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Isotopically anomalous carbonaceous grains in extraterrestrial sam-
ples represent the most pristine organics that were delivered to the
early Earth. Here we report on gentle aberration-corrected scanning
transmission electron microscopy investigations of eight "*N-rich or
D-rich organic grains within two carbonaceous Renazzo-type (CR)
chondrites and two interplanetary dust particles (IDPs) originating
from comets. Organic matter in the IDP samples is less aromatic than
that in the CR chondrites, and its functional group chemistry is
mainly characterized by C-O bonding and aliphatic C. Organic grains
in CR chondrites are associated with carbonates and elemental Ca,
which originate either from aqueous fluids or possibly an indige-
nous organic source. One distinct grain from the CR chondrite NWA
852 exhibits a rim structure only visible in chemical maps. The outer
part is nanoglobular in shape, highly aromatic, and enriched in
anomalous nitrogen. Functional group chemistry of the inner part
is similar to spectra from IDP organic grains and less aromatic with
nitrogen below the detection limit. The boundary between these
two areas is very sharp. The direct association of both IDP-like or-
ganic matter with dominant C-O bonding environments and nano-
globular organics with dominant aromatic and C-N functionality
within one unique grain provides for the first time to our knowl-
edge strong evidence for organic synthesis in the early solar system
activated by an anomalous nitrogen-containing parent body fluid.

solar nebula | organic matter | meteorites | comets |
transmission electron microscopy

Primitive extraterrestrial materials, including unmetamorphosed
carbonaceous chondrites, chondritic porous interplanetary dust
particles (CP-IDPs), carbonaceous Antarctic micrometeorites,
and material from comet 81P/Wild 2, contain isotopically
anomalous carbonaceous matter typically enriched in D and/or
15N compared with the Earth and bulk meteorites (1-11). This
carbonaceous matter occurs as diffuse material but also in the
form of sub-pm- to pm-sized grains that are extremely enriched in
D and/or "N and therefore stand out in isotopic maps as so-called
“hot spots.” These hot spots represent good candidates to study
ancient organic compounds that may have served as precursors for
the prebiotic history of the early Earth. In many, but not all, cases,
the isotopic hot spots occur as so-called “nanoglobules,” which are
observed as hollow or compact carbonaceous sub-pm spheres in
a wide range of primitive extraterrestrial samples (e.g., refs. 11-16).
The most widely accepted theory for the origins of the anomalies
invokes exothermic ion—-molecule isotope exchange reactions at very
low temperatures (<25 K) in cold interstellar clouds or the outer
reaches of the nascent solar nebula (e.g., refs. 6, 7, 17, and 18). A
second possible mechanism for the observed °N enrichments is
N; self-shielding, in which optical depth effects lead to isotope-
selective photodissociation (19-22), but the applicability of the N,
self-shielding model to the observed '’N anomalies is still uncertain.

Correlated isotopic and structural information on these or-
ganic grains is sparse. Secondary ion mass spectrometry (SIMS)
at high spatial resolution [~100 nm can be achieved by Cameca
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NanoSIMS instruments (23)] in combination with transmission
electron microscopy (TEM) allows the analysis of both isotopic
composition and electronic bonding configuration on a sub-pym
scale. These investigations are important to understand the ori-
gins and evolution of complex organic compounds in ancient
meteoritic materials that contributed to the organic inventory of
early Earth. Such combined studies have so far been performed,
e.g., on organic grains in the Tagish Lake meteorite (15, 24),
IDPs (5, 13, 25), comet 81P/Wild 2 material (9, 10), insoluble
organic matter (IOM) extracted from meteorites (11, 26), and
matrix regions in Renazzo-type (CR) and Ivuna-type (CI) chon-
drites (27-29) all applying only standard TEM techniques. Re-
cently, synchrotron X-ray absorption near-edge structure (XANES)
analyses have been performed on these organic grains before fur-
ther TEM investigations (e.g., refs. 10, 11, 26, and 30). These
analyses can reveal the bonding configuration of organic grains
with high energy resolution (~0.1 eV) and relatively high spatial
resolution (~20 nm) (9).

