × 10-5; Jacobsen et al.,
2008) and a 26Al half-life of 0.717 Ma (Basunia and Hurst,
2016).

2.9 Noble gas mass spectrometry

2.9.1 Ne isotopes

Analyses of the abundance and isotopic composition of
neon contained in one 5.4 mg-sized bulk sample of Néma
001 were performed on the noble gas analytical platform
at Institut de Physique du Globe de Paris. Noble gases
were extracted in three heating steps using a diode laser
(1064 nm, Laser 2000). After extraction, reactive chemical
species were sequentially purified using three getters. All
noble gases were then trapped on a stainless-steel trap held
at a low temperature (< 10 K) using a cryogenic stage. The
trap was then heated to 25 K in order to release neon in the
gas phase. Neon was then admitted into a Noblesse noble
gas mass spectrometer (HR 3F6M version, Nu Instruments)
for detection of neon isotopes in multi-collection on electron
multipliers. Potential signal interferences from 40Ar++ and
CO2

++ were corrected by measuring 40Ar+ and CO2
+ signals

by peak jumping and applying a correction factor using a
double ionization ratio, although corrections represent less
than 1% of the measured signal. Additional details about
the analytical procedure can be found in Avice et al. (2023)
and Cattani et al. (2024). Results are reported in Table S9
(Tartèse et al., 2025). Note that we also analysed Ar, Kr,
and Xe but the signals were too low compared to the blank
signals, which is why we only report Ne isotope results.

2.9.2 Ar isotopes

40Ar-39Ar age determinations were performed at the Uni-
versity of Manchester using stepped laser heating of two
plagioclase separates (1.4 and 1.12 mg) identified from a
crushed bulk sample and picked using optical microscopy.
Aliquots of Hb3gr monitor (1081.0 ± 1.2 Ma; Renne et al.,
2011) were positioned in close proximity (few mm) to the
samples in silica glass vials for irradiation at the Missouri
University Research Reactor (USA). The J value, a pa-
rameter that is representative of the neutron irradiation
conditions, was 0.003446016 ± 0.000011359 (1σ, including
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Figure 1. Néma 001 hand specimen photographs. Left shows the main sample mass with a partial black shiny fusion crust.
Right shows the cut meteorite surface. The green minerals are clinopyroxene, white minerals are plagioclase.

uncertainties on Hb3gr measurements and the uncertainty
on the monitor age).

Stepped heating was performed using a Photon Machines
Fusions IR 10.6 µm wavelength CO2 laser coupled to a
Thermo ScientificTM Argus VI preparation bench and multi-
collector mass spectrometer. The sample was lased using
a 3 mm defocused beam for 30 s with increasing watt
output power at each step until the sample was degassed.
The released gas was cleaned for two minutes on a hot
getter, and then one minute on a hot and cold getter prior
to introduction to the mass spectrometer. Isotopes 40Ar,
38Ar, and 37Ar were measured on Faraday cups, and 39Ar
and 36Ar on a Compact Discrete Dynode (CCD) detector
(except for 36Ar in the plagioclase 1.12 mg split that was
measured on a Faraday cup). Data have been corrected for
blank contribution (average of session-derived blanks), mass
discrimination, neutron-induced interference isotope produc-
tion on 40Ar, 39Ar, 38Ar, and 36Ar, and decay of 37Ar and
39Ar since irradiation. 40Ar-39Ar dates were calculated using
the decay constant λ

40Ktotal = 5.5305(±0.0132)×10-10 a-1

(Renne et al., 2011). These dates are reported with their
two standard deviation (2σ) level of uncertainty; plateau
and isochron dates were calculated using IsoplotR v6.5
(Vermeesch, 2018). All Ar isotope data are reported in
Table S10 (Tartèse et al., 2025).

Cosmogenic exposure ages were calculated using two
approaches described below.

Isotope ratio age This is a mass independent approach that
uses the ratio of cosmogenic 38Arc (from the relationship
38Arc = (5.35×38Ar – 36Ar)/(5.35 – 0.65); where 5.35 is the
trapped 36Ar/38Ar solar wind ratio and 0.65 is the trapped
36Ar/38Ar cosmogenic ratio of Hennessy and Turner, 1980)
to the concentration of 37Ar derived from the measured
Ar isotope molar ratios. 38Arc/37Ar ratios then provide
apparent cosmic ray exposure (CRE) ages using P38 4π

cosmogenic production rates of Eugster and Michel (1995)
following the method of Lindsay et al. (2014). CRE ages
are reported with their 2σ uncertainties, which include a
10% uncertainty on the 38Ar production function.

Conventional T38 age Calculated using the ratio of cos-
mogenic 38Arc (as calculated above) to the sample mass.
The 38Arc/mass ratios then provide apparent cosmic ray
exposure (CRE) ages using the Néma 001 plagioclase aver-
age chemical composition determined by EPMA and P38
4π cosmogenic production rates of Eugster and Michel
(1995). This follows the method of Lindsay et al. (2014),
but also considers K, Fe, Ti, Cr, and Mn as target elements
in the plagioclase. CRE ages are reported with their 2σ
uncertainties, which include a 10% uncertainty on the
38Ar production function and an assumed 10% analytical
uncertainty on the reported sample composition.

3 Results

3.1 Mineralogy and mineral chemistry

Néma 001 is a coarse-grained igneous rock partly covered
by a thin black shiny fusion crust (Figure 1). It comprises a
single 68.1 g stone, together with a few fragments found
in the immediate vicinity amounting to 7.7 g.

