View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Open Research Online

iversity

The Open

Un

Open Research Online

The Open University's repository of research publications
and other research outputs

A novel organic-rich meteoritic clast from the outer
solar system

Journal ltem

How to cite:

Kebukawa, Yoko; Ito, Motoo; Zolensky, Michael E.; Greenwood, Richard C.; Rahman, Zia; Suga, Hiroki; Nakato,
Aiko; Chan, Queenie H. S.; Fries, Marc; Takeichi, Yasuo; Takahashi, Yoshio; Mase, Kazuhiko and Kobayashi, Kensei
(2019). A novel organic-rich meteoritic clast from the outer solar system. Scientific Reports, 9(1), article no. 3169.

For guidance on citations see FAQs.

(© 2019 The Authors
Version: Version of Record

Link(s) to article on publisher's website:
http://dx.doi.org/doi:10.1038/s41598-019-39357-1

Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online’s data |policy on reuse of materials please consult the policies

page.

oro.open.ac.uk


https://core.ac.uk/display/188345978?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://oro.open.ac.uk/help/helpfaq.html
http://dx.doi.org/doi:10.1038/s41598-019-39357-1
http://oro.open.ac.uk/policies.html

SCIENTIFIC REPLIRTS

from the outer solar system

Yoko Kebukawa(®?, Motoo Ito®?, Michael E. Zolensky?, Richard C. Greenwood*, Zia Rahman®?,
. Hiroki Suga®’, Aiko Nakato’, Queenie H. S. Chan®', Marc Fries?, Yasuo Takeichi®?,
Received: 8 August 2018 . Yoshio Takahashi®, Kazuhiko Mase® & Kensei Kobayashi(®?

Accepted: 22 January 2019 . The Zag meteorite which is a thermally-metamorphosed H ordinary chondrite contains a primitive
Published online: 28 February 2019 : xenolithic clast that was accreted to the parent asteroid after metamorphism. The cm-sized clast
. contains abundant large organic grains or aggregates up to 20 pm in phyllosilicate-rich matrix. Here we

report organic and isotope analyses of a large (~10 pm) OM aggregate in the Zag clast. The X-ray micro-
spectroscopic technique revealed that the OM aggregate has sp? dominated hydrocarbon networks with
alower abundance of heteroatoms than in IOM from primitive (Cl,CM,CR) carbonaceous chondrites,
and thus it is distinguished from most of the OM in carbonaceous meteorites. The OM aggregate has
high D/H and *N/**N ratios (3D = 2,370 & 74%o and 8*°N = 696 1= 100%o), suggesting that it originated
in a very cold environment such as the interstellar medium or outer region of the solar nebula, while the
OM is embedded in carbonate-bearing matrix resulting from aqueous activities. Thus, the high D/H ratio
must have been preserved during the extensive late-stage aqueous processing. It indicates that both
the OM precursors and the water had high D/H ratios. Combined with *0-poor nature of the clast, the
OM aggregate and the clast are unique among known chondrite groups. We further propose that the
clast possibly originated from D/P type asteroids or trans-Neptunian Objects.

Xenolithic clasts are often found in a wide variety of meteorite groups'~?, some of which contain exotic organic
matter (OM)'. Xenolithic clasts have been protected in host meteorites that are typically more metamorphosed
and thus are physically strengthened by thermal annealing via heating processes occurring prior to the incorpora-
tion of the clasts. Hence, such clasts can contain primitive and fragile materials that would not have survived par-
ent body alteration processes and atmospheric entry. The Zag meteorite is a H3-6 chondrite which fell in Morocco
on August 1998, and is known to contain xenolithic, fluid inclusion-bearing halite crystals and a centimeter-sized
carbonaceous chondrite-like clast"!!. The clast in the Zag meteorite consists of saponite, serpentine, Ca-Fe-Mg
carbonates, Fe-Ni sulfides, magnetite, halite, minor olivine and pyroxene, as well as abundant large OM grains or
aggregates up to 20 um, indicating that the Zag clast has been subjected to significant aqueous alteration!?.

We analyzed the molecular structure and isotope chemistry of a focused ion beam (FIB) section obtained
from an OM aggregate using scanning transmission X-ray microscopy (STXM) coupled with X-ray absorption
near edge structure (XANES) and nanoscale secondary ion mass spectrometry (NanoSIMS), as well as bulk
O-isotopic analyses.
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Figure 1. Oxygen isotope composition of the Zag clast shown in relation to various chondrite groups (a),

IDPs and cometary dust particles (b). Ordinary chondrite (H, L, LL) data from Clayton et al.>>, Carbonaceous
chondrite (CI, CM, CR) data from Clayton and Mayeda®®, Tagish Lake data from Brown et al.*%, comet Wild2
particle data from McKeegan et al.”’, IDP data from Aléon et al.’8. Zag clast (i): this study, Zag clast (ii): analysis
of the same clast reported by Zolensky et al.'®. TFL: terrestrial fractionation line. The errors are smaller than the
symbol sizes.

Results

The oxygen isotopic composition of the clast is unique (5170 =+413.13 £ 0.13%o0; 6"*0 = +22.38 4 0.17%o;
A0 =+1.49 £ 0.04%o), plotting well away from the H chondrite field (Fig. 1). The bulk oxygen isotopic com-
position of the clast is somewhat related to the chondrites but yet clearly distinguished from them (Fig. 1a,
Supplementary Fig. 2). The oxygen isotopic composition of the clast falls within the range of hydrated IDPs,
although the oxygen isotopic compositions of the hydrated IDPs are highly varied (Fig. 1b). A similar isotopic
composition of the Zag clast (different aliquot from the same clast) has been reported by Zolensky et al.’* (Fig. 1).

