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Abstract-The present study systematically investigates shock-induced alteration of organic
simulants of planetary bodies (OSPBs) as a function of peak shock pressure and
temperature by impact experiments. Our results show that the composition and structure of
OSPBs are unchanged upon impacts at peak pressures <~5 GPa and temperatures
<~350 °C. On the other hand, these are dramatically changed upon impacts at >7-8 GPa
and > ~400 °C, through loss of hydrogen-related bonds and concurrent carbonization,
regardless of the initial compositions of OSPBs. Compared with previous results on static
heating of organic matter, we suggest that shock-induced alteration cannot be distinguished
from static heating only by Raman and infrared spectroscopy. Our experimental results
would provide a proxy indicator for assessing degree of shock-induced alteration of organic
matter contained in carbonaceous chondrites. We suggest that a remote-sensing signature of
the 3.3-3.6 um absorption due to hydrogen-related bonds on the surface of small bodies
would be a promising indicator for the presence of less-thermally-altered (i.e., <350 °C)
organic matter there, which will be a target for landing to collect primordial samples in
sample-return spacecraft missions, such as Hayabusa2 and OSIRIS-REx.

isolated from carbonaceous chondrites has been
studied (e.g., Derenne and Robert [2010] and references

INTRODUCTION

Organic matter is commonly found in carbonaceous
meteorites and on volatile-rich solid bodies, such as C-type
asteroids, dwarf planets, comets, and icy satellites (e.g.,
Sandford et al. 2006; Cody et al. 2008; Waite et al. 2009;
Campins et al. 2010; Postberg et al. 2011; Goesmann
et al. 2015; De Sanctis et al. 2017). This organic matter
may have been originally formed by chemical reactions in
molecular clouds (e.g., Bernstein et al. 1995; Greenberg
et al. 1995), heterogeneous reactions in the protoplanetary
disk (e.g., Llorca and Casanova 2000; Hill and Nuth 2003;
Sekine et al. 2005, 2006), and/or aqueous chemistry within
the planetary bodies (e.g., Cody et al. 2011; Kebukawa
et al. 2013; Sekine et al. 2017).

Using destructive and nondestructive methods, the
chemical structure of insoluble organic matter (IOM)
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therein). For instance, the Murchison meteorite contains
more aromatic hydrocarbons (including polyaromatic
hydrocarbons) than aliphatic hydrocarbons (aromatic
C/aliphatic C = ~3) together with nitrogen (mainly as
pyrrole N), oxygen (mainly as ether, alcohols, and
carboxylic compounds), and sulfur (mainly as aliphatic
sulfides) in its structure (Derenne and Robert 2010).
IOMs contain high-molecular-weight polyaromatic
hydrocarbons (PAH) containing several-ring PAH units
that are cross-linked together (Sephton et al. 2004).
Aliphatic structures in IOMs would work as bridges
between these PAH units (Remusat et al. 2005). The
wide variations in stable isotopic compositions of C and
N for different chemical structures of chondritic organic
matter indicate highly heterogeneous distribution of

© The Meteoritical Society, 2018.
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these isotopes (e.g., Sephton et al. 2003). Although this
organic matter would provide clues for understanding
chemical evolution that occurred in the solar system, it
may have experienced metamorphism by long-duration
static heating due to radionuclides and/or by short-
duration heating due to an impact (e.g., Quirico et al.
2003, 2009, 2014; Busemann et al. 2007; Cody et al.
2008; Yabuta et al. 2010). These alteration processes
could have changed or overprinted the primordial
chemical information.