It has a subophitic texture and is composed primarily of
mm- to cm-sized crystals of plagioclase (63.8 vol%), olivine
(14.6 vol%), orthopyroxene (10.0 vol%), and clinopyroxene
(11.4 vol%), with accessory apatite, ilmenite, chromite,
kamacite, and troilite (mineral modal abundance determined
by X-ray imaging of 5 polished surfaces representing a
surface area of 13.1 cm2; e.g., Figure 2). Note that because
of the large grain size of most major minerals (Figures 1
and 2), calculated modal abundances may not be entirely
representative of Néma 001’s parent lithology.

Tartèse et al. (2025) Adv. Geochem. Cosmochem. 1(2): 776, https://doi.org/10.33063/agc.v1i2.776 6

https://doi.org/10.33063/agc.v1i2.776


Petrogenesis of Néma 001

Figure 2. Back-scattered electron (BSE) image (a) and composite X-ray map (b) of one of the studied sections of Néma
001. Abbreviations are ap = apatite, chr = chromite, cpx = clinopyroxene, ka = kamacite, ol = olivine, opx = orthopyroxene,
pl = plagioclase, tro = troilite, FC = fusion crust.

The major minerals have homogeneous chemical composi-
tions, with albitic plagioclase at An7.7±0.9Ab86.5±0.4Or5.8±0.6,
olivine at Fa23.2±0.3, orthopyroxene at Fs19.7±0.5Wo1.8±0.4,
and clinopyroxene at Fs7.5±0.5Wo44.8±1.6 (Figure 3 and Ta-
bles S2 and S11, Tartèse et al., 2025). Molar Fe/Mn ratios
of olivine, orthopyroxene, and clinopyroxene are 24.6 ± 1.3
(1SD, n = 18), 15.1 ± 0.6 (1SD, n = 6), and 10.7 ±
1.4 (1SD, n = 7), respectively (Table S2, Tartèse et al.,
2025). Chromite is also homogeneous, with a composition
of Chr79.8Ulvö14.5Sp5.7, and contains 0.43 wt% V2O3 and
0.13 wt% ZnO (Table S2, Tartèse et al., 2025). It contains
less Fe than chromite in ordinary chondrites, and plot just
outside the acapulcoite-lodranite field in a Cr/(Cr+Al) vs.
Fe/(Fe+Mg) diagram (Figure 3d). Olivine in Néma 001 is
less magnesian than in acapulcoites-lodranites (Figure 3b),
and plagioclase is more albitic than in acapulcoites-lodranites
(Figure 3c). In general, pyroxene in Néma 001 are more
magnesian than in other differentiated achondrites (Fig-
ure 3a). On the other hand, pyroxenes in Néma 001 are
more ferroan than in acapulcoites, lodranites, and gabbroic
clasts in transitional acapulcoite LEW 86220 (Figure 3a).
Plagioclase in Néma 001 also tends to be more albitic than
in other differentiated ungrouped achondrites (Figure 3c).

Trace element abundances are also relatively homoge-
neous among the various mineral phases, as shown by
mineral rare earth element (REE) abundances (Figure 4).
Apatite contains the highest REE abundances, followed
by clinopyroxene; plagioclase displays large positive Eu-
anomalies, and all other minerals displays negative Eu-
anomalies (Figure 4). Clinopyroxene in Néma 001 has
slightly lower light REE and higher heavy REE abundances
than clinopyroxene in gabbroic clasts in LEW 86220 (Fig-
ure 4), which have been interpreted as partial melting
products of lodranite precursor (Lucas et al., 2022). Or-
thopyroxene in Néma 001 has similar middle REE and higher
heavy REE abundances than orthopyroxene in LEW 86220
gabbro (Figure 4).

The chemical compositions of the two pyroxenes can
be used to estimate equilibration temperatures. Using the
major element abundances of orthopyroxene and clinopy-
roxene (Table S11, Tartèse et al., 2025) and the ther-
mometer of Brey and Köhler (1990) yields a temperature
of 916 °C (for a pressure fixed at 20 MPa that would
correspond to a depth of ∼50 km for an asteroid with a
rock density of 3800 kg m-3 and a gravitational acceleration
g of 0.1 m s-2; the dependency on pressure is small as
calculated temperatures range between 915 and 919 °C
for pressures of 0.4 MPa (∼1 km depth) and 190 MPa
(∼500 km depth). The REE-in-two-pyroxene thermometer
of Liang et al. (2013) yields a temperature of 904 ± 5 °C
for orthopyroxene-clinopyroxene pairs in Néma 001. The
temperatures derived using these two thermometers are
remarkably consistent with one another, and likely record
subsolidus pyroxene closure temperatures.

3.2 Bulk rock composition

3.2.1 Oxygen isotopes

Bulk oxygen isotope analyses of Néma 001 yielded δ
17O =

0.62 ± 0.08‰ and δ
18O = 3.26 ± 0.12‰, corresponding

to a Δ
17O value of -1.07 ± 0.03‰ (representing the vertical

deviation from the terrestrial fractionation line, assumed
to have a slope of 0.52 in δ

17O vs. δ
18O space). These

O isotope characteristics are similar with those of most
acapulcoites and lodranites (Figure 5a), consistent with
derivation of Néma 001 from the acapulcoite-lodranite
asteroidal parent body. We note that the relatively small
powdered aliquot (∼7 mg) used for O isotope analyses
may not be fully representative of the bulk mineralogy of
Néma 001 in view of the large mineral grain size; however,
for a given planetary body Δ

17O values are identical among
various mineral phases, and the maximum δ

18O fractionation
between the main silicate minerals is about 1‰ at magmatic
temperatures relevant to achondrites (e.g., Clayton, 1993).
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Therefore, even allowing for small variations of δ18O values
would not change our interpretation of O isotope data.
In contrast to the similarity between Néma 001 and the
acapulcoites and lodranites, most other known achondrites
have different bulk oxygen isotope compositions compared
to Néma 001. The ungrouped achondrites Northwest
Africa (NWA) 6693/6704/10132, which are likely paired
(Greenwood et al., 2017), have similar Δ

17O values to
Néma 001 with slightly higher δ

18O values (Figure 5a).
However, ε

54Cr and ε
50Ti isotope anomalies show that

these meteorites are carbonaceous achondrites that cannot
be related to the acapulcoites-lodranites (e.g., Sanborn
et al., 2019).