The FIB section obtained from the OM aggregate showed a large carbon-dominated area over 10 pm in width
that corresponded to the OM aggregate (Fig. 2a,b). The C-, N-XANES spectra of the OM aggregate (Fig. 2e,f)
revealed that its molecular structure was sp? (aromatic/olefinic) carbon dominated with few other functional
groups, but the aromatic domains are small. The matrix contains carbonates and smaller amounts of OM con-
taining other functional groups such as ketone, carboxyl/ester and possibly amine. A C-XANES spectrum of
the OM aggregate showed a peak at 284.8 eV that is assigned to sp? (aromatic/olefinic) carbon (Fig. 2d,e in red).
The surrounding matrix area showed a peak at 290.3 eV that is assigned to carbonates (CO;) with some organic
features at 284.8 eV, 286.3 eV (assigned to ketone [C=0]) and 288.5¢eV (assigned to carboxyl/ester [(C=0)O])
(Fig. 2d,e in green). The C-XANES spectrum of the OM aggregate does not show other peaks that are character-
istic of insoluble organic matter (IOM) in primitive chondrites (e.g., C=0 and (C=0)O indicating primitive OM
in Murchison meteorite)'%, nor that in the thermally-metamorphosed meteorites (e.g., 1s-0* exciton at 291.7 eV
indicating graphene structures in the Allende meteorite)'>. The C-XANES indicated that the OM aggregate was
highly aromatic but aromatic domains were disordered and small. It should be noted that this does not mean
that there is a complete absence of aliphatic, and O- and N-bearing functional groups, since small peaks could
be a part of the unresolved continuous absorption edge between 286 to 289 eV. No detectable nitrogen features
were observed in N-XANES spectra of the OM aggregate, probably due to low concentration of nitrogen, while
matrix showed a small peak at 401.0 eV that is tentatively assigned to amines'®!” (Fig. 2f). Amines have peaks
at 287.7-288.8 eV in C-XANES', and this is consistent with the C-XANES spectrum of the matrix that showed
small peaks at ~288.5 eV, although majority of 288.5eV absorption is due to carboxyl/ester [(C=0)O] (Fig. 2e).
The 401.0eV peak could be atmospheric N, which was either trapped in the inorganic phase or generated during
X-ray exposure'’, but high 6'°N (shown below) in the matrix area indicate the presence of indigenous nitrogen
compounds. The O-XANES of the matrix showed a peak at 531 eV indicating C=0, while that of the OM aggre-
gate did not (Fig. S4), and it is consistent with the C-XANES.

Figure 3 shows NanoSIMS 6D, 6'°N and '*C'"N images of the FIB section containing the OM aggregate
(same section shown in Fig. 2). Hydrogen, nitrogen and carbon isotopic and elemental ratios of the OM aggre-
gate and surrounding matrix are summarized in Table 1. The OM aggregate had a large 6D and §'°N anomaly;
dD =+2,370 £ 74%o0 and §"’N = +696 + 100%o on average. The 5D of the OM aggregate was also similar to the
value of IOM from CR chondrites and the Bells meteorite, but the §"°N was much higher than the value of these'®
(Supplementary Fig. 6) and rather among the values of cometary materials (§"°N ~ 400-1200%o"?). The §*C value
was —43 £ 20%o that was broadly consistent with the values of IOM from CR chondrites and the Bells meteor-
ite (an unusual CM2 chondrite)'® within analytical error. Two isotopic hot spots were observed; one is D- and
15N-rich (8D = +4,200 = 550%o and §"°N =+3,413 + 1,070%o), and the other is D-rich (6D = 44,500 &= 900%o)
and less *N-rich (+724 & 780%o) (Fig. 3). These enrichments of the heavy isotopes of H and N suggest that the
OM or its precursor(s) formed by low-temperature chemistry in molecular clouds or the outer protosolar disk?.
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Figure 2. Scanning transmission X-ray microscopy (STXM) analyses of a focused ion beam (FIB) section
containing the organic matter (OM) aggregate in the Zag clast. (a) Backscattered electron (BSE) image of

a polished thin section of the organic aggregate (dark) in the carbonaceous clast in the Zag meteorite. FIB
section was subsampled from the yellow region. (b) BSE image of the FIB section. STXM maps (c,d) were
obtained from the location indicated by the red dotted line. (¢) Carbon-map (at 292 eV) indicates the section

is dominated by carbon. The OM aggregate is indicated by the yellow dotted line. (d) Spectral component map
derived from C-XANES of OM (red) and matrix (green). The red and green regions correspond to the OM and
matrix C-XANES spectra shown in (e). (e) The C-XANES of OM aggregate revealed that it is dominated by sp?
carbon (284.8 ¢V) while in the surrounding matrix carbon is mainly found as carbonates (290.3 eV) with some
OM at 286.3 eV that is assigned to ketone (C=0) and 288.5¢eV that is assigned to carboxyl/ester [(C=0)O]. (f)
The OM aggregate does not show detectable N-X ANES features while matrix shows a peak at 401.0 eV which is
assigned to amines. The C- and N-XANES obtained from isotope hot spots (HS, see Fig. 3) are also shown.
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Figure 3. NanoSIMS isotope images of the FIB section containing the organic matter (OM) aggregate in
the Zag clast (same section as for Fig. 2). (a) 6D image, (b) §"°N image and (c) *C!N ratio image. The OM
aggregate is indicated by the white dotted line. Isotopic hot spots are indicated by circles.