Recent advances in micro-spectrometry, e.g., Raman
and infrared (IR) spectroscopy, for organic matter enable
examination of its thermal alteration history (e.g.,
Yabuta et al. 2005, 2010; Busemann et al. 2007; Cody
et al. 2008; Quirico et al. 2014). For instance, the
previous studies have proposed that the abundance of
C-H bonds and presence of polyaromatic compounds in
IOM in carbonaceous chondrites are promising
indicators for assessing degree of thermal alteration
(Yabuta et al. 2005, 2010; Busemann et al. 2007; Cody
et al. 2008; Quirico et al. 2014). These evaluations of
thermal alteration of IOMs are based on a comparison
with both experimental results of static heating of
synthetic organic matter and chemical analyses of
natural coal that underwent different degrees of thermal
alteration (e.g., Ferrari and Robertson 2001; Quirico
et al. 2005). Although these studies are useful to
evaluate the maturity of IOMs by long-term static
heating, impact-induced shock heating cannot be
directly evaluated due to a lack of systematic impact

experiments and chemical analyses for recovered
organic matter.
Experimental investigations of impact-induced

alteration of organic matter are also wuseful for
spacecraft missions targeting collection and in situ
chemical analysis of organic matter on volatile-rich
bodies (Tsou et al. 2012; McKay et al. 2014; Sekine
et al. 2014; Takano et al. 2014). For instance, the
Hayabusa2 spacecraft and the Small Carry-on Impactor
(SCI) device will perform a high-velocity impact
experiment onto C-type asteroid Ryugu (provisional
designation, 1999 JU3) to excavate surface materials
and will collect subsurface interior samples within the
crater (Tachibana et al. 2014; Saiki etal. 2016;
Watanabe et al. 2017). Enceladus’ plume contains
organic matter and silicates, which may have formed
under hydrothermal conditions within the core (Hsu
et al. 2015; Sekine et al. 2015; Waite et al. 2017). In
future missions to Enceladus, collection and in situ
analyses of plume materials are proposed during flyby
of the plume (e.g., Tsou et al. 2012; McKay et al. 2014).
In these missions, captured samples may have
experienced some degree of shock during collection or
excavation. Shock experiments and chemical analysis
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for the recovered organic matter also can provide a
threshold velocity for intact sampling of organic matter
in these spacecraft missions.

In the present study, we performed shock recovery
experiments to investigate impact-induced alterations of
extraterrestrial organic matter analogs (hereafter, we
call these as organic simulants of planctary bodies or
OSPBs). The OSPBs were produced by aqueous
reactions of organic molecules that are typically
contained in comets (Cody et al. 2011; Kebukawa et al.
2013) (also see the Methods section for details). We
investigate alterations of the structure and composition
of OSPBs caused by hypervelocity impacts using IR and
Raman spectroscopy, and elemental and isotope
analyses. We then discuss the mechanisms of impact-
induced alterations as a function of peak shock pressure
and temperature. Finally, we compare our results with
the previous data of Raman spectrometry for IOMs
collected from carbonaceous chondrites and discuss
implications for intact sampling of ongoing and future
spacecraft missions.

METHODS
Synthesis of Organic Simulants of Planetary Bodies

We produced OSPBs through the polymerization of
formaldehyde (CH,0), glycolaldehyde (C,H40,), and
ammonia (NH3) wusing high-temperature aqueous
chemistry based on the methodology described in
previous studies (Cody et al. 2011; Kebukawa et al.
2013; Sekine et al. 2017). The chemical composition and
molar structure of OSPBs are suggested to be similar to
those of IOM in carbonaceous chondrites (Cody et al.
2011; Kebukawa et al. 2013). As these aldehydes and
ammonia would have been commonly found in comets
(e.g., Bockelée-Morvan et al. 2004; Goesmann et al.
2015), these starting materials are also likely to have
been contained in building materials of icy bodies in the
outer solar system, including Enceladus, Ceres, and
Pluto. Given the possible presence of hydrothermal
environments within Enceladus (Hsu et al. 2015; Sekine
et al. 2015; Waite et al. 2017), Ceres (De Sanctis et al.
2016), and Pluto (Sekine et al. 2017), OSPB-like organic
matter may exist in the interiors and surfaces of these
bodies.