3.2.2 Major and minor elements

We combined the modal mineralogy and average mineral
compositions to calculate a bulk major and trace element
composition for Néma 001 (Table S11, Tartèse et al., 2025).

In a total alkalis (Na2O + K2O) vs. silica (TAS) diagram,
Néma 001 plots between the andesite and trachyandesite
fields, similarly to other ungrouped achondrites such as
Grave Nunataks (GRA) 06128/06129 (Day et al., 2009,
2012; Shearer et al., 2010), Erg Chech 002 (Barrat et al.,
2021), and the evolved clast ALM-A from the Almahata
Sitta polymict meteorite (Bischoff et al., 2014) (Figure 5b).

Figure 6 depicts some of the bulk major element abun-
dances reconstructed from modal mineral abundances and
their chemical compositions (Table S11, Tartèse et al.,
2025), together with the composition of liquids produced
by partial melting of a range of ordinary chondrites (OC) at
1050–1350 °C and f O2 between IW-2.4 and IW+0.8 (Ju-
rewicz et al., 1995; Feldstein et al., 2001; Usui et al., 2015;
Collinet and Grove, 2020b). It also includes the average
composition of melts extracted from the lodranite parent
body calculated by Collinet and Grove (2020a), and the
compositions of liquids formed by partial melting of a source
with the composition of the type 4 chondrite GRV 020043
(using modal mineralogy and mineral compositions from
Li et al., 2018) calculated using rhyolite-MELTS_v1.0.x
(Gualda et al., 2012) for temperatures ranging between
1050 and 1600 °C, a pressure of 20 MPa, and f O2 of IW-2
(see Table S12, Tartèse et al., 2025, for full results).

The calculated bulk composition of Néma 001 (58.3 wt%
SiO2, 12.1 wt% Al2O3, 6.0 wt% FeO, 12.7 wt% MgO,
4.1 wt% CaO, 5.7 wt% Na2O; Table S11, Tartèse et al.,
2025) appears enriched in MgO and depleted in FeO and
CaO for its SiO2 abundance compared to the composition
of OC experimental partial melts (Figure 6), which largely
reflects the large modal abundance of olivine (∼15 vol%).
Reaching such bulk MgO abundances typically requires
temperatures of ca. 1300 °C for OC partial melts (Jurewicz
et al., 1995; Usui et al., 2015; Collinet and Grove, 2020b).
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Considering that olivine is one of the most refractory phase
during partial melting of a chondritic lithology, this may
suggest that olivine in Néma 001 is a xenocristic restite
phase entrained in the melt. This would be consistent with
its typical size of ca. 500–750 µm (Figure 1), which is similar
to olivine size in lodranites that have experienced 5 to > 10%
partial melting (McCoy et al., 1997b). With this assumption,
Figure 6 also displays some of the major element abundances
for an olivine-free calculated Néma 001 composition; this
composition (62.7 wt% SiO2, 14.7 wt% Al2O3, 2.6 wt%
FeO, 6.8 wt% MgO, 5.0 wt% CaO, 6.9 wt% Na2O; Table
S11 Tartèse et al., 2025) matches reasonably well with
that of some partial melts obtained during melting of OC
at ca. 1150–1200 °C (Figure 6) and with the average
composition of melts extracted from the lodranite parent
body calculated by Collinet and Grove (2020a). Except for
the CaO abundance, the melt compositions obtained for
partial melting of GRV 020043 at ca. 1150–1200 °C using
rhyolite-MELTS are also similar to the olivine-free Néma
001 major element composition (Figure 6).

3.2.3 Trace elements

The bulk trace element composition calculated from modal
mineralogy and average mineral compositions and that
measured by solution ICP-MS on sawing dust are consistent,
except for elements such as Cr, Ni, Co, Cu, Nb, and Pb
whose abundances are much higher in the sawing dust (Table
S11, Tartèse et al., 2025). This likely result from a combi-
nation of contamination from the saw wire and omission of
a few accessory phases in the modal recombination in which

these elements are abundant such as chromite and Fe-metal.
On the other hand, the remarkable consistency for the other
elements suggest that our modal mineralogy estimate is
fairly representative of the bulk of Néma 001. Based on the
discussion above, we focus here on the calculated olivine-free
composition of Néma 001.

Most trace element abundances in Néma 001 are between
1 and 10 times CI chondrite abundances (Figure 7a), al-
though Néma 001 contains very little Cu (∼1 µg.g-1) and
Pb (∼6 ng.g-1). Incompatible trace element abundances
(e.g., REE, Th, U) are about 5–8 times the CI chondrite
abundances. The CI-normalised REE pattern of Néma 001
is flat, showing slight light REE depletion (Lan/Smn =
0.76) and a small positive Eu anomaly (Eu/Eu* = 1.17).
Compared to other andesitic achondrites, Néma 001 REE
abundances are similar to those in Erg Chech 002 and
NWA 11119, with slightly higher light REE abundances;
abundances for the large-ion lithophile elements Sr, Cs,
Ba, and Eu are similar to those in Erg Chech 002, with
significant enrichments in volatile incompatible elements
such as K and Rb in Néma 001 (Figure 7a). In fact, Néma
001’s K/Th ratio of ca. 63000 is about 3 times higher
than in CI chondrites (ca. 19400; Barrat et al., 2012). On
the other hand, Néma 001 appears significantly depleted in
Nb, and to a lesser extent Li, compared to other andesitic
achondrites (Figure 7a). Except for K and to a lesser extent
Zr abundances, the trace element composition of Néma
001 matches well with that of silicate melts produced by
10–15% disequilibrium partial melting of an OC starting
composition over a week (Feldstein et al., 2001, Figure 7b).
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of the type 4 chondrite GRV 020043 (from Li et al., 2018, see text for details) calculated using rhyolite-MELTS_v1.0.x for
temperatures ranging between 1050 and 1600 °C, a pressure of 20 MPa, and fO2 of IW-2 (crosses denote 50 °C melting
increments).
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compared to (a) those of the other andesitic achondrites Erg Chech 002 (Barrat et al., 2021), the evolved clast ALM-A
from the Almahata Sitta polymict meteorite (Bischoff et al., 2014), GRA 06128 (Day et al., 2009), and NWA 11119
(Srinivasan et al., 2018), and (b) those of experimental melts produced over 3 weeks by disequilibrium melting of the L6
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3.3 Geochronology

