ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Geochimica et Cosmochimica Acta 134 (2014) 1-15

Geochimicaet
Cosmochimica
Acta

www.elsevier.com/locate/gca

Organic matter on the Earth’s Moon

Kathie L. Thomas-Keprta®*, Simon J. Clemett *, Scott Messenger °,
Daniel K. Ross?, Loan Le?, Zia Rahman?, David S. McKay >,
Everett K. Gibson Jr. ", Carla Gonzalez®, William Peabody ®
4 Jacobs JETS, NASA Johnson Space Center, Mail Code KR, Building 31, Houston, TX 77058, United States

> NASA Johnson Space Center, KR, Houston, TX 77038, United States
€ Keyence, Micro-Analysis Group, 18111 Preston Rd. Suite 210, Dallas, TX 75252, United States

Received 2 September 2013; accepted in revised form 21 February 2014; available online 15 March 2014

Abstract

Carbonaceous matter on the surfaces of black pyroclastic beads, collected from Shorty crater during the Apollo 17
mission, represents the first identification of complex organic material associated with any lunar sample. We report the
chemical, physical and isotopic properties of this organic matter that together support a pre-terrestrial origin. We suggest
the most probable source is through the accretion of exogenous meteoritic kerogen from micrometeorite impacts into the
lunar regolith. Abiotic organic matter has been continuously delivered to the surfaces of the terrestrial planets and their
moons by accretion of asteroidal and cometary material. Determining the nature, distribution and evolution of such matter
in the lunar regolith has important implications for understanding the prebiotic chemical inventory of the terrestrial planets.

© 2014 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

After more than 40 years of research, there has been no
conclusive identification of indigenous organic matter in
any of the Apollo lunar samples, with the exception of
methane (CHy) (Burlingame et al., 1970; Ponnamperuma
et al., 1970; Preti et al., 1971; Gehrke et al., 1973). We
report here, for the first time, the identification of arguably
lunar organic matter, as thin surface coatings, on pyroclas-
tic black glass beads collected on the rim of Shorty crater by
Apollo 17 astronauts Eugene Cernan and Harrison
Schmitt.

In the buildup to the Apollo Moon landings, there was
much speculation, most prominently by Gilvarry (1960)
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and Sagan (1960, 1961), as to whether indigenous organic
matter would be found in the lunar regolith. The former
postulated the presence of organic remains derived from a
pristine biota in a hydrosphere formed by exudation from
the Moon’s interior and lasting several billion years; while,
the latter postulated the synthesis of organic molecules
through the action of ionizing radiation in a primordial lu-
nar atmosphere of CH4, ammonia (NH;3) and water—vapor
(H»0). Sagan (1961) surmised “The overall deposition of or-
ganic matter after the Moon'’s formation may well have been
as great as 10 gm cm~2.” It therefore came as a surprise
when the first organic chemistry results from the Apollo
11 lunar samples, presented in ‘The Moon Issue’ of Science
(January 30, 1970), revealed unexpectedly low carbon (C)
abundances and no evidence of any indigenous organics.
A later review of bulk lunar soils from all the Apollo
missions gives an average C abundance of 124 + 45 ppm
(Fegley and Swindle, 1993).

In the post-Apollo era, the absence of organic matter
in the lunar regolith remains enigmatic. A substantial
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contribution to the abiotic organic inventory of the early
Earth is thought to have come from accretion of comets
and asteroids (Anders, 1989; Chyba and Sagan, 1992),
predominately in the form of C-rich micrometeorites and
interplanetary dust particles (IDPs) (Flynn et al., 2000).
Consequently, the same process should contribute to the or-
ganic inventory of the lunar regolith. Uncertainty of the
density and composition of the Moon’s early atmosphere,
however, limits our ability to estimate the degree of exoge-
nous organic matter preserved in the lunar regolith. For
example the density of the putative lunar atmosphere would
influence the survival organic matter during accretion,
while its oxidation state would impact the thermodynamic
stability of accreted material.

2. SAMPLE HISTORY AND BACKGROUND

“... It's orange. . .Sure it is...Crazy! I've got to dig a
trench, Houston.” H. Schmitt to E. Cernan

On December 13, 1972 sample 74220,0, weighing 1180 g,
was collected from Station 4 at the rim crest of Shorty cra-
ter by Apollo 17 astronaut Harrison Schmitt. The sample, a
clod of orange-tinted friable material, was placed in lunar
sample bag #509, composed of Teflon® film. On December
27,1972, in the NASA Johnson Space Center (JSC) Lunar
Curatorial Facility subsample 74220,1 was listed as reserve
and placed in a stainless steel acid-washed bolt top can (1B-
201). On February 2, 1973, February 9, 1973 and again on
February 13, 1973, the container was opened and splits
were produced from 74220,1. On February 14, 1973
74220,1 was opened and split 74220,92, weighing 100 g,
was placed into a slide-lid container which was then double
sealed in two 2-ml thick Teflon® bags. The bagged slide-lid
can was bolted into a Radiation Counting Container sealed
with an O-ring and bagged with one 2-ml Teflon® bag. On
May 21, 1973 sample 74220,92 was scooped with a stainless
steel tool into a bolt-top container (1B-42). On September
12, 1974 sample 74220,174 was removed from sample
74220,92. On November 14, 1974 74220,92 was transferred
to remote storage in a vault in Building 45 at NASA JSC.
After 74220,92 was returned to the Pristine Laboratory, it
was transferred in a bolt-top container to the GN, cabinet
in the Experimental Laboratory in order to remove the soil
from the bolt-top because the bolt had Xylan lubricant on
the threads. The soil was then transferred into a screw-top
can with a 2-ml Teflon® gasket (82-51) on January 20, 1993.
The sample 74220,92 was split again on December 2,1997
and on April 28, 1998. In April 1998, a subsample
74220,805 was produced from 74220,92 and was transferred
to a stainless steel Teflon® pop-top canister (9-12320).
Finally, on September 20, 2007 a subsample of 74220,805
was transferred to a stainless steel Teflon® pop-top
container (9-9189) to become sample 74220,861. The
pop-top canister was purged with dry N, and enclosed
within two heat sealed Teflon® bags before being allocated
to D. S. McKay for analysis. At no time during the curation
process was the sample sieved, and all sample subdivisions
were conducted in positive pressure stainless steel glove
boxes under dry N,. Allocation 74220,861 was opened for

