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ARTICLE INFO ABSTRACT

Associate editor: Eric Quirico Iron meteorites provide key insights into the formation conditions of planetesimals in the early protoplanetary
disk. To investigate the sources of nitrogen (N) in non-carbonaceous (NC) and carbonaceous (CC) iron meteorite
parent bodies—and to trace the spatiotemporal N isotopic heterogeneity in the inner and outer disk—we present
combined N-Ne-Ar isotopic data for 14 irons from the under-studied IIAB-IIG and IID groups, and 14 ungrouped
irons of either NC or CC heritage. These measurements, obtained via CO5 laser heating and multi-collection noble
gas mass spectrometry, allow us to exclude contributions from solar gases and cosmogenic '°N. New data for two
comparatively N-rich IIG irons confirm a genetic link with the IIAB group, supporting the view that NC magmatic
iron meteorite groups are characterized by low 5!°N values (90 to —80 %o). These results suggest that NC iron
meteorite parent bodies accreted a smaller proportion of 1°N-rich (organic) carriers than later-formed chondritic
bodies, possibly due to thermal processing at the tar line. Two NC ungrouped magmatic irons have markedly
higher 8!°N values (-2.0 %o and +9.1 %s); however, their Ge-depleted compositions raise uncertainty as to
whether these signatures reflect primary, parent-body-specific characteristics or result from secondary volatile
loss. In contrast, CC magmatic irons, including the IID group and CC ungrouped irons, predominantly record
positive §!°N values. Among these, the N isotopic compositions of three CC ungrouped irons—New Baltimore
(+104 %o), Hammond (+112 %o), and La Caille (+206 %o)—resemble those of IIC irons and Renazzo-type (CR)
carbonaceous chondrites, reinforcing their genetic link to the IIC/CR reservoir, where ammonia ice was likely an
important N carrier. This implies that an isotopically CR-like, ammonia-rich reservoir was established in the
outer protoplanetary disk during the earliest stages of its evolution and persisted for several million years. Taken
together, these findings indicate that the primary N isotopic composition of differentiated and undifferentiated
planetesimals was governed by the local mixture of isotopically distinct N-bearing phases, itself shaped by
evolving condensation and evaporation fronts in the early protoplanetary disk.
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1. Introduction accreted in the inner disk, and carbonaceous (CC) chondrites, whose

parent bodies are generally thought to have formed farther out (see

Chondrites have long served as key archives for tracing spatial ni-
trogen (N) isotope heterogeneity in the early protoplanetary disk. Their
N isotopic compositions, typically reported as 5'°N values (the per mil
(%o) deviation from the atmospheric I5SN/14N ratio of 0.003676; Nier,
1950), differ markedly from that of the protosolar nebula (Marty
et al., 2011; Fiiri and Marty, 2015), and reflect contributions from both
isotopically light and heavy N-bearing components (e.g., Kerridge,
1985; Grady and Wright, 2003). Notably, 8'°N values largely overlap
between non-carbonaceous (NC) chondrites, whose parent bodies

Bermingham et al., 2020; Broadley et al., 2022, for recent reviews)
(Fig. 1b). Distinctly elevated 5!°N values are restricted to (i) Bencubbin-
type (CB) and high-metal (CH) carbonaceous chondrites (not shown in
Fig. 1), whose presumed late formation in an impact-generated vapor
plume (Krot et al., 2005; Florin et al., 2021; Desch et al., 2023) severely
complicates the interpretation of their N isotopic signatures (e.g., Marty
et al., 2010), and (ii) late-formed Renazzo-type (CR) carbonaceous
chondrites (Kung and Clayton, 1978; Robert and Epstein, 1982; Grady
et al., 1983; Pearson et al., 2006; Alexander et al., 2012, 2013), which
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may contain material sourced from the outermost disk regions, beyond
the ammonia ice line (Sridhar et al., 2021; Van Kooten et al., 2024;
Hewins et al., 2025). Thus, although some N isotopic heterogeneity is
observed, N in chondrites does not show a NC-CC isotopic dichotomy
analogous to that observed in elements with nucleosynthetic anomalies
(e.g., Cr, Ti; Trinquier et al., 2007, 2009; Warren, 2011). This distri-
bution challenges the notion of spatially distinct N reservoirs in the inner
and outer disk—at least at the time of chondrite parent body accretion.
However, because these undifferentiated bodies formed relatively late,
~1.8 to 4 Myr after calcium-aluminum-rich inclusions (CAIs) (Bouvier
et al., 2025, and references therein), their isotopic signatures may not
capture the full range of N isotopic variability present during the earliest
stages of disk evolution and planetary accretion.

‘Magmatic’ iron meteorites, composed primarily of Fe-Ni alloy
crystals, are remnants of the metallic cores of the earliest-formed,
differentiated planetesimals (Scott, 1972; Scott and Wasson, 1975).
Distinct chemical trends, along with isotopic evidence, divide magmatic
iron meteorites into separate groups, indicating they originate from ten
different planetesimal cores (Wasson, 1967, 1969, 1970; Wasson and
Kimbeblin, 1967; Scott and Wasson, 1975; Wasson and Choe, 2009;
Anand et al., 2024). In contrast, the number of parent bodies sampled by
the ‘non-magmatic’ or 'silicate-bearing' iron meteorites is less certain, as
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their origins may involve partial differentiation and/or impact-induced
melting and mixing (Mittlefehldt et al., 1998; Benedix et al., 2000, 2013;
Luais, 2007). Ungrouped irons, which include both magmatic and non-
magmatic members, presumably represent fragments of at least 50
distinct, poorly sampled planetesimals (Scott, 2020).

Iron meteorites conform to the bimodal nucleosynthetic isotope
anomaly distribution observed in chondrites and silicate achondrites.
Several groups (magmatic IC, IIAB-IIG, IIIAB, IIIE, and IVA irons, as well
as the non-magmatic IAB and IIE irons) have NC-like Mo-Ru-Ni isotopic
signatures, whereas others (IIC, IID, IIF, IIIF, and IVB irons) have CC-like
signatures (Burkhardt et al., 2011; Budde et al., 2016; Kruijer et al.,
2017; Bermingham et al., 2018; Nanne et al., 2019; Spitzer et al., 2020).
Recent Mo isotope analyses have revealed that the NC-CC dichotomy
also extends to the large number of planetesimals sampled by ungrouped
irons (Spitzer et al., 2025a). These findings suggest that the parent
bodies of iron meteorites accreted at two distinct radial locations within
the protoplanetary disk, likely sunward and beyond Jupiter’s orbit.
Importantly, the parent bodies of NC and CC iron meteorites accreted
contemporaneously within the first ~ 1 Myr of Solar System history, as
inferred from Hf-W model ages and thermal modeling of planetesimals
internally heated by 26A] decay (Kruijer et al., 2017; Spitzer et al., 2021,
Spitzer et al., 2025a; Bryson et al., 2026).
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Fig. 1. a) Abundance and b) isotopic composition of N released by stepped heating of alloy fragments from grouped and ungrouped iron meteorites, compared with
chondrites and samples returned from the asteroids (162173) Ryugu and (101955) Bennu. Samples from the NC and CC reservoirs are shown in red and blue,
respectively. The ungrouped iron Nedagolla (purple square) is the only iron meteorite with a Mo-Ru-Ni isotopic composition intermediate between the NC and CC
reservoirs (Spitzer et al., 2022). Ungrouped irons of unknown heritage are represented by gray squares. Groups IIAB and IIG likely originate from the same plan-
etesimal core (Wasson and Choe, 2009; Anand et al., 2024). Data sources: iron meteorites (Pepin and Becker, 1982; Franchi et al., 1993; Prombo and Clayton, 1993;
Mathew et al., 2000; Sugiura et al., 2000; Ponganis and Marti, 2007; Murty et al., 2019; Gamblin et al., 2026); chondrites (Injerd and Kaplan, 1974; Kung and
Clayton, 1978; Thiemens and Clayton, 1981, 1983; Robert and Epstein, 1982; Grady et al., 1983, 1986, 2002; Lewis et al., 1983; Kerridge, 1985; Sugiura and Zashu,
1993; Hashizume et al., 1995, 2024; Sugiura et al., 1998; Sephton et al., 2003; Pearson et al., 2006; Alexander et al., 2012, 2018, 2013; Fiiri et al., 2013; Chan et al.,
2016; Vacher et al., 2020, 2025; Marrocchi et al., 2021; Laize-Générat et al., 2024; Patzek et al., 2025; Marrocchi et al., 2026); Ryugu (Nakamura et al., 2022;
Naraoka et al., 2023; Oba et al., 2023; Gamblin et al., 2024; excluding the pellets of Okazaki et al., 2023; Broadley et al., 2023; Hashizume et al., 2024); Bennu
(Lauretta et al., 2024; Barnes et al., 2025; Marty et al., 2025; Glavin et al., 2025). The dashed line at 0 %o in panel b) corresponds to the isotopic composition of