In the present study, we produced four types of
OSPBs for shock recovery experiments by varying the
NHj; contents (NH; content = 0.3% and 2% relative to
H,O) in starting solutions, and by varying the
formation temperatures (130 and 200 °C). The OSPBs
formed from 2% NHj; solution (hereafter referred to as
high-NH3; OSPBs) may be an analog of organic matter
generated within icy bodies whose building materials
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Table 1. Impact conditions, and achieved peak shock pressure and temperatures.
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Hugenoit

OSPB sample OSPB:quartz mixing ratio Impact velocity (km s ) Peak shock pressure (GPa) temperature (°C)
Low-NHj; 130 °C 1.7 0.639 + 0.004 2.61 £+ 0.02 230

1:7 0.827 £+ 0.005 4.49 £+ 0.03 330

1:7 1.340 + 0.007 8.53 + 0.06 550

1:20 1.614 + 0.021 11.05 + 0.20 700
Low-NHj; 200 °C 1:7 0.629 + 0.006 2.57 £ 0.03 230

1:7 0.749 + 0.006 3.17 + 0.04 300

1.7 1.150 + 0.008 6.93 + 0.06 460

1:20 1.607 £+ 0.015 10.98 £+ 0.14 700
High-NH;3 130 °C 1:30 0.598 + 0.003 242 + 0.01 220

1:7 0.859 + 0.006 4.71 £+ 0.04 340

1.7 1.171 £ 0.004 7.10 £ 0.03 470

1:20 1.659 + 0.020 11.49 + 0.19 730
High-NHj3 200 °C 1:30 0.626 + 0.001 2.55 £+ 0.01 230

1:7 0.816 £+ 0.005 3.51 £0.03 330

1:7 1.153 £+ 0.007 6.95 + 0.05 460

1:20 1.626 + 0.014 11.16 + 0.14 710

originated from the outer solar system beyond the NHj;
snowline in the protoplanetary disk (Alibert and Mousis
2007; De Sanctis et al. 2015). A 2% NH; content in the
starting solution is comparable to reported NH;
contents in comets and Enceladus’ plume (Bockelée-
Morvan et al. 2004; Waite et al. 2009). On the other
hand, the OSPBs formed from 0.3% NH; solution
(hereafter referred to as low-NH; OSPBs) can be an
analog of organic matter formed in icy bodies at
relatively inner regions of the protoplanctary disk, e.g.,
outer regions of the Main Belt. The NH; content of
0.3% in the solution is same as that used in Kebukawa
et al. (2013), which attempted to produce organic
matter similar to primitive chondritic IOM.

We produced a starting solution of 1 mL of pure
water containing 60 mg (2 mmol) of CH,O in the form
of paraformaldehyde, 60 mg (I mmol) of CoH40,, 54 or
540 pL of 10% NH4OH solution, and 15 mg of calcium
hydroxide (Ca[OH],). Addition of Ca(OH), is to ensure
a solution with an alkaline pH, as suggested for water
in carbonaceous chondrites (Zolotov 2012) and in
Enceladus’ hydrothermal environments (Glein et al.
2015; Hsu et al. 2015; Sekine et al. 2015). Calcium
hydroxide also acts as a catalyst for the formose
reaction (Ricardo et al. 2004). The concentrations of
CH,O and C,H40O, in the starting solutions are the
same as those of Kebukawa et al. (2013). The solutions
were sealed within Pyrex glass tubes and isothermally
heated at 130 or 200 °C for 72 h. During heating,
OSPBs were produced in the glass tubes. After heating,
the mixture of solution and OSPBs were centrifuged at
2500 rpm for 30 min to remove the solution. To remove
Ca ions, the precipitated OSPBs were washed with
2 mL of 1 M HCI. The washed OSPBs were centrifuged

again to remove the residual solution. This process was
repeated twice in all. To remove Cl ions, the
precipitated OSPBs were then washed with 40 mL of
pure H,O and centrifuged, a process that was repeated
five times. Finally, the precipitated OSPBs were dried in
an oven at 70 °C for more than 24 h.