the first time under dry N, in April of 2012 to retrieve the
glass beads used in this study. Because the chain of custody
for allocation 74220,861 remains unbroken and is well
documented, there has been no opportunity for any organic
contamination since its removal from the rim of Shorty
crater.

Sample 74220,861 is composed predominantly of orange
and devitrified black ‘glass’ beads ranging from one to sev-
eral hundred microns in diameter produced in a fire foun-
tain eruption presumably driven by the expansion of
carbon dioxide (CO,) gas produced by the oxidation of
graphite in the magma (Heiken et al., 1974; Meyer et al.,
1975; Heiken and McKay, 1977). Because the bulk compo-
sition of comparable beads from a 67 cm long double drive
tube (core sample 74001/74002), collected near the trench at
Shorty crater (Blanchard and Budahn, 1978) does not
change with core depth, all the pyroclastic beads are be-
lieved to have formed in a single eruption. Accounting for
the inversion of the original stratigraphy of core sample
74001/2, due to the impact that formed Shorty, the deposi-
tion sequence began with predominantly orange glasses
that evolved to black glasses. This transformation reflects
both a change in the cooling rate of the glasses and the
gas content of the fire fountain (Weitz et al., 1997). The
beads have radiogenic crystallization ages ranging from
~3.66 Ga (Alexander et al., 1980) to ~3.60 Ga (Huneke,
1978), based on *“’Ar/*’Ar measurements and formed in
the cooling ejecta of a fire fountain eruption (Weitz et al.,
1997). The cosmic ray exposure age, ie., the time spent in
the upper few centimeters of regolith, range from ~10 Ma
(presumed age of Shorty) to 35 Ma ago (Kirsten et al.,
1973; Fleischer et al., 1974; Eugster et al., 1977; Crozaz,
1979). This exposure is thought to have occurred in two
stages: (1) an initial exposure of ~20 Ma following forma-
tion and before burial in the regolith; and, (2) a secondary
exposure due to excavation by the impact that formed
Shorty (Bogard and Hirsch, 1978). Textural differences be-
tween the orange and black beads are also attributed to dif-
fering cooling rates (Arndt and Engelhardt, 1986); the
orange beads cooled rapidly enough to inhibit crystal for-
mation, whereas the black beads cooled more slowly lead-
ing to formation of finely feathered crystals of ilmenite
embedded in a matrix of olivine and/or glass.

3. METHODS
3.1. Sample preparation and mounting

Orange and black lunar glass beads were selected at ran-
dom from our sample allocation 74220,861. Each bead was
transferred using stainless steel surgical tweezers to an Al
planchet positioned on a custom built heating platform, at-
tached to the stage of a stereo binocular microscope. In or-
der to anchor the glass beads to the Al planchet the thermal
polymer CrystalBond™ 509 was used as an adhesive, a
small grain (~10-20 um in size) being allowed to soften
to a semi-liquid state on the planchet prior to the transfer
of a glass bead. By placing a glass bead on the top of the
viscous CrystalBond™ droplet and then removing the plan-
chet from the heating stage, the CrystalBond™ immediately
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solidified firmly attaching the glass bead to the planchet.
We have established that this mounting procedure produces
no detectable sample contamination and is vacuum cham-
ber compatible.

3.2. Analytical methods

Prior to sample mounting, black beads were first exam-
ined optically and for native ultraviolet (UV) fluorescence
to identify candidate C-bearing regions of interest (ROIs).
Selected grains with ROIs were subsequently mounted
and investigated by p-Raman spectroscopy and two-step
laser desorption/laser ionization mass spectrometry
(u1—L?>MS) to determine the nature of organic phases
present. Following this, field emission scanning electron
microscopy (FESEM) in conjunction with light element
energy dispersive X-ray spectrometry (EDX) was used to
determine the textural and chemical composition of the
ROIs. In one instance, focused ion beam (FIB) microscopy
was then used to extract an electron transparent thin
section for mineralogical and chemical characterization
using field emission scanning transmission electron micros-
copy (FESTEM) and light element EDX. This section was
subsequently analyzed using a NanoSIMS ion microprobe
for C and N isotopic compositions.

3.2.1. Optical microscopyl UV fluorescence imaging

For contextual documentation, glass beads were opti-
cally imaged using an Olympus BX60 optical/UV fluores-
cence microscope. Since the surface topography of the
samples exceeded the imaging depth-of-field for a single fo-
cus position, a wavelet-based image processing technique
(Forster et al., 2004) was used to create extended depth-
of-field image mosaics from Z-focus image stacks and a
seam line optimization algorithm was used for mosaic im-
age compositing. In the case of one glass bead designated
as #1, we also performed additional imaging using a
Keyence VK-X200 3D laser scanning microscope.

UV fluorescence imaging, using a 330-385 nm excitation
filter in combination with a 420 nm long pass emission
filter, was then used to identify the location of potential car-
bonaceous phases. This is particularly effective at identify-
ing aromatic species such as polycyclic aromatic
hydrocarbons which exhibit a high intrinsic fluorescence
because their rigid molecular structure does not allow for
efficient vibrational relaxation.