The origin of the isotope heterogeneities (hot spots) in the OM aggregate in the Zag clast is puzzling since no
molecular heterogeneity was observed between the hot spots and the average OM area (Fig. 2e,f). The absence of
a correlation between chemistry and various isotopic compositions is also observed in chondritic OM?!.

N-XANES spectra and NanoSIMS 2C*N images of the Zag clast FIB section showed a relatively higher con-
centration of nitrogen in the matrix region compared to that in the aggregate. An estimation by NanoSIMS for
N/C elemental ratio of matrix was 0.036 £ 0.007 while N/C ratio of OM aggregate was 0.022 & 0.004. The majority
of carbon in the matrix comes from carbonates, therefore the N/Cg, ratio of the matrix would have been higher
with a lower Cg,; abundance.
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3D %o 85N %o 813C %o H/C N/C o/c*
OM aggregate 2,370+ 74 696 +100 —43+20 0.6+0.1 0.022£0.004 | (0.06-0.07) +0.02
Hot spot #1 4,200+ 550 3,413+£1,070 0.4+0.1 0.032+0.006
Hot spot #2 4,500 900 724+780
Matrix — 301498 1041 0.036 £0.007 | ~1.4-1.6
CIIOM® 972-978 30.7-31.9 —17.1t0 —17.0 | 0.67-0.72 | 0.035-0.035 0.18-0.15
CM IOM (except Bells)® 639-893 —85to+7.5 | —189t017.1 0.52-0.70 | 0.026-0.037 0.11-0.23
Bells IOM (Anomalous CM)® | 3283 415 —34.2 0.63 0.034 0.21
CRIOM 2,619-3,527 162-309 —26.6t0 —20.3 | 0.69-0.81 | 0.032-0.044 0.11-0.22
Ordinary chondrite IOMP 1,917-6,181 —39to +36 —23.7to —10.4 | 0.16-0.48 | <0.019 0.14-0.29
Tagish Lake IOM¢ 596 to 1,844 53t073 —14.7t0 —13.3 | 0.34-0.72 | 0.041-0.043 0.13-0.26
Comets up to ~2,200¢ ~400-1200¢ 0.03540.011°

Table 1. Hydrogen, nitrogen and carbon isotopic and elemental ratios of organic matter (OM) aggregate and
matrix of the Zag clast measured by NanoSIMS. *The upper limits estimated by C,N,O K-edge X-ray absorption
spectra. Note that N/C ratio is too low to be estimated by X ANES. *Insoluble organic matter (IOM) data from
Alexander et al.'®. IOM data from Herd et al.*? and Alexander et al.*'. ‘Cometary water data from Altwegg et al.>®
and references therein. *Data from Marty' and references therein. ‘Data from Fray et al.?.

Discussion

The large, micrometer-sized OM grains/aggregates are abundant in the Zag clast but are rare in other meteorites -
avery few are known in CR chondrites**?. The C-XANES spectrum of the OM aggregate does not resemble IOM
in primitive CI/CM/CR chondrites that shows C=0 at ~286.5eV, (C=0)O0 at ~288.5eV and sometime aliphatic
carbon at ~287.5eV'“. Even the C-XANES spectra of the IOM from thermally-metamorphosed chondrites (e.g.,
CV and CO chondrites and ordinary chondrites) have a 288.5 eV peak, in addition to 1s-o* exciton at 291.7 eV
indicating graphene structures'®, this is not the case for the OM aggregate. The H/C and N/C ratios of the OM
aggregate obtained by NanoSIMS (Table 1) are falls between these of CI/CM/CR chondrite-IOM cluster and CV/
CO and ordinary chondrite-IOM cluster'® (Supplementary Fig. 6). An estimation for the O/C elemental ratio
of the OM aggregate from C,N,O X-ray absorption spectra is 0.06 to 0.07 (uncertainty is +0.02), that is lower
than IOM extracted from CV, CO and ordinary chondrites'®. Note that the O/C ratio is an upper limit due to
the possibility of some contribution from silicates. The high 8D has been seen in IOM from CR chondrites, Bells
meteorite (an anomalous CM chondrite) and Ordinary chondrites, and high 6'°N has only been observed in CRs
and Bells'®. However, IOM from CRs and Bells are not very aromatic and are rich in oxygen“. Thus, H- and N
isotopic compositions also indicate uniqueness of the OM aggregate.

On the other hand, C-XANES spectra of “aromatic” nanoglobules in chondrites reported by De Gregorio et al.?!
are similar to the OM aggregate in the Zag clast. In their study, some aromatic nanoglobules tend to have higher
S°N values than IOM-like nanoglobules, although the correlation between molecular structure and §°N was
rather ambiguous?'. The OM aggregate has isotopic heterogeneities without molecular structure heterogenei-
ties, and it indicates that the OM aggregate consists of materials with different origins but which subsequently
experienced similar chemical evolution pathways. Note that we also found a globular OM grain in the Zag clast
(Supplementary Fig. 1) but larger (~5 pum) than typical nanoglobules (<1 pm).

