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P L A N E TA R Y  S C I E N C E

A heterogeneous mantle and crustal structure formed 
during the early differentiation of Mars
James M. D. Day1*, Marine Paquet1,2, Arya Udry3, Frederic Moynier4

Highly siderophile element abundances and Os isotopes of nakhlite and chassignite meteorites demonstrate that they 
represent a comagmatic suite from Mars. Nakhlites experienced variable assimilation of >2- billion- year- old altered 
high Re/Os basaltic crust. This basaltic crust is distinct from the ancient crust represented by meteorites Allan Hills 
84001 or impact- contaminated Northwest Africa 7034/7533. Nakhlites and chassignites that did not experience crustal 
assimilation reveal that they were extracted from a depleted lithospheric mantle distinct from the deep plume source 
of depleted shergottites. The comagmatic origin for nakhlites and chassignites demonstrates a layered martian interior 
comprising ancient enriched basaltic crust derived from trace element–rich shallow magma ocean cumulates, a vari-
ably metasomatized mantle lithosphere, and a trace element–depleted deep mantle sampled by plume magmatism.

INTRODUCTION
Meteorites from Mars provide fundamental insights into the evolution 
of what was once a potentially habitable planet. As dominantly basaltic 
rocks ranging in age from >4.4 billion years (Ga) to <0.2 Ga (1–4), mar-
tian meteorites have been used to demonstrate much earlier completion 
of accretion and core formation for Mars than Earth (5), evidence that 
Mars was once completely molten and likely had a magma ocean (6), 
early oxidation of the crust through impacts (7), and evidence for liquid 
water and alteration processes at the surface [e.g., (8–10)]. In the absence 
of returned samples from Mars’ surface, meteorites are essential to un-
derstanding the petrogenesis of distinct rock types [e.g., (1, 4, 11, 12)] 
and are crucial for geochemical and geophysical models.

Of the available martian meteorites, two distinctive rock types, the 
augite- rich basaltic nakhlites (12) and the olivine- rich dunitic chas-
signites (13), have been postulated to represent a comagmatic suite 
[e.g., (14)]. As likely representatives of a single magmatic system, they 
have similar crystallization (1.34 ± 0.04 Ga) and ejection ages from 
the martian surface (11 ± 1.5 million years) (14, 15) and so have the 
potential to provide unparalleled information on magmatic processes 
within Mars. These rocks have been interpreted to have formed from 
a relatively long- lived magmatic system (15), with a depleted source 
composition, suggesting that they are relatively low- degree partial 
melt products generated from flexural uplift of metasomatized mantle 
lithosphere, possibly within the Tharsis region of Mars (16).

In contrast to a comagmatic origin, it has been suggested that na-
khlites and chassignites may not be related (17), and it remains unclear 
how other martian meteorite types, including shergottites, the or-
thopyroxenite Allan Hills (ALH) 84001 (18), or the basaltic breccia 
Northwest Africa (NWA) 7034/7533 [and pairs; (3, 19)], relate to this 
igneous suite. To resolve these issues, we present Re- Os isotope and 
highly siderophile element (HSE; Os, Ir, Ru, Pt, Pd, and Re) abundance 
data for chemically well- characterized nakhlites and chassignites, ex-
panding previous work (20–23). In turn, this enables determination of 

whether nakhlites and chassignites are related and insights into their 
petrogenetic histories. In addition, we report Re- Os isotope and HSE 
abundance data for the orthopyroxenite ALH 84001 to examine the 
likely nature of ancient crustal rocks on Mars to complement studies 
on the ~4.4- Ga basaltic breccia NWA 7034/7533 (24).