3.2.2. Raman spectroscopy

Raman spectroscopy was used as a secondary verifica-
tion tool to confirm identification of carbonaceous matter,
and as a probe of the state of structural organization of
identified organic phases. While interpretation of Raman
spectra can be difficult where multiple carbonaceous phases
coexist in a single sample, it is nevertheless a valuable tool
in determining the nature of C when used in conjunction
with other techniques such as high resolution transmission
electron microscope imaging. We used a Jobin—-Yvon Hor-
iba LabRAM HR 800 p-Raman spectrometer operating at
a probe spatial resolution of ~1 um and equipped with an
Ar laser operating at a wavelength of 514 nm, coupled to

Olympus BX 41 optical microscope. Under these condi-
tions, the wavelength accuracy of the spectrometer was
+1 cm™~! with a spectral resolution of ~0.5-1cm™'. A Si
calibration standard was used to ensure the correct calibra-
tion and linearity of the spectrograph prior to sample anal-
yses and the lateral spatial resolution of the analysis spot on
the sample was determined to be ~1 pm. Samples were
scanned in multiple steps from 300 to 3000/3500 cm ™!,
and the laser power density was carefully controlled to
avoid thermal damage. This was subsequently confirmed
by using scanning electron microscopy to check for laser in-
duced heating artifacts.

The most prominent features in the Raman spectra of
graphitic materials are four peaks that, in deference the
nomenclature of the early Raman literature, are known as
the, D (~1350cm™!), G (~1580 cm™!), D’ (~1620 cm ™)
and G (~2700cm™') bands (Tuinstra and Koenig,
1970a,b; Reich and Thomsen, 2004). The G band corre-
sponds to the first-order double degenerate in-plane E,
vibration mode characteristic of all aromatic sp> bonding
carbon networks. In contrast, the D and D’ bands are de-
fect-induced features, which are absent in the Raman spec-
tra of highly crystalline graphite (Ferrari and Robertson,
2000; Robertson, 2002). Consequently the intensity ratio
of the D and G bands (Ip/Ig) is a widely used parameter
for characterizing the defect quantity in graphitic materials.
In particular in the in-plane crystallite size (L,) of graphitic
domains has been shown to vary inversely with Ip/lg
(Tuinstra and Koenig, 1970a,b). This has led to several
empirical derived expressions to allow the determination
of L, from the Ip/lg ratio (Knight and White, 1989;
Beyssac et al., 2002; Munoz Caro et al., 2006; Ferrari, 2007).

The D’ band of carbonaceous materials with a high
degree of disorder and/or small domain sizes can often
overlap the G band. To simplify the later discussion of ac-
quired Raman spectra and permit comparison with prior
literature (Munoz Caro et al., 2006; Busemann et al.,
2007), we have not attempted to resolve these band over-
laps. Consequently, in subsequent discussions of G band
parameters, it should be realized we implicitly recognize a
minor contribution to experimentally observed G band
due to D’ band overlap. Peak centers and the full width
half-maximum of peaks in acquired spectra were deter-
mined by peak fitting to two Voigt distributions (convolu-
tion of a Lorentzian with a Gaussian profile) using a
Levenberg-Marquardt optimization algorithm.?

3.2.3. Two-step laser desorption/laser ionization mass
spectrometry (u—L°MS)

The p—L>MS was used for the detection and identifica-
tion of organic molecules in lunar samples. The JSC
p—L>MS instrument is equipped with a vacuum ultraviolet
(VUV) ionization source capable of non-resonant single-
photon soft ionization enabling the in situ detection of vir-
tually any organic molecular system at high sensitivity

2 The D band was fit using a symmetric Voigt function, while the
G band was fit with an asymmetric Voigt function, the latter being
a consequence of the observed G band asymmetry due to D’ band
overlap.
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10718 mol) and spatial resolution (~5 pm). The genera-
tion of coherent VUV radiation is achieved by the non-
linear frequency tripling of the 3rd harmonic (4 355 nm)
of a mode-locked Q-switched picosecond Nd:YAG laser
in a Xe-Ar gas cell to produce 118.2nm (~10.5¢eV)
radiation (Lockyer and Vickerman, 1997; Shi and Lipson,
2005). Since the first ionization potentials for nearly all
organic molecules lie in the range of 5-10 eV (King et al.,
2003) effectively all organic species can be photoionized
with 10.5 eV photons.

3.2.4. Electronlion beam instrumentation

High resolution imaging and chemical analyses of in situ
carbonaceous matter were performed using a JEOL 7600
field emission scanning electron microscope coupled with
a Noran System 6 energy dispersive X-ray spectrometer.
A Pt surface coating ~1 nm thick was applied to enable
imaging and chemical characterization of elements includ-
ing C at 10 and 15 kV. We extracted an electron transparent
thin section from the largest C-rich ROI located on glass
bead #1 using a FEI Quanta 3D Dual Beam FIB micro-
scope (Zega and Stroud, 2006). The FIB section was ana-
lyzed using a JEOL 2500SE FESTEM featuring a large
area, thin window Noran System 6 EDX detector for imag-
ing and element mapping down to a resolution of 10 nm.
Imaging resolution in STEM and TEM modes are 0.2
and 0.14 nm, respectively.

The JSC NanoSIMS 50L was used to obtain C and N
isotopic images of the FIB section extracted from ROI #1
located on bead #1. Images were obtained by rastering
a <100 nm, 16 keV Cs™ ion beam over a 15 x 15 um field
of view. Images of '°C, '*C, 2CMN, '>CPN, !0, *8si
and '*0**Mg secondary ions were collected simultaneously
in multi-detection mode with electron multipliers. These
images were repeatedly obtained for a total of 40 image
frames over the field of view. The carbonaceous inclusions
in the FIB section were clearly identifiable in the images by
localized enhancements in '>C'*N~ elemental ion signal.
Some regions of the carbonaceous materials also exhibited
significant '®0~ concentrations. The C and N isotopic mea-
surements were normalized to terrestrial USGS graphite
and 1-hydroxybenzotriazole hydrate, respectively. The data
were corrected for instrumental mass fractionation, elec-
tron multiplier dead time, and quasi-simultaneous arrivals.
Isotopic and elemental abundance ratios were determined
for regions of interest within the images by custom
software.