Functionality studies of IOM, IDPs, and comet 81P/Wild 2
material (e.g., refs. 2, 3, 5, 9-13, 16, 25, 26, 30, and 31) as well as
combined isotope functionality studies (5, 11, 24, 26, 32) show
that meteoritic IOM as well as cometary organics from IDPs and
Wild 2 are relatively similar in their dominant functional group
characteristics. The meteoritic IOM component can be quite
complex but is in general characterized by three main bonding
environments, i.e., aromatic C=C, aromatic ketone or aldehyde
bonding, and carboxyl bonding (Table S1) (ref. 9 and references
therein). The two latter bands can be assigned to the existence of
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C-O bonding environments. The IOM-like functionality represents
a common reservoir from which other, chemically more complex or
more polymerized organic compounds may have evolved. Models
on the molecular structure of IOM from the CM carbonaceous
chondrite Murchison agree well with this overall functional group
chemistry, where small aromatic units are interconnected by ali-
phatic, oxygenated, and N-containing chains (33). A further com-
ponent has been identified among organic grains, usually best
preserved in nanoglobules (11, 12, 15, 16). The organic function-
ality of nanoglobules is in general also IOM-like but often more
aromatic with stronger absorption at 285 eV. Some nanoglobules
may derive from circumstellar settings as highly primitive polycyclic
aromatic hydrocarbons (PAHs) (34) or form late on the parent
bodies by aqueous alteration reactions. Cody et al. (35) have recently
suggested that the bulk of IOM found in chondrites can be synthe-
sized from soluble formaldehyde (H,CO) moieties which evolve
into more complex, aromatic units upon progressive polymerization
by aqueous alteration on the parent body. This model was further
supported by experimental work (36), but the role of anomalous
nitrogen in these fluid scenarios has not been demonstrated yet on
true samples. Furthermore, the resulting evolution of pristine organic
matter with respect to electronic bonding configuration and chemi-
cal constitution in these synthesis models is still poorly constrained.

We present here an alternative way to investigate these or-
ganic grains with superior spatial resolution, via the Nion Ultra-
STEM 100 analytical aberration-corrected scanning TEM (STEM)
operated at a low acceleration voltage of 60 kV. The flexibility of-
fered by this type of microscope is ideal for investigating organic
grains. The instrument can be operated in so-called “gentle STEM”
conditions (37) below the knock-on damage threshold for carbon
[<~80kV (38)], while retaining a much higher spatial resolution
than X-ray techniques. Moreover, the probe current and electron
dose can be tailored to minimize ionization damage (39). The mi-
croscope operates with a cold field emission electron source
achieving an energy spread of only ~0.3 eV without a mono-
chromator. This energy resolution is only marginally worse than
synchrotron XANES while still maintaining a very high spatial
resolution (~0.1 nm at 60 kV). We used the UltraSTEM to observe
and analyze eight isotopically anomalous organic grains identified
by NanoSIMS ion imaging within four different primitive extra-
terrestrial samples: two CR2 chondrites, Northwest Africa (NWA)
852 and the Antarctic Graves Nunataks (GRA) 95229, and two
IDPs. Both IDPs in this study are from the 1.2036 collector (cluster
20, AK 5 and 6, IDP AKS, and IDP AK6) (Table S2 and Materials
and Methods). The STEM data provide combined morphological
and structural details of isotopically anomalous organic grains with
electronic bonding configuration analyses by electron energy loss
spectroscopy (EELS). Our results provide the first direct obser-
vational evidence to our knowledge for an alteration scenario
of anomalous organics on the CR parent body and how the two
organic components described above can be linked by trans-
formation reactions.

Results

The two N-rich grains from NWA 852 (2_24a and 2_24b) are
relatively large (>500 nm), compact, and elliptical and stand out
in STEM images by their smooth contrast (Fig. 1 A and B and
Table S2). The grains share similar morphological characteristics
and also have similar isotopic compositions within three SDs, so
they are most probably genetically connected. They are also lo-
cated right next to large cracks visible in the SEM (Fig. S1). The
5N-rich grain 13 _4 from GRA 95229 has a roundish, globular
morphology with a hollow center; the GRA 95229 N-rich grain
14_2 appears compact and has an irregular, slightly roundish
shape (Fig. S2). The IDP grains are generally smaller than the
ones targeted in the CR chondrites making it difficult to relocate
grains for focused ion beam (FIB) preparation (Figs. S3 and S4).
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Fig. 1. UltraSTEM images and EELS chemical maps of organic grains from
NWA 852. (A) Overview HAADF image of grain 2_24a with the area of the
two EELS maps outlined by white boxes. The grain has homogeneous and
dark contrast. (B) Overview HAADF image of grain 2_24b. A lobe of organic
material extends into the surrounding matrix (marked by arrows). (C—-G) EELS
chemical maps in the areas outlined in A with the enrichment of nitrogen in
the rim part of the grain, the Ca enrichment, and opposite distribution of
nitrogen and oxygen clearly visible.