3.3.1 Al/Mg dating

The internal isochron obtained on the bulk rock and mineral
separate fractions yielded an initial δ

26Mg*
0 of 0.011 ±

0.007‰ and a slope corresponding to a (26Al/27Al)0 ratio
of 2.17(±0.32)×10-6 (2σ, n = 4, MSWD = 2.6; Figure 8),
which translates to a closure date of the 26Al-26Mg system

of 3.29 ± 0.17 Ma after the formation of CAIs, assuming a
canonical distribution of 26Al in the protoplanetary disk (Ja-
cobsen et al., 2008; Villeneuve et al., 2009). The 27Al/24Mg
ratios of the plagioclase fraction is 6.1 (Table S8, Tartèse
et al., 2025), which is much lower than the 27Al/24Mg ratio
of pure plagioclase as LA-ICP-MS analyses typically yielded
27Al/24Mg of ∼4000–5000 for Néma 001 plagioclase. This
suggests that the plagioclase fraction (∼106000 µg.g-1 Al
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Figure 9. Apatite U-Pb dating. Data are plotted in a conventional Wetherill diagram (a) and as weighted average
207Pb/206Pb date (b).

and 50 µg.g-1 Mg for pure plagioclase) included some Mg-
rich phases, indeed contamination by ∼10% ferromagnesian
phases (∼1100 µg.g-1 Al and 180000 µg.g-1 Mg, using
modal abundances of olivine, orthopyroxene, and clinopy-
roxene) would decrease the 27Al/24Mg ratio to ∼6–7. This
isochron, thus, largely reflects closure of the Al/Mg system
in ferromagnesian silicates.

In situ SIMS analyses of olivine and plagioclase in Néma
001 yielded 27Al/24Mg ratios of 0.6–4×10-4 and 3967–5027,
respectively, associated with weighted average δ

26Mg* value
of 0.003 ± 0.020‰ for olivine (95% confidence, n = 8,
MSWD = 2.8) and 2.9 ± 1.3‰ for plagioclase (95%
confidence, n = 24, MSWD = 1.6) (Table S8, Tartèse

et al., 2025). These limited 26Mg enrichments in Néma
001 plagioclase obtained by SIMS indicate that it closed
below the Mg diffusion temperature when most 26Al had
decayed. This is reflected by an olivine-plagioclase isochron
that yields an initial (26Al/27Al)0 ratio of 8.6(±3.6)×10-8

(2σ, n = 31, MSWD = 1.6; Figure 8), which corresponds
to a closure date of the 26Al-26Mg system in plagioclase
of 6.6 ± 0.6 Ma after the formation of CAIs, assuming a
canonical distribution of 26Al in the protoplanetary disk
(Jacobsen et al., 2008; Villeneuve et al., 2009). The
regression yielded a δ

26Mg*
0 of 0.008 ± 0.014‰, identical

to the value determined on bulk and mineral fractions.
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3.3.2 Apatite U-Pb dating

We carried out 10 analyses in a large ∼mm-sized apatite
grain that yielded 5.9 ± 0.2 µg.g-1 U and 17.0 ± 1.0 µg.g-1

Th (Table S6, Tartèse et al., 2025). In a conventional
concordia diagram, the apatite 207Pb/235U vs. 206Pb/238U
ratios are slightly discordant, and yield an upper intercept
date of 4484 ± 7 Ma when plotted on a discordia anchored
to 0 (2σ, n = 10, MSWD = 0.4; Figure 9) that is identical to
the calculated weighted mean 207Pb/206Pb date (Figure 9).
The slight discordance of U-Pb ratios may indicate that
apatite suffered some limited recent Pb loss, possibly during
the ejection of Néma 001 from its parent body.

3.3.3 40Ar/39Ar dating

We carried out step-heating Ar isotope analyses o n two
plagioclase splits (split 1 = 1.4 mg and split 2 = 1.12 mg).
These analyses yielded 1.4 ± 0.1 (split 1) and 2.3 ± 0.1 wt%
CaO (split 2) and 0.89 ± 0.02 (split 1) and 0.74 ± 0.02 wt%
K2O (split 2), based on the measured 37Ar and 39Ar abun-
dances, respectively, which is consistent with EPMA analy-
ses (1.6 ± 0.2 wt% CaO and 1.0 ± 0.1 wt% K2O; Table
S11, Tartèse et al., 2025). For both splits, the first heating
step yielded young apparent 40Ar/39Ar dates, while the rest
of the release steps yielded relatively flat 40Ar/39Ar date
spectra, suggesting little gas loss has occurred (Figure 10).
These spectra yielded identical 40Ar/39Ar apparent plateau
dates of 4482 ± 5 Ma (MSWD = 3.7, includes 53% of the
39Ar released) and 4478 ± 11 Ma (MSWD = 2.3, includes
71% of the 39Ar released) for splits 1 and 2, respectively
(Figure 10). These plateau dates are consistent within errors
with dates determined using normal and inverse isochron
plots (Supp. Figure 1).