4. RESULTS

Three of the black glass beads we analyzed, designated
as #1, #2, and #3, showed weakly fluorescing surface
features, several umz in size, consistent with emission from
excited n—n" and n—n" states in aromatic and/or conju-
gated organic matter. This identification was subsequently
confirmed by p-Raman and by mass spectrometry using
pu—L>MS. The largest of the ROIs measured ~4 x 7 pm
and was located on a corner of a rectangular plateau
situated upon the surface of glass bead #1 designated
henceforth as ROI #1 (Figs. la and b). In this ROI, a Si-

rich finger-like projection extends up from the surface of
the plateau and partially overlays the carbonaceous mate-
rial (Fig. 1c), indicating the underlying organic material
was already present when the siliceous phase was deposited.
Because the elemental composition of this siliceous projec-
tion is indistinguishable from that of the plateau and repre-
sents a physical extension of the surface of the plateau, they
share a common origin. This suggests two scenarios: in the
first, the organic phase became attached to the surface of
the glass bead shortly after its ejection from the fire-foun-
taining eruption while the plateau material on which it sits
was itself still molten or semi-molten. Alternatively, in the
second, during the bead’s later residence in the lunar rego-
lith, the organic material formed and deposited during an
impact driven event which was also able to locally melt
the surface of the bead.

EDX mapping of ROI #1 show it is composed primarily
of C that is heterogeneously distributed (Figs. 1d-g). The
presence of localized concentrations of Al, Si, Ti and Fe
(Fig. 1d) indicate glass and/or minerals grains up to
~400 nm in size are embedded within the carbonaceous
phase. Grains enriched in Ti with minor Al are attributed
to TiO,, which is usually present in the lunar regolith in
the form of the polymorph rutile, although this was not
confirmed by Raman or TEM. Similar grains containing
minor Al (0.82 wt.%) have previously been reported in an
Apollo 14 micro-breccia sample 14162,16 (Hlava et al.,
1972), where the substitution of Al into TiO, can occur un-
der high pressure conditions (Escudero et al., 2011). Grains
composed of Fe and Ti are likely ilmenite (FeTiOj3), while
those composed primarily of Si and Al represent a glass.

Characterization of ROI #1 by p-Raman spectroscopy
showed strong D and G bands and their associated second
order bands (Table 1; Figs. 2a and b). The position of the G
band center varied from 1578 to 1597 cm ™' while its full-
width at half-maximum (FWHM) ranged from 117 to
129 cm™!. Compared with the D band, I/l ranged from
0.75 to 1.34. When taken together with similar observations
from other extraterrestrial samples (Munoz Caro et al.,
2006), these results indicate an intimate mixture of
amorphous and nanocrystalline macromolecular matter
composed of isolated aromatic domains and disordered
sp>-bonds. We estimated the aromatic domain size (L,) to
range in size from ~1.2 to 1.6 nm> or about five benzene
(Cg¢Hg) rings (Ferrari and Robertson, 2004), suggesting a
close similarity to meteoritic kerogen which accounts for
the majority (>90%) of the organic matter in carbonaceous
and ordinary chondrites (Sephton and Gilmour, 2000).

A 100 nm thick TEM thin-section (~20 x 20 pm?) was
extracted from the center of ROI #1 using FIB microscopy
(Fig. 3a). In cross-section, the carbonaceous phase appears
as a contiguous layer ~5 pm in length and with a thickness
ranging from ~50 to 450 nm (Figs. 3b-d and 4a and b).
High resolution imaging and selected area electron diffrac-
tion show the carbonaceous layer to be amorphous; it
lacked long or short range order (ie., the absence of

3 Since the intensity of the D band, relative to that of the G band
depends strongly on the scattering geometry, the domain sizes
estimated from Ip/Ig ratios are only a rough approximation.
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Fig. 1. Optical image, height map, and SEM-EDX data of the C-rich ROI on lunar bead #1. (a) An extended depth-of-field optical image of
black glass bead #1 with the position of the C-rich ROI given by the white circle. (b) Associated height-field map of bead #1 showing the C-
rich ROI (white circle) is located at the edge of an elevated rhombohedra-shaped plateau on the bead surface. (c) Colorized BSE image of the
C-rich ROI (green), partially overlain with glass filament (red) lying on the edge of the plateau (blue). The white box indicates the area for
which the EDX element maps shown in d were obtained. (d) EDX element maps for C, Al, Si, Ti and Fe. The two yellow arrows indicate
correlated Ti and Al hot-spots consistent with TiO, grains, while the white arrows indicate a correlated Ti and Fe hot-spot consistent with an
ilmenite grain. The orange circles shows a Si/Al glass inclusion. (¢) Expanded BSE image from ¢ showing locations (red/yellow circles) at
which 10 kV EDX point spectra were acquired. Yellow circles are on the C-rich ROI while red circles are on the underlying surface. (f) EDX
point spectra of C-rich ROI showing counts at the C K, line ranging from ~100 to 550 counts channel ! (Spt 5-10). Note the lower counts
associated with Spt 5 are due to partial obscuration by an overlying glass filament. (g) Comparison EDX point spectra of the underlying

surface with counts at the C K, line of <75 counts channel .