The grains 2_24a+b from NWA 852 are amorphous and show
no signs of crystalline inclusions, neither in bright field (BF) nor
in high-angle annular dark field (HAADF) imaging modes (Fig.
1 A and B). No graphene sheets (i.e., lattice planes indicative of
graphite crystallization with dyg, = 0.34 nm) nor development of
serpentine-like phases could be observed within these distinc-
tively homogeneous grains in high-resolution (HR) STEM images
across different regions. The potential presence of graphitic sheets
would indicate thermal overprint (31), whereas serpentine-like
minerals would give a hint for aqueous alteration. However, the
organic grain was apparently distributed into the matrix because
a lobe of the grain extends farther down the section from grain
2 24b (Fig. 1B).

Contrary to the uniformity suggested by the image contrast of
grain 2_24a, EELS reveals a chemical heterogeneity and changes
in its electronic bonding configuration (Figs. 1 C-G and 2). In
addition to C, the grain also contains Ca and N, as evidenced by
the presence of C-K, Ca-L, 3 N-K, and O-K edges in the EEL
spectra (Fig. 2 A-D). EELS elemental mapping (Figs. 1D and
2A) shows that N is heterogeneously distributed throughout the
grain and concentrates mainly within a ~50-100 nm thin rim
encasing the grain. Oxygen on the other hand shows the opposite
trend and is rather depleted in that rim (Figs. 1G and 2D). The
N-K edge in this rim could be recorded successfully with high
signal-to-noise ratio (Fig. 2C) without any damage observed in
subsequent imaging. The edge shows a broad (~3 eV width) =*
peak at ~398.8 eV attributed to imine (double) or nitrile (triple)
C-N bonding and further bands above 400 eV explainable by N
heterocycles (Table S2) (e.g., ref. 9 and EELS references therein
and refs. 26 and 30). It is noted that small energy shifts between
this and previous work on nitrile functionality (9, 26) should be
expected due to small differences in calibration and slightly
lower energy resolution of the EELS measurements. From the
EEL spectra it was also possible to obtain relative elemental
abundances by quantification of combined C-K and N-K edges
by standard EELS quantification routines. The calculated atomic
N/C ratio from a cumulative EEL spectrum of this rim is 0.14 +
0.02. Another significant difference between the rim and interior
of the grain is found in the fine structure of the C-K edge ac-
quired within the two areas (Fig. 24). Whereas the rim displays
the dominant feature at ~285.1 eV of aromatic C, this band is
less pronounced in the core and instead shows two smaller peaks
~1 eV apart at ~285.1 and ~286.5 eV (Table S2). The interior
has a distinct extra shoulder at ~283 eV, which can be explained
by C=0 bonding environments (40). The second feature at ~286.5
eV can as well be attributed to functional groups involving oxygen
bonding, i.e., aldehyde (286.3 eV) or ketone (286.6-286.8 eV) as
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Fig. 2. EEL spectra at the different absorption edges of the N-rich rim and
the core of organic grain 2_24a from NWA 852 (inset HAADF image) with
the most prominent edges marked (Table S2). (A) The two white lines
around 350 eV are due to Ca, but a distinct carbonate band around 290 eV is
not recognizable. The N-K edge is not visible anymore in the spectrum of the
core of the grain. (B-D) Close-up view of EEL spectra at the C-K, N-K, and
0O-K edges with the most prominent bands marked by vertical lines in B. The
aromatic feature at around 285 eV is clearly diminished in the core, which
instead shows an additional band at around 286 eV attributable to C-O
bonding environments. The distinct N-K edge shows a strong band at
around 399 eV indicative of imine and nitrile functionality but also some hint
for N-heterocycles (Table S2).

