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I Abstract

) To gain new insights into nitrogen (N) isotopic variations in the early Solar System, N
\/ m and noble gas (Ne, Ar) isotopes were measured in metal fragments and olivine
T or separates from thirteen pallasites and five IIIAB iron meteorites. While §°N values
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in olivine are affected by cosmogenic N, as demonstrated by cosmogenic ?'Ne
abundances, the 8'°N values of metal phases reflect reservoir signatures rather than
secondary processes. Non-carbonaceous (NC) pallasites have lower §'°N values
(-88.86 £ 0.90 %o to —45.04 +0.91 %o) than carbonaceous (CC) pallasites (-34.03 +
0.69 %o to —26.12 + 0.64 %o), indicating their parent bodies accreted isotopically dis-
tinct N-bearing precursors in the inner and outer regions of the protoplanetary disk.

The 8'N variations within each reservoir also suggest N isotopic heterogeneity at a
smaller scale. While NC irons and NC pallasites exhibit overlapping §*°N values, CC pallasites are less ®N-rich than CC irons,
implying that their parent bodies accreted in different locations and/or at different times within the outer disk.
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¥ Introduction

Non-carbonaceous (NC) and carbonaceous (CC) chondrites,
whose parent bodies accreted in the inner and outer Solar
System, respectively, are distinguished by characteristic nucleo-
synthetic isotope anomalies (e.g., €*Cr and >°Tj; Trinquier et al.,
2009; Warren, 2011). However, their §'°N values (defined as the
per mille deviation from the modern atmospheric **N/N ratio of
3.6765 x 1073; Nier, 1950) largely overlap (—=57.3 %o to +39.3 %o
for NC chondrites, excluding two outliers, and —45.0 %o to
+76.2 %o for CC chondrites, excluding the !N-rich CR
chondrites and other atypical 15N-rich chondrites such as CB,
CH, or Bells; based on a compilation of previous work available
at Fiiri and Lastes (2025). In contrast, magmatic iron meteorites
show clearer differences in N isotopic compositions between
those linked to inner and outer Solar System parent bodies.
NC-type irons predominantly record negative 8N values
(although they show an overall range from —95.8 %o to
+46.7 %o), while CC irons record mostly positive 8N values
(=16.3 %o to +155.6 %o; based on a compilation of previous work
available at Fiiri and Gamblin (2025); Table S-5).

Magmatic iron meteorites originate from the cores of the
earliest formed planetesimals, which accreted within the first
Myr after calcium-aluminium-rich inclusion (CAI) formation
(Spitzer et al., 2021). Since N isotopes are not significantly frac-
tionated between metal and silicate during planetary differentia-
tion (only a few per mille; Grewal et al., 2022) and between solid
and liquid metal during core crystallisation (<1.2 %o; Grewal
etal., 2025), the N isotopic compositions of most magmatic irons
reflect those of their parent bodies at the time of differentiation.
By that stage, thermal metamorphism could already have altered
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the initial N isotopic compositions. However, since both NC and
CCirons record the end stage of thermal evolution, their differ-
ent 8N values suggest that their parent bodies — the earliest
planetesimals in the inner and outer protoplanetary disk —
accreted N carriers with distinct isotopic compositions (Grewal
et al., 2021, 2025). The metal phase of meteorites is particularly
well suited for tracking these N isotopic signatures, as N is side-
rophile under the redox conditions estimated for the differentia-
tion of the parent bodies of iron meteorites (Grewal et al., 2021,
2024) and pallasites (Righter ef al., 1990, 2016). Since pallasites
may be genetically linked with irons (particularly the main group
pallasites, hereon PMG, with IIIAB irons), they can provide addi-
tional insights into N isotopic variations within the proto-
planetary disk during the earliest stages of Solar System history.