atmospheric Ny (Nier, 1950).
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Nitrogen abundances of iron meteorites are highly variable, ranging
from < 1 to > 100 ppm, as determined by chemical extraction (Nash and
Baxter, 1947; Goel, 1970), neutron activation (Goel, 1970; Kothari and
Goel, 1974; Shukla and Goel, 1981; Belai et al., 1995), and stepped
heating or fusion analyses (Fig. 1a; Gibson and Moore, 1971, and ref-
erences therein; Kothari and Goel, 1974; Pepin and Becker, 1982;
Franchi et al., 1993; Prombo and Clayton, 1993; Mathew et al., 2000;
Sugiura et al., 2000; Ponganis and Marti, 2007; Murty et al., 2019). At
the core formation conditions recorded by iron meteorites (AIW = -3 to
-1, where IW represents the oxygen fugacity, fOs, reported in log units
relative to the iron-wiistite buffer) (Grewal et al., 2024; Spitzer et al.,
2025a), N behaves as a siderophile element
(Dpetal-silicate — [N] /N]gieare = 10 —100 for alloy melts containing <
0.8 wt% C; Grewal et al., 2021a). This implies that N preferentially
partitioned into the segregating Fe-Ni alloy during core-mantle differ-
entiation. During subsequent cooling and fractional crystallization of the
metallic melt, N was distributed between trapped alloy melt, y-Fe,Ni
(taenite; face-centered cubic, austenitic iron), a-Fe,Ni (kamacite; body-
centered cubic, ferritic iron), and, in some cases, exsolved into ni-
trides. This process was controlled by the concentrations of Ni and non-
metals (including C, S, and P) in the alloy, the cooling rate, associated
phase transformations, and diffusive redistribution (Wriedt and Gon-
zalez, 1961; Sugiura, 1998; Grewal and Asimow, 2023; Pathak and
Dasgupta, 2024). In most iron meteorites, taenite is the primary N car-
rier, except when nitrides such as carlsbergite (CrN) or roaldite ((Fe,
Ni)4N) are present (Buchwald and Scott, 1971; Nielsen and Buchwald,
1981), whereas kamacite is N-poor (Sugiura, 1998; Sugiura et al., 2000).
These findings align with observations in steel metallurgy, where N is
more soluble in the face-centered cubic structure of taenite, with N
atoms apparently occupying the octahedral lattice sites (Gibson and
Moore, 1971, and references therein). Minor amounts of N have also
been measured in troilite based on bulk analyses (1-22 ppm; Prombo
and Clayton, 1993; Murty and Marti, 1994), and in situ measurements
indicate the presence of N in graphite and carbide inclusions, although
their concentrations could not be quantified (Sugiura, 1998). The
observed intra- and inter-sample variations in N content among iron
meteorites of a given group (Fig. 1a) can thus be attributed, in part, to
the sampling of Fe-Ni phases with distinct N abundances—kamacite
versus taenite—as well as to the heterogeneous distribution of nitrides
and various inclusions or accessory phases (e.g., Murty et al., 1983;
Prombo and Clayton, 1993). As a result, it is unclear which data best
represent the ‘average’ bulk N concentration of a given sample or group.
Consequently, N abundance measurements of small iron meteorite
samples—obtained using various analytical techniques—can be chal-
lenging to interpret and may not be directly applicable to inferring the N
content of their parent cores and bulk parent bodies.

Iron meteorite fragments show a remarkably wide range of 5'°N
values, from -95.8 %o to +155.6 %o (Fig. 1b; Pepin and Becker, 1982;
Franchi et al., 1993; Prombo and Clayton, 1993; Murty and Marti, 1994;
Mathew et al., 2000; Sugiura et al., 2000; Ponganis and Marti, 2007;
Murty et al., 2019; Gamblin et al., 2026). In situ analyses by secondary
ion mass spectrometry (SIMS) demonstrated that the isotopic composi-
tion of N in taenite is comparable to that of bulk samples, whereas
graphite, carbide, and nitride inclusions show more variable 55N values
(Sugiura, 1998; Sugiura et al., 2000). The isotopic composition of N in
kamacite has not been determined to date, largely because its N con-
centration is too low to permit isotopic analysis by SIMS (Sugiura,
1998). Although variations exist within and between samples
(Fig. 1b), each group of magmatic iron meteorites appears to have a
relatively well-defined average N isotopic composition (Grewal et al.,
2021b), which, in most cases, is thought to reflect the isotopic signa-
ture of its parent body at the time of alloy-silicate separation. This
inference is supported by high-pressure, high-temperature experiments
and ab initio calculations, which indicate that neither core-mantle dif-
ferentiation (Grewal et al., 2022a) nor fractional crystallization of alloy
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melt (Grewal et al., 2025) significantly affects N isotope ratios (although
the magnitude and direction of N isotope fractionation between alloy
and silicate melt remain debated; Li et al., 2016; Dalou et al., 2019; Shi
etal., 2022). Additional support comes from the absence of a correlation
between 5'°N values and Ni or Ir contents in IIAB and IIIAB irons
(Prombo and Clayton, 1993). Secondary modifications are also not
considered to have significantly altered N isotopic compositions.
Incorporation of isotopically light N5 from the protosolar nebula
(5'°Npgy = —383 + 8 %o; Marty et al., 2011) during parent body accre-
tion or subsequent disruption can be ruled out (Grewal et al., 2021b), as
the partial pressure of Ny in the nebular gas was too low for significant
ingassing (<0.1 ppm) into Fe-Ni alloys, a conclusion supported by
thermodynamic equilibrium calculations (Fegley, 1983). Furthermore,
solar noble gases have only been detected in the ungrouped iron mete-
orite Washington County (Hintenberger et al., 1967; Becker and Pepin,
1987; Vogt et al., 2021), suggesting that neither nebular gases nor solar-
wind-derived gases carried by irradiated solids were efficiently incor-
porated into core-forming alloys. Cosmic ray-induced spallation effects
on N isotopic ratios in irons are negligible in most cases, despite their
prolonged cosmic ray exposure (CRE) histories in space (e.g., ~675 +
100 Myr for IIIAB irons; Voshage and Feldmann, 1979). Since cosmo-
genic (or ‘spallogenic’) '°N is primarily produced by reactions with
oxygen (Reedy, 1981; Mathew and Murty, 1993), N isotopic ratios of
metallic phases remain largely unaffected by spallation, although
spallation effects of up to 30 %o have been reported in irons containing
numerous silicate inclusions or in specimens particularly poor in N
(Franchi et al., 1993; Mathew et al., 2000). Collectively, these obser-
vations imply that the N isotopic compositions of most iron meteorites
reflect the characteristics of their respective bulk parent bodies at the
time of differentiation and are primarily controlled by the nature of the
accreted material, with minimal influence from solar gas or spallation.
Based on the available dataset (Fig. 1b), Grewal et al. (2021) therefore
concluded that the earliest planetesimals in the inner and outer proto-
planetary disk accreted isotopically distinct N, as NC irons predomi-
nantly exhibit negative 515N values (<-90 %o), whereas CC irons are
characterized by higher 515N values (up to +155.6 %o) (see also Rubin,
2018). However, given that many NC and CC iron meteorites (and
chondrites) have overlapping N isotopic compositions (Fig. 1b), the
ultimate origin—and even the existence—of an NC-CC isotopic di-
chotomy for N is still debated. Moreover, it remains uncertain to what
extent volatile loss during early (hydro)thermal planetary processing,
prior to the onset of melting and differentiation, and impact-induced
exposure of core material to space may have modified the original N
isotopic composition of the iron meteorite parent bodies or core
fragments.

To improve our understanding of the N isotope systematics of iron
meteorites, and, ultimately, of N isotopic variations in the protoplane-
tary disk during the first few million years of its history, we report
coupled N-Ne-Ar isotopic data for poorly studied iron meteorite groups
(IIG, 1ID) as well as ungrouped irons of NC or CC heritage. These new
measurements, obtained by CO5 laser heating and multi-collection noble
gas mass spectrometry, provide critical constraints on the presence of
solar-derived gases and on the magnitude of cosmogenic *°N contribu-
tions, based on Ne and Ar abundances and isotopic compositions. The N
dataset is then used to evaluate whether the N isotopic compositions of
iron meteorites reflect primary signatures inherited by their parent
bodies at the time of accretion, secondary modifications from parent
body processes or mantle stripping, or a combination of both. Finally,
the results are interpreted in the context of early N isotopic heteroge-
neity within the protoplanetary disk. Specifically, we explore how
evolving condensation and evaporation fronts may have influenced the
distribution of isotopically distinct N-bearing phases (including nitrides,
organics, and ammonia ice) within the accretion regions of differenti-
ated and undifferentiated planetesimals in the inner and outer disk.
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2. Samples and analytical methods
2.1. Iron meteorite samples

A total of 28 iron meteorites were analyzed in this study (Table 1).
These include 14 grouped irons from the IIAB (Ainsworth, Braunau,

Table 1
Iron meteorites analyzed in this study.
Sample Source Item No. Ni* Ge* (Ge/
wt g @
%) g)
IIAB group, NC iron meteorites
Ainsworth Field Museum ME 977 5.9 142 0.78
Chicago
Braunau NHM Vienna 5.1 185 1.18
Coahuila MNHN Paris 2974 5.5 181 1.08
Guadalupe y University of 5.1 178 1.14
Calvo Miinster
Mount Joy JNMC Ziirich 5.7 183 1.10
North Chile University of 5.6 185 1.07
Miinster
Sikhote Alin JNMC Ziirich 5.9 160 0.93
IIG group, NC iron meteorites
Bellsbank NHM London BM. 1961,403. 4.4 54 0.40
UNG RH
Guanaco Smithsonian USNM 7198 4.4 71 0.52
Institution
La Primitiva NHM London BM. 1927,77 4.8 38 0.26
UNG
Tombigbee NHM London BM. 84646 4.2 62 0.48
River
Twannberg Naturhist. NMBE 43620, 4.4 51 0.38
Museum Bern mass TW185
IID group, CC iron meteorites
Carbo University of 10.1 88 0.28
Miinster
Rodeo University of 10.3 93 0.29
Miinster
Ungrouped, NC iron meteorites
EET 83230 University of 15.7 0.07 0.0001
Miinster
Guin (non- University of 9.2 144 0.50
magmatic) Miinster
NWA 859 (non-  University of 17.3 2123 3.98
magmatic) Miinster
Santiago Smithsonian USNM 2603 7.5 0.04 0.0001
Papasquiero Institution
Ungrouped, CC iron meteorites
ALHA 77255 University of 12.3 0.06 0.0001
Miinster
Babb’s Mill NHM London BM. 18490 17.7 41 0.075
(Troost’s
iron)
Grand Rapids NHM London BM. 68724 9.2 14 0.049
Guffey Smithsonian USNM 4832 9.7 0.11 0.0003
Institution
Hammond Smithsonian USNM 471 8.2 58 0.23
Institution
ILD 83500 University of 17.5 48 0.089
Miinster
La Caille Field Museum ME 902 #2 9.3 21 0.075
Chicago
New Baltimore Smithsonian USNM 710 6.5 37 0.19
Institution
NWA 6932 Smithsonian USNM 7612 12.3 102 0.27
Institution
Tishomingo Smithsonian USNM 5862 32.4 0.09 0.0001
Institution

*Data were downloaded from Astromat Synthesis (https://astromat.org/) on
June 5, 2025, using the following parameters: Sample = Meteorite name;
Chemical variables = Trace Element: (Ge, Ni).
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Coahuila, Guadalupe y Calvo, Mount Joy, North Chile, Sikhote Alin), IIG
(Bellsbank, Guanaco, La Primitiva, Tombigbee River, Twannberg), and
IID groups (Carbo, Rodeo), as well as 14 ungrouped irons (ALHA 77255,
Babb’s Mill, EET 83230, Grand Rapids, Guffey, Guin, Hammond, ILD
83500, La Caille, New Baltimore, NWA 859, NWA 6932, Santiago
Papasquiero, Tishomingo).