well as nitrile C=N triple bonding (Table S2) (9). No peak cen-
tered at ~291.7 eV could be identified, which would have in-
dicated the development of graphene sheets due to thermal
metamorphism (41), which is in accordance with the absence of
graphitic fringes in HR images. Dominant so-called “white” lines
of Ca (Ca-L,; edge) are also present in the spectra throughout
both grains in NWA 852 with no difference between the rim and
the interior of grain 2_24a (Figs. 1E and 24). The Ca-L, 5 edge is
also visible in the lobe that extends into the FIB section. The Ca
content is not associated with any crystalline grains nor is a sharp
c6* C-K edge peak observed at 290.3 eV that would have been
indicative of carbonate bonding (refs. 5 and 24 and references
therein). Also, the matrix in the direct vicinity of the organic grains
does not contain any detectable Ca (Fig. 1E).

HAADF images of grain 13_4 from GRA 95229 (Fig. 34)
show a patchy and heterogeneous contrast apparently originating
from small particles dispersed within the carbonaceous material.
HR imaging reveals the presence of tiny calcite crystals only
several nm in size that add discrete contrast to the images (Fig.
S2). EELS in this area of the grain shows dominant bands at
~284.8 eV (aromatic C), at ~286.5 eV (aldehyde/ketone or ni-
trile bonding), and at ~290 eV, which can be attributed to car-
bonate bonding. The calcium white lines are also detected at
~346 eV, which underlines the presence of calcite crystals. The
N-K edge is not as dominant as in the NWA 852 grains but still
resolvable above the background with a broad band at ~399 eV
(Fig. 3C). However, upon further analysis, the N-K edge de-
graded quickly and was not as stable as in the NWA 852 grains.
The grain 14_2 is homogeneous in HAADF imaging (Fig. 3B) and
does not display any crystallinity in the images. EEL spectra over
this homogeneous part of the grain exhibit characteristic #* bands
attributed to aromatic C and C-O bonding as well as the c*
transition bands with an imposed carbonate band at ~290 eV and
again small Ca peaks. A distinct N-K edge could not be detected
in this area.

The IDP organic grains appear irregular (Fig. 4 A-D) and are
intermixed and surrounded by silicates and sulfides. For exam-
ple, grain 08 from IDP AKS is elongated and fills the gap be-
tween a large Fe sulfide visible to the right and a hole filled with
Pt to the left (Fig. 44). This supports the view that IDP organics
often glue more refractory materials together rather than being
encompassed in discrete grains (42). Some internal crystallites
are visible in BF and HAADF images (Fig. 4 A-D), but these are
exclusively Au and Pt nanoparticles redeposited from the FIB
preparation and are distinguishable by their high Z contrast in
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HAADF imaging. The organic grains from the IDPs analyzed here
exhibit a smooth, i.e., chemically and structurally homogeneous,
contrast. HR imaging reveals that the grains are amorphous and
show no signs of internal short- or long-range order within different
areas. No graphitization could be observed and no crystalline inclu-
sions are encompassed within the organic grains, with the exception
of the aforementioned Au and Pt nanoparticles. It was possible to
acquire EEL spectra on relatively clean regions of the grains without
significant contribution from Au and/or Pt. All IDP organic grains
exhibit a similar pattern in general: the =* antibonding transition is
greatly diminished compared with the large ¢* transition, but small
bands within the flank of the main C—K edge can still be resolved at
284.7 eV (aromatic C), around 286 eV (ketone/aldehyde bonding),
and around 287 eV (aliphatic C) (Table S1 and Fig. 4). A noisy and
not well-resolved N-K edge is observed in spectra from grain 11 at
~399 eV (Fig. S5). No electron energy loss at the N-K edge could be
observed in the other IDP organic grains. Small Ca-L, 5 peaks are
visible in grains 8 and 11 (Fig. S5).