RESULTS
Sample powders analyzed for 187Re-  187Os and HSE abundances have 
been previously measured for major and trace element abundances 
(16, 25) or are reported here (ALH 84001 and Y- 000802). Nakhlites are 
basaltic rocks with low total alkalis (<2 wt % Na2O + K2O; fig. S1), span a 
range of MgO (7.3 to 12.3 wt %) and Cr (496 to 2305 μg/g) contents (fig. S2), 
and, as noted previously (14, 16), have consistent Chondrite Ivuna (CI)–
normalized incompatible trace element (ITE) patterns (fig. S3). Chas-
signites are dunites with low total alkalis (<0.2 wt % Na2O + K2O), 32 to 
36 wt % MgO, and high Cr (4700 to 10,400 μg/g) and have overlapping 
ITE patterns with nakhlites. In contrast, the ancient martian sample 
ALH 84001 [4.1 Ga; (2)] is an orthopyroxenite with ~24 wt % MgO, high 
Cr (7700 μg/g), and an ITE pattern most similar to shergottite meteor-
ites but with elevated high field strength element abundances (fig. S3). 
Nakhlites and chassignites have compatible element abundance vari-
ations consistent with olivine (+ clinopyroxene) and Cr- spinel fraction-
ation or accumulation, respectively, while ALH 84001 is an accumulative 
rock containing dominantly orthopyroxene and Cr- spinel (fig. S2).

The HSE abundance and Os isotope compositions of nakhlites, chas-
signites, and ALH 84001 are given in table S1 and Figs. 1 and 2. Nakhlite 
fractions examined in this study have variable total HSE abundances 
(0.65 to 10.2 ng/g), 187Re/188Os (0.4 to 61), and measured 187Os/188Os 
(0.164 to 1.369) ratios. Martian mantle normalized HSE patterns for the 
nakhlite suite (Fig. 1) are similar to fractionated terrestrial alkali basalt 
partial melts (26), with high (Re + Pd + Pt)/(Ru + Ir + Os) ratios. Age- 
corrected 187Os/188Os range from unrealistically low to high γOsi (−111 
to +306), where γOsi is the percentage deviation in 187Os/188Os relative 
to a chondritic reference calculated for 1.34 Ga (14). Some nakhlites, in-
cluding most fractions of Nakhla, conform to a 1.34- Ga chondritic initial 
isochron, whereas others plot at higher 187Os/188Os for a given 187Re/188Os 
ratio, consistent with more radiogenic initial Os (Fig. 2).

Analyzed chassignites have relatively low total HSE abundances (2.4 
to 4.1 ng/g) compared with some nakhlites and previously published 
data for chassignites or nakhlites (20–23), having low 187Re/188Os (0.11 

1Scripps institution of Oceanography, University of california San Diego, la Jolla, cA 
92093, USA. 2centre de Recherches Pétrographiques et Géochimiques de nancy, 
cnRS, Université de lorraine 15 Rue notre Dame des Pauvres 54500 vandoeuvre- 
lès- nancy, France. 3Department of Geoscience, University of nevada, las vegas, lilly 
Fong Geoscience Building, 4505 S Maryland Pkwy, las vegas, nv 89154, USA. 4Uni-
versité Paris cité, institut de Physique du Globe de Paris, cnRS, 1 rue Jussieu, 75005 
Paris, France.
*corresponding author. email: jmdday@ ucsd. edu

copyright © 2024 the 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. no claim to 
original U.S. 
Government Works. 
Distributed under a 
creative commons 
Attribution 
noncommercial 
license 4.0 (cc BY- nc). 

mailto:jmdday@ucsd.edu


Day et al., Sci. Adv. 10, eadn9830 (2024)     31 May 2024

S c i e n c e  A D v A n c e S  |  R e S e A R c h  A R t i c l e

2 of 6

to 0.21) and sub- chondritic 187Os/188Os (0.1177 to 0.1231). Martian 
mantle normalized HSE patterns are generally relatively flat for chassig-
nite fractions (Fig. 1) and are similar to terrestrial cumulate dunites (27). 
Age- corrected 187Os/188Os are close to chondritic (γOsi = −5 to +2), 
with generally invariant 187Os/188Os for a range of 187Re/188Os (Fig. 2). 
Sample ALH 84001 has low total HSE abundances (0.23 to 0.84 ng/g), 
187Re/188Os from 5.4 to 74, and measured 187Os/188Os broadly within the 
range of chondrites (0.1237 to 0.1299). Martian mantle normalized HSE 
patterns are strongly fractionated for ALH 84001, with negative age- 
corrected 187Os/188Os, indicating recent rhenium disturbance.