The IIAB and IIG groups both belong to the NC reservoir (Kruijer
et al., 2017; Anand et al., 2024). Group IIAB is one of the largest
magmatic iron meteorite groups, with over 150 known members,
whereas group IIG is much smaller, consisting of only six identified
samples. IIAB and IIG irons have low Ni contents (5.3-6.9 wt% and
4.2-4.9 wt%, respectively) (Fig. 2; Table 1); while all IIG irons and the
low Ni (<5.75 wt%) members of the I[IAB group are so-called hexahe-
drites that have a single crystal structure of kamacite, the higher Ni
(5.75-6.9 wt%) members of group IIAB display a Widmanstatten pattern
with kamacite widths of 5-10 mm and are, thus, referred to as coarsest
octahedrites (Yang and Goldstein, 2005; Wasson and Choe, 2009). IIAB
irons have the highest S contents of any magmatic iron meteorite group,
consistent with their elevated concentrations of other volatile side-
rophiles, particularly Ga and Ge (Fig. 2; Wasson et al., 2007). In contrast,
IIG irons are exceptionally S-poor and P-rich (Wasson and Choe, 2009).
Despite these chemical differences, both groups are inferred to have
formed from immiscible liquids within the same planetesimal core.
Fractional crystallization models indicate that the IIAB core contained
significant amounts of S and P (Chabot, 2004; Zhang et al., 2024).
During the final stages of core solidification, a buoyant, S-rich liquid
likely separated, leaving behind a S-poor, P-enriched residue (Wasson
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Fig. 2. Ge versus Ni contents of iron meteorites, including the compositional
fields of the magmatic iron meteorite groups (Scott and Wasson, 1975). The 14
ungrouped irons analyzed in this study are shown in dark colors. The CI
chondrite ratio is from Anders and Grevesse (1989). Data for the ungrouped
irons are from the Astromaterials Data System (Astromat Synthesis) and Spitzer
et al. (2025a).
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et al., 2007). Wasson and Choe (2009) proposed that the IIG group
samples this late-stage residual melt from the IIAB core. Combined Fe-
Ni-O-Cr isotope data for IIAB and IIG irons recently confirmed a
strong genetic link between the two groups, reinforcing the conclusion
that both groups originate from the same core (Anand et al., 2024).

The IID irons, which originate from a CC-type parent body (Kruijer
et al., 2017), contain 9.8-11.3 wt% Ni (Fig. 2; Table 1) and are struc-
turally classified as fine to medium octahedrites. Their high Ga and Ge
abundances indicate a volatile-rich precursor material. Despite their
volatile-rich nature, this group is notably S-depleted, likely as a result of
the early formation and extraction of a S-rich melt from the core as
opposed to loss by devolatilization (Wasson and Huber, 2006; Zhang
et al., 2024).

Ungrouped iron meteorites have chemical compositions that cannot
be associated with any of the recognized groups through fractional
crystallization models. Since each ungrouped iron meteorite may orig-
inate from a distinct parent body, they are highly valuable for studying a
diverse range of early-accreted planetesimals. Recent Mo isotope mea-
surements by Spitzer et al. (2025a) have provided genetic information
for the ungrouped irons analyzed in this study, allowing for the deter-
mination of their origins within either the NC (EET 83230, Guin, NWA
859, Santiago Papasquiero) or CC reservoir (ALHA 77255, Babb’s Mill,
Grand Rapids, Guffey, Hammond, ILD 83500, La Caille, New Baltimore,
NWA 6932, Tishomingo) (Fig. 2; Table 1). Notably, all of these are
magmatic irons, except for Guin and possibly NWA 859. Guin’s Ir/Au
ratio of 4.3 falls within the typical range observed for non-magmatic
irons (Spitzer et al., 2025a), and the presence of silicate inclusions is a
key feature commonly associated with this type (Rubin et al., 1986). In
contrast, NWA 859 has a notably low Ir/Au ratio (<1), a value typically
indicative of a magmatic origin, and no silicate inclusions have been
identified in this meteorite. Its young Hf-W model age, however, sug-
gests a late-stage metal-silicate fractionation event (or multiple events),
inconsistent with the formation history of magmatic irons. This led
Spitzer et al. (2025a) to propose that NWA 859 is of non-magmatic
origin. Notably, the chemical similarity of NWA 859 and
Butler—particularly their extremely high Ge contents (Fig. 2)—suggests
they originate from a common parent body (Wasson, 2011); the Ge
isotopic composition and the Ga/Ni ratio of Butler are consistent with
non-magmatic iron values (Luais, 2012).

2.2. Noble gas (Ne, Ar) and N extraction

At the noble gas facility of the Centre de Recherches Pétrographiques
et Géochimiques (CRPG, Nancy, France), noble gases (Ne and Ar) and N
were extracted from the iron meteorite samples under static vacuum by
laser heating. Alloy fragments (3.4 to 14.2 mg) were placed into separate
pits within a ZnSe-windowed laser chamber. The chamber was then
connected to the gas purification line of the Noblesse-HR noble gas mass
spectrometer, pumped to ultra-high vacuum (~10~° Torr), and baked at
~ 100 °C overnight to remove adsorbed atmospheric gases from both the
inner surfaces of the laser chamber and the sample surfaces. The iron
meteorite fragments were heated with a 10.6 pm-wavelength CO3 laser
operated in continuous mode, with positioning controlled by a motor-
ized x-y-z stage and real-time monitoring via a CCD camera positioned
above the extraction chamber. The IIAB, IID, and ungrouped irons were
heated in 2-4 steps at increasing relative power up to near maximum
using a 30 W Melles Griot™ laser (Humbert et al., 2000) during an
analytical campaign spanning several months, for which absolute laser
power was not controlled. The IIG irons were analyzed during a separate
campaign using a 32 W MIR10? laser (Elemental Scientific) at 20 % (step
1) and 100 % (steps 2 and 3) of maximum power.

Limitations of this method are that Fe-Ni alloy fragments cannot be
fully melted, potentially affecting the efficiency of noble gas and N
extraction, and that the temperature achieved during laser heating
cannot be measured. Additionally, repeated heating at high tempera-
tures led to the accumulation of metal vapor deposits on the laser
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chamber window. This reduced the heating efficiency and visibility of
some samples, and, in at least one case (e.g., heating step 4 of North
Chile), increased laser beam absorption and caused slight heating of the
ZnSe lens. Reflection of the laser beam from the metallic sample surface
may also have contributed to variable contamination through secondary
heating of the chamber walls or window, the magnitude of which may
differ between individual heating steps and different samples. Despite
these methodological limitations, previous application of this analytical
approach to IIIAB iron meteorites yielded N abundances and isotopic
compositions consistent with literature data (Gamblin et al., 2026),
demonstrating that the method provides reliable N systematics for
meteorite metal.

2.3. Noble gas (Ne, Ar) and N purification and static mass spectrometry
analysis

The extracted gas fraction was split into two calibrated volumes for
specific purification of noble gases and N (see the detailed procedures in
Zimmermann and Fiiri, 2015; Zimmermann et al., 2015). Noble gases
were purified in an all-metal purification line using a hot (600 °C) Ti
sponge getter and two cold (room temperature) SAES™ Ti-Al getters.
Argon was separated from Ne by adsorption onto a charcoal finger held
at —196 °C with liquid Ny. In parallel, N was purified within a Pyrex and
quartz-glass line. Nitrogen (along with other species such as H, C, S) was
oxidized by the O, released from CuO sticks heated from 450 °C to 900
°C over 25 min. Oxidized species were trapped in a U-shaped cold trap at
-180 °C, except NOx. The CuO sticks were then gradually cooled in 100
°C intervals down to 300 °C (15 min per step) to re-absorb excess O3 and
reduce NOy to molecular No. A second cold trap, consisting of a glass
finger with platinum foils, held at -175 °C, was used from 600 °C on-
wards to enhance trapping of impurities such as H,O, CO2, and CiHy.
Before introducing the purified gas into the mass spectrometer, an ion
gauge was used to control the pressure, and, if necessary, the Ny amount
was adjusted by volume dilution to match the pressure of air standards,
which were purified using the same procedure.

Ne-Ar-N, abundances and isotope ratios were measured sequen-
tially using a 3F4M Noblesse-HR (Nu Instruments) multi-collector noble
gas mass spectrometer at a trap current of 150 pA (Zimmermann et al.,
2025). Source (i.e., extraction and ion repeller voltages) and zoom optics
settings were optimized for each gas to maximize sensitivity and mini-
mize instrumental mass fractionation, and to achieve high mass reso-
lution (~700) and mass resolving power (~7000), respectively. The
three Ne isotopes were measured simultaneously over 25 cycles on three
ion counters (*’Ne™ on IC0, 2!Ne* on IC2, 2°Ne™ on IC3). Throughout
the analytical sequence, a charcoal finger held at —-196 °C and two GP-50
SAES getters, connected to the source and detector blocks, minimized
contributions from *°Ar?* and **CO%* to the 2°Ne* and 22Ne* signals,
respectively. The “°Ar?" signal was monitored but no correction was
applied to the 2°Ne™ signal due to partial peak separation. The 2?Ne*
signal was corrected for 44coit using a measured 44co3+/**co7 ioni-
zation ratio of 0.55 %, though the interference (1-4 cps) was negligible
relative to the total 2Ne* counts. The 2!Ne* signal was measured at the
peak center without 2°NeH™" correction given the low hydrogen back-
ground maintained by the getters. After Ar was released from the
charcoal finger and purified, the three Ar isotopes were analyzed in
multi-collection mode over 25 cycles (4°Ar+ on Fa0 [1011 Q], 38Art on
IC2, 2°Ar* on IC3). The N, isotopologues were also analyzed in multi-
collection mode for 25 cycles (*N'*N* on Fa2 [10'! ], MN'>N* on
Fal [10'% Q], and >N'°N" on IC0), with '2C'°0* monitored on Fa2 to
correct Ny signals for CO. Following data acquisition, the 12C*%07 signal
was directly subtracted from **N'*N, whereas contributions of 60"
and 2C!180" to the MN'°N* and !SN'SN™ signals, respectively, were
estimated from natural '>!3C and %80 abundances.