Discussion

Organic grains in the solar nebula were prone to asteroidal and
terrestrial alteration reactions. Asteroidal alteration was active
to varying degrees even within the same meteorite parent body
on a decimeter scale. For example, in the Tagish Lake carbo-
naceous chondrite (43), there is a decreasing abundance of ar-
omatic carbon compounds with high D/H ratios in bulk organic
matter from different parts of this meteorite, and these variations
are strongly correlated with independent mineralogical measures
of aqueous alteration (44). Thus, comparison of organic charac-
teristics in different materials with different alteration histories
allows an improved understanding of the nature of unaltered
molecular cloud material and the effects of later transformation
reactions, e.g., on the parent bodies. It is possible that diverse
functionality of organic grains has been inherited from the in-
terstellar medium or that the main transformation reactions oc-
curred in the solar nebula or even later on respective parent
bodies (e.g., refs. 45 and 46). It is therefore crucial to distinguish
these contrasting transformation scenarios by direct functionality
analyses on anomalous organic grains from different parent bodies,
e.g., asteroids and comets.

It has been shown that the ratio of aliphatic to aromatic
functional groups is higher in organic matter from IDPs than
in that from meteorites (25). This can be explained by less
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Fig. 3. UltraSTEM images and EEL spectra of grains 13_4 and 14_2 from
GRA 95229. (A) HAADF overview image of the remaining material of grain
13_4 (encircled) with distinct mottled contrast due to crystalline inclusions.
(B) HAADF overview image of the remaining material of grain 14_2 (encir-
cled) with clean and homogeneous contrast. (C and D) Extracted EEL spectra
from the grains with distinct bands around the carbon K edges marked.
White lines of Ca are again visible at ~346 eV in both grains and at ~290 eV
due to carbonate bonding. The N-K edge is rather noisy in grain 13_4 but
clearly resolvable above the background.
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Fig. 4. UltraSTEM images and corresponding EEL spectra of grains from
both studied IDPs. (A) HAADF image of the irregular grain 8 from IDP AKS5,
which is enclosed by a large Fe sulfide to the right and Pt to the left. (B)
HAADF image of the blocky grain 11 from IDP AK5 enclosed by Au and Pt from
the substrate and preparation, respectively. (C) HAADF image of the irregular
organic grain 09 from IDP AK6 with higher Z-contrast material (Pt from FIB
preparation and/or Au from the substrate) penetrating the grain. (D) HAADF
image of the grain 09b from IDP AK6 sandwiched between the Pt cover (upper
right) and the Au substrate (lower left) as well as diverse silicates in the direct
vicinity. (E) Extracted stacked EEL spectra of all IDP grains with distinct bands
around the C-K edge again marked (Table S2). The two characteristic IOM-like
bonding environments at ~285 eV and ~286 eV are clearly visible in all spectra,
together with a small peak at ~287 eV.