The OM aggregate in the Zag clast studied here is somewhat similar to ultracarbonaceous Antarctic micro-
meteorites (UCAMM) that are considered as cometary materials®®, with respect to the size and the high con-
centrations of heavy isotopes (D and °N), although UCAMMs are anhydrous and not always D- and *N-rich?.
However, C- and N-XANES spectra of UCAMM showed absorption edges for O- and N-bearing functional
groups, e.g., C=0, (C=0)0, C=N, and NHx(C=0)?, that is not the case for the OM aggregate in the Zag
clast. Cometary OM (CHON particles from comet Halley and returned samples from comet 81 P/Wild 2) has
higher H, N and O contents®”?, compared to the OM aggregates. Although, cometary particles from 67 P/
Churyumov-Gerasimenko analyzed by the COSIMA instrument on board the Rosetta mission have lower N con-
tents, i.e., N/C=10.035=+0.011%. The C-XANES spectra of comet 81 P/Wild2 particles, as well as anhydrous and
hydrated chondritic interplanetary dust particles and chondritic micrometeorites (some of which probably orig-
inated from comets) also show O-bearing functional groups (e.g., C=0 at ~286.5¢V, (C=0)O at ~288.5eV)*",

The surrounding matrix contains N-rich compounds. These N-bearing compounds would not share the same
origin as the OM aggregate since the §'°N value of the OM is ~700 &= 100%o while the matrix is ~300 & 100%o.
IOM in carbonaceous chondrites is known to release ammonia up to 10 ug/mg via hydrothermal processing at
300-400°C, but the '°N of the released fractions are higher than that of the original IOM?!. Alternatively, the
differences in §°N value would be attributed to isotope fractionation due to release of N-bearing components
from OM aggregate during alteration. In some thermally metamorphosed chondrites (e.g., Isheyevo meteorite),
15N-rich component is associated with thermally resistant organic moieties™. In this case, ®N-rich compound
could remain in the OM aggregate.

The high D/H and ""N/N ratios suggest that the precursor molecules of OM aggregate originated in a very
cold environment such as the interstellar medium or the outer region of the solar nebula. The OM aggregate
could have been formed from small precursor molecules from protoplanetary disc or interstellar medium such
as formaldehyde, during aqueous alteration after incorporated into planetesimals, proposed by Cody et al.*.
Relatively high temperature process (~200 °C) and/or additional ingredient such as ammonia could enhance aro-
matic units*. In the case of carbonaceous chondrites, significant decreases in D/H ratio of OM are suggested to
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be accompanied by aqueous alteration mostly due to D-H exchange with D-poor water, e.g., the 8D value of OM
in the most aqueously altered CI chondrites is ~+970-980%o in contrast to the high 6D values of the least altered
carbonaceous chondritic OM (up to ~+3,500%o)*%. If this is the case of the Zag clast, the D/H ratio of the OM is
expected to be reduced during the heavy aqueous alteration reflected in the mineralogy of the clast, i.e., CI chon-
drite like compositions'2 Therefore, D-rich water is required to maintain the high D/H ratio (8D ~+2,400%o) in
the OM aggregate, such as the water in the outer Solar System bodies, e.g., some comets and Enceladus which
have D/H ratios up to ~5 x 107 (8D ~+2,200%0)*. The fact that the OM aggregate maintains high D/H ratio
after heavy aqueous alteration indicates that the water should have high D/H at the time of alteration. Thus, the
clast was most likely originated from the outer region of the Solar System. However, it should be noted that if
OM precursors have had much higher D/H ratio than current value, e.g, up to D/H ~ 0.5 for interstellar formal-
dehyde’, the reaction with lower D/H water would have decreased the D/H ration of OM to the current value.
The morphology of the OM aggregate indicates that smaller OM particles were concentrated by fluids, while
simultaneously, the molecular structure of the OM was modified by aqueous alteration. This could also explain
the isotopic hot spots. The low temperature and extended period of the aqueous event could have decreased
substituted functional groups of the OM structure likely via aromatization, oxidation and decarboxylation dur-
ing hydrothermal alteration. The C-XANES of OM in the surrounding matrix shows higher oxygen containing
functional groups compared to the OM aggregates (Fig. le). This is probably because hydrophobic nature of the
OM aggregate likely tends to form aggregate besides hydrophilic nature of O-rich OM tend to be diffused in the
matrix during aqueous activities.

The O-isotopic compositions of the Zag clast are clearly distinguished from that of any known chondrite
groups. The isotopic evidences indicate that the parent body of the clast consisted of primitive materials However,
the mineralogical, and organic molecular structural indicate the clast was subjected to aqueous alteration, and it
discriminates the clast from comets and related materials. We propose that possible candidates of the clast parent
body are D/P type asteroids, trans-Neptunian objects (TNOs), or comets due to the following reasons.