Sensitivity and instrumental mass fractionation were monitored
through repeated analyses of purified air standard aliquots during the
two measurement periods. Procedural blanks (with the laser off) were
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measured prior to the sample analyses and averaged 3.2 + 0.6 x 1071°
mol 20Ne, 2.9+ 1.4 x 107 mol 36Ar, and 4.2 £ 1.3 x 102 mol N; for
the first analytical campaign, and 2.3 + 0.1 x 107'® mol 2°Ne, 3.2 + 0.9
x 107Y mol %°Ar, and 4.9 + 1.6 x 107'2 mol N, for the second
campaign. Consequently, N; blank contributions—with near-
atmospheric isotopic compositions—amounted to > 10 % for the
highest-power steps of Guadalupe y Calvo and Braunau (IIAB), Tom-
bigbee River, Bellsbank, and La Primitiva (IIG), as well as Santiago
Papasquiero, whereas all other analyzed irons released larger N
amounts. Extracted Ne-Ar-N; abundances (in mol) and corresponding
isotope ratios were corrected for blanks, sensitivity, and instrumental
mass fractionation. Nitrogen isotope ratios are reported in delta nota-
tion, calculated for N5 as S°N (%o) = {[1 + 2 x (28N2/29N2)atm] /[1+2
X (*®Ng/®N2measured] — 1} x 1000, where (**No/?*Ny)aum is the isotopic
composition of atmospheric Ny (136.05; Nier, 1950). Reported un-
certainties (16 s.d.) for 5'°N values reflect the reproducibility (s.d.) of
purified air standard measurements (0.5 %o and 1 %o for the two
analytical sessions), with negligible contribution from analytical preci-
sion. Blank-corrected abundances and isotope ratios of Ne-Ar-N
extracted at different laser heating steps from each of the 28 iron me-
teorites are reported in Supplementary Table S1. Heating steps for which
the blank contribution to the measured noble gas abundances represents
> 30 % are not reported.

3. Results
3.1. Noble gas (Ne, Ar) isotope ratios

Small amounts of noble gases (Ne, Ar) were released from the iron
meteorite fragments at most heating steps. The measured 2°Ne/??Ne,
2INe/??Ne, and *Ar/>®Ar ratios indicate that the noble gases are of
cosmogenic origin (Fig. 3), implying they were produced by spallation
reactions during exposure of the iron meteoroids to galactic cosmic rays
in space. In addition, an atmospheric noble gas component was detected
during the heating of several samples, possibly adsorbed onto the sample
or laser chamber surfaces and not fully removed during bakeout. In the
case of North Chile, atmospheric noble gases were also measured during
the fourth high-temperature heating step. However, at this stage, vapor
deposits from previous steps had coated the interior surface of the laser
chamber window, causing the ZnSe lens to become opaque and
absorptive; this may have resulted in partial heating of the lens itself by
the laser beam. No traces of noble gases from the solar nebula or solar
wind were detected in any of the iron meteorites.
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3.2. Spallation effects on N isotope ratios

Cosmogenic '°N is produced from oxygen atoms (1°0) by cosmic ray-
induced spallation reactions at a rate that depends on both a meteoroid’s
size and the depth of a given sample within the irradiated body (Reedy,
1981; Mathew and Murty, 1993). While 15Nmsm production in silicates
can be substantial (e.g., Fiiri et al., 2015; Gamblin et al., 2026), its
contribution in Fe-Ni alloys has been considered negligible in most
previous studies of N in iron meteorites (Franchi et al., 1993; Prombo
and Clayton, 1993; Murty and Marti, 1994; Sugiura et al., 2000; Pon-
ganis and Marti, 2007). Only Mathew et al. (2000) argued for a signif-
icant correction—up to —30 %o for two samples—to the 5!°N values
measured in N-poor IVA irons and in silicate inclusion-rich IIE irons. In
most cases, however, their proposed corrections were much smaller, on
the order of a few per mil. Their conclusions were based on coupled
noble gas (He, Ne, Ar)-N analyses and the assumption of a constant,
shielding-independent (*'Ne/" N)cosm production rate ratio of 0.80.
Notably, the underlying noble gas abundances and isotope ratios were
not published, and spallation corrections for N-poor IVB irons analyzed
in the same study could not be applied because corresponding noble gas
data were missing. In addition, unlike all other studies, Mathew et al.
(2000) considered only N released at temperature steps > 1050 °C as
‘trapped’ or ‘indigenous’, excluding N released below this threshold on
the assumption that it reflected contamination or originated from
nonmetallic phases. This methodological difference complicates direct
comparisons of their spallation-corrected 5'°N values with other
datasets.

Although total 2INecosm abundances for the iron meteorite fragments
analyzed in this study may be slightly underestimated (see Section
2.2.), such that corresponding CRE ages were not derived, a 5N eosm
correction can still be applied at each heating step based on the amount
of extracted >'Necosm and the (*'Ne/*N)cosm production rate ratio of
Mathew et al. (2000). In this case, the magnitude of the correction is
smaller than the uncertainty associated with each measured 5'°N value
(i.e., <1 %o), rendering the correction insignificant. Consequently, only
the measured 5'°N values—without any correction for 15N osm—are
considered in the following discussion. These values are also more
directly comparable to the N isotopic data of iron meteorites reported in
the literature.

3.3. Nitrogen isotope ratios

The ‘bulk’ N concentrations estimated here, corresponding to sum-
med N amounts extracted by laser heating and normalized to sample
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Fig. 3. a) ?°Ne/?*Ne versus 'Ne/**Ne and b) *°Ar/*®Ar versus 2'Ne/??Ne for noble gases extracted from iron meteorite fragments at different heating steps. The
isotopic signatures of the Sun’s outer convective zone (Solar; 20Ne/??Ne = 13.36 and ?'Ne/?*Ne = 0.03226; Heber et al., 2009; Ott, 2014), implantation-fractionated
solar wind (IFSW, previously called Ne-B; Black, 1972), and the terrestrial atmosphere (Air; 20Ne/??Ne = 9.80 and 2!Ne/?>Ne = 0.0288-0.0290; Eberhardt et al.,
1965; Gyore et al., 2019; Wielandt and Storey, 2019; Saxton, 2020) are shown for comparison. The solid line in a) represents a mixing line between the cosmogenic
component (cosm; 2°Ne/?*?Ne ~ 2!Ne/??Ne ~ 1) and atmospheric Ne. Most measured Ne isotope ratios have large uncertainties (16 s.d.) due to the small amounts of

gas released.
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mass, for the IIAB irons (4.7-19.3 ppm N; excluding Guadalupe y Calvo
and Braunau with low N yields of 0.4 and 1.9 ppm N, respectively), IIG
irons (0.1-2.3 ppm N), and IID irons (13.7-32.3 ppm N) overlap with
previously reported ranges for the same groups (2.1-13.9, 0.2, and
16.3-27.8 ppm N, respectively; Prombo and Clayton, 1993; Franchi
etal., 1993; Murty et al., 2019). This agreement suggests that any effects
of non-quantitative N extraction associated with the absence of melting
did not substantially affect the estimated N concentrations, and by
extension the derived isotopic compositions, for almost all samples
considered. The N isotopic compositions of IIAB, IIG, IID, and un-
grouped iron meteorites determined in this study (see Supplementary
Table S1) are shown in Fig. 4, together with literature data (see
compiled data at https://doi.org/10.24396/ORDAR-185). The &'°N
values from this study represent abundance-weighted averages derived
from 2 to 4 laser heating steps per sample, whereas the literature values
correspond to summed N isotopic compositions obtained from two
combustion steps at 1160 °C (sample sizes of ~ 7 to 50 mg; Pepin and
Becker, 1982), repeated combustion at 1250 °C (1.4 to 12.9 mg;
Franchi et al., 1993), or pyrolysis at temperatures up to 1800 °C (~5 g;
Prombo and Clayton, 1993) and 1700 °C (180 mg; Murty et al., 2019).

In this study, the three IIAB octahedrites Ainsworth, Sikhote-Alin,
and Mount Joy were found to have low §'°N values ranging from
—-92.0 %o to —83.6 %o. The IIAB hexahedrite North Chile yielded com-
parable 8'°N values of —94.5 %o to —84.9 %o across four heating steps,
resulting in an abundance-weighted average of —93.3 %o, while Coahuila
recorded a 8'°N value of ~82.9 %o based on two steps. Previous pyrolysis
or combustion analyses produced similar 5'°N values for Sikhote-Alin
(-82.2 %o; Prombo and Clayton, 1993), Coahuila (-91.8 %o and -86.7
%o; Prombo and Clayton, 1993) and four other IIAB iron meteorites
(-95.8 %o to -76.8 %o in Uwet, Navajo, Hex River Mountains, and
Raghunathpura; Franchi et al., 1993; Prombo and Clayton, 1993; Murty
et al., 2019). Roaldite in Sikhote-Alin also yielded a comparable 515N
value of -90.7 %o, as determined by SIMS (Sugiura, 1998). In contrast,
the two IIAB hexahedrites Guadalupe y Calvo and Braunau showed
distinct N isotope ratios (615N ~ —5.6 %o to —0.5 %o), much closer to the
isotopic composition of atmospheric Nj, but released only small
amounts of N during laser heating compared to the other IIAB irons.
Notably, Guadalupe y Calvo and Braunau are the two most Ni-poor IIAB
members analyzed in this study (Table 1) and are therefore not expected
to contain taenite. Because taenite is the primary N-bearing phase in iron
meteorites (Sugiura, 1998; Sugiura et al., 2000), taenite-poor samples
are expected to retain less indigenous N and to be more susceptible to
contamination effects, consistent with their elevated apparent 5!°N
values.