0.34 nm (002) lattice spacing) that would be characteristic
of micro- or nanocrystalline graphite. TEM-EDX spectra
and mapping showed that the carbonaceous layer con-
tained O, Mg, Si, and Ca with minor amounts of Na, S,
Cl, K, Ti and Fe (Figs. 3e—g and 4c and d). Curiously, ele-
ment distribution maps of C and Ca correlate with one an-
other. Based on interpretation of TEM and Raman data
the Ca-phase is inconsistent with calcite (CaCOs3), amor-
phous calcium carbonate, or calcium oxide (CaO). This
suggests instead the Ca is ionically bound to the organic
phase as a salt. Other element distribution maps show the
chemically complex, heterogeneous nature of the C-rich
ROI. The presence of Mg, Si, Al and Ti within the C-rich
ROI indicate glassy material is intimately embedded with
the carbonaceous material. TEM imaging also revealed

the presence of submicron mineral grains, typically
<50 nm 1in size, dispersed within the carbonaceous layer
(Figs. 3c—e and 4b). Isolated hotspots of Ti, with associated
minor Al, are indicative of a Ti-oxide phase such as rutile.
In one case, we identified a Fe—Ni crystallite that, lacking
any detectable S, was not a sulfide (Fig. 3g). Underlying
the carbonaceous layer is a thin amorphous glassy rim
(Figs. 3g and 4d), ~25-100 nm thick. This rim overlies a
mixture of olivine ((Mg,Fe),SiO,) crystals up to several mi-
crons across (Figs. 3b and 4a) intermittently mixed with a
finer matrix of glass and olivine nanocrystallites ~200 nm
in size (Figs. 3b, e, f and 4a—c). Below this is glass with
embedded dendritic FeTiO; crystals (Figs. 3b and 4a).
The FIB section containing ROI #1 was subjected to C
and N isotopic imaging using a NanoSIMS ion microprobe
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Table 1

Results of p-Raman spectroscopy of carbonaceous matter associated with pyroclastic lunar glass beads from sample 74220,861. Aromatic

domain size is given by L,.

Sample D peak center G peak center D peak FHWM G peak FHWM Ip/lg L,
type/name (em™h (cm’l) (cm’1 (cm’l) (nm)
74220, 861

Bead #1

A 1378 1586 320 120 0.97 1.33
B 1371 1590 292 117 0.89 1.27
C 1369 1578 318 129 1.34 1.56
D 1381 1586 317 119 0.99 1.34
E 1371 1597 260 123 0.75 1.17
Bead #2

6 1358 1588 271 136 1.26 1.52
6A 1361 1586 274 136 1.25 1.50
6E 1374 1585 315 122 1.18 1.46
Bead #3

Cl 1357 1597 205 145 0.77 1.18
C2 1360 1590 270 133 1.25 1.51
Mean + lo 1368 +9 1588 + 6 284 + 36 128 £9 1.06 +0.22 1.38+0.14

" L,=0.1x V/((In/15)/0.0055) from Munoz Caro et al. (2006).

(Fig. 5). The carbonaceous rim examined by TEM was
found to have 3'*C and 3'°N values of —2.8 & 27.9%, and
—12.8 £ 19.79,, respectively. These values are within the
respective ranges typical of meteoritic kerogens (Pizzarello
et al., 2006). The '>C'*N/'?C ratio of the carbonaceous
rim determined from the NanoSIMS images indicated a
bulk N:C ratio in the range of ~0.1-0.3, marginally above
the average value of meteoritic kerogen (N:C ~0.1
(Pizzarello et al., 2006)).

On glass bead #2 is C-rich ROI #2, ~3 x 3 pm?, which
overlies a fracture on the surface of the bead (Figs. 6a and
b). FESEM-EDX point spectra and subsequent mapping
showed within the ROI the C abundance was highly heter-
ogeneous, varying by an order of magnitude at a scale
length of less than a micron (Figs. 6c and d). As was ob-
served on ROI #1, mineral grains ~200 nm in size were dis-
persed within the carbonaceous phase. In at least several
cases, the presence of Ti enrichments in the embedded
grains suggests they are TiO,. p-Raman spectra showed
the presence of strong D and G bands and associated sec-
ond order bands indicating an aromatic carbonaceous
material (Table 1 and Figs. 2c and d). The G peak centers
ranged from 1585 to 1588 cem ™! with Grwam varying be-
tween 122 and 136 cm™', and Ip/lg ratios ranging from
~1.18 to 1.26. This gives a domain size, L,, of ~1.5 nm, clo-
sely matching that for the carbonaceous material on bead
#1, again suggesting a similarity to the meteoritic kerogen.
Analysis by p—L*MS indicated a concentration of organic
species coincident with the ROI, in which mass spectra
showed a diverse distribution of peaks ranging up to several
hundred atomic mass units (amu), but being most promi-
nent below 100 amu. The presence of low mass peaks at
29, 43, 57 amu, corresponding to simple aliphatic cations
(CH;[CH,]," where n = 1-3), is suggestive of thermally in-
duced fragmentation from a more refractory macromolecu-
lar organic precursor such as a kerogen.

The smallest C-rich ROI, ~2 x 2 pm? in size, was iden-
tified on glass bead #3. The carbonaceous phase is partially
obscured by an overlying (Mg,Fe),SiO, and/or glass grain
(Figs. 7a and b). Consistent with previous FESEM-EDX
observations, C was heterogeneously distributed within
ROI #3 (Figs. 7c and d) and showed embedded hotspots
consistent with submicron mineral grains. Raman spectra
show characteristic D and G bands (Table 1 and Figs. 2e
and f); the G peak center varied from 1590 to 1597 cm ™',
Gpwim varied between 133 and 145 cm™!, and I/l rang-
ing from 0.77 to 1.25. Again this infers a domain size, L,, of
~1.2-1.5 nm consistent with the two previous ROIs.