The dynamical evolution of the giant-planet orbits leads to the insertion of primitive TNOs into the outer
main belt asteroid region as D/P type asteroids®”%. Some of these orbits could have been scattered to the inner
main belt region, and contaminated the probable parent body of the H chondrites, asteroid 6/Hebe at 2.4 AU¥.
The nature of D/P type asteroids are not well known. The only material potentially identified as having a D/P type
asteroid origin is the Tagish Lake meteorite*’. The Tagish Lake meteorite is dominated by phyllosilicates with
locally abundant carbonates, sulfides and magnetite, and is mineralogically very similar to the Zag clast. One
difference is that Tagish Lake contains no halite. C-XANES spectra indicate that the Tagish Lake IOM has more
O-bearing compounds*' compared to the OM aggregate in the Zag clast. IOM in the Tagish Lake meteorite is
D- and "*N-rich (6D =+4596 to 1,844%o0 and §"°N = +53 to 73%o)*2, but the D/H ratio of water in the Tagish Lake
meteorite is estimated to be lower than the value of the terrestrial water*. Bulk oxygen isotopic compositions of
the Tagish Lake meteorite are §'80 =+-18.0 to 19.0%o and 67O =+-8.3 to 9.2%o (analytical uncertainties are 0.1)*,
that are also inconsistent with the Zag clast O-isotopic compositions. The above evidences indicate that the Zag
clast does not share the same (or similar) origin with the Tagish Lake meteorite. However, we must be careful not
to jump to a conclusion that the Tagish Lake meteorite could be a representative sample of D/P type asteroids, as
there could be large sampling biases due to physical processes during delivery to Earth. It further implies a possi-
bility that the origin of the clast could be a comet. Although comets are traditionally considered to be anhydrous,
some mineralogical evidences for aqueous activity on Comet 81P/Wild 2 were reported*>#S.

The OM aggregate and the clast provide a novel evidence that long-lasting low-temperature aqueous alteration
in isotopically primitive body(s). The isotopic and organic structure of the OM aggregate and the clast clearly
show that the clast is unique among known chondrite group and cometary materials. We propose that the clast is
possibly sample from D/P asteroids or TNOs. Currently, the information of these bodies is highly limited based
on ground based and/or spacecraft observation. Combined with further study of such clasts as well as future mis-
sions to D/P asteroids will provide insight into primitive volatile-rich solar system small bodies.

Methods

Oxygen isotope analysis. Oxygen isotope analysis was undertaken by laser-assisted fluorination’ on a
2mg aliquot of the clast drawn from a ~20 mg homogenized bulk powder. Note that the aliquot used for the
O-isotope analysis was taken from the same clast but different aliquot which used in the rest of analyses. We could
not conduct replicate analysis due to the limitation of the sample amount. Thus, we have taken the average of the
CR2 and NWA 2086 errors as for the precision of the Zag clast analysis. The 1o error of 67O %o, §'*0 %o, and
AYO %o are 0.13, 0.17, and 0.042, respectively.

Sample preparation using a focused ion beam (FIB). The OM aggregate was selected from a polished
thin section of the xenolithic clast in the Zag meteorite using imaging from a JEOL 7600F field emission gun
scanning electron microscope (FEG-SEM) at NASA/JSC. Approximately 100 nm-thick sections were subsampled
from the OM aggregate in the Zag clast using a Quanta 3d FEG focused ion beam (FIB) instrument at NASA/JSC.

Scanning Transmission X-ray Microscopy (STXM). Carbon, nitrogen and oxygen X-ray absorption
near edge structure (C,N,O-XANES) micro-spectroscopy was performed using the scanning transmission
X-ray microscopes (STXM) at BL-13A of the Photon Factory, High Energy Accelerator Research Organization
(KEK)*#°. The carbon map was obtained by acquiring pairs of images below and on the carbon K-edge, at 280
and 292 eV, respectively, and taking the -In(l,g,/I,4) for each pixel. The C-XANES spectra were acquired with
the energy step sizes (AE) of 0.1eV in 283-295.5¢V region, 0.5eV in 280-283 eV and 295.5-301.0 ¢V regions,
and 1 eV in 301-310eV region. For N-XANES, AE was 0.2eV in 395-406 eV region, 0.5eV in 385-395eV and
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406-410eV regions, and 2 eV in 410-430 eV region. For O-XANES, AE was 0.2eV in 530-540 eV region, 1 eV
in 520-530eV and 540-560¢eV regions, and 2eV in 560-580 eV region. The acquisition time per energy step was
5 to 10ms. STXM-XANES data analysis was performed using the software aXis2000 (http://unicorn.mcmaster.
ca/aXis2000.html). The O/C elemental ratio of the OM aggregate was calculated from C,N,O X-ray absorption
spectra, using the method reported in Cody et al.?’, the uncertainty due to fitting is +0.02.

NanoSIMS ion microprobe. Hydrogen, carbon, and nitrogen isotope imaging measurements of the Zag
clast FIB section were carried out with the JAMSTEC NanoSIMS 50 L. Detailed measurement conditions are
described elsewhere®>!. Briefly, a focused Cs* primary ion beam of 0.8 to 4 pA was rastered over 25 um x 25 um
areas on the sample and a standard material (1-hydroxybenzotriazole (HOBT) hydrate; C;H;N;0-xH,0, calcu-
lated as x=1). The spatial resolution was estimated to be ~100nm for C and N isotope images, and ~200 nm for
H isotope image. Each run repeatedly scanned (10 to 20 times) over the same area. Individual images consist of
256 x 256 pixels with acquisition time of 6,000 us/pixel (393 sec/frame) for C and N isotope images, and of 5,000
us/pixel (328 sec/frame) for H isotope image. Each measurement was started after stabilization of the secondary
ion intensities following a pre-sputtering procedure of approximately 1-3 min. The sample was coated with a
10nm Au thin film to mitigate electrostatic charge on the surface. During the analysis, the mass peaks were cen-
tered automatically every 5 cycles. The final isotope images were generated from regions that have statistically
enough counts. Note that hydrogen signals were very low in the matrix region, likely due to small amount of
phyllosilicate in the matrix, and/or less ionization efficiency of hydrogen in phyllosilicates compared with that in
OM under the Cs* primary ion bombardment.