Pallasites are stony iron meteorites mainly composed of
Fe-Ni metal and silicates (olivine + pyroxene). While generally
considered mixtures of core- and mantle-derived material, their
formation process remains debated. Proposed models suggest
formation at the core-mantle interface or at shallower depths
within a differentiated planetesimal (e.g., Boesenberg et al.,
2012; Teplyakova et al., 2022), or through impact mixing of core
metal with mantle olivines from two distinct planetesimals (e.g.,
Yang et al., 2010; Windmill et al., 2022). These processes may
have occurred multiple times in different regions of the Solar
System, as indicated by variations in O isotopic compositions
that point to distinct pallasite parent bodies (Fig. S-1;
Boesenberg et al., 2012). Some pallasites are linked to the inner
Solar System and the NC reservoir, while others are associated
with the outer Solar System and the CC reservoir (Warren, 2011;
Boesenberg et al., 2016; Hilton et al., 2019; Kruijer et al., 2022).
Like iron meteorites, their metal phases are interpreted to trace
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N isotopic variations between these reservoirs. However, SN
measurements of pallasites remain scarce (Prombo and Clayton,
1993; Mathew et al., 2000) and do not encompass all pallasite
groups or types. In particular, §'°N data for the metal phase of
CC pallasites and pyroxene-rich pallasites are currently lacking.
This study aims to provide a comprehensive overview of the N
isotopic composition of NC and CC pallasites to better constrain
the N isotopic distribution and evolution in the early proto-
planetary disk.

! Material and Methods

Thirteen pallasites were analysed for this study (see details in
Supplementary Information). These include eight PMG (NCres-
ervoir): six typical PMG (Admire, Brahin, Esquel, Fukang, Imilac,
and Seymchan) and two with anomalous metal compositions
(PMG-am, for anomalous metal; Brenham and Pavlodar). The
sample suite also comprises two Eagle Station pallasites (PES;
Eagle Station and Karavannoe; CC reservoir), two pyroxene pal-
lasites (Px pall.; Vermillion and NWA 10019; NC reservoir), and
one ungrouped pallasite associated with the CC reservoir
(Milton). These pallasites likely originate from four or five differ-
ent parent bodies — two or three from the NC reservoir and two
from the CC reservoir. Five IITAB magmatic iron meteorites (Bear
Creek, Cape York, Grant, Owens Valley, and Trenton) were also
analysed to investigate their possible genetic link to PMG. To
ensure accurate analysis, pure metal fragments were carefully
selected, with surface oxidation removed wvia acid treatment,
while olivine grains free of other phases, inclusions, and altera-
tion were also isolated. Descriptions of each analysed pallasite
and IITAB iron meteorite, along with details of the sample prepa-
ration, are provided in the SI.

Nitrogen was extracted from metal fragments and pure
olivine separates by stepped CO, laser-heating, and its abun-
dances and isotope ratios were analysed with a Noblesse-HR
noble gas mass spectrometer at the noble gas facility of the
Centre de Recherches Pétrographiques et Géochimiques
(CRPG). Notably, N em is produced from O by cosmic ray-
induced spallation during space exposure (e.g., Mathew and
Murty, 1993). Since oxygen is virtually absent in the metal phase
of pallasites and in magmatic iron meteorites, the cosmogenic
contribution to the measured 8N in metals is negligible.
However, this contribution can significantly modify the §°N val-
ues of silicates. To address this, noble gas (Ne and Ar) abundan-
ces and isotope ratios were analysed alongside N to quantify any
cosmogenic nuclide contributions, estimate the cosmic ray expo-
sure (CRE) ages of the meteorites based on Ne isotopes, and cor-
rect the 8N of olivines for cosmogenic N contributions.
Detailed descriptions of the analytical procedure, data treatment,
and correction for cosmogenic °N are provided in the SI. A limi-
tation of the applied method is that the metal fragments could
not be melted by the laser heating, potentially influencing the
efficiency of N and noble gas extraction. Consequently, concen-
trations for the metal phases may not have been quantitatively
constrained. Thus, the following discussion primarily focuses on
the isotope ratios of N (-Ne-Ar).