3.4 Noble gas inventory and cosmic ray exposure

3.4.1 Ne isotopes

The three heating steps yielded Ne isotope ratios clustering
close to the cosmogenic composition for average chondrites
(Supp. Figure 2), showing that Néma 001 contains very
little solar and primordial neon. In detail, the 20Ne/22Ne
and 21Ne/22Ne ratios measured on Néma 001 are slightly
lower than those for the cosmogenic component of average
chondrites (Supp. Figure 2), which likely reflects the fact
that the analysed aliquot contained abundant Na-rich pla-
gioclase that produces a lot of 22Ne. Using the relationship
between bulk chemical composition and cosmogenic 21Ne
production rate (P21) given in Eugster and Michel (1995)
yields P21 = 2.53×10-9 ccSTP g-1 Ma-1. In turns this
corresponds to a 21Ne cosmic ray exposure (CRE) age
of 28.5 ± 5.8 Ma assuming that all 21Ne is cosmogenic
(uncertainty includes that on the measured 21Ne abundance
and a ±20% uncertainty on P21; see Wieler et al., 2016).
Using the lowest P21 of 1.4×10-9 ccSTP g-1 Ma-1 of Wieler
et al. (2016) for achondrites yields a 21Ne CRE age of
51.5 ± 10.4 Ma. Considering that the analysed aliquot is
dominated by plagioclase, and using the Néma 001 average
plagioclase composition determined by EPMA, yields a P21
of 1.68×10-9 ccSTP g-1 Ma-1, which in turn corresponds
to a 21Ne CRE age of 42.8 ± 8.7 Ma. Considering these
uncertainties, we estimate an imprecise 21Ne CRE age of
40 ± 20 Ma for Néma 001.

3.4.2 Ar isotopes

For both plagioclase splits, the 38Ar/36Ar ratios are high
and above the cosmogenic ratio of 1.53 (Hennessy and
Turner, 1980) for nearly all steps (Supp. Figure 3). This
could indicate that there is some contribution of 38Ar
from a Cl-rich phase, as during irradiation 37Cl converts to
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Figure 11. a) Reflectance spectra obtained on Néma 001, compared with acapulcoite and lodranite from the RELAB
database. The top spectrum was obtained on a powdered sample. The second spectrum from top was obtained in an
olivine-rich area and shows the diagnostic signature of olivine that is a broad feature with a maximum of absorption around
1 µm. The third spectra from the top was measured on a green clinopyroxene-rich area and shows the combination of an
absorption centred at 1.05 µm and a broad band with a maximum around 2 µm. These two bands and their positions are
typical of clinopyroxene. An additional band is observed in the clinopyroxene spectrum with a maximum of absorption
around 0.7 µm, possibly due to Cr in the pyroxene that can explain the green colour of this phase. The small positive
features around 2.2 and 2.4 µm are artefacts, due to imperfect correction of the resin contribution; b) Reflectance spectra
of powdered samples and individual silicate phase of Néma 001, of calculated mixtures of olivine and clinopyroxene, and
comparison to asteroidal taxonomic endmembers O and Q defined by DeMeo et al. (2009).

38Cl due to the capture of a neutron, which will β-decay
to 38Ar with a half-life of 37.3 min. This is similar to
what has been observed by Shearer et al. (2010) for 2
bulk splits of the ungrouped achondrite GRA 06129 for
which many steps yielded 38Ar/36Ar ratios much higher
than the cosmogenic ratio, and which they attributed to
the presence of Cl-rich apatite. Assuming that all 38Ar is
derived from 38Cl decay yields bulk Cl abundance of 73
and 105 µg.g-1 for the Néma 001 plagioclase splits 1 and
2, respectively (Table S10, Tartèse et al., 2025), which is
orders of magnitude higher than the Cl abundances of a
few tens of ng.g-1 measured in plagioclase in acapulcoites
and lodranites (Peterson et al., 2024) and the ungrouped
achondrite Erg Chech 002 (Peterson et al., 2025), for
example. The amounts of 38Ar produced by 38Cl decay for
Néma 001 plagioclase would require the incorporation of
ca. 0.1–0.2 wt% apatite, assuming that apatite in Néma 001
contains ∼5.5 wt% Cl, similarly to apatite in other andesitic
ungrouped achondrites such as GRA 06128/06129 (e.g.,
Tartèse et al., 2019). When using Ar isotope analyses to
calculate CRE ages, the isotope ratio age method yields
38Ar CRE ages of 160 ± 37 Ma and 138 ± 32 Ma for splits
1 and 2, respectively; the conventional T38 method yields
38Ar CRE ages of 115 ± 30 Ma and 165 ± 49 Ma for splits
1 and 2, respectively. These CRE ages are higher than our
estimated 21Ne CRE age of 40 ± 20 Ma (see Section 3.4.1),

confirming that they are likely overestimates due to a small
amount of Cl-produced 38Ar contribution.