DISCUSSION
Comagmatic origin for nakhlites and chassignites
The nakhlites, chassignites, and ALH 84001 represent meteorites 
obtained as either falls (e.g., Nakhla and Chassigny) or finds (e.g., 
Lafayette), including those from the Antarctic (e.g., ALH 84001) or 
from hot deserts (NWA designated samples). No systematic trends 

are discernable for the HSE or Os isotopes based on these distinc-
tions, implying that terrestrial alteration effects have had negligible 
influence on these elemental and isotopic characteristics. The only 
exceptions are disturbance to Re contents in some samples, with ex-
tremely negative calculated γOsi (table S1). This disturbance is unre-
lated to neutron fluence effects, as hypothesized for some lunar 
samples with long cosmic- ray exposure histories (28), given the 
relatively limited exposure ages for martian meteorites [e.g., (4)]. 
Instead, they more likely reflect Re disturbance or, in some cases, 
large blank subtraction on Re [e.g., (29)]. These effects have limited 
impact on measured 187Os/188Os or overall HSE abundance patterns.

The new HSE data for nakhlites and chassignites are fundamen-
tal to considering their potential comagmatic origins. Nakhlites and 
chassignites are closely related in terms of ejection and crystalliza-
tion ages and ITE and Sr- Nd isotope compositions (14, 16, 30), yet 
their relationship to one another has been questioned [e.g., (17, 31)]. 
A comagmatic origin is supported by fractionation of olivine and 
Cr- spinel to form cumulate chassignites and fractionated nakhlite 
compositions, indicating a mineral assemblage with between ~98 
and 94% olivine (and clinopyroxene) and  ~2 and 6% Cr- spinel 
(fig. S2). Fractionation processes are modeled in three steps for the 

Fig. 1. Martian mantle normalized HSE patterns. Shown in (A) are chassignites, 
(B) nakhlites, and (C) Alh 84001. Symbols with crosses denote previously published 
data. Shown in (A) is model 1, a fractional crystallization (Fc) model of a depleted mar-
tian mantle (MM) composition that experienced 5% prior melt depletion. Partial melt 
depletion of the MM composition results in only minor depletions of most hSe to the 
residue, with more major depletion for Pd, due to the lack of S exhaustion at these 
relatively low melt fractions. Shown in (B) is model 2, a fractional crystallization model 
for a melt after dunite (chassignite) cumulate removal. Model information is provided 
in the methods and the MM composition is from (32). Field of la Réunion cumulate 
dunites and lavas from (27). Published chassignite and nakhlite data from (20–23).

Fig. 2. Rhenium- osmium isotope diagrams for nakhlites, chassignites, and 
ALH 84001. (A) the full range of 187Re-  187Os in the samples. (B) An expanded view 
of the lower left- hand region of (A). Symbols with crosses denote previously pub-
lished data. the nakhlite meteorite nakhla is separated from other nakhlites in 
these diagrams, as different sample fragments have been measured in this study 
and (20–23). Shown for reference are the 1.34- Ga chondritic reference isochron and 
1.34- Ga isochrons with radiogenic initial 187Os/188Os of 0.15 and 0.23. Published 
data from (20, 22, 23).
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HSE. First, given the requirement for a depleted mantle source for 
both meteorite classes in Mars (16), a previously fertile mantle 
source (32) that experienced ~5% prior melt depletion was mod-
eled. This process acted to marginally reduce the HSE contents of 
the source relative to the martian mantle estimate due to S remain-
ing in the mantle residue (Fig. 1A). In the second stage, the depleted 
mantle source experienced variable extents of partial melt depletion 
and was assumed to accumulate minerals to form chassignites 
(Fig. 1A). In the third stage, the residual liquid after dunite cumulate 
removal (chassignite) was further fractionated, assuming a mineral 
assemblage dominated by olivine [clinopyroxene would have a sim-
ilar effect, given that the empirically derived partition coefficients 
between both phases are not substantially different; (26)], Cr- spinel, 
and sulfide (Fig. 1B).