Shock Recovery Experiments

To make the targets for our shock recovery
experiments, OSPBs were mixed with quartz (SiO,)
powder using an agate mortar at the mass mixing ratio
(OSPBs: quartz) of 1:7, 1:20, and 1:30 (Table 1). The
large proportions of quartz were used so that the peak
pressure and temperature achieved in the target could
be calculated assuming that the target materials are
composed of quartz, whose Hugenoit parameters are
well known (e.g., Marsh 1980). In addition, we used
quartz because it is chemically inert and less likely to
affect alteration reactions of the OSPBs. The mixed
powder of OSPBs and quartz was introduced into a
stainless steel (SUS 304L) container (Fig. 1) and pressed
at 24 MPa with a hydraulic press. The diameter and
thickness of the sample space in the container are 12
and 3 mm, respectively. The porosity of the resultant
samples were measured to be <1%.

Shock recovery experiments were conducted with a
propellant gun at the National Institute for Materials
Science (NIMS) in Japan (e.g., Sekine 1997; Kobayashi
2014, 2016). A metallic aluminum (Al 6061) or stainless
steel (SUS 304) impactor plate ($29 mm in diameter
and 2 mm in thickness) was used. The impactor was
made to collide onto the stainless steel container at
velocities ranging from ~0.60 to 1.66 km s~' (Table 1).
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Fig. 1. Tllustration of the stainless steel containers for our impact experiments. We used two types of containers. The container
used for low-velocity impacts (a) has a 3 mm thick wall in front of the sample space on the impactor side. The other container is
for high-velocity impacts (b) and has a 4 mm thick wall to avoid rupture of the container. The sample space is sealed by the
stainless steel screw (c). The unit of the numbers in the illustrations is mm.

These collisions generate a shock wave in the container
that propagates in the sample space of the target
container and then reflects back from the back side of
the sample space. In the experiments, we attempted to
make a single shock alteration for the OSPB samples
until the rarefaction wave catches up with the shock
wave. The usage of a single shock method is desirable
because organic matter on planetary bodies would
usually be expected to experience a single shock
following an impact. In our experimental setup, the
thickness of an isobaric core within the sample is
estimated to be ~2 mm. To avoid multiple shock waves,
we designed the thickness of the sample space to be
3 mm and used the samples within the thickness of
2 mm from the front side of the sample space for the
detailed analyses mentioned later.

After introducing the sample into the sample space
within the stainless steel container, it was set in a target
chamber downstream of the propellant gun. Prior to the
impact, the target chamber was evacuated to <l Torr
with a mechanical and blower pump. After a collision,
the impacted container was collected, and the back side
of the container was carefully removed with a lathe
machine. We collected shocked sample from the center
region of the sample room to avoid the effect of the
metallic wall on the recovered sample. The collected
samples were treated with 2 mL of 50% HF solution at
80 °C to remove quartz grains in Teflon jars for 2 h.
The Teflon jars containing the samples were

ultrasonically agitated for 30 min. This procedure was
repeated three times in all. After the agitation, the
samples were reacted with 50% HF solution for 18 h,
and then the HF solutions were dried at 80 °C. The
residues were rinsed with pure water and then dried.
The rinse of the residue was repeated three times in all.
Together with the shock recovery samples, we
performed this treatment for unshocked samples to
evaluate the effect of the treatment. As a control, we
confirmed that this treatment produced no significant
effect on the composition and structure of unshocked
OSPBs within the errors of the Raman measurements
and in terms of characteristics of the IR spectra (see
Table S1 and Fig. S1 of supporting information for
Raman data and IR spectra of the untreated samples,
respectively).

The peak shock pressures achieved in the experiments
were calculated with the impedance matching method
using a planner impact approximation (Melosh 1989).
The Hugenoit parameters used in the study are derived
from Marsh (1980) and summarized in Table 2. The
peak shock temperatures, or Hugenoit temperatures,
were calculated with the relationship obtained by the
Rankine-Hugoniot  equation and thermodynamic
relations given by Sugita et al. (2003). Table 1
summarizes the target properties and impact conditions
of the impact experiments. In the present study, we
subjected each type of OSPBs to approximately four
levels of peak shock pressure—namely 2-3, 3-5, 7-8,
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Table 2. Hugenoit parameters used in the present
study. Data are derived from Marsh (1980).