4 Discussion

4.1 Petrogenesis of Néma 001

Melts with a broadly andesitic composition such as those rep-
resented by the achondrites Néma 001, GRA 06128/06129
(Day et al., 2009, 2012; Shearer et al., 2010), Erg Chech
002 (Barrat et al., 2021), and the evolved clast ALM-A
from the Almahata Sitta polymict meteorite (Bischoff et al.,
2014, Figure 5b) could in theory derive from more primitive
basaltic melts by fractional crystallisation. However, this
does not fit with many of their geochemical characteristics
such as low incompatible trace element abundances (e.g.,
∼0.14 µg.g-1 Th and REE abundances at ∼6–8 times CI
chondrite abundances for Néma 001) and an absence of
negative Eu anomaly that would be expected if plagioclase
fractionation had taken place (e.g., Barrat et al., 2021).
This indicates that Néma 001 likely represents a primary
melt, similarly to other andesitic achondrites (e.g., Bischoff
et al., 2014; Barrat et al., 2021). Indeed, the bulk compo-
sition of Néma 001 is consistent with that of silicate liquids
formed by low pressure melting of OC-like lithologies at ca.
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Figure 12. Principal components PC1 and PC2 of the
taxonomic classification for endmember asteroids (where
bold letters denote main asteroid groups) and the Néma
001 olivine-clinopyroxene 50:50 model mixture, using the
taxonomy of Mahlke et al. (2022).

1150–1200 °C and fO2 1–2 log units below the IW buffer
(Figure 6).

These experimental studies show that the MgO abun-
dance of silicate liquids formed by ordinary chondrite partial
melting is a good proxy to estimate the melting temperature
(Supp. Figure 4). Using this empirical relationship yields
a temperature of ca. 1200 ± 30 °C for the olivine-free
bulk Néma 001 MgO abundance of 6.75 wt%, which is well
within the range of lodranite partial melting temperatures
of ca. 1100–1250 °C (Mittlefehldt et al., 1996; McCoy
et al., 1997a,b; Floss, 2000; Dhaliwal et al., 2017; Keil and
McCoy, 2018; Lucas et al., 2022). The degrees of melting
(F) of OC at 1200 °C range between ∼15–25% (Collinet
and Grove, 2020b), and there is a decent match between
Néma 001’s olivine-free major element composition and that
of OC partial melts at the lower end of that range around
F of ∼15% (Supp. Figure 4). A range of 15–20% melting
is also consistent with incompatible REE abundances being
enriched by 5–6 times in Néma 001 compared to an H
chondrite composition for example (e.g., a ∼F enrichment
factor; Barrat et al., 2021). The bulk Sr, Ti, and REE
abundances of Néma 001 are also in line with those of silicate
melts produced by 10–15% disequilibrium partial melting
of an OC starting composition over a week (Figure 7b),
suggesting that Néma 001 melts were rapidly extracted from
their source regions, as suggested for the evolved clast ALM-
A from the Almahata Sitta polymict meteorite (Bischoff
et al., 2014). At these conditions, MELTS calculations
suggest that partial melting also produced ∼25% Fe-Ni
melts (Table S12, Tartèse et al., 2025).

We proposed earlier that olivine in Néma 001 could be a
restite phase inherited from partial melting residues, having
notably a typical size of ca. 500–750 µm similar to that
of olivine in lodranites that have experienced 5 to > 10%
partial melting (McCoy et al., 1997b). However, olivine
in Néma 001 (Fo77) is less magnesian than in lodranites

(typically between Fo90–Fo85; e.g., Keil and McCoy, 2018).
Exchange of Fe and Mg between olivine and melt is rapid;
modelling by Mourey et al. (2023) suggests that it would
only take a couple of decades to completely homogenise
a 1 mm-long olivine from an original Fo90 to a final Fo80

composition at ∼1200 °C (olivine elongated along the c-axis
where diffusion is the slowest). The melt composition would
then progressively evolve as crystallisation proceeded. Using
the Mg# of orthopyroxene (80) and clinopyroxene (86) in
Néma 001 and KD

Mg-Fe exchange coefficients of 0.28 ± 0.05
and 0.25 ± 0.05 (e.g., Beattie, 1993; Neave et al., 2024;
Toplis, 2005), respectively, yields melts Mg# in the range
∼53–60 ± 5. Therefore, the first melts that interacted
with restite olivine (with an original composition of Fo90–
Fo85, similar to lodranite olivine) may have had Mg# values
around 75. With progressive crystallisation of pyroxene, the
melt Mg# decreased, as recorded by orthopyroxene and
clinopyroxene compositions (Figure 3a). The lack of zoning
in any of the major minerals suggest slow cooling, with a
final subsolidus pyroxene equilibration temperature of ca.
900 °C.

4.2 Comparing Néma 001 to other achondrite meteorites

The bulk oxygen isotope composition of Néma 001, both in
terms of δ18O and Δ

17O values, is similar to that of most
acapulcoites and lodranites (Figure 5a). This is consistent
with derivation of Néma 001 from the acapulcoite-lodranite
asteroidal parent body. This is also supported by the olivine
and pyroxene Fe/Mn ratios that are similar for Néma 001
and Lodran (Supp. Figure 5), as well as by similar chromite
compositions (Figure 3d). In contrast, Néma 001 bulk
oxygen isotope composition differs from that of most of
the other main achondrite groups and ungrouped achon-
drites, except for the ungrouped achondrites Northwest
Africa (NWA) 6693/6704/10132 (which are likely paired;
Greenwood et al., 2017) that have similar oxygen isotope
compositions to Néma 001 (Figure 5a). However, the
pyroxene Fe/Mn molar ratios (∼67 to 95; Warren et al.,
2013; Hibiya et al., 2019) of these meteorites are much
higher than in pyroxenes in Néma 001, indicating that Néma
001 and NWA 6693/6704/10132 originated from a distinct
parent body. As mentioned in Section 3.2.1, ε54Cr and ε

50Ti
isotope anomalies also show that these latter meteorites
are carbonaceous achondrites that cannot be genetically
related to the non-carbonaceous acapulcoites-lodranites
(e.g., Sanborn et al., 2019).