I Results

Neon extracted from metal fragments and olivine separates of
pallasites in this study, as well as in previous studies (e.g.,
Schultz and Franke, 2004), is predominantly cosmogenic, as
indicated by 2’Ne/?’Ne and 2!Ne/*Ne ratios close to unity
(Fig. S-5). No solar Ne contributions were detected. The
extracted Ar is also predominantly cosmogenic, with 36Ar/*®Ar
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ratios mostly ranging between 0.63 and 0.72. The amount of
ZINe released from the olivine separates suggests CRE ages
ranging from 3 Myr to ~174 Myr (Table S-3). Spallation reactions
induced by galactic cosmic rays have thus significantly modified
the N isotopic compositions of the silicate phases (Table S-4), in
clear contrast to the metal phases, whose §'N remained unaf-
fected by cosmogenic 1°N (see details in the SI). Consequently,
the §'°N values of olivines will not be discussed further, and this
study focuses on the N isotopic compositions of metal.

Figure 1 displays the §°N values measured in the metal
phases of pallasites and IIIAB iron meteorites. While Figure S-4
shows the results of all individual extraction steps, Figure 1
presents the abundance-weighted averages, providing a single
8N value for each analysed fragment. Symbol sizes scale with
the N abundances extracted per mass and are comparable to con-
centrations reported in the literature, indicating efficient N
extraction from the samples. No correlation is observed between
N yield and §®N values. The N abundances extracted per mass
from CC pallasite samples fall within the range measured for NC
pallasites. A wide range of §*°N values is observed in pallasites,
with distinct values for the different pallasite groups, all signifi-
cantly higher than the solar nebula value (=383 +8 %o; Marty
et al.,, 2011). The measured values are consistent with literature
data, demonstrating that any incomplete N extraction did not
result in significant isotopic fractionation. The §'°N values of
PMG range from -88.86+0.90 %o for Brenham to —17.38 +
1.44 %o for Fukang. However, the highest value measured in
Fukang may be considered an outlier. Only a small amount of
N was extracted from this fragment, and analysis of a second
metal fragment yielded a value more consistent with the other
PMG (-70.86 +1.02 %o), suggesting that the elevated value
resulted from significant blank contribution that was not fully cor-
rected. The PMG-am Brenham shows significant isotopic varia-
tions among the three fragments analysed (—47.94+ 0.96 %o,
-56.57 £ 1.19 %o, and —88.86 + 0.90 %o). Since this sample was
particularly weathered, the elevated §'°N values may result from
incomplete removal of surface weathering (Fig. S-2). Excluding
the Fukang outlier, the §*N values of the “normal” PMG fall within
a narrower range, from —70.86+1.02 %o to —48.94+0.89 %o,
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Figure 1 &"N of metal from pallasites and IlIAB iron meteorites.
Symbol sizes are correlated to the N abundances extracted per
mass. Uncertainties are 10, and error bars are, in most cases,
smaller than symbol sizes. Literature data sources are listed in
Table S-5.
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consistent with most literature values. Interestingly, PMG generally
exhibit higher §'°N values than IIIAB (-85.97 + 0.59 %o to ~72.81 +

0.62%o), which are also in agreement with previous data (see refer-
ences in Table S-5). The §'°N variations within the PMG group and
the IITAB group may reflect N isotopic heterogeneities among the
small fragments analysed, possibly caused by minor inclusions
within the metal.