Density Co

(kg m™) (km s™") S
Quartz (Si0,) 2204 1.88 1.41
Al 6061 (impactor) 2703 5.35 1.34
SUS 304 (impactor and 7890 4.58 1.49

target holder)

and 11-12 GPa (Table 1)—to study changes in the
composition and structure of the materials as a function
of peak shock pressure and temperature.

Analysis

The present study performed IR spectroscopy,
Raman spectroscopy, and eclemental and isotopic
analyses on the shock recovery OSPBs to investigate
changes in their structures and compositions resulting
from hypervelocity impact.

IR Analysis

The IR spectroscopy was performed with a Fourier
transform infrared (FT-IR) spectrometer (Frontier IR/
NIR; PerkinElmer) at the University of Tokyo. The
measured wave number range was 8004000 cm ' with
a resolution of 1 cm™'. Scans were averaged over a
5 min period. We employed the KBr tablet method to
obtain IR spectra of OSPBs, in which a well-mixed
powder of OSPBs and KBr (OSPBs/KBr = ~1/2000)
was pressed at ~24 MPa to make a tablet. We used a
KBr tablet without OSPBs as a reference to obtain
the transmittance. Absorptions due to water vapor
and CO, gas in the ambient atmosphere were
calibrated with commercial software (Atmospheric
Vapor Compensation™; PerkinElmer, Inc.).

Raman Spectroscopy

Raman spectroscopy was carried out for OSPBs
with a Laser Raman spectrometer (NRS-3100, JASCO)
at the University of Tokyo. The OSPBs were set on a
precleaned slide glass and analyzed in air. The exciting
wavelength of the Nd:Yag laser was 532 nm, and the
measured wave number range was 300-4000 cm ™' with
a resolution of 0.5 cm~'. The Raman spectrometer was
equipped with a microscope that allowed us to focus the
laser beam onto the samples. A typical diameter of the
laser spots on the OSPBs was about 2 pm, and the laser
power density was ~1-4 mW pm 2.

The present study focused on the G (“graphite”)
and D (“disordered”) bands near 1580 and 1350 cm ™',
respectively, because the structural order of benzene
rings contained in organic matter can be examined by
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their band widths (I'g and I'p), peak wave numbers (og
and op), and the ratio of their peak intensities (I/p/Ig)
(e.g., Ferrari and Robertson 2001; Busemann et al.
2007; Quirico et al. [2014] and references therein). For
instance, both T'g and I'p broaden with increasing
disorder of the structure of benzene rings contained in
organic matter. With increasing disorder, wg also shifts
to higher wave numbers due to the appearance of
another band (the D’ band). The Ip/lg dramatically
decreases when organic matter contains ordered structures,
i.e., graphitization.

In the present study, we obtained these parameters
by fitting the measured Raman spectra with two Lorenz
functions using commercial software (Origin2015,
OriginLab). Organic matter often produces fluorescence
when it is illuminated by laser irradiation and this can
result in a sloping continuum under the G and D
bands. In the present study, we assumed a linear
function connecting two points at 900 and 1900 cm ™' to
represent the background fluorescence and removed the
data with an irregular-shaped background from the
analysis. For each sample, Raman spectra were
obtained at six different points on the sample, and the
averaged I'g, I'p, 0g, ®p, and Ip/lg were obtained. The
errors of the obtained data were derived from the
standard deviation of the measurements at these six
points. The nominal laser irradiation time was 5 s in
our analyses (the Raman parameters for different laser
irradiation times of 2 and 20 s are compared in
Table S1). The results show that the laser-induced
thermal alteration of the samples is insignificant
compared with the range of measurement error.