The more fractionated patterns of nakhlites compared with chas-
signites match similar trends for terrestrial dunite cumulates and 
lavas from La Réunion and can be modeled through crystal- liquid 
fractionation effects (Fig. 1). This is further supported by the corre-
spondence of chondritic initial 187Os/188Os of many nakhlites with 
chassignite compositions (Fig. 2), indicating a mantle- derived pri-
mary melt composition. To form both chassignites and nakhlites, 
the primary mantle melt would have to have been MgO- rich [11 to 
13 wt %; e.g., (33)], to model the sample compositions, rather than 
MgO- poor from parental melt estimates from nakhlite melt inclu-
sion studies [e.g., (34–36)]. Melt inclusions within nakhlite clinopy-
roxene and olivine are, therefore, representative of late- stage liquids 
after prior fractional crystallization. The MgO- rich nature of the 
parent melt required to explain the relatively flat HSE patterns of 
chassignites suggests ~5% partial melting of their mantle source.

Crustal assimilation occurring in nakhlites
A large fraction of the studied nakhlites have a high 187Os/188Os 
for a given 187Re/188Os ratio, evident in them falling along the more 
radiogenic initial isochron lines illustrated in Fig. 2. While this fea-
ture could reflect Re disturbance, or blank corrections, as noted 
previously, the measured 187Os/188Os for nakhlites is extreme and 
requires substantial initial magmatically derived variations in Re/Os 
as well as initial isotopic heterogeneity. Because some nakhlites have 
similar chondritic initial 187Os/188Os to chassignites, the most likely 
explanation for initial Os isotopic heterogeneity would be through 
assimilation of high Re/Os crustal material, during nakhlite em-
placement, concomitant with fractional crystallization.

The HSE are chalcophile in the absence of metal (37) and so are 
strongly controlled by sulfide in martian magmas (38). Studies of na-
khlite and ALH 84001 sulfur isotope compositions have demonstrated 
that they span a range of δ34S, as well as of the mass- independent 
signature Δ33S, which has been attributed to assimilation of surface 
sulfate formed through photochemical effects in Mars’ atmosphere 
(9, 39, 40). The compositional range of S isotopes implies alteration 
by fluids in equilibrium with the martian atmosphere to the ancient 
basaltic crust. This crust was then assimilated into some nakhlites. 
Measured 187Os/188Os and S isotope data from different aliquots of 
samples have a negative covariation (Fig. 3); the only exception is the 
meteorite Nakhla, which has Δ33S close to zero (no anomaly) and a 
range of 187Os/188Os within different aliquots. ALH 84001 also lacks 
a large Δ33S anomaly and had low Re/Os, implying that it is not a 
good representative of a likely assimilant for nakhlites. Instead, the 
assimilant had negative Δ33S and high Re/Os. This altered basaltic 
crust was likely also Cl- rich to explain the compositions of some 

nakhlites (30). A notable feature of the Os- S isotope covariation is 
that poorly equilibrated nakhlites, which have vitrophyric matrices 
and large ranges in pyroxene composition [MIL designated meteor-
ites; (41, 42)] have the most radiogenic measured 187Os/188Os and 
negative Δ33S relative to the more equilibrated nakhlites with crystal-
line matrix [Lafayette and Nakhla; (14)]. Such a relationship implies 
that some fast- quenched nakhlites experienced more considerable 
assimilation of high- Re/Os and altered martian crust.