The OM regions have been chosen by distributions of '2C within a section applying 10% threshold of total
12C jon counts. Thus, minerals and OM regions was distinguished by above method with a spatial resolution of
~100 nm.

The N/C ratios were calculated using HOBT hydrate as an elemental abundance standard. Our estimation of
the uncertainty from the calibration with single standard would be 10-20%, based on the work by Alleon et al.?2.

Possible D-enrichment during sample preparation and analyses. D/H enhancement up to 1,000%o
could be produced by exposure of an organic sample to the electron beam®>**. Although our sample have never
been exposed to such strong irradiation, the 8D of the OM aggregate is over 2,000%o with hot spots over 4,000%o.
Even if the D/H ratio is enhanced by the irradiation, the OM aggregate still has significant D-enrichment. Note
that one of the samples prepared and analyzed by the same methods did not show such high 8D value!!.

Data Availability

Correspondence and requests for materials should be addressed to Y.K.

References
1. Rubin, A. E., Zolensky, M. E. & Bodnar, R. J. The halite-bearing Zag and Monahans (1998) meteorite breccias: Shock metamorphism,
thermal metamorphism and aqueous alteration on the H-chondrite parent body. Meteoritics & Planetary Science 37, 125-141
(2002).
2. Brearley, A. ]. Carbon-rich aggregates in type 3 ordinary chondrites: Characterization, origins, and thermal history. Geochim.
Cosmochim. Acta 54, 831-850 (1990).
3. Buchanan, P, Zolensky, M. & Reid, A. Carbonaceous chondrite clasts in the howardites Bholghati and EET87513. Meteoritics 28,
659-669 (1993).
4. Zolensky, M. et al. Mineralogy, petrology and geochemistry of carbonaceous chondritic clasts in the LEW 85300 polymict eucrite.
Meteoritics 27, 596-604 (1992).
5. Zolensky, M. E. Asteroidal water within fluid inclusion-bearing halite in an H5 chondrite, Monahans (1998). Science 285, 1377-1379
(1999).
6. Zolensky, M. E., Weisberg, M. K., Buchanan, P. C. & Mittlefehldt, D. W. Mineralogy of carbonaceous chondrite clasts in HED
achondrites and the Moon. Meteoritics & Planetary Science 31, 518-537 (1996).
7. Nakashima, D., Nakamura, T. & Noguchi, T. Formation history of CI-like phyllosilicate-rich clasts in the Tsukuba meteorite inferred
from mineralogy and noble gas signatures. Earth. Planet. Sci. Lett. 212, 321-336 (2003).
8. Brearley, A. J. CI chondrite-like clasts in the Nilpena polymict ureilite: Implications for aqueous alteration processes in CI
chondrites. Geochim. Cosmochim. Acta 56, 1373-1386 (1992).
9. Lipschutz, M. E., Gaffey, M. J. & Pellas, P. In Asteroids II. 740-777 (1989).
10. Kebukawa, Y. et al. Characterization of carbonaceous matter in xenolithic clasts from the Sharps (H3.4) meteorite: Constraints on
the origin and thermal processing. Geochim. Cosmochim. Acta 196, 74-101 (2017).
11. Chan, Q. H. S. et al. Organic matter in extraterrestrial water-bearing salt crystals. Science Advances 4, eaa03521 (2018).
12. Zolensky, M. E. et al. The search for and analysis of direct samples of early Solar System aqueous fluids. Philosophical Transactions of
the Royal Society A 375 (2017).
13. Zolensky, M., Clayton, R., Mayeda, T., Chokai, J. & Norton, O. Carbonaceous chondrite clasts in the halite-bearing H5 chondrite
Zag. Meteoritics and Planetary Science Supplement 38 (2003).
14. Le Guillou, C,, Bernard, S., Brearley, A. J. & Remusat, L. Evolution of organic matter in Orgueil, Murchison and Renazzo during
parent body aqueous alteration: In situ investigations. Geochim. Cosmochim. Acta 131, 368-392 (2014).
15. Cody, G. D. et al. Organic thermometry for chondritic parent bodies. Earth. Planet. Sci. Lett. 272, 446-455 (2008).
16. Newbury, D., Ishii, I. & Hitchcock, A. Inner shell electron-energy loss spectroscopy of some heterocyclic molecules. Can. J. Chem.
64, 1145-1155 (1986).
17. Leinweber, P. et al. Nitrogen K-edge XANES - an overview of reference compounds used to identify ‘unknown’ organic nitrogen in
environmental samples. Journal of Synchrotron Radiation 14, 500-511 (2007).
18. Alexander, C. M. O. D, Fogel, M., Yabuta, H. & Cody, G. D. The origin and evolution of chondrites recorded in the elemental and
isotopic compositions of their macromolecular organic matter. Geochim. Cosmochim. Acta 71, 4380-4403 (2007).
19. Marty, B. The origins and concentrations of water, carbon, nitrogen and noble gases on Earth. Earth. Planet. Sci. Lett. 313-314,
56-66 (2012).
20. Yang, J. & Epstein, S. Interstellar organic-matter in meteorites. Geochim. Cosmochim. Acta 47,2199-2216 (1983).