Elemental and Isotopic Analyses

A modified online version of the Finnigan Delta
Plus XP isotope-ratio mass spectrometer coupled to a
Flash EA1112 elemental analyzer through a ConFlo III
interface at JASMTEC (Ogawa etal. 2010) was
employed to measure the C/N ratio and carbon and
nitrogen isotopic compositions of our OSPBs. For these
analyses, ~0.06 mg of OSPBs was loaded into tin cups
and then introduced into the sample chamber of the
mass spectrometer system. Using calibrated ion currents
with m/z 44, 45, and 46 (CO, ") and m/z 28, 29, and 30
(N,") in the mass spectrometer, C/N mass ratios of
OSPBs were determined. Carbon isotopic composition is
expressed using & notation with respect to the VPDB
standard: 813C (%0) = (13Rsample/13Rstandard - 1) S 10007
where 'R is '*C/"’C ratio. Nitrogen isotopic
compositions are also expressed using o notation with
respect to the standard of the air nitrogen: &'°N
(%o) = (lsRsample/ISRstandard - 1) x 1000, where ISR s
N/'N ratio. The analytical precision of &'*C and
8N values was evaluated based on repeated
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measurements (n = 5-14) of standard materials (L-
tyrosine) (Tayasu et al. 2011). The errors of 8'°C and
3'°N values are derived from the standard deviations of
the 8'3C and 8'°N values for the standard materials,
which were measured in the same analysis session of the
mass spectrometer. The errors of 8'°C and 3'°N values
for preshocked OSPBs are 0.64%, and 0.33%,,
respectively; those of postshocked OSPBs are 0.179,
and 0.689,, respectively.

RESULTS
Infrared Spectra

Figure 2 shows IR spectra of pre- and postshocked
OSPBs for different peak shock pressures. The
preshocked OSPBs contain the characteristics of
hydrogen-related bonds, such as N-H and/or O-H bonds
(2800-3600 cm™ '), and C-H bonds (2900 cm™');
oxygen-related bonds, such as C=0O bonds (1700 cm™ 1),
O-H bonds (1400 cm™"), C-O bonds (1100 cm™"'); and
unsaturated bonds, such as olefinic C=C and/or C=N
double bonds (1600-1670 cm™'), and aromatic C=C
bonds (1580 cm™'). These results are consistent with the
previous results of IR analysis of OSPBs formed
through polymerization of formaldehyde (Cody et al.
2011; Kebukawa et al. 2013). Together with NMR and
XANES analyses, they suggest that these organic
materials consist of poly-olefin containing aromatic
moieties terminated with polar functional groups, such
as —OH and —NH, bonds (Cody et al. 2011; Kebukawa
et al. 2013).

A comparison of IR spectra of preshocked OSPBs
shows that low-NH3; OSPBs formed at 130 and 200 °C
contain less C=N (and C=C) bonds (1600 cm~') and
more C=0 bonds (1700 cm™'), compared to the high-
NH; OSPBs formed at 130 and 200 °C (Fig. 2). This
suggests that high-NH; OSPBs tend to contain more
nitrogen and less oxygen, a conclusion consistent with
the results of our elemental analyses (sece below).
Comparing the formation temperature, the OSPBs
formed at 200 °C show strong absorption due to C-O
bonds at ~1100 cm~', while the OSPBs formed at
130 °C do not (Fig. 2). The presence of more C-O
bonds in the OSPBs formed at 200 °C may reflect that
polymerization and  dehydration proceed more
effectively at 200 °C during the formation of OSPBs
(Kebukawa et al. 2013).

Figure 2 shows that the overall IR spectra of
samples subjected to peak shock pressures of 2-5 GPa
are similar to those of preshocked OSPBs, suggesting
that the molar structure of OSPBs does not change
significantly upon an impact. One exception is an
increase in absorption by C-O bonds at 1100 cm™! for
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the OSPBs formed at 130 °C (Fig. 2). This may be
caused by dehydration reactions, such as esterification,
forming C-O bonds from C-H and COOH bonds.

In contrast, at peak shock pressures >7-8 GPa, pre-
existing absorptions due to functional groups containing
N-H, C-H, C=N, and C=0 bonds disappear in the IR
spectra of postshocked OSPBs (Fig. 2). The disappearance
of absorption in the shocked OSPBs occurs independent of
the initial composition and structure of the original
unshocked OSPBs (Figs. 2a—d).