To constrain the nature of the assimilant responsible for the vari-
ations of Os and S isotope and trace element compositions within 
nakhlites, mixing models were constructed between a mantle melt 
responsible for chassignites and nakhlites with two likely crustal 
compositions (Fig. 4). The first is an enriched shergottite [Los Angeles; 
(43)] composition with high 187Os/188Os. While this sample is con-
siderably younger than nakhlites or chassignites and so cannot be 
a realistic assimilant, it illustrates that an enriched shergottite- type 
composition is a likely crustal contaminant composition for nakhlites 
and chassignites in Mars. The second composition was produced by 
taking enriched shergottite compositions and aging them for Os iso-
topes to the oldest known shergottites at ~2.4 Ga (44, 45). This op-
eration was done to provide an estimate of ingrowth of 187Os from 
187Re decay in potential realistically aged basaltic assimilants to 
the nakhlites. A potential source that can be ruled out is impact- 
contaminated ancient basaltic crust, such as that represented by NWA 
7034/7533 (24), which would not match the radiogenic 187Os/188Os 
of contaminated nakhlites. While all shergottites have lower La/Yb 
than nakhlites or chassignites, depleted shergottites are not a match 
for a possible crustal source composition because they do not 
have sufficiently high Re/Os to generate large 187Os/188Os variations 
over time. Instead, our models illustrate that <10% assimilation of 
an ancient (>2 Ga) altered basaltic crustal composition, similar in 
composition to enriched shergottites, occurred to explain the com-
positional variability of nakhlites (Fig.  4). Substantial fractional 
crystallization (e.g., Fig.  1) concomitant with assimilation to pro-
duce nakhlite parental melt compositions would be consistent with 
these estimates, suggesting that assimilation may have occurred in 

Fig. 3. Measured 187Os/188Os versus Δ33S for nakhlites and ALH 84001. Sulfur 
isotope data are from different aliquots to Os measured in this study from (9, 39, 
40). Plots of age- corrected 187Os/188Os versus Δ33S reveal the same negative corre-
lation but with more scatter due to the disturbance of Re in some of the studied 
meteorites (see the "crustal assimilation occurring in nakhlites" section for details). 
Mil 09XXXX refers to Mil 090030, Mil 090032, and Mil 090136.
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shallow sills where partial melting enhanced ITE enrichment from 
assimilating wall rocks.

A heterogeneous martian mantle and crustal structure
Observations of a comagmatic origin for chassignites and nakhlites, 
with the latter experiencing variable assimilation of altered enriched 
basaltic crust during emplacement, have implications for under-
standing links between martian meteorites and the magmatic evolu-
tion of Mars. Contamination from old altered enriched basaltic 
crust without evidence for HSE enrichment from impact provides 
constraints regarding the crust into which nakhlites and chassignites 
were emplaced. Evidence in support of ancient enriched basaltic 
crustal components is provided from alkali basalt–type composi-
tions determined by the Mars Exploration Rovers (MER) (fig. S1). 
These basalt compositions have been obtained from relatively young 
impact contamination–poor Amazonian surfaces on Mars, consis-
tent with a Tharsis origin (16). We suggest that the alkalic tendencies 
of basalts measured by the MER reflect partial melting of enriched 
lithospheric components from pervasive metasomatism or from 
direct melting of shallow incompatible element enriched magma 
ocean cumulates in Mars (Fig. 5). The younger enriched shergottites 
are also likely to be derived from these sources, with a major impli-
cation being that depleted shergottites are derived from deeply de-
rived mantle sources sampled by plumes. In turn, ALH 84001 is a 
deep-  to mid- crustal cumulate from dominantly enriched basaltic 
crust in Mars, with impact- ejected rocks (NWA 7034) likely to re-
flect materials from the older, more cratered southern hemisphere 
of Mars (Fig. 5).