A similar pattern was observed for the IIG group. Twannberg and
Guanaco, which released N significantly above blank levels (~2.3 ppm),
yielded 8!°N values of ~104.8 %o and —94.4 %, respectively, whereas
Tombigbee River, Bellsbank, and La Primitiva released smaller N
amounts (<0.2 ppm) with higher 5!°N values (-27.5 %o to —9.8 %o),
much closer to the isotopic composition of atmospheric N. Notably, the
only previously published §'°N value for a IIG iron meteorite (Tom-
bigbee River) was —4.3 %o, but this sample was also N-poor (0.2 ppm;
Prombo and Clayton, 1993) (Fig. 1). Since all IIAB and IIG irons are
thought to originate from a common planetesimal core (Wasson and
Choe, 2009; Anand et al., 2024), and N isotopic fractionation during
core crystallization is minimal (<1.2 %o; Grewal et al., 2025), they are
expected to record identical N isotopic compositions. On this basis, the
highly elevated §'°N values observed for five particularly N-poor
hexahedrites—Guadalupe y Calvo, Braunau, Tombigbee River, Bells-
bank, and La Primitiva—are most plausibly attributed to analytical ar-
tifacts. Extracting measurable amounts of N from small, N-poor
kamacite fragments is inherently challenging, and minor contamination
from residual atmospheric N, adsorbed onto sample surfaces or the
interior of the laser chamber, can disproportionately affect the measured
signal. Accordingly, these elevated 8'°N values are excluded from
further discussion, and N in both the IIAB and IIG groups, as well as in
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Fig. 4. Isotopic composition of N extracted from fragments of IIAB, IIG, IID,
and ungrouped iron meteorites (summed over 2-4 individual laser heating
steps; this study), compared to literature data (Pepin and Becker, 1982; Franchi
et al., 1993; Prombo and Clayton, 1993; Murty et al., 2019; https://doi.org/
10.24396/0RDAR-185). NC and CC irons are shown in red and blue, respec-
tively, whereas ungrouped irons of unknown heritage are represented by gray
squares. The ungrouped iron Nedagolla (purple square) is the only iron mete-
orite with a Mo-Ru-Ni isotopic composition intermediate between the NC and
CC reservoirs (Spitzer et al., 2022). Groups IIAB and IIG are thought to originate
from the same planetesimal core (Wasson and Choe, 2009; Anand et al., 2024).
The 5'°N values of several irons may not directly reflect primary parent core
isotopic compositions, either due to analytical artifacts (for N-poor IIAB and IIG
hexahedrites) or because the iron meteorites are of non-magmatic origin or
strongly volatile-depleted (i.e., with low Ge/Ni ratios; see Fig. 2 and Table 1).
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their common parent core, is inferred to be isotopically light. This N
isotopic composition is best represented by the most N-rich
samples—North Chile and Sikhote-Alin from this study, Sikhote-Alin
from Prombo and Clayton (1993), and Uwet from Franchi et al.
(1993)—which define an overall average 51N value close to 90 %o.

The two IID medium octahedrites, Rodeo and Carbo, yielded 515N
values of +9.6 %o and +13.2 %o, respectively. Previously reported 8'°N
values of +7.2 to +12.5 %o for two other IID irons (Needles, Wallapai)
fall very close to this range (Franchi et al., 1993; Prombo and Clayton,
1993). Notably, all of these samples released significantly more N
(13.7-32.3 ppm) than the particularly N-poor IIAB-IIG hexahedrites,
demonstrating that the measured N isotope ratios are unaffected by at-
mospheric contamination. Although only four IID iron meteorites have
been analyzed to date, the consistency of values across three indepen-
dent studies indicates that the IID core is significantly enriched in °N
compared to that of the IIAB and IIG groups.

The four NC ungrouped irons studied here released small amounts of
N (0.1-4.4 ppm), comparable to N abundances reported for different NC
ungrouped irons in the literature (0.3-7.7 ppm; Pepin and Becker, 1982;
Prombo and Clayton, 1993). NWA 859 and Guin, which have been
interpreted as non-magmatic (Spitzer et al., 2025a), showed 515N values
of -7.9 %o and +4.1 %o, respectively. The magmatic irons Santiago
Papasquiero and EET 83230 recorded similar §'°N values of —2.0 %o and
+9.1 %o, but both have low Ge/Ni and Ga/Ni ratios (Fig. 2; Table 1;
Spitzer et al., 2025a), which may reflect loss of volatile elements from
their parent cores (see Section 4.1. for details). In addition, Santiago
Papasquiero, classified as a hexahedrite in the Meteoritical Bulletin
Database, released the smallest amount of N during laser heating,
rendering its isotopic measurement of limited reliability. Previous
studies reported N isotopic compositions for five NC ungrouped irons
(Pepin and Becker, 1982; Prombo and Clayton, 1993), including the
non-magmatic irons Butler (-32.8 %o) and Cambria (+20.6 %o), the
former of which may be co-genetic with NWA 859, as well as Wash-
ington County (+11.0 %o), which experienced severe shock-induced
reheating (Buchwald, 1975). Zacatecas (1792) and Reed City, pre-
sumed to be of magmatic origin (Spitzer et al., 2025a), were found to
have 5!°N values of -60.2 %o and —0.5 %o, with corresponding N abun-
dances of 7.7 and 0.4 ppm, respectively. These literature data suggest
that at least one planetesimal core from the NC reservoir was enriched in
15N compared to those of the IC, IIAB-IIG, IIIAB, and IIIE groups (Fig. 1b
and Fig. 4); this conclusion, however, rests entirely on the Reed City iron
meteorite (Preston, 1903), which released only a very small amount of N
(Prombo and Clayton, 1993).

The CC ungrouped irons Guffey, Tishomingo, and ALHA 77255, which
are all characterized by low Ge/Ni ratios and relatively low N contents of
0.8 to 6.9 ppm (Table 1), showed 515N values between —10.1 %o and
+41.7 %o. The remaining ungrouped irons of CC origin—Grand Rapids
(3.6 ppm N), NWA 6932 (34.6 ppm N), ILD 83500 (5.7 ppm N), Babb’s
Mill (6.0 ppm N), New Baltimore (49.3 ppm N), Hammond (19.5 ppm N),
and La Caille (13.2 ppm N)—recorded 5'°N values ranging from —2.5 %o to
+205.6 %o. Previously, six CC ungrouped irons of magmatic origin were
reported to have 5'°N values ranging from +4.8 %o to +49.1 %o (Pepin and
Becker, 1982; Prombo and Clayton, 1993); however, Tucson and
N’Goureyma have markedly low Ge/Ni ratios, whereas Pinon, Illinois
Gulch, and Nordheim have intermediate Ge/Ni ratios comparable to those
of the IIIF group (Fig. 2). Mbosi, with a 5!°N value of +4.8 %o, appears
undepleted in Ge and is N-rich (16.0 ppm). Overall, the 515N values of CC
ungrouped iron meteorites extend to significantly higher levels than those
of NC origin, reaching up to +205.6 %o in La Caille, and even exceeding the
highest values observed in the IIC group (Fig. 1b). The lightest 5'°N values
of CC irons, however, overlap with those of the NC ungrouped iron Reed
City (0.5 %o). Thus, when all ungrouped irons of magmatic origin are
considered, the measured N isotopic compositions do not show a clear
NC-CC dichotomy; the significance of individual data points is discussed
below.
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4. Discussion

Previous studies of the N isotopic composition of iron meteorites
have used variable analytical approaches, particularly in terms of sam-
ple sizes and extraction temperatures (see Section 3.3.). This method-
ological variability—including the small sample sizes analyzed by laser
heating in the present study—has contributed to small discrepancies in
the reported 5!°N values for individual iron meteorites or groups
(Fig. 1b and Fig. 4). Despite these differences, a consistent overall
pattern emerges across datasets. Non-carbonaceous irons from groups
IC, ITIAB-IIG, IIIAB, and IIIE contain isotopically light N. In contrast, IVA
and NC-type ungrouped iron meteorites have higher 5'°N values, similar
to those of CC-type irons from groups IID, IIF, IIIF, and IVB, and several
CC-type ungrouped iron meteorites. Group IIC and three CC-type
magmatic ungrouped irons show particularly elevated §'°N values.
These patterns raise key questions about what the N isotopic composi-
tions of these samples truly reflect: primary signatures of their parent
planetesimals at the time of accretion, secondary modifications due to
parent body processes, or a combination of both. Disentangling primary,
parent-body-specific source characteristics from secondary overprints is
particularly challenging for N, given that it has only two stable isotopes.
Consequently, additional chemical and petrological tracers or physico-
chemical parameters must be considered to develop a comprehensive
understanding of N isotopic variations in meteoritic materials and their
relationship to N isotopic heterogeneity and substructures in the early
protoplanetary disk. Here, we address this challenge by first identifying
the iron meteorites that most reliably preserve the primary N isotopic
signatures of their parent bodies. This approach provides a framework
for establishing accretionary relationships among differentiated and
undifferentiated planetesimals. It also provides a basis for testing
whether the distribution of isotopically distinct N-bearing phases
(including nitrides, organics, ammonia ice), together with the conden-
sation and evaporation fronts that controlled their incorporation into
planetesimals across the protoplanetary disk, can account for the
measured N isotopic variations in iron meteorites and chondrites.

4.1. Evidence for volatile loss in IVA, IVB, and a subset of ungrouped iron
meteorites

Although N abundances in iron meteorite fragments are difficult to
interpret (see Section 1), it is striking that members of both the
magmatic IVA and IVB groups exhibit depletions in the major volatiles N
(Fig. 1a) and C (Moore et al., 1969; Lewis and Moore, 1970; Goldstein
et al., 2017), as well as in moderately volatile and siderophile elements
such as Ga and Ge (Fig. 2; e.g., Scott, 1972; Scott and Wasson, 1975).
These Ga and Ge depletions have been linked to a range of causes,
including fractionation during nebular condensation prior to accretion
(Kelly and Larimer, 1977; Sears, 1978; Campbell and Humayun, 2005;
Corrigan et al., 2022), as well as various parent body processes (e.g.,
Rasmussen et al., 1984; Wasson et al., 2006; McCoy et al., 2011;
Hirschmann et al., 2021). However, the highly variable metallographic
cooling rates recorded by individual members of the IVA and IVB groups
(Haack et al., 1996; Ruzicka and Hutson, 2006; Yang et al., 2007, 2008,
2011) imply that these iron meteorites originate from metal bodies that
did not cool isothermally within mantle-insulated cores. Instead, the
parent bodies of both groups are thought to have experienced grazing
hit-and-run impacts (Asphaug, 2010), which stripped away their insu-
lating mantles and exposed hot—possibly partially molten—core ma-
terial. This scenario would have facilitated relatively rapid cooling, as
well as volatilization and loss of Ga, Ge (e.g., Yang et al., 2007, 2008),
and also Ag (Horan et al., 2012; Matthes et al., 2018). The low Ga/Ni
and Ge/Ni ratios of the IVA and IVB groups are, therefore, currently best
explained by volatile loss from iron cores following collisional disrup-
tion of their parent bodies.