The degree-of-disorder of the carbonaceous matter in
the three C-rich ROIs can be qualitatively compared to
those of other meteoritic samples through comparison of
their Raman spectra; specifically the position of the peak
centers and FWHM of the G bands. Based on Raman anal-
ysis of IDPs and carbonaceous meteorites in the literature
(Ferini et al., 2004; Munoz Caro et al., 2006; Busemann
et al., 2007), all the C-rich ROIs have a degree-of-disorder
similar to that of most primitive astromaterials available for
study (Fig. 2g).

5. DISCUSSION

Several lines of evidence argue against a terrestrial
source for the organic matter observed herein. The chain
of custody prior to our analyses is well documented and
in accordance with lunar curation sample handling proto-
cols (Allton, 1998). All samples were kept in pristine condi-
tion until opened in a lunar glove box under dry N, in 2012.
Exposure of the samples to the laboratory atmosphere was
strictly limited, and when not being analyzed, the samples
remain stored under dry N,. One of the three ROIs was
partially covered by siliceous matter indicating it was
present on bead surfaces prior to being collected. All are
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Fig. 2. Raman spectra of the three C-rich ROIs associated with 74220,861 lunar glass beads. (a) BSE image of the C-rich ROI on bead #1
showing locations of Raman analyses. (b) Raman spectra of the C-rich ROI shown in a (Spt A-E) and background (Spt F). First order bands
at ~1350 and 1580-1600 cm ™' represent D and G bands, respectively. Peaks located below 1000 cm ™" correspond to olivine (peak doublet at
~800-850 cm ™) and ilmenite (~700 cm ™). Note C-rich matter is detected through the hole in the siliceous filament in spectrum Lunar E. (c)
BSE image of the C-rich ROI on bead #2 showing locations of Raman analyses. (d) Raman spectra of the C-rich ROI shown in c. First order
bands at ~1350 and 1580-1600 cm ™! represent D and G bands, respectively. (¢) BSE image of the C-rich ROI on bead #3 showing locations
of Raman analyses. (f) Raman spectra of the C-rich ROI shown in e. First order bands at ~1350 and 1580-1600 cm™! represent D and G
bands, respectively. Peaks located below 1000 cm™! correspond to olivine (peak doublet at ~800-850 cm™') and ilmenite (~700 cm™'). (g)
Comparison of Raman data for 74220 C-rich ROIs (red ellipse) with IDPs (data from (Ferini et al., 2004; Munoz Caro et al., 2006)) and CM,
CO CI, CV-type carbonaceous chondrites (data from (Busemann et al., 2007)). Carbonaceous matter predominantly composed of amorphous,
structurally disordered C plots near the upper left corner of the graph.

composed primarily of amorphous, structurally disordered
kerogen-like organic matter composed of a patchwork mac-
romolecular structure formed by the random combination

of many small molecular fragments dissimilar to terrestrial
contamination. The organic material in the ROIs studied
was refractory, that is, it did not vesiculate or decompose
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Fig. 3. Location of the FIB-extracted thin section and TEM-EDX data of the thin section extracted from the C-rich ROI on lunar bead #1.
(a) BSE image of the C-rich ROI on the black glass bead #1 outlined in yellow and traversed with a green line showing the location from
which a thin-section was extracted by FIB microscopy. (b) STEM image of the upper portion of the extracted FIB section with C-rich region
outlined by a yellow dashed line. The blue and green boxes show the locations of the expanded views shown in ¢ and d, respectively. (c)
Expanded view of FIB section showing the light gray region, composed of organic matter (OM), in which are embedded nanophase (<50 nm)
mineral grains as indicated by the yellow arrows. (d) Expanded STEM view of a second region of organic matter, also containing embedded
nanophase mineral grains. The yellow box shows the location of the expanded view shown in e. (¢) High magnification STEM view of the
organic — glass/olivine interface. The red and blue circles mark the positions of the point EDX spectra shown in f, while the orange box shows
the region for which individual EDX element maps shown in g were acquired. (f) EDX point spectra of the organic matter and underlying
olivine/glass shown in e. The organic phase is composed primarily of C, Mg, Si and Ca with minor Na, S, Cl, K and Fe implying an intimate
mixture of organic matter, glass, and an amorphous Ca-bearing phase inconsistent with carbonate. The underlying surface is composed of a
Si-rich glass with minor to trace amounts of Ti and Cr intermixed with olivine; (g) EDX element maps from the area indicated by the orange
box in e. The correlation of C with O suggests the organic phase is partially oxidized, i.e., has oxygen containing functionalities. The Si/Mg
maps show that glass-like bands and/or hotspots are intimately mixed with the organic matter, along with nanophase (<50 nm) crystallites,
containing Al (likely glass), Ti (likely TiO,), Fe (metal), and Fe-Ni (metal).
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Fig. 4. Analysis of FIB section extracted from sample 74220 bead #1. (a) STEM image with C-rich region outlined by a red dashed line; green
box demarcates region shown in b. (b) Expanded view showing carbonaceous matter (light gray region) with embedded nanophase (<50 nm)
mineral grains, indicated by yellow arrows. Red and blue circles mark the positions of the point EDX spectra shown in c; the yellow box
marks the field over which the EDX element maps in d were acquired. (c) EDX spectra of carbonaceous matter and underlying olivine/glass.
The carbonaceous region is composed primarily of C, Ca and O with minor Si and Mg and trace Al, indicating the organic phase intimately
mixed with glass and an amorphous non-carbonate Ca-bearing phase. (d) EDX element maps of region shown in b. Correlation of C with O
suggests the organic phase is at least partially oxidized. The Si map shows that glass-like bands and/or hotspots are intimately mixed with the
organic matter, along with nanophase (<100 nm) crystallites containing Ti (likely TiO, or a TiO, precursor phase).

during analysis when subjected to vacuum exposure and
laser/electron beam irradiation. This is consistent with prior
survival in the vacuum and radiation environment of the
lunar regolith. As such, this material is comparable to the
insoluble macromolecular material present within carbona-
ceous chondrites (Sephton, 2005). Additionally, embedded

within the kerogen matrix are discrete crystallites <50 nm
in size composed of TiO,, Fe®, and Fe-Ni metal, and bands
and/or hotspots of Si-rich glass, phases commonly associ-
ated with lunar materials.