As stated in the Results section, pyroxenes in Néma 001
are more magnesian than in other ungrouped achondrites,
but less magnesian than in acapulcoites, lodranites, gabbroic
clasts in LEW 86220, and FRO 93001 (Figure 3a). Similar
Fe/Mn, but higher Fe/Mg ratios is what one would expect
for pyroxenes crystallising from a melt complementary to
lodranite-like residues, similarly to the observed relationship
between mafic mineral compositions in GRA 06128/06129
and brachinites (e.g., Day et al., 2012).
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Figure 13. Schematic depiction and evolution of the GRV 020043-acapulcoite-lodranite-Néma 001 parent body (adapted
from Lucas et al., 2022). The samples of chondrite, acapulcoite (Akka 001), lodranite (NWA 6562), and Néma 001 are
from the CEREGE collection.

4.3 Searching for Néma 001’s parent asteroid

To investigate possible asteroidal parent bodies, we ob-
tained reflectance spectra on a powdered sample and a
polished thick section of Néma 001. On the thick section,
point spectra were measured on different areas of the
sample, and regions were identified with spectra typical
of olivine and areas assigned as being clinopyroxene-rich
(Figure 11a). We did not identify areas dominated by
orthopyroxene signature at our spatial resolution (6 mm
diameter). Spectra obtained on the clinopyroxene-rich
areas show a clear absorption around 0.7 µm that may
be attributed to the presence of chromium (Cloutis, 2002).
In order to assess the reflectance spectrum of the bulk
sample based on these point measurements, we did a simple
linear mixing model of spectra obtained on olivine- and
clinopyroxene-rich areas (Figure 11b). This calculation
neglects the effect of plagioclase, that is spectrally neutral
and whose presence would lead to an overall decrease of the
strength of absorption bands. Results of this calculation
show a very good agreement with measurements obtained
on the powdered sample (Figure 11b). The reflectance
spectrum of Néma 001 powder is quite distinct compared to

spectra of meteorites from the Howardite-Eucrite-Diogenite
group, as well as from spectra of Acapulcoite-Lodranites
(Figure 11). The 1-µm band for an asteroid related to Néma
001 would likely be unusually broad, given the contribution
from clinopyroxene and olivine, when compared to abundant
basaltic objects such as vestoids. Also, the relative ratio
of the 2-µm and 1-µm bands will be low, unlike what is
observed for diogenites (including olivine-rich diogenite).
These properties would make the parent body of Néma 001
identifiable based on reflectance spectroscopy, if the surface
is intact and Néma 001-like material is exposed there. The
green colour of Cr-rich clinopyroxene of a Néma 001-covered
asteroid could be identifiable based on multi-colour survey,
but the effects of space-weathering are particularly strong in
the visible range and may quickly change the visible colours.

There exist asteroid taxonomic types with signatures
similar, though not identical, to those obtained for Néma
001. They are the O-type and Q-type (DeMeo et al.,
2009; Mahlke et al., 2022). These visual matches were
further assessed using the taxonomic classification tool
of Mahlke et al. (2022). This revealed that, although
no perfect match was found, the O-type are the closest
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taxonomic classes (Figure 12). While comparison to our
model suggests possible connections between Néma 001
and these asteroidal end-members, finer examination shows
that the 1-µm band position is slightly different between the
Néma 001 model and Q-type, and that the relative band
depth between the 1- and 2-µm band are different between
O-type and Néma 001 model. Also, the absorption around
0.7 µm observed for Néma 001 is not observed in any of the
taxonomic endmembers, but this band may be particularly
sensitive to space-weathering processes. Investigations of
the effect of space-weathering on this meteorite of fairly
unusual mineralogy may help find possible source asteroids.

4.4 Implications for the acapulcoite-lodranite-Néma 001
asteroidal parent body

It has been proposed that the acapulcoites and lodranites
originated from a complex layered parent body, with size
estimates ranging from ∼25–100 km radius (Touboul et al.,
2009; Golabek et al., 2014; Li et al., 2018; Lucas et al.,
2022) and up to 260 km radius (Neumann et al., 2018).
This parent body, from the outside surface inwards, may
have originally comprised of an undifferentiated chondritic
outer shell akin the Grove Mountains (GRV) 020043 type 4
chondrite, an acapulcoite-like layer, an acapulcoite-lodranite
transitional horizon, and a lodranite-like layer with increasing
amounts of Fe-Ni metal with increasing depth (Li et al.,
2018; Lucas et al., 2022, Figure 13). Neumann et al.
(2018) even suggested that the body was fully differentiated,
containing a metallic core and a silicate mantle underneath
the acapulcoite-lodranite horizons. At 1200 °C, a melt
with the bulk composition of Néma 001 would have a
density of 2500–2600 kg.m-3 (Supp. Figure 6). The model
of Neumann et al. (2018) suggests that the acapulcoite-
lodranite parent body would have been comprised of a
∼1 km chondritic porous outer shell with a density of
∼2700 kg.m-3 (for an initial porosity set at 30 vol%), a
chondritic compacted layer with a density of ∼3900 kg.m-3

down to a depth of ∼10 km, followed by a ∼4 km thick
partially differentiated layer where the density decreases
to ∼3300 kg.m-3. If silicate melts produced by partial
melting of lodranite precursors had densities similar to that
calculated for Néma 001, it is likely that these melts would
have ascended from their source region because of the
density contrast with surrounding host rocks (Figure 13).
Whether these melts would have been able to migrate
upwards through the outermost porous chondritic shell
depends on many factors, such as initial porosity – with
a slight increase of porosity to 35 vol% from the value
of 30 vol% used in the Neumann et al. (2018) model, the
density for the porous outer shell decreases to ∼2500 kg.m-3,
slightly lower than the predicted Nema 001 parent melt
density. Finally, we note that the coarse grain size of Néma
001 suggests that it crystallised slowly either in a plutonic
intrusion at depth or in the interior of a thick lava flow if
melts reached the surface.