Mantle removal and the associated pressure release from such
disruptive collisions may also have led to evaporative N loss from
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exposed solid or partially molten IVA and IVB core material, accompa-
nied by isotopic fractionation. However, the extent of N loss and the
magnitude of the expected increase in §!°N are difficult to estimate, as
both would have depended on multiple physicochemical parameters (e.
g., vapor pressure, temperature, alloy composition, and potential
recondensation reactions), and the resulting 515N values would also
have been influenced by the mode of isotopic fractionation (equilibrium
vs. kinetic). Consequently, the initial N inventories (Grewal and Asi-
mow, 2023; Pathak and Dasgupta, 2024) and isotopic compositions of
the IVA and IVB parent cores are challenging to reconstruct. Impor-
tantly, if substantial N loss and associated isotopic fractionation are
responsible for the highly elevated 8'°N values observed in IVA irons
relative to the other NC iron groups (Fig. 1b), and if similar processes
affected the IVB core, this would imply that the IVB core originally had a
negative 5!°N signature. This, in turn, would support an overlap in N
isotopic compositions between NC- and CC-type irons.

The potential for impact-induced mantle stripping and associated
evaporative volatile loss from planetesimal cores across the protoplan-
etary disk complicates efforts to constrain the primary N isotopic com-
positions of bodies sampled by ungrouped irons, several of which are
also N-poor (Fig. 1a). While most ungrouped iron meteorites have Ga/Ni
and Ge/Ni ratios closer to the chondritic value, a subset of five un-
grouped magmatic iron meteorites in this study stands out for their very
low Ge/Ni ratios similar to those of the IVA and IVB groups: the NC-type
irons EET 83230 and Santiago Papasquiero, and the CC-type irons ALHA
77255, Guffey, and Tishomingo (Fig. 2; Table 1). Five CC-type magmatic
irons previously analyzed by Pepin and Becker (1982) and Prombo and
Clayton (1993) also show Ge depletion. Among these specimens,
N’Goureyma and Tucson are as depleted as samples from the IVA and
IVB groups, whereas Illinois Gulch, Nordheim, and Pinon show moder-
ate depletions, comparable to the IIIF group (Fig. 2). The 515N values of
these Ge-depleted specimens are not markedly different from those of
their Ge-rich counterparts, but they also overlap with the §'°N range of
non-magmatic specimens (Fig. 1b and Fig. 4). Consequently, it remains
uncertain whether their N isotopic compositions reflect primary signa-
tures inherited during alloy-silicate separation or secondary modifica-
tion by volatile loss.

4.2. N isotopic evidence for planetesimal formation sunward of the tar
line

The NC magmatic iron meteorite groups IC, IIAB-IIG, IIIAB, and IIIE
are characterized by low 51°N values of —90 to —80 %o (based on results
from this study, combined with abundance-weighted averages of bulk
measurements of IC, IIIAB, and IIIE irons; Fig. 1b and Fig. 4). These
isotopic signatures indicate that N in the mantle and core of four
differentiated planetesimals—which accreted in the inner protoplane-
tary disk within the first ~ 1 Myr of Solar System history (Spitzer et al.,
2021, Spitzer et al., 2025a)—was significantly less 1°N-depleted than
the protosolar nebula gas (615NPSN = —383 + 8 %o; Marty et al., 2011),
yet less '°N-enriched than NC-type undifferentiated planetesimals
sampled by Rumuruti chondrites (8'°Np¢ = —57.3 %o, based on PCA
91002; Sugiura and Zashu, 1993), enstatite chondrites (3'°Ng¢ = -47.4
to +0.6 %o; Kung and Clayton, 1978; Grady et al., 1986), and unequili-
brated ordinary chondrites (6"°Nyog = -39.2 to +39.3 %; Kung and
Clayton, 1978; Hashizume et al., 1995; Sugiura et al., 1998; Alexander
et al., 2012; Vacher et al., 2025) (Fig. 1b). The ungrouped magmatic
irons Zacatecas (1792) and Reed City, with 5'°N values of —60.2 %o and
—0.5 %o, respectively (Prombo and Clayton, 1993), may indicate that
some NC iron meteorite parent bodies sampled isotopically heavier N
than those represented by the grouped irons; however, at least with
respect to the N-poor Reed City sample, this interpretation warrants
further verification.

The observed differences in N isotopic composition among NC iron
meteorites and chondrites—and, ultimately, among their differentiated
and undifferentiated parent bodies—may provide important clues about
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the nature, evolution, and spatiotemporal distribution of N-bearing
carrier phases in the inner protoplanetary disk. If all
planetesimals—regardless of their accretion ages and formation zones in
the inner or outer protoplanetary disk—accreted the same predomi-
nantly organic (and possibly presolar) N-bearing precursors, then the
observed variability in N isotopic compositions among NC chondrites
and iron meteorites may reflect N loss and an associated decrease in 5!°N
during parent body processing (e.g., Alexander et al., 1998; Grewal,
2022). Nitrogen outgassing and any associated isotopic fractionation
during large-scale melting were likely limited, because early-formed
planetesimals, including the parent bodies of iron meteorites, are
inferred to have developed internal magma oceans underneath insu-
lating, possibly undifferentiated crusts (Grewal et al., 2022b; Zhang and
Driscoll, 2025). However, °N loss could have occurred during early
(hydro)thermal processing, prior to the onset of melting and differen-
tiation. Both thermal metamorphism and aqueous alteration have been
proposed to preferentially degrade and remove °N-rich organics from
carbonaceous chondrite-type material, based on laboratory experiments
(Alexander et al., 1998; Sephton et al., 2003) as well as correlations
between the N abundance and isotope ratio with petrologic indicators of
metamorphism or hydration (Pearson et al., 2006; Alexander et al.,
2013). Thermal degradation experiments on bulk samples and isolated
organics suggest that N-bearing compounds combust at < 500 °C, with
the most °N-enriched fractions released at even lower temperatures
(<350-400 °C; Alexander et al., 1998; Sephton et al., 2003). In contrast,
heating of insoluble organic matter (IOM) from the carbonaceous
chondrite Orgueil resulted in no detectable N loss or change in bulk §'°N
(Remusat et al., 2019), highlighting both the uncertainty surrounding
the efficiency of thermal N loss and the validity of the assumption that
all planetesimals accreted common N-bearing precursors. In addition to
these conflicting experimental findings, Grewal et al. (2025) observed
that NC iron meteorites exhibit §!°N values distinctly lower than those
of chondrites that experienced the highest degrees of thermal meta-
morphism. This observation suggests that °N loss during early (hydro)
thermal processing cannot fully account for the low 3'°N values in NC
iron meteorites. Instead, these values likely reflect the accretion of
isotopically distinct N-bearing precursors by iron meteorite parent
bodies. In this scenario, thermal processing of 15N-rich precursors may
have occurred within the early protoplanetary disk itself, thereby
influencing both the amount and isotopic composition of N available to
planetesimals forming at different heliocentric distances and times (e.g.,
Bermingham et al., 2020; Broadley et al., 2022, and references therein).

The stability and distribution of N-bearing phases—primarily or-
ganics, along with reduced phases such as nitrides, carbides,
graphite—in the inner protoplanetary disk were largely governed by
physicochemical conditions, including the disk’s thermal structure and
oxygen fugacity. As temperature increased with decreasing heliocentric
distance along the disk midplane, Lodders (2004) proposed that or-
ganics, including their refractory components, were vaporized in the
innermost disk region, bounded by the so-called ‘tar line’ or ‘soot line’.
This scenario is supported by high-vacuum heating experiments, which
show that interstellar organic analogs can persist at temperatures up to
~ 350-450 K (Nakano et al., 2003), as well as by theoretical estimates of
the sublimation temperatures of carbonaceous organics (~500 K; Li
et al., 2021). Consequently, sunward of the tar line, the dominant N
sources available to accreting planetesimals were likely restricted to the
most refractory organic compounds or thermally-processed residues
(Fig. 5). In addition, thermal decomposition of more labile organics may
have locally increased the gas-phase C/O ratio (Righter et al., 2016),
promoting reducing conditions favorable to the formation and preser-
vation of reduced phases such as nitrides. Such ‘solar’
nitrides—characterized by isotopically light N isotopic compositions
(8'°N = —60 %o; Leitner et al., 201 8)—may have served as an additional
N source for the parent bodies of enstatite chondrites (Grady et al., 1986;
Rubin, 1997). Importantly, the tar line is thought to have initially been
located several, possibly up to several tens, of au from the Sun, but
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Fig. 5. Schematic evolution of the protoplanetary disk showing the inward
migration of the silicate (Sil), tar (Tar), and the water (H,O) and ammonia
(NH53) ice sublimation lines. The horizontal axis denotes heliocentric distance,
and the vertical axis denotes time after calcium-aluminum-rich inclusions
(CAIs). Also indicated are the potential formation zones of the parent bodies of
NC and CC meteorites, together with their predominant §'°N ranges. At present,
it remains unclear whether iron meteorite parent body formation in the outer
disk was triggered by the rapid growth of the gas giant cores or by other disk
substructures, such as the water snowline. Likewise, the formation location of
the CI parent body or bodies remains debated, with proposed heliocentric
distances ranging from < 5 to beyond ~ 15 au (e.g., Desch et al., 2018; Hopp
et al., 2022; Spitzer et al, 2024; Genge et al., 2025). Taf: Tafassasset-related
ungrouped primitive carbonaceous achondrites; NWA 6704: NWA 6704-related
ungrouped pyroxenitic achondrites.

migrated inward over time, eventually passing within 1 au (Yang et al.,
2013; Li et al., 2021; Desch et al., 2018) (Fig. 5). As a result, organics in
the inner disk were likely at least partially destroyed within the first 1
Myr of Solar System formation (Bermingham et al. 2020; Li et al. 2021).
It is therefore plausible that these N-bearing components, particularly
the °N-rich, labile ones, were less abundant during the accretion of NC
iron meteorite parent bodies, resulting in their °N-depleted isotopic
signatures compared to NC chondrites.