Pyroxene pallasites are depleted in N compared to
“normal” PMG, with 8N values of —-88.11+1.02 %o for
Vermillion and -83.67 £ 0.92 %o for NWA 10019. Surprisingly,
they have similar N isotopic compositions, whereas their differ-
ent O isotopic compositions indicate an origin from distinct
parent bodies (Fig. S-1; Boesenberg et al., 2016). These values fall
within the range of IIIAB meteorites analysed in this study. In
contrast, the PES group is enriched in ®N compared to both
PMG and pyroxene pallasites, with §'°N values ranging from
-34.03 +0.69 %o to —26.12 + 0.64 %o. Milton’s §'°N value also
falls within this range (-26.67 + 0.71 %o). Overall, the new results
reveal that CC pallasites (=34.03 +0.69 %o to —26.12 + 0.64 %o)
have higher §°N values compared to NC pallasites (-88.86 +
0.90 %o to —45.04 + 0.91 %o).

! Discussion

Like iron meteorites, pallasite metals are thought to preserve the
N isotopic composition of their bulk parent bodies at the time of
differentiation. This inference is based on experimental evidence
showing that neither core-mantle differentiation (Grewal et al.,
2022) nor fractional crystallisation of liquid metal (Grewal ef al.,
2025) significantly alters N isotope ratios, as outlined in the
Introduction. Prior to melting and differentiation, thermal meta-
morphism can preferentially remove N-rich components from
planetesimals (Grewal et al., 2025). However, as for iron mete-
orites, the metals of both NC and CC pallasites represent the end
stage products of thermal evolution. Because their parent bodies
experienced similarly high temperatures at which N carrier
phases were largely decomposed and melted, the observed
8N differences between NC and CC pallasites cannot be attrib-
uted to selective destruction or preservation of different N car-
riers during thermal metamorphism. Aqueous alteration may
also have occurred in pallasite parent bodies prior to differentia-
tion. The marginally higher oxidation state of PES (IW +0.5;
Righter et al, 1990) compared to PMG (IW -1 to —0.5;
Righter et al., 2016) may indicate greater water-ice accretion
on the PES parent body, increasing the potential for such
processing. However, aqueous alteration of undifferentiated
material typically leads to preferential removal of N
(Broadley et al., 2023), which contrasts with observations in pal-
lasites, where the most oxidised parent body shows a
higher 8!°N.

Another possibility is that the pallasite formation process
itself affected the 8N values. This process remains debated,
with some models suggesting it involved impact related disrup-
tion of a differentiated body (e.g., Yang et al., 2010). If N isotope
fractionation had occurred through evaporation or degassing of
molten metal during impact events, it should have been accom-
panied by a loss of volatile siderophile elements such as Ge and
Ga, together with preferential loss of the lighter N isotope.
Such a process would therefore be expected to produce a nega-
tive correlation between §°N values and Ge and Ga concentra-
tions in metal samples originating from the same parent body —
particularly within the PMG and IIIAB groups, or when compar-
ing PMG to IIIAB. However, no such correlation is observed
(Fig. S-7), indicating that degassing did not significantly affect
81N values. Consequently, thermal metamorphism, aqueous
alteration, and impact processes are unlikely to account for the
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8N differences observed between NC and CC pallasites,
strongly supporting the interpretation that these variations
reflect distinct primary reservoir signatures rather than secon-
dary effects. Pallasite parent bodies in the NC and CC reservoirs
are therefore inferred to have accreted isotopically distinct N-
bearing phases, supporting the idea — first proposed based
on iron meteorites (Grewal et al., 2021, 2025) — that isotopic
heterogeneity in N existed between the inner and outer regions
of the protoplanetary disk.