SCIENTIFIC REPORTS |

(2019) 9:3169 | https://doi.org/10.1038/s41598-019-39357-1 6


https://doi.org/10.1038/s41598-019-39357-1
http://unicorn.mcmaster.ca/aXis2000.html
http://unicorn.mcmaster.ca/aXis2000.html

www.nature.com/scientificreports/

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34,
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.
49.
50.

51.
. Alleon, J., Bernard, S., Remusat, L. & Robert, F. Estimation of nitrogen-to-carbon ratios of organics and carbon materials at the

53.

54.
55.
56.

57.
58.

De Gregorio, B. T. et al. Isotopic and chemical variation of organic nanoglobules in primitive meteorites. Meteoritics & Planetary
Science 48, 904-928 (2013).

Peeters, Z., Changela, H., Stroud, R. M., Alexander, C. M. O'D. & Nittler, L. R. Coordinated analysis of in situ organic material in the
CR chondrite QUE99177. 43rd Lunar and Planetary Science Conference, Abstract #2612 (2012).

Leitner, J. V. C. & Hoppe, P. A SEM and NanoSIMS investigation of organic aggregates in the CR chondrites Miller Range 07525 and
Renazzo. 80th Annual Meeting of the Meteoritical Society 2017 (LPI Contrib. No. 1987) (2017).

Cody, G. D., Fogel, M. L., Yabuta, H. & Alexander, C. M. O. D. The peculiar relationship between meteoritc organic molecular
structure and deuterium abundance. Lunar and Planetary Science XXXIX, 1765 (2008).

Duprat, J. et al. Extreme deuterium excesses in ultracarbonaceous micrometeorites from central Antarctic snow. Science 328,
742-745 (2010).

Yabuta, H. et al. Formation of an ultracarbonaceous Antarctic micrometeorite through minimal aqueous alteration in a small porous
icy body. Geochim. Cosmochim. Acta 214, 172-190 (2017).

Cody, G. D. et al. Quantitative organic and light-element analysis of comet 81P/Wild 2 particles using C-, N-, and O-pu-XANES.
Meteoritics & Planetary Science 43, 353-365 (2008).

Kissel, J. & Krueger, F. The organic component in dust from comet Halley as measured by the PUMA mass spectrometer on board
Vega 1. Nature 326, 755-760 (1987).

Fray, N. et al. Nitrogen-to-carbon atomic ratio measured by COSIMA in the particles of comet 67P/Churyumov-Gerasimenko.
Monthly Notices of the Royal Astronomical Society 469, S506-S516 (2017).

Noguchi, T. et al. Variation of mineralogy and organic material during the early stages of aqueous activity recorded in Antarctic
micrometeorites. Geochim. Cosmochim. Acta 208, 119-144 (2017).

Pizzarello, S. & Williams, L. B. Ammonia in the early Solar System: An account from carbonaceous meteorites. The Astrophysical
Journal 749, 161 (2012).

Aléon, J. Multiple Origins of Nitrogen Isotopic Anomalies in Meteorites and Comets. The Astrophysical Journal 722, 1342-1351
(2010).

Cody, G. D. et al. Establishing a molecular relationship between chondritic and cometary organic solids. Proceedings of the National
Academy of Sciences of the United States of America 108, 19171-19176 (2011).

Kebukawa, Y., Kilcoyne, A. L. D. & Cody, G. D. Exploring the potential formation of organic solids in chondrites and comets through
polymerization of interstellar formaldehyde. The Astrophysical Journal 771, 19 (2013).

Altwegg, K. et al. 67P/Churyumov-Gerasimenko, a Jupiter family comet with a high D/H ratio. Science 347, 1261952 (2015).
Ceccarelli, C. Millimeter and infrared observations of deuterated molecules. Planetary and Space Science 50, 1267-1273 (2002).
Levison, H. F et al. Contamination of the asteroid belt by primordial trans-Neptunian objects. Nature 460, 364-366 (2009).

David, V., William, E B. & David, N. Capture of Trans-Neptunian Planetesimals in the Main Asteroid Belt. The Astronomical Journal
152, 39 (2016).

Gaffey, M. J. & Gilbert, S. L. Asteroid 6 Hebe: The probable parent body of the H-type ordinary chondrites and the IIE iron
meteorites. Meteoritics & Planetary Science 33, 1281-1295 (1998).

Hiroi, T., Zolensky, M. E. & Pieters, C. M. The Tagish Lake meteorite: A possible sample from a D-type asteroid. Science 293,
2234-2236 (2001).

Alexander, C. M. O. D. et al. Elemental, isotopic, and structural changes in Tagish Lake insoluble organic matter produced by parent
body processes. Meteoritics & Planetary Science 49, 503-525 (2014).

Herd, C. D. K. et al. Origin and evolution of prebiotic organic matter as inferred from the Tagish Lake meteorite. Science 332,
1304-1307 (2011).

Alexander, C. M. et al. The provenances of asteroids, and their contributions to the volatile inventories of the terrestrial planets.
Science 337,721-723 (2012).

Brown, P. G. et al. The fall, recovery, orbit, and composition of the Tagish Lake meteorite: A new type of carbonaceous chondrite.
Science 290, 320-325 (2000).

Berger, E. L., Zega, T. J., Keller, L. P. & Lauretta, D. S. Evidence for aqueous activity on comet 81P/Wild 2 from sulfide mineral
assemblages in Stardust samples and CI chondrites. Geochim. Cosmochim. Acta 75, 3501-3513 (2011).