As a comagmatic suite, nakhlites and chassignites provide crucial 
information on martian magmatic processes, indicating similarities 
with alkali basalt magmatism on Earth (46). Furthermore, assimila-
tion into some nakhlite meteorites enables unambiguous identifica-
tion of relatively ancient (>2 Ga) high Re/Os, incompatible element 
enriched basaltic crust that has interacted with the atmosphere. 
Martian magmas are strongly influenced by relatively shallow mantle 
(e.g., nakhlites and chassignites, and enriched shergottites) and 
deeper plume derived partial melting processes (depleted shergot-
tites) and this structure can potentially be examined by geophysical 
models from the Insight mission and from future Mars sample return.

MATERIALS AND METHODS
Sample descriptions and sources
Analyses were conducted on powders made from chips of samples 
from various sources (table  S4). This included separately sourced 
chips of the Nakhla meteorite. Chips were unpacked from the origi-
nal containers that they were received from and were examined with 
the naked eye to check for exterior fusion crust. Only material with-
out fusion crust was crushed, in a pre- cleaned alumina mortar and 
pestle. The resultant ~1 to 2 g powder aliquots were used for major 
and trace element abundance determination (14, 16, 32) followed by 
Re- Os isotope and HSE abundance analysis. In some instances, dis-
crete analyses of sample powders were conducted to assess replica-
tion and the effect of nuggeting of the HSE in samples.

Major and trace element abundance determinations 
and sources
New major and trace element abundance data are reported for na-
khlite Y- 000802 and ALH 84001 (table S2). The data were obtained in 
an identical way to previously reported data by our group on nakhlites 
and chassignites [e.g., (14, 16, 25, 32)] at the Scripps Isotope Geo-
chemistry Laboratory (SIGL). This included digestion of a 50- mg ali-
quot from a larger mass of sample powder (1 to 2 g) also used for 
Re- Os isotope and HSE abundance analysis. Complete digestion was 
accomplished by sealing sample with Teflon- distilled 27.5 M HF 
(4 ml) and 15.7 M HNO3 (1 ml) in closed- capped Teflon beakers for 
>72 hours on a hotplate at 150°C, along with total procedural blanks 
and terrestrial basalt and andesite reference materials (BHVO- 2, 
BCR- 2, BIR- 1a, and AGV- 2). Samples were sequentially dried and 
taken up in concentrated HNO3 to destroy fluorides, followed by dop-
ing with indium to monitor instrumental drift during analysis, and 
then diluted to a factor of 5000. Trace element abundances were de-
termined using a Thermo Fisher Scientific iCAP Qc quadrupole in-
ductively coupled plasma mass spectrometer (ICP- MS), and all data 
are blank- corrected. Long- term reproducibility of abundance data is 
better than 6% for most elements, except for Mo, Te, and Se (>10%).

Osmium isotope and HSE (Re, Pd, Pt, Ru, Ir, and 
Os) abundances
Osmium isotope and HSE abundance analyses were performed at the 
SIGL on precisely weighed aliquots of homogenized powder that 
were then digested in 10- cm sealed borosilicate Carius tubes with 
isotopically enriched multielement spikes (99Ru, 106Pd, 185Re, 190Os, 
191Ir, and 194Pt) and 7 ml of a 1:2 mixture of multiply Teflon distilled 
HCl and HNO3 purged of excess Os by repeated treatment and reac-
tion with H2O2. Samples were digested to a maximum temperature 
of 270°C in an oven for 72 hours. Osmium was triply extracted from 