Presence of organic matter in the lunar environment
could be envisioned to have occurred through several
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Olivine

Fig. 5. STEM view and NanoSIMS isotope maps of the FIB
section extracted from the C-rich ROI on bead #1. STEM image
(top) and corresponding NanoSIMS isotope maps, for '*C"N
(middle) and '°0O (bottom), for the FIB section extracted from
lunar sample 74220 bead #1. The overlaid green dashed line in the
isotope maps marks the upper olivine surface of the bead. Organic
matter (OM) which appears as the thin grey region overlying the
olivine surface in the STEM image is is enriched in both N and O.

scenarios. The first is through the interaction of the solar
wind and solar radiation with the lunar regolith. The
74220 glass beads spent at least some time at the regolith
surface, where exposure to the solar wind leads to surficial
implantation of H, C and N (Warren and Haskin, 1991).
These implanted elements can subsequently react to form
simple hydrocarbons such as CH, and its deuterated coun-
terpart (CDy) (Pillinger et al., 1972). More complex hydro-
carbons may also subsequently form through photolysis
and radical recombination reactions. Given the nature of
the C-ROIs and the limited exposure histories (~20 Ma)
of the glass beads, it is difficult to envision the contribution
from this process being significant enough as to result in the
formation of micrometer size C-rich hotspots.

In the second scenario, hydrocarbons could have been
produced in outgassing during the fire-fountaining events
that produced the glass beads. The observation of H,O
trapped within olivine melt inclusions within 74220 volcanic

glass beads (Hauri et al., 2011) implies that the magma
source was H,O-bearing, while the driving force for the fire
fountaining events are thought to have been due to the
explosive oxidation of graphite in the pre-ejection magma
to carbon monoxide (CO) and CO,. The interaction of
CO/CO, with H,O vapor in the hot turbulent environment
of the ejection plume could have led to the synthesis of var-
ious simple hydrocarbons via the Boudouard reaction
(2CO = CO,+C), the Water-Gas Shift reaction
(CO + H,0 — CO, + H;), and the Fischer—Tropsch-Type
reactions ((2n + 1)H, + nCO, — C,H,,,+» + nH,0); the lat-
ter being heterogeneously catalyzed by the surfaces of glass
beads. Nevertheless it is unclear how simple hydrocarbons
could be subsequently transformed into the localized con-
centrations of macromolecular material observed and so
we consider contributions via this route also to have been
insignificant.

The third scenario involves the exogenous addition of
organic matter derived from the accretion of asteroidal
and cometary sources. Analyses of stratospherically col-
lected IDPs and Antarctic micrometeorites indicates the
micrometeorite flux is dominated by fine-grained aggregates
with compositions similar to CI and CM meteorites but
with significantly higher C abundances (Thomas et al.,
1993) present primarily as organic matter (Clemett et al.,
1993). On Earth, it has been speculated that exogenous
accretion may have contributed significantly to the planet’s
prebiotic organic inventory (Flynn et al., 2004), and on the
Moon, it is known fragments of carbonaceous meteorites
survive accretion (Zolensky, 1997). The contribution of or-
ganic matter to the lunar surface by exogenous sources can
be estimated from measurements of the terrestrial microme-
teorite flux. Based on examination of hypervelocity impact
craters on the space-facing end of the Long Duration Expo-
sure Facility satellite (Love and Brownlee, 1993), the terres-
trial accretion rate for meteoroids in the mass range 10~° to
10~ g is (40 £ 20) x 10° kg year™! with a mass distribution
that peaks near 1.5 x 103 g. The lunar flux Fyeon can be
related to the terrestrial flux Fg,. by the gravitational
focusing factor k (Vanzani et al., 1997), where:

UMoon

2
FMoon = k’FEarth = |: :| - FEartn

UEarth
Where vpioon and vga, are the average entry velocities for
the Moon and the Earth and have values of ~13.3 and
16.9 km s~! (Vanzani et al., 1997) so that k ~ 0.62. From
this we can estimate the annual mass of exogenously
accreted matter, || (1) Y Frwoon - dt, on the Moon to be
~1.21 x 10 kg year '. To determine the mass fraction of
the lunar regolith represented by this exogenous material
we need to know the age and depth of the regolith. Using
the relationship between the near-surface exposure ages of
lunar soil and the reworking depths in the regolith as mea-
sured in Apollo 15, 16 and 17 samples (McKay et al., 1991),
we estimate that the first 10 cm of the lunar regolith has an
average exposure age, 7, of ~10% years. If Ryjoon 1S the
radius of the Moon and pregoiien 1S the mean density of
regolith then the mass of the first 10 cm of regolith is,
Mregolithv giVCIl by
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Fig. 6. SEM images and corresponding EDX data from the C-rich ROI on lunar bead #2. (a) BSE view of the surface of lunar sample 74220
black glass bead #2 showing the location of the C-rich ROI (yellow circle). (b) BSE view of the C-rich ROI outlined by the dashed yellow line.
Circles (white/yellow) show locations of EDX point spectra. The green box indicates the area for which the EDX element maps shown in d
were obtained. (c) EDX point spectra of C-rich ROI showing counts at the C K, line ranging from ~700 to 5500 counts channel™'.
Comparison EDX point spectrum of the underlying surface (Spt 11) with counts at the C K, line of <50 counts channel~'. (d) EDX element
maps for C, O, Na, Mg, S, Cl, Ti and Fe. Dashed outlines in each map correspond to the C-rich ROI.