modification of IDP organics relative to meteoritic IOM because
modification of carbonaceous matter destroys the more labile
aliphatic bonding compared with aromatic domains. This could
also be shown in various lithologies of the Tagish Lake mete-
orite, where a decreasing H/C ratio (a proxy for the length of
aliphatic carbon chains) decreases with increasing aromaticity
and alteration degree (43). The more aliphatic functionality of
more primitive IDP organics can be observed in the present work
by the observation of absorption bands at ~287 eV (Fig. 4E). The
organic grains observed by Keller et al. (25) and in this work
therefore support the view that more pristine organic matter can
be defined by higher aliphatic to aromatic ratios and a higher
level of C-O bonding of respective carbonaceous material.
Mineralogical observations have demonstrated that in contrast
to IDPs, fluids in CR and other carbonaceous chondrites have
redistributed isotopically anomalous organics and that these
carbonaceous materials often occur in veins and fine networks
within chondrite matrices and not always as compact, distinct
grains (32). However, the effect of this fluid redistribution on
organic functional group chemistry is still not well understood.
The functionality of organic grains from NWA 852 and GRA
95229 compared with the IDP organics in this study can give
important insights into these complex evolutionary models and
the role of fluids. It is important to note here that this pristine
starting material with abundant C-O bonding environments
found in IDPs must not necessarily be isotopically anomalous.
The UltraSTEM investigations on grains 2_24a+b are crucial
in this respect, especially because grain 2_24a encompasses the
formation and alteration pathways described above within a very
limited area. The internal chemical and functional group het-
erogeneity can lend support to the following modification
mechanisms being possibly active within grain 2_24a: (i) the
grain formed by thermal metamorphism of an initial C-H-O-N-
rich organic matter by loss of H and N in the interior, which led
to the formation of the N-rich rim, whereas O is retained (31,
45). However, such a thermal overprint would need high tem-
peratures at long duration times (31), and these conditions can
be ruled out on the CR chondrite parent body, whose meteorites
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are usually of petrologic type 2. We therefore conclude that the
observed rim texture of grain 2 24a is not due to thermal
metamorphism of organic matter. (i) The texture and hetero-
geneous N distribution may represent a FIB preparation artifact.
However, in that case we would expect to see not a rim but
a gradient with a boundary parallel to the original surface. Also,
in other grains prepared by the FIB technique, such a dramatic
effect on chemical functionality has not been observed. (iii) The
more aromatic rim of the grain may have formed by complex UV
irradiation and warming reactions of a more pristine precursor
in the solar nebula (47). UV irradiation leads to breakup of
organics into more reactive ions and radicals, which can then
reorganize, maybe in a fluid or in the nebula, to eventually form
more complex organic molecules seen in meteorites. The prob-
lem with this model with respect to our grain is that even if N was
present in that grain as some ice mantle before UV irradiation, it
is not plausible why this irradiation would aromatize the grain to
the exact depth of the previous N-rich mantle. Aromatization
and N content would more likely be decoupled in that case,
which is not observed. We therefore rule out this possibility. (iv)
N-rich organic matter with a high abundance of polyaromatic
domains as observed (Fig. 2B) may form through formose reac-
tions in a fluid on the parent body as proposed by Cody et al. (35).
This model requires temperatures around 50 °C to polymerize the
small formaldehyde molecules, which is well conceivable locally on
meteorite parent bodies (48). However, it is questionable whether
meteorite parent bodies contained excess formaldehyde, but it is
still possible that other, simple organic compounds with C-O
bonding environments (ketone/aldehyde) served as precursor or-
ganic material for hydrous reactions to occur. A fluid transporting
anomalous '*N-rich soluble molecules must then have reacted
with this precursor material, as evidenced by the sharp reaction
front between the interior and rim of the grain in STEM-EELS
chemical maps (Fig. 1 C-G). Redistribution reactions of N-rich
organics that do not erase isotopic anomalies have been observed,
albeit rarely in other work (e.g., ref. 27). In organic matter from
comet Wild 2, Cody et al. (30) have noticed heterogeneously
distributed N in one area of one grain. We therefore favor an
organic synthesis model that involves a °N-containing fluid on the
meteorite parent body (35) that reacted with a more pristine or-
ganic matter containing abundant ketone/aldehyde functionality.
We believe the striking rim-like texture we report in grain 2_24a is
the first direct evidence to our knowledge that anomalous nitrogen
can be transported in a fluid and transform single organic grains,
which must not necessarily have been anomalous themselves.
We additionally observe very pronounced N functionality. The
strongest N-K edge features appear around 399 eV in the CR
chondrite organic grains, most likely due to C-N double (imine)
and triple (nitrile) bonding environments (9, 26), but there is also
evidence for the presence of N heterocycles such as pyrrole or
imidazole having absorption above 400 eV (11, 49) (Table S1).
C-N double and triple bonding is consistent with isotopic frac-
tionation models involving HCN molecules (50), but it is well
known that these organic molecules are prone to hydrous parent
body redistribution reactions that do not erase isotopic anoma-
lies (e.g., ref. 51). Therefore, the molecular cloud organics car-
rying isotopic anomalies from fractionation reactions have been
dissolved in a fluid retaining their anomalies but have also been
transformed into other, more soluble organics such as ammonia
known to be present in meteorite parent bodies (52). Experi-
mental work has demonstrated that ammonia in the fluid in-
creases the polymerization rate in formose reactions and leads to
substantial incorporation of nitrogen into organic matter (36),
which supports our observation. These hydrous reactions also
more likely form N heterocycles such as pyrrole or imidazole, which
is consistent with observed N functionality. These N heterocycles
were also detected in Murchison IOM and are suggested to be
present based on models of IOM molecular structure (33). We
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therefore see a mixture of the original imine/nitrile functionality from
isotopic fractionation and N heterocycles from hydrous polymeriza-
tion reactions. The lack of strong N functional group chemistry in the
IDP organics is more difficult to explain. Given the microscale di-
versity of IDP organic matter, it may just reflect the small number
of samples examined here. We can exclude that N-bearing organics
are more prone to destruction during FIB preparation, and ultra-
microtomed IDP sections indeed showed N functionality in some
IDPs (25). However, we still see N functionality in the CR organic
grains, which have been prepared by FIB as well. IDP organics are in
general more aliphatic (25), morphologically more heterogeneous
(13), and possibly more pristine, as observed in this work; therefore,
the N functionality might be as well different. We could observe that
the N-K edge degraded quickly upon electron irradiation even in the
aromatic organic matter of the CR chondrites, so it is likely that
a different bonding environment of N, i.e., in a more aliphatic
component, is more easily destroyed in IDP organics.