Fig. 4. Modeling assimilation and fractional crystallization processes in nakhlites 
and chassignites. Only data from this study are shown for nakhlites and chassignites 
as powder aliquots have been measured for both 187Os/188Os as well as (A) cr and 
(B) la/Yb. Models in (A) and (B) show mixing between a nakhlite- chassignite primary 
mantle melt (nc source, blue square; cr, 2500 μg/g; Os, 1.5 ng/g; 187Os/188Os, ~0.125; la/
Yb, 8; and la, 3.8 μg/g) and a los Angeles composition ([i] l; cr, 600 μg/g; Os, 0.004 
ng/g; 187Os/188Os, ~0.74; la/Yb, 2; and la, 2 μg/g) and a hypothetical ~2.4- Ga high- 
Re/Os crustal component (c; cr, 500 μg/g; 187Os/188Os, ~2; la/Yb, 1.6; and la, 1 μg/g), 
with ratios of Os contents of either 75 relative to the nc source ([ii]; Os, 0.02 ng/g) or 
15 ([iii]; 0.1 ng/g) to illustrate the influence of Os content in the partial melt produced 
from the assimilant. the Os isotopic composition of the 2.4- Ga crustal component 
represents the predicted ingrowth of 187Os from enriched shergottite samples, shown 
by the gray squares in (B). Also shown is the effect of cumulate addition between the 
nc source to an olivine cumulate with cr- spinel (cr, >20,000 μg/g; and Os, >3 ng/g). 
the los Angeles composition is from (43), with other shergottite data from (16) and 
(32). the notations of D and e show the composition of ~0.2 Ga to 0.6 Ga depleted and 
enriched basaltic shergottites, respectively.
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the acid using CCl4 and then back- extracted into HBr, before purifi-
cation by microdistillation. Rhenium and the other HSE were recov-
ered and purified from the residual solutions using standard anion 
exchange separation techniques (47). Isotopic compositions of Os 
were measured in negative- ion mode using a Thermo Fisher Scien-
tific Triton thermal ionization mass spectrometer in peak- jumping 
mode on the secondary electron multiplier. Rhenium, Pd, Pt, Ru, and 
Ir were measured using a Cetac Aridus II desolvating nebuliser cou-
pled to a Thermo Fisher Scientific iCAP Qc ICP- MS. Offline correc-
tions for Os involved an oxide correction, an iterative fractionation 
correction using 192Os/188Os = 3.08271 and assuming the exponen-
tial law, a 190Os spike subtraction, and an Os blank subtraction. 
Precision for 187Os/188Os, determined by repeated measurement of a 
35- pg University of Maryland, College Park, Johnson- Matthey stan-
dard solution, was better than ±0.2% (2 SD; 0.11381 ± 12; n = 12). 
Rhenium, Ir, Pt, Pd, and Ru isotopic ratios for sample solutions were 
corrected for mass fractionation using the deviation of the standard 
average run on the day over the natural ratio for the element. Ex-
ternal reproducibility for HSE analyses was better than 0.5% for 
0.5- part- per- billion solutions, and all reported values are blank- 
corrected. The total procedural blanks (n = 3) run with the samples 
gave 187Os/188Os = 0.150 ± 0.012, with quantities (in picograms) of 
2.5 (Re), 27 (Pd), 3.1 (Pt), 16 (Ru), 0.3 (Ir), and 0.3 (Os). Blanks con-
tributions are listed in table S3 and resulted in negligible corrections 
for most elements within samples (<5%), unless noted in the table.

During the analytical campaign, the terrestrial basalt reference 
materials BHVO- 2 and BCR- 2 were analyzed, along with the in- 
house picritic reference sample 9C- TEN- 05. These data have been 
previously reported (48) and are consistent with prior work (29). 

Average reproducibility for BHVO- 2 for 187Os/188Os is ~3% relative 
standard deviation (RSD%), with abundance reproducibility of 4 RSD% 
for Re and ~20 to 60 RSD% for Pd, Pt, Ru, Ir, and Os. This reproduc-
ibility demonstrates that absolute abundance variability can be con-
siderable in some basaltic lava flows. Some of the variability of HSE 
abundances observed in nakhlite and chassignite powder aliquots 
must also reflect inhomogeneous distribution of HSE- rich phases 
(nuggeting) within the rocks from which they were derived.
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