4
M regolitn = 3 * T Pregolith (R?\/Ioon — [Rntoon — 0~H3)

Using Rytoon = 1.7371 x 10°m and pregolicn ~ 2450 kg m?
this gives Miegotith ~ 9.3 X 10" kg. Assuming the exoge-
nous contribution to Meglith is small enough that we can
ignore its effect on the estimated exposure age, the mass
of material derived from exogenous accretion is simply
given by:

1y
Macereted = 7T - / Froon -dt

0
For which Micerered ~ 1.21 x 10" kg, and so the mass frac-
tion of exogenous material in the top 10 cm of the lunar
regolith is simply:
M accreted

——— ~0.013
Mregolith
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Fig. 7. Optical, SEM images and corresponding EDX data from the C-rich ROI on lunar bead #3. (a) An extended depth-of-field optical
image of lunar sample 74220 black glass bead #3 with the position of the C-rich ROI given by the white circle. (b) BSE image of the C-rich
ROI, outlined in yellow, showing locations (white/yellow circles) at which 10 kV EDX point spectra were acquired. The green box indicates
the area for which the EDX element maps shown in d were obtained. (c) EDX point spectra of C-rich ROI showing counts at the C K, line
ranging from ~750 to 2500 counts channel !. Comparison EDX point spectrum of the underlying surface (Spt 5, 8) with counts at the C K.,
line of <500 counts channel ™" (not shown). (d) EDX element maps for C, O, Na, Mg, Al, Cl, K, Ti and Fe. Outlines in each map correspond

to the C-rich ROI. Hotspots for Ti likely correspond toTiO,.

That is, to first order, we can expect ~1.3% by mass of the
surface regolith to be exogenously acquired. If this exoge-
nous material has chondritic element abundances (i.e.,
~35,180 ug C g~ ! (Pearson et al., 2006)), then the C contri-
bution from exogenous sources is on the order of
460 pg g ! (ppm). Interestingly this is ~4x greater than
the maximum reported (Fegley and Swindle, 1993). This
is likely a lower limit since the flux is not constant and
would have been considerably higher (Whittet, 1997)
shortly after the period of late heavy bombardment
(4.1-3.8 Ga) when the volcanic glass beads formed.

Given the expected lunar accretion rates and the abun-
dance of meteoritic organics we suggest the most probable
source of the observed organic matter is from the exoge-
nous addition of asteroidal and cometary matter. Since
we found no clear evidence for any associated inorganic
meteoritic phases in the three carbonaceous ROIs studied
we suggest formation occurred by the redeposition of

impact volatilized meteoritic organics. Since such a process
would be ostensibly under kinetic as opposed to thermody-
namic control, the recondesed organic phase would be
characterized by a high degree of disorder as observed in
the individual Raman spectra (Fig. 2).

6. CONCLUSIONS

The C-rich ROIs identified on the surfaces of the 74220
pyroclastic beads represent the first identification of
complex organic matter associated with any lunar sample.
Previous reports of C in lunar samples have been restricted
to only inorganic phases including: graphite in Apollo 17
impact melt breccia 72255 (Steele et al., 2010); graphite,
nanographite, nanodiamonds (Dikov et al., 1998) and
Zn—C films (Dikov et al., 2002b) in Luna 16 soil sample
1635; and, silicon carbide (SiC) and graphite in 74220 or-
ange glass beads (Dikov et al., 2002a).
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Our work has revealed that non-terrestrial, complex or-
ganic matter is intimately associated with Apollo 17 lunar
glass beads. Organic molecules were contributed by asteroi-
dal fragments and cometary matter to the surfaces of the
early Moon and Earth. Implicit in the proposed model is
that at least some fraction of the organic component of
micrometeorites and IDPs survived impact into the lunar
regolith. The lunar micrometeoroid velocity distribution is
bound on the lower side by the Moon’s escape velocity
(2.4 km s™") and on the upper side by the sum of the Earth’s
orbital velocity at 1 A.U. and the escape velocity of the Solar
System (72 km s™'), with a modal velocity of 13-18 km s~
(Zook, 1975). While even at the lowest entry velocities a sig-
nificant fraction of micrometeorites will be vaporized,
experimental and observational evidence supports survival
of at least some carbonaceous matter. Laboratory studies
of organic matter in hypervelocity impacts, analogous to im-
pacts onto planetary surfaces, found partial survival even at
shock pressures as high as 30 GPa (Cooper et al., 2013).
Observational evidence includes the near-infrared reflec-
tance (NIR) spectra of simple C;—C, organics in the ejecta
plume produced by the impact of the Lunar CRater Obser-
vation and Sensing Satellite (LCROSS) into a persistently
shadowed region of the south polar crater Cabeus (Colapr-
ete et al., 2010). Similarly, NIR surface reflectance measure-
ments of permanently shadowed areas of craters near
Mercury’s north pole revealed regions of anomalously dark
material consistent with a surface layer of complex organic
material (Neumann et al., 2012). From the preceding discus-
sion and given the noted similarities between the carbona-
ceous matter present on 74220 glass beads and meteoritic
kerogen, we suggest the exogenous addition of meteoritic
organics as the most probable source for the C-ROls.

The main implication of this study is that we need to
reevaluate the prevailing perception of the Moon as a body
devoid of organic matter. Meteoritic accretion has likely
played a profound role in shaping the evolution of the lunar
regolith. Additionally continued investigations of such or-
ganic matter, uncontaminated and unmodified by the ter-
restrial environment, will provide new perspectives in
understanding the prebiotic chemical inventory of the early
Earth.
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