We also observe Ca in organic grains 2_24a+b and carbonates
in organic grains from GRA 95229. Carbonates and Ca associated
with organic amorphous matter have been observed recently, e.g.,
in Tagish Lake (24) and some other carbonaceous chondrites (32).
Usually, this observation is explained by a reaction of an anoma-
lous C-O containing organic precursor with a Ca-enriched fluid
leading to the precipitation of carbonates under sufficiently high
pH conditions. In the amorphous grains 2_24a+b in this work as
well as in some areas of Tagish Lake (24), Ca is associated with an
amorphous O-rich organic matter without concomitant crystalline
calcites, whereas in our GRA 95229 samples, we indeed observe
crystalline calcites in HRTEM images as well as in EEL spectra
(Fig. 3 C and D and Fig. S2). This association is still not well
understood, although it is widely observed (e.g., refs. 5 and 24). If
these Ca-enriched regions in organic grains (with or without car-
bonate crystals) are due to the interaction with a Ca-enriched fluid
originating within the parent body, the scarcity of such carbonates
in the direct vicinity of the grain in NWA 852 is puzzling. How-
ever, it is well conceivable that local chemical conditions during
aqueous alteration (chemistry and pH) can vary dramatically on
a pm scale within meteorite parent bodies (e.g., ref. 48). Within
the organic grains of NWA 852, calcite formation was hindered
during fluid infiltration, although the intruding Ca-enriched fluids
have already reacted with O-rich organic matter to form a homo-
geneous amorphous grain. There are two other possible expla-
nations for the observed associations of amorphous organic carbon
with Ca. First, during FIB preparation and/or SIMS analyses, ini-
tially crystalline calcite grains might have been rendered amor-
phous. However, we consider this to be unlikely because FIB
preparation does not amorphize a whole grain several hundreds of
nm in diameter. The grain as a whole would then be more het-
erogeneous. Second, it is possible that Ca or amorphous carbon-
ates were associated with organic matter in the first place, before
incorporation into the meteorite parent body, and would then
represent a source of indigenous Ca. The association of organic
matter with highly soluble Na and Cl has been recently suggested
as an indigenous feature of pristine organic matter (28). The es-
sentially anhydrous IDP AKS grains 8 and 11 also exhibited some
Ca in EEL spectra of the organic grains (Fig. S5). Ca has been
observed in amorphous metal- and sulfur-rich silicates (5), and
recently, Ca has been reported in organic matter from Wild 2 (53).
It is therefore conceivable that organic or anhydrous grains in
chondritic samples are often intimately mixed with carbonates,
because they are genetically connected and form simultaneously.
Experiments on carbonate formation in circumstellar environ-
ments in the presence of water vapor also indicate that conden-
sation of amorphous carbonates under nonequilibrium conditions
can explain the detection of carbonates around evolved stars and
protostars (54). On the meteorite parent body, upon local heating
due to accretion and radionuclide decay, reactions between the
O-rich organic matter and Ca proceeded to form carbonates.
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We therefore envision a complex formation scenario for grain
2 24a from NWA 852 that has captured a snapshot of organic
modification processes and lends support to organic synthesis
models in the solar nebula involving a fluid. A pristine IOM-like
organic component has been preserved in the interior of the
grain 2_24a, which shows evidence for C-O ketone/aldehyde
bonding. This more pristine organic material is also preserved in
IDP grains analyzed in this study, where EEL spectra demon-
strate evidence for oxygen bonding and no strong indication for
aromatic bonding, i.e., a predominance of more labile, more
aliphatic components. This pristine component might have
contained Ca-bearing molecules initially as we see weak evidence
for Ca in IDP organics spectra as well. This O-rich, weakly ar-
omatic organic matter, not necessarily isotopically anomalous,
must have been polymerized to the higher-order aromatic matter
seen in the rim of this grain, most likely by parent body fluid
reactions analogous to the formaldehyde model proposed by
Cody et al. (35). By these hydrous reactions, nitrogen enriched in
15N was incorporated into this rim, which was transported from
a different locality within the parent body as small soluble *>N-
bearing molecules such as ammonia but also still associated with
imine/nitrile functional groups. Finally, the material must have
been redistributed locally because the N-rich highly aromatic
material can also be seen in grain 2_24b next to the rimmed
grain, from where a lobe of this material extends down into the
meteorite matrix. Nitrogen is apparently prone to these types of
redistribution reactions. The strong role of a fluid is also implied
by the sharp reaction front between the interior and rim of the
grain in STEM-EELS chemical maps (Fig. 1 C-G). These reactions
then have transformed the IOM-like organic precursor into a
highly aromatic compound enriched in °N. Highly aromatic
functionality known from some nanoglobules can be observed in
this work only in EEL spectra of the CR organic grains, which
have been aqueously altered, whereas in the anhydrous IDP or-
ganic grains this functionality is less distinct. Our UltraSTEM
investigations therefore provide direct evidence that some highly
aromatic nanoglobules with high N contents that are ubiquitous in
primitive extraterrestrial samples evolve by complex fluid-induced
reactions from a more oxygen-rich IOM-like precursor organic
material that must not necessarily have been anomalous itself (35).
These observations support the view that IDP and CR chondrite
organics share a common precursor reservoir, which is preserved
in the core of the rimmed grain and the IDP organics. The more
processed organic matter as observed in the rim of this grain and
the organics from GRA 95229 is then mainly formed by parent body
modification processes, which played a vital role in initial organic
synthesis (35, 45, 46). An important fraction of complex organic
molecules in the early solar system, delivered to the early Earth as
part of the most pristine organic inventory, have therefore been
synthesized by fluid-induced transformation reactions on asteroids.