Most modelling studies suggest that acapulcoite-lodranite
meteorites originated from ∼7–25 km depth from a ∼25–
260 km radius parent body that accreted 1.5 ± 0.2 Ma

after the formation of CAIs and that peak temperatures
of ∼1200–1300 °C for lodranites occurred ca. 2.5–4 Ma
after CAIs (e.g., Touboul et al., 2009; Golabek et al., 2014;
Neumann et al., 2018). Bulk MC-ICP-MS and in situ SIMS
Al/Mg analyses yielded distinct dates of 3.3 ± 0.2 Ma and
6.6 ± 0.6 Ma after the formation of CAIs (Figure 8), which
correspond to the closure of ferromagnesian phases (olivine,
pyroxene) and plagioclase to Mg diffusion, respectively. For
instance, calculation of this closure temperature for albite,
enstatite, and forsterite, all taken as cylinders with radii of
0.5–1 mm, akin to those observed in Néma 001 (Figure 2),
yields temperatures of ∼750–900 °C for albite, ∼1030–
1400 °C for forsterite, and ∼1120–1550 °C for enstatite
for cooling rates of 0.1–10 °C/yr (Supp. Figure 7), which
are those obtained by Lucas et al. (2022) for the first
phase of fast cooling for acapulcoites-lodranites. In thermal
evolution models that postulate monotonic cooling for the
acalpulcoite-lodranite parent body, peak temperatures of
∼1200–1300 °C are reached at ∼3–4 Ma after CAIs in the
lodranite source regions, which then cool down to temper-
atures of 700–900 °C around 7 Ma after CAIs (Touboul
et al., 2009; Neumann et al., 2018). The discordant Al/Mg
dates of 3.3 ± 0.2 Ma and 6.6 ± 0.6 Ma after CAIs
recorded by ferromagnesian silicates and plagioclase are
thus fully consistent with these thermal evolution models,
and with formation of Néma 001 melts by partial melting
of lodranite precursors during peak metamorphism in the
acapulcoite-lodranite parent body. However, by compiling a
wide range of cooling rate estimates, Lucas et al. (2022)
argued that the acapulcoite-lodranite parent body underwent
a first stage of fast cooling at ∼0.1–10 °C/yr from peak
temperature to ∼750 °C, followed by slower cooling at
∼0.001–0.1 °C/yr below ∼750 °C, which is not consistent
with undisturbed monotonous cooling in a layered asteroid.
Instead, they proposed that the original parent body was
disrupted by an impact event shortly after its formation,
producing fragments with radii of ∼0.3–10 km that re-
accreted within a few thousand years into one or several
rubble-pile asteroids (Figure 13). In the Acapulco meteorite,
apatite Pb/Pb dating yielded a date of 4556.5 ± 1.3 Ma
(Amelin, 2005), which may correspond to this early break-
up event (Lucas et al., 2022). This is also consistent
with an I-Xe age of ∼4558 Ma obtained on Acapulco
and the lodranite GRA 95209 (Crowther et al., 2009).
In such scenario the Al/Mg date of 6.6 ± 0.6 Ma after
CAIs recorded by plagioclase in Néma 001 may correspond
to a complete resetting of the Al/Mg chronometer at
temperatures exceeding the plagioclase closure temperature
to Mg diffusion during early break-up and reassembly of the
acapulcoite-lodranite parent body. Plagioclase 40Ar/39Ar
and apatite U-Pb dating in Néma 001 yielded identical,
younger dates of 4.48 Ga, which are at the lower end of
the range of Ar/Ar dates of 4.49–4.52 Ga obtained on
acapulcoite-lodranite meteorites (Bogard, 2011). To a first
order, the Ar/Ar and apatite U-Pb closure temperatures of
∼500 ± 100 °C are similar (Pellas et al., 1997; Cochrane
et al., 2014; Schoene and Bowring, 2007). Cooling from 750
to 500 °C between 4555 and 4520–4480 Ma yields cooling
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Figure 14. Comparison of the 21Ne cosmic-ray exposure age of Néma 001 with 21Ne cosmic-ray exposure ages determined
for acapulcoites and lodranites (Weigel et al., 1999; Patzer et al., 2003; Eugster and Lorenzetti, 2005; Smith et al., 2023).

rates of ∼3–7×10-6 °C/yr, orders of magnitude slower than
estimates for acapulcoites-lodranites (Lucas et al., 2022).
Therefore, we interpret the Néma 001 plagioclase 40Ar/39Ar
and apatite U-Pb dates of 4.48 Ga as dating the timing of
a later impact event. Finally, our best estimate for the 21Ne
CRE age of Néma 001 of 40 ± 20 Ma is consistent with
that of the lodranite NWA 7474 (Figure 14). These CRE
age data implies that meteorites from the parent asteroid(s)
of the acapulcoites and lodranites were delivered to the
Earth following multiple break-up events at ca. 5–10 Ma,
∼15 Ma, ∼40 Ma, and ∼100–150 Ma (Figure 14).

5 Conclusions

The mineralogy, chemistry, and chronological history of
Néma 001 are all consistent with an origin from a par-
tially differentiated asteroidal parent body, for which the
acapulcoite-lodranite meteorites represent partial melting
residues. Similarly to the other ungrouped achondrites GRA
06128/06129, ALM-A, and Erg Chech 002, Néma 001 has
an andesitic composition that is consistent with composi-
tions of silicate melts produced by partial melting of ordinary
chondrite-like precursors during the first few millions of years
of evolution of the Solar System. With the addition of Néma
001, we now have a comprehensive suite of samples from
the acapulcoite-lodranite parent body, including unmelted
chondritic precursor material, residues from ∼1–20% partial
melting, and variably differentiated igneous rocks. This
unique suite of samples is key to further investigate melting
and differentiation processes of asteroids, and supports the
existence of partially differentiated planetesimals.
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