Figure 2 shows O isotopic anomalies in pallasite silicates
and Mo nucleosynthetic anomalies in both pallasite metal and
magmatic iron meteorite groups as a function of their N isotopic
compositions measured in metal. These anomalies, along with
others (e.g., Cr, Ti, Ru), have been key in distinguishing between
the NC and CC reservoirs (e.g.,, Warren, 2011; Kruijer et al., 2017,
2022). Molybdenum, a moderately siderophile and refractory
element, is particularly useful because it is readily measurable
in metal and exhibits a well resolved isotopic dichotomy between
the two reservoirs (Spitzer et al., 2020). In Figure 2b, pallasites
and irons from the NC and CC reservoirs are clearly separated
by their A%Mo values, while their §°N values show partial over-
lap, with NC samples extending to more °N depleted values and
CC samples to higher §*°N values. A wide range of §°N values is
observed among the different parent bodies within each reser-
voir. Whereas the 1N depletion of the NC iron group IVA could
reflect impact induced fractionation (Grewal et al., 2025), the
overall variations likely result from isotopic heterogeneity in
the N carrier phase(s) within each reservoir. These variations
could arise from i) temporal or spatial evolution in the §"°N of
a single phase (e.g., organic matter), and/or ii) the coexistence
of multiple isotopically distinct N carriers (including organics,
nitrides, ammonia ice), whose relative abundances were con-
trolled by disk physicochemical conditions and were accreted
in varying proportions by planetesimals. Notably, CC pallasites
do not align with CC iron meteorites (Fig. 2b). The two parent
bodies of the CC pallasites show very similar §'°N values, as
do the four parent bodies of the CC iron meteorites (excluding
the particularly *®N-rich IIC parent body), but CC pallasites dis-
play negative 8!°N values — distinct from the predominantly
positive values of CC iron meteorites — while retaining similar
Mo nucleosynthetic anomalies. This implies that CC pallasites
and CC irons originated from distinct parent bodies that may
have accreted in separate locations and/or at different times in
the outer Solar System. The more oxidising conditions recorded
by PES (IW +0.5; Righter et al., 1990) compared to CC irons (IW
-2 to IW —1; Grewal et al., 2024) could indicate that the PES
parent body accreted more water ice, possibly farther from the
Sun, supporting this hypothesis. Determining the relative accre-
tion times and locations of the parent bodies of CC pallasites and
CC iron meteorites will be key to confirming this. Currently, the
parent body of the Eagle Station pallasite is believed to have dif-
ferentiated within the first 4 Myr after CAI formation (Luu et al.,
2014), though its precise accretion time remains poorly con-
strained and may have spanned several million years. In com-
parison, the parent bodies of CC iron meteorites are thought
to have differentiated between 3 and 4 Myr after CAI formation
(Spitzer et al., 2021), and may have accreted either as early as the
parent bodies of NC iron meteorites (within the first Myr after
CAI formation; Spitzer et al., 2021) or slightly later (Grewal et al.,
2024). In contrast, NC pallasites and NC iron meteorites exhibit
consistent Mo nucleosynthetic anomalies as well as overlapping
N isotopic compositions. Their §°N variations may also reflect
isotopic heterogeneity in the N-bearing phases within the NC
reservoir. However, unlike the parent bodies from the CC reser-
voir, there is no evidence that the parent bodies of NC pallasites
and NC iron meteorites accreted distinctly different N carrier
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Figure 2 (a) Oxygen isotopic anomalies (A0 = §'70 — 0.52 x §'80, i.e. the deviation from the terrestrial fractionation line in a §'70 versus
580 diagram) and (b) Mo nucleosynthetic anomalies (A%Mo = (€%°Mo — 0.596 x €%*Mo) x 100; Spitzer et al., 2020) of pallasites and iron mete-
orites versus their N isotopic compositions. Iron meteorite data points represent average values for each group originating from specific
parent bodies, while pallasite data points correspond to average values of individual meteorites. Meteorites and groups from the NC
and CC reservoirs are shown in different shades of red and blue, respectively. The dashed line in (a) marks the terrestrial fractionation line
(TFL), and the dotted line in (b) indicates §'>N = 0 %o. Error bars for §'°N represent the range of values for both pallasites and iron meteorites.
For pallasites, error bars for A0 and A%*Mo similarly represent the range of literature data, including the large 10 uncertainties for A>>Mo.
For iron meteorites, A>Mo values are taken from Spitzer et al. (2020), with uncertainties corresponding to the 95 % confidence intervals.

Literature data sources are listed in Table S-5.

phases, or that they formed in clearly separate locations and/or at
different times.
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