Materials and Methods

Isotopically anomalous organic grains have been identified in the Sahara
desert CR2 chondrite Northwest Africa (NWA) 852 and the Antarctic CR2
chondrite Graves Nunataks (GRA) 95229 as well as in two CP-IDPs (Table S2).
All organic hot spots, isotopically anomalous in D/H, >N/'*N, and/or '3¢/'2C
with respect to the terrestrial values, were detected by standard ion imaging
techniques with Cameca NanoSIMS ion probes at the Carnegie Institution of
Washington, DC, and the Max Planck Institut fir Chemie in Mainz, Germany.
Isotopic ratios of detected regions of interest are reported as 5 values, which
are deviations from the terrestrial standard in %o units. Two '>N-enriched or-
ganic grains were extracted from each of the CR2 chondrites (Table S2). The
IDP AK5 contains numerous '°N- and D-anomalous grains and has a bulk 8D of
230 + 90%o and a bulk 5"°N of 480 + 30%o (1o for all isotopic values). Two "°N-
enriched organic grains from this IDP (08 and 11) were chosen for FIB ex-
traction. The second IDP, AK6, contains two '°N-enriched organic grains and
one large D-enriched organic grain together with diffuse organic material
enriched in D, "N, and "3C; one '"*N-rich and the D-rich organic grain were
extracted (09 and 09b). Bulk 5D of IDP AK6 is 1570 + 180%o, and bulk 8'°N is
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630 + 110%o. Isotopically anomalous organic grains were relocated in SEMs at
the University of Manchester and the MPI in Mainz. FIB preparations were
performed on a Zeiss CrossBeam EsB 1540 at the University of Munster and on
an FEI Helios NanoLab at the Institute for Functional Materials of the Uni-
versity of Saarbricken (Germany) applying a special marking protocol (55). We
then used a dedicated C;- (spherical aberration coefficient) corrected Nion
UltraSTEM 100 for sample analysis operating at 60 kV in gentle STEM con-
ditions (37). The instrument is equipped with a cold field emission electron
source with a nominal energy spread of around 0.3 eV and a quadrupole-
octupole Cs-corrector in the condenser system allowing for correction of up to
sixfold astigmatism and sub-Angstrom resolution. The UltraSTEM also has an
ultrastable stage, conventional brightfield (BF), and high-angle annular dark-
field (HAADF) detectors and a Gatan Enfina EEL spectrometer.
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