Overall, the distinct N isotopic compositions of NC iron meteorites
and chondrites may reflect the spatiotemporal variability of isotopically
different N-bearing phases or components that were stable in the inner
protoplanetary disk. Early-formed iron meteorite parent bodies appear
to have accreted smaller proportions of >N-rich, thermally labile com-
ponents than later-forming chondrite parent bodies, possibly as a result
of the inward migration of the tar line (Fig. 5). Notably, because evap-
oration fronts such as the tar line were diffuse (e.g., Boitard-Crépeau
et al., 2025), and because the spatiotemporal distribution of N carriers
would not only have depended on the evolving thermal structure of the
disk but also on the extent of radial and vertical mixing of gas and solids
(Kress et al., 2010), some N isotopic heterogeneity among NC iron
meteorite parent bodies cannot be ruled out. In contrast, dust grains
carrying more refractory elements were largely unaffected by the tar
line; consequently, both early-formed differentiated bodies and late-
formed chondritic planetesimals in the NC reservoir have similar sig-
natures in the nucleosynthetic anomalies that define the NC-CC isotopic
dichotomy.

4.3. Accretionary relationships and evolution of the CC reservoir traced
by 5°N

4.3.1. Isotopic constraints on genetic relationships among CC meteorites
Most grouped (IID, IIF, IIIF, IIC) and ungrouped CC iron meteorites
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record positive §!°N values (Fig. 1b and Fig. 4). This suggests that the
inferred formation of their parent bodies at greater heliocentric dis-
tances, presumably beyond the tar line (Fig. 5) and Jupiter (Kruijer
et al., 2017), permitted the accretion of a greater proportion of °N-
enriched precursors compared to the parent bodies of the NC magmatic
iron meteorite groups (Grewal et al., 2021b, 2025). Among these, the IIC
group stands out with particularly high 8'°N values (8*°Nyc = +125 to
4163 %o; Franchi et al., 1993; Prombo and Clayton, 1993; Sugiura,
1998), comparable to those of CR chondrites (615NCR predominantly
between +135 and 190 %o; Kung and Clayton, 1978; Robert and Epstein,
1982; Grady et al., 1983; Kerridge, 1985; Pearson et al., 2006; Alexander
et al., 2012, 2013) (Fig. 1b). In addition to their similar N isotopic
compositions, IIC irons and CR chondrites also share nucleosynthetic
anomalies in Mo, W, Fe, and Ni (Budde et al., 2018; Spitzer et al., 2025a,
b). In this study, three CC ungrouped irons—New Baltimore (4+104 %o),
Hammond (4112 %o), and La Caille (+206 %o) (Fig. 4)—were found to
have high §'°N values comparable to those of IIC irons and CR chon-
drites. Complementary Mo, Fe, and Ni isotope data confirm their CR-like
isotopic signatures (Spitzer et al., 2025b), reinforcing a genetic link
between these ungrouped irons and the IIC/CR reservoir.

To investigate this relationship in more detail, we performed a hi-
erarchical clustering analysis of N isotopic compositions and isotope
anomalies of CC meteorites based on Gower dissimilarities (Gower,
1971) (Supplementary Table S2 and Fig. 6). The resulting dendrogram
can be interpreted as a genetic family tree of CC meteorites and reveals a
primary divide between Ivuna-type (CI) carbonaceous chondrites and
CI-like materials (Ryugu, Bennu, and Yamato-type (CY1) chondrites), on
the one hand, and all non-CI meteorites on the other. The unique iso-
topic heritage of CI chondrites has been recognized previously (Hopp
et al., 2022; Dauphas et al., 2024; Spitzer et al., 2024), and our analysis
confirms that they have no differentiated genetic equivalent. This
finding reinforces the hypothesis that CI parent bodies formed through a
unique mechanism or in a unique environment (Spitzer et al., 2024) (see
Section 4.3.3.). The dissimilarity analysis further subdivides the non-CI
meteorites into two clusters: CV-CK-CO-like (Vigarano-, Karoonda-, and
Ornans-type carbonaceous chondrites) and CR-like.

The CV-CK-CO-like and CR-like clusters are populated by both un-
differentiated and differentiated meteorites, providing evidence that
planetesimals with these two isotopic signatures—representing specific
material mixtures—accreted over an extended period within the outer
disk. CV-CK-CO chondrites are characterized by high abundances of
refractory inclusions (CAIs and amoeboid olivine aggregates, AOAs) and
chondrules, and thus have low matrix content, whereas CR chondrites
are depleted in refractory inclusions (Rubin, 2011). Early-formed
(differentiated) bodies in the two genetic clusters are therefore ex-
pected to have accreted from similarly contrasting material mixtures.
However, quantifying the refractory material accreted by iron meteorite
parent bodies can only be achieved indirectly, and the results depend
strongly on the modeled S content of their cores (Spitzer et al., 2025a).
Nevertheless, the three CC iron meteorite groups IID, IIF, and IIIF fall
within the CV-CK-CO-like cluster (Fig. 6); they are therefore interpreted
to derive from parent bodies rich in refractory inclusions (and chon-
drules) but relatively poor in matrix, and the clustering implies plane-
tesimal formation within a common source reservoir and/or from
similar precursor materials. The CAI-poor nature inferred for the IIC
irons (Zhang et al., 2024) is consistent with their affiliation with the CR-
like cluster.

Spitzer et al. (2025b) previously suggested that many differentiated
CC meteorites may be related to the CR reservoir, a relationship that is
now supported by a larger and more robust dataset (Supplementary
Table S2 and Fig. 6). Notably, the CR cluster identified in this study
and in Spitzer et al. (2025b) includes irons with elevated 515N values
(New Baltimore, Hammond, and La Caille) but also some with
comparatively low 5'°N values, ranging from —10 to +49 %o (this study;
Prombo and Clayton, 1993) (Fig. 4). These low-8'°N irons are moder-
ately (Illinois Gulch, Nordheim) to severely Ge-depleted (Guffey,
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Fig. 6. Dendrogram from agglomerative hierarchical clustering (average linkage) of CC meteorites (iron meteorites, chondrites, and the ungrouped achondrites
Tafassasset, NWA 011, and the NWA 6704 grouplet) and samples returned from Ryugu and Bennu, computed using Gower dissimilarities of multiple isotopic ratios
(8'°N and A70, £°°Ti, e>*Cr, u>*Fe, u®°Ni, u®*Ni, £%*Mo, A%>Mo, £!°°Ru) as reported in Supplementary Table S2. Pairwise dissimilarities were calculated as the mean
absolute difference of range-normalized variables, using only variables measured for both samples (i.e., excluding missing values on a pairwise basis). Branch length
is proportional to Gower dissimilarity (0 = identical; 1 = maximally different). For sample pairs sharing data for only one or two isotopic variables, the raw Gower
distance may become artificially small and dominate the clustering despite being poorly constrained. To mitigate this effect, a mild distance penalization (penalty
factor = 1.2) was applied to pairwise comparisons based on fewer than three shared variables. This approach reduces spurious clustering driven by single-variable
overlap while preserving the overall cluster structure. Importantly, the penalization affects only sparsely constrained comparisons and does not alter the clustering of
well-characterized samples. The dendrogram was cut at k = 3 to highlight the three major clusters corresponding to the CI-, CV-CK-CO-, and CR-like groups (clusters
shown in different shades of blue). Data sources: N in Ryugu samples (Nakamura et al., 2022; Naraoka et al., 2023; Oba et al., 2023; Gamblin et al., 2024); N in Bennu
samples (Lauretta et al., 2024; Barnes et al., 2025; Marty et al., 2025; Glavin et al., 2025); N in chondrites (Injerd and Kaplan, 1974; Kung and Clayton, 1978;
Thiemens and Clayton, 1981; Robert and Epstein, 1982; Grady et al., 1983, 2002; Lewis et al., 1983; Kerridge, 1985; Sephton et al., 2003; Pearson et al., 2006;
Alexander et al., 2012, 2018, 2013; Fiiri et al., 2013; Marrocchi et al., 2021; Hashizume et al., 2024; Patzek et al., 2025); N in iron meteorites (this study; Pepin and
Becker, 1982; Prombo and Clayton, 1993; Grewal et al., 2021b); Ni (Spitzer et al., 2024, Spitzer et al., 2025b); Fe (Hopp et al., 2022; Anand et al., 2024; Spitzer et al.,
2025b); Mo (Spitzer et al., 2025a); Ru, Ti, Cr (Tissot et al., 2025); O (Spitzer et al., 2025b).

N’Goureyma, Tishomingo, and ALHA 77255); consequently, as dis- episodes at 2.5 + 0.3 Ma and 3.8 + 0.3 Ma after CAI formation (Tenner

cussed in Section 4.1., the N isotopic compositions of these specimens et al., 2019; Marrocchi et al., 2022) point to a long-lived, isotopically
may have been modified by volatile loss and therefore may not faithfully isolated reservoir. Taken together, these lines of evidence suggest that
record parent-body-specific source signatures. Fig. 6 also illustrates that the parent body (or bodies) of CR chondrites accreted in a spatially and/
some Tafassasset-related ungrouped primitive carbonaceous achon- or temporally separate region of the disk compared to those of other
drites (Ma et al., 2022) and NWA 6704-related ungrouped pyroxenitic chondrite groups (Fig. 5).

achondrites (Hibiya et al., 2019; Sanborn et al., 2019) are thought to Recently, the matrices of some CR chondrites were found to host
have accreted within the CR reservoir (Ma et al., 2022; Spitzer et al., abundant dark inclusions or clasts composed of CI-like fine-grained