Hicks, L. et al. Magnetite in Comet Wild 2: Evidence for parent body aqueous alteration. Meteoritics ¢ Planetary Science 52,
2075-2096 (2017).

Greenwood, R. C., Burbine, T. H., Miller, M. E & Franchi, I. A. Melting and differentiation of early-formed asteroids: The perspective
from high precision oxygen isotope studies. Chemie Der Erde-Geochemistry 77, 1-43 (2017).

Takeichi, Y., Inami, N., Suga, H., Ono, K. & Takahashi, Y. Development of a compact scanning transmission X-ray microscope
(STXM) at the photon factory. Chem. Lett. 43, 373-375 (2014).

Takeichi, Y. et al. Design and performance of a compact scanning transmission X-ray microscope at the PhotonFactory. Rev. Sci.
Instrum. 87, 013704 (2016).

Ito, M. & Messenger, S. Isotopic imaging of refractory inclusions in meteorites with the NanoSIMS 50L. Appl. Surf. Sci. 255,
1446-1450 (2008).

Ito, M. et al. H, C, and N isotopic compositions of Hayabusa category 3 organic samples. Earth, Planets and Space 66, 91 (2014).

submicrometer scale. Carbon 84, 290-298 (2015).

De Gregorio, B. T. et al. Isotopic anomalies in organic nanoglobules from Comet 81P/Wild 2: Comparison to Murchison
nanoglobules and isotopic anomalies induced in terrestrial organics by electron irradiation. Geochim. Cosmochim. Acta 74,
4454-4470 (2010).

Laurent, B. et al. The deuterium/hydrogen distribution in chondritic organic matter attests to early ionizing irradiation. Nature
Communications 6, 8567 (2015).

Clayton, R. N., Mayeda, T. K., Goswami, J. & Olsen, E. J. Oxygen isotope studies of ordinary chondrites. Geochim. Cosmochim. Acta
55,2317-2337 (1991).

Clayton, R. N. & Mayeda, T. K. Oxygen isotope studies of carbonaceous chondrites. Geochim. Cosmochim. Acta 63, 2089-2104
(1999).

McKeegan, K. D. et al. Isotopic compositions of cometary matter returned by Stardust. Science 314, 1724-1728 (2006).

Aléon, J., Engrand, C., Leshin, L. & McKeegan, K. Oxygen isotopic composition of chondritic interplanetary dust particles: A genetic
link between carbonaceous chondrites and comets. Geochim. Cosmochim. Acta 73, 4558-4575 (2009).

Acknowledgements

We thank the late Bob Clayton and the late Toshiko Mayeda for oxygen isotope analysis. We appreciate
constructive review comments from George Cody and an anonymous reviewer. This work is supported by the
Astrobiology Center Program of National Institutes of Natural Sciences (NINS) (Grant Number. AB281004,
AB291005 and AB301020) and Japan Society for the Promotion of Science KAKENHI (grant number
JP18K03722). MEZ was supported by the NASA Hayabusa2 Participating Scientist Program, NASA Emerging
Worlds Program, and SERVII Center for Lunar Science and Exploration. STXM-XANES was carried out under

SCIENTIFIC REPORTS | (2019) 9:3169 | https://doi.org/10.1038/s41598-019-39357-1 7


https://doi.org/10.1038/s41598-019-39357-1

www.nature.com/scientificreports/

the approval of KEK-Photon Factory (201652-002), and also we express our thanks to the staff of Photon Factory
for their supports. STXM analysis in KEK (Proposal No. 201652-002) was supported by MEXT KAKENHI
(17H06458).

Author Contributions

Y.K. and M.E.Z. coordinated the analyses. R.C.G. conducted bulk oxygen isotope analysis of the clast. M.E.Z.
prepared polished thin section of the clast and analyzed with SEM-EDS. Z.R. prepared FIB ultra-thin section. Y.K.
conducted STXM-XANES with assistance from H.S., A.N., Y. Takeichi, Y. Takahashi, and K.M. M.I. conducted
NanoSIMS. Y.K. led the data interpretation and writing the manuscript. All authors contributed to the data
interpretation and commented on the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-39357-1.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:3169 | https://doi.org/10.1038/s41598-019-39357-1 8


https://doi.org/10.1038/s41598-019-39357-1
https://doi.org/10.1038/s41598-019-39357-1
http://creativecommons.org/licenses/by/4.0/

	A novel organic-rich meteoritic clast from the outer solar system

	Results

	Discussion

	Methods

	Oxygen isotope analysis. 
	Sample preparation using a focused ion beam (FIB). 
	Scanning Transmission X-ray Microscopy (STXM). 
	NanoSIMS ion microprobe. 
	Possible D-enrichment during sample preparation and analyses. 

	Acknowledgements

	Figure 1 Oxygen isotope composition of the Zag clast shown in relation to various chondrite groups (a), IDPs and cometary dust particles (b).
	Figure 2 Scanning transmission X-ray microscopy (STXM) analyses of a focused ion beam (FIB) section containing the organic matter (OM) aggregate in the Zag clast.
	Figure 3 NanoSIMS isotope images of the FIB section containing the organic matter (OM) aggregate in the Zag clast (same section as for Fig.
	Table 1 Hydrogen, nitrogen and carbon isotopic and elemental ratios of organic matter (OM) aggregate and matrix of the Zag clast measured by NanoSIMS.