2025b), whereas the NWA 011-related ungrouped basaltic achondrites material, organics, and up to 10 vol% of chondrules, occurring as pebbly
(e.g., Ma et al., 2022) falls within the CV-CK-CO-like cluster. However, aggregates (Van Kooten et al., 2024; Hewins et al., 2025). These clasts

no N isotopic data are yet available for these specimens. These achon- contain magnetite with framboidal and plaquette textures that indicate
drites therefore represent promising targets for future studies aimed at formation under alkaline, NHs-rich fluid conditions (Harju et al., 2014;
refining our understanding of planetesimal formation and N accretion Singerling and Brearley, 2020; Sridhar et al., 2021), consistent with the
within the CC reservoir. accretion of ammonia ice in addition to water ice (Van Kooten et al.,
2024; Hewins et al., 2025). The high 8'°N values and elevated D/H
4.3.2. Evidence for a long-lived, high §'°N outer disk reservoir ratios of bulk CR chondrites and their components—far exceeding those
CR chondrites are characterized by a suite of petrological and iso- of inner-disk materials—further support an origin in a cold, ammonia-
topic features that collectively define an outer-disk reservoir, chemically ice-bearing region of the disk, possibly linked to the formation zone of
and isotopically distinct from the other CC sub-reservoirs (Figs. 5 and 6; cometary material (Pizzarello and Williams, 2012; Alexander et al.,
Spitzer et al., 2024; Shollenberger et al., 2025). They contain the most 2012; Piani et al., 2021; Van Kooten et al., 2024; Hewins et al., 2025),
primitive and least-altered °N-rich (insoluble) organic matter with photodissociation-driven N isotope fractionation at the disk surface
(Alexander et al., 1998), which is thought to have formed in the inter- (self-shielding or peculiar quantum effects) providing a mechanism for
stellar medium or outer Solar System. These organics can reach 5!°N generating the associated '°N-rich ices or organics (Fiiri and Marty,
values of up to +300 %o (Alexander et al., 2007) and contain localized 2015; Van Kooten et al., 2024, and references therein). Independent
15N ‘hotspots’ with 8'°N values as high as +1500 to 2000 %o (Busemann support for such an ammonia-rich reservoir comes from reflectance
et al., 2006). In addition to their 1°N-enrichment, CR chondrites record spectra of asteroids displaying a broad 3.2 um absorption feature diag-
highly elevated D/H ratios compared to almost all other carbonaceous nostic of NHs-bearing ices (e.g., the ‘not-sharp-type’ class and comet
chondrites (Alexander et al., 2012; Broadley et al., 2022), as well as low 67P) (Poch et al., 2020; Rivkin et al., 2022).
abundances of refractory inclusions (Rubin, 2011) but high abundances In contrast to the late formation of the CR chondrite parent body (or
of presolar grains (Leitner et al., 2012). A unique formation setting is bodies), differentiated planetesimals—such as the parent bodies of the
further supported by chronological evidence from chondrule ages: CR I5N-rich IIC irons and the CC ungrouped irons studied here—accreted
chondrites appear to have formed significantly later than other chon- within the first ~ 1.5 Myr after CAIs (Kruijer et al., 2017; Spitzer
drite groups, ~4 Myr after CAls (Schrader et al., 2017; Budde et al., et al., 2021, Spitzer et al., 2025a; Bryson et al., 2026) (Fig. 5). This
2018; Neumann et al., 2024), and two major chondrule formation temporal offset implies that the isotopically CR-like, ammonia-rich
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reservoir was established shortly after CAI formation and persisted for
several million years of disk evolution. Thus, mineralogical and isotopic
evidence across a range of planetesimals—including differentiated
bodies sampled by IIC and CC ungrouped irons, as well as undifferen-
tiated materials such as CR chondrites—supports the presence of
ammonia ice in an outer disk reservoir characterized by elevated 5!°N
values. Despite this evidence, the distribution, stability, and persistence
of ammoniated ice within the early protoplanetary disk, and its role in
planetesimal formation, remain uncertain. Constraining the spatiotem-
poral distribution of ammoniated ice in meteorite parent bodies is
therefore essential, as it could provide key insights into distinct plane-
tesimal formation environments in the early Solar System.

4.3.3. NHs ice line migration and implications for NHsz accretion

Disk-evolution models tailored to the early Solar System place the
ammonia ice line at approximately 9-12 au during the late stages of disk
dispersal (Chen et al., 2019), migrating inward as accretion diminished.
These distances lie well beyond the H>O snowline, which exerted the
dominant control on ice mass and is commonly inferred to have been
located at ~2-5 au early in disk history and to have contracted to ~1-2
au by ~ 3 Ma (Oka et al., 2011; Desch et al., 2018) (Fig. 5). Early- and
late-formed parent bodies of IIC irons and CR chondrites, respectively,
characterized by high 8'°N values, are therefore inferred to have
accreted farther from Jupiter than planetesimals sampled by other
chondrite groups, which contain isotopically lighter N (Fig. 5). Notably,
laboratory and theoretical studies indicate that NH3 can be retained
beyond its classical sublimation temperature through trapping in HyO-
and COq-rich ices, leading to secondary desorption fronts when the host
ice sublimates (Bar-Nun et al., 1985; Collings et al., 2004; Simon et al.,
2019; Oberg et al., 2023). Inward-drifting icy pebbles may thus trans-
port NHj past its nominal ice line (Piso et al., 2016; Oberg et al., 2023).
Experimental and theoretical work further shows that hydrogen bonding
between HyO and NHj3 enhances NHg retention on icy grains to tem-
peratures above 100 K, enabling ammonia ice to survive transport into
warmer disk regions (Kruczkiewicz et al., 2021; Kakkenpara et al.,
2024). Finally, ammonium salts represent an additional solid N reservoir
that is more thermally stable than free NH3 and may have enabled N
delivery interior to the nominal NHjs ice line (Lodders, 2004; Poch et al.,
2020; Kruczkiewicz et al., 2021). Collectively, these constraints imply
that the distribution and effective accretion of NHj3 ice in the outer
protoplanetary disk were likely more complex than predicted by a sin-
gle, sharply defined NHj ice line. Future high-resolution analyses, such
as chemical separation or stepped-heating experiments, may help
determine whether other chondrite groups (and irons) also contain
traces of a '°N-rich component derived from NH; accretion.

CI chondrites may represent key samples for addressing this
complexity. Despite abundant mineralogical and petrographic evidence
for ammonia-influenced aqueous alteration—including magnetite mor-
phologies indicative of alkaline, NHs-rich fluids (Sridhar et al., 2021)—
CI chondrites, as well as samples returned from Ryugu and Bennu, re-
cord lower bulk 5!°N values than CR chondrites (Fig. 1b). While recent
chemical separation and stepped-heating experiments on Orgueil and
Bennu samples demonstrate the presence of an isotopically heavy, likely
ammonia-derived N component in CI materials, with §!°N values on the
order of +160 to +180 %o (Laize-Générat et al., 2024; Marty et al., 2025;
Glavin et al., 2025), the comparatively low bulk 8'°N values of CI
chondrites suggests that their parent body or bodies accreted sunward of
those of CR chondrites and IID irons. This would imply incorporation of
a smaller proportion of I5N-enriched NHj ice relative to HyO ice, with
bulk 5'°N further diluted by additional N carriers. Although the CI
parent body or bodies are commonly inferred to have accreted in the
outermost disk (e.g., Desch et al., 2018; Hopp et al., 2022), emerging
constraints instead suggest a formation location closer to the Sun
(Spitzer et al, 2024; Genge et al., 2025) (Fig. 5). This may reflect for-
mation through a unique mechanism or within a unique nebular envi-
ronment, possibly related to photoevaporation at the end of the disk’s
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lifetime (Spitzer et al., 2024), and may also be consistent with the
apparent absence of differentiated genetic equivalents to CI chondrites
(Fig. 6). Such a scenario is consistent with the framework outlined here,
in which N isotopes serve as tracers of NHjs ice line migration and NH3
accretion.

5. Conclusions

The N isotopic compositions of NC and CC ungrouped magmatic iron
meteorites, together with those from established magmatic groups,
reveal a wider range of N isotopic variability present during the earliest
stages of protoplanetary disk evolution and planetary accretion than is
recorded by later-formed chondritic bodies. Whereas the isotopic di-
chotomy observed for elements with nucleosynthetic anomalies was
primarily carried by refractory materials, N was predominantly hosted
in organics and ice(s), with minor contributions from reduced phases
such as nitrides, carbides, graphite. Consequently, the spatial and tem-
poral distribution of N in the early disk was likely governed by the
evolving thermal structure of the disk, which controlled the stability,
transport, and incorporation of these volatile and refractory N carriers.
Redox conditions may have further influenced the stability and reten-
tion of reduced N-bearing phases in the inner disk.

Most NC and CC iron meteorite groups show distinct N isotopic
compositions, though some overlap remains—notably, when the IVA
and IVB irons are considered. It is currently unclear whether the N
isotopic compositions of these highly volatile-depleted samples reflect
primary signatures of their parent planetesimals at the time of alloy-
silicate separation or result from secondary modifications due to vola-
tile loss. Nevertheless, the 15N-depleted isotopic signatures of NC iron
meteorite parent bodies suggest formation sunward of the tar line,
where only the most refractory (organic) compounds or thermally-
processed residues could have served as N sources for accreting plane-
tesimals. In this context, the distinct N isotopic composition of NC iron
meteorites and chondrites likely reflects the spatiotemporal variability
of isotopically distinct N-bearing phases or components that were stable
in the inner protoplanetary disk.

In contrast, the convergence of multiple lines of evidence—including
petrographic textures (dark inclusions and framboidal magnetite),
ammonia-driven alteration pathways, elevated 5'°N values and D/H
ratios, low abundances of refractory-inclusions, and coherent nucleo-
synthetic signatures (e.g., Mo, Fe, and Ni isotopes) across CR chondrites,
IIC irons, and newly analyzed CC ungrouped irons—points to the exis-
tence of a distinct, ammonia-rich outer-disk substructure. This reservoir
was established within the first ~ 1 Myr of disk evolution and persisted
for ~ 3-4 Myr, allowing both differentiated and undifferentiated
chondritic planetesimals to inherit its distinctive °N-enriched isotopic
signature. The high 8'°N values of the CC ungrouped irons further
corroborate their genetic link to the IIC/CR reservoir and also illustrate
how spatial and temporal disk substructures—perhaps sculpted by
nascent giant planets—governed the heterogeneous distribution of
ammonia-derived N, and, ultimately, divergent accretion and differen-
tiation pathways among early-formed planetary bodies. Unlike the CI
parent body or bodies, which likely accreted under conditions charac-
terized by reduced incorporation of *N-rich NHs, CR- and IIC-related
materials preserve the signature of more efficient ammonia ice
accretion.
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N-Ne-Ar abundances and isotope ratios of the iron meteorites analyzed
in this study, as well as the isotopic datasets used for hierarchical clus-
tering of outer-disk meteorite samples and their corresponding cluster
assignments. Supplementary material to this article can be found online
at https://doi.org/10.1016/j.gca.2026.05.037.
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