Raman Spectra

Figure 3 shows typical Raman spectra of pre- and
postshocked OSPBs for different peak pressures. This
figure shows the occurrence of shifts in the G bands to
higher wave numbers for higher levels of peak shock
pressure, e.g., >7-8 GPa. The features of both the G
and D bands also become sharper for higher levels of
peak shock pressure. These results are confirmed in
relationships between ®wg and I'g (Fig. 4) and between
I'c and I'p (Fig. 5). The measured Raman spectral
parameters are summarized in Table 3.

Figure 4 shows that both increases in g and
decreases in I'g are observed in postshocked OSPBs for
peak shock pressures above 7-8 GPa, although the values
for preshocked and weakly shocked (shock pressures
<~5 GPa) OSPBs range widely at wg of 1565-1580 cm ™'
and T'g of 110-150 cm™'. Despite the difference in the
composition of starting solution and formation
temperature, the metamorphic trend of wg and T'g is
common among the four types of OSPBs (Fig. 4).

Figure 5 shows the relationship between I'g and I'p
for the pre- and postshocked OSPBs. This figure shows
that both I'g and I'p decrease at peak pressures above
7-8 GPa, although the wvalues for preshocked and
weakly shocked OSPBs vary over ranges for I'g of 110-
150 em™! and I'p of 280-380 cm™!. These results
indicate that the structure of OSPBs does not change
significantly at peak pressures <~5 GPa, but it abruptly
changes at peak pressures >7-8 GPa. The result of
shock pressure of 7-8 GPa for low-NH; OSPBs (light
gray circle) exhibits lower I'g and I'p than the results of
7-8 GPa for the other OSPBs (Fig. 5). This is likely
because the low-NH3; OSPBs experienced a higher shock
pressure (~8.5 GPa) than the others (6.9-7.1 GPa).

Both the increase in wg and decreases in I'g and I'p
with increasing shock pressure suggest a decrease in
disordered structures in the OSPBs upon a shock at >7—
8 GPa. According to previous studies (e.g., Ferrari and
Robertson 2001; Busemann et al. 2007), the peak widths
of both the D and G bands become narrower with
decreasing disorder of carbon in organic matter. In
addition, decreasing disorder of carbon in organic
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Fig. 2. Infrared spectra of OSPBs before and after impacts: (a) low-NH; OSPBs formed at 130 °C; (b) low-NH; OSPBs formed
at 200 °C; (c¢) high-NH3; OSPBs formed at 130 °C; and (d) high-NH3; OSPBs formed at 200 °C. Intensities are offset vertically
for clarity. The peak shock pressures of the impacts are also shown in the figures.

matter can cause other bands to appear (e.g., the D’
band at ~1620 cm '), leading to an apparent shift in the
G band to higher wave numbers (e.g., Busemann et al.
2007). Thus, our Raman spectroscopy results show that
a decrease in disorder of the carbon in the OSPBs
structure occurs upon shock pressure >7-8 GPa. The
previous studies on characterization of thermally altered
organic matter (e.g., Ferrari and Robertson 2001;
Busemann et al. 2007) suggest that a decrease in
disorder in thermally altered organic matter is caused
by formation of nano-crystalline graphite due to heat.
Formation of nanocrystalline graphite would be caused
by dehydration of the organic matter. Thus, the
conclusion of a decrease in disorder in the highly
shocked OSPBs is consistent with the results of IR

spectra of disappearance of pre-existing H-related
bonds, such as C-H and N-H bonds (Fig. 2).

Despite decreasing disordered structures in the
OSPBs, graphitic carbon would not be predominant
in the OSPBs in this shock pressure range (i.e., >7—
8 GPa), possibly due to a short period of shock in
our experiments. Figure 6 shows the relationship
between Ip/lg and TI'p obtained by the Raman
spectroscopy for pre- and postshocked OSPBs.
Formation of the graphitic carbon structure in
organic matter should result in a sharp decrease in
Ip/lg (e.g., Busemann et al. 2007). Nevertheless,
Fig. 6 shows that the Ip/lg ratio does not decrease
upon shock. Although graphitic carbon does not
appear to be predominant in our shocked samples, we
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Fig. 3. Typical Raman spectra of pre- and postshocked high-
NH; OSPBs formed at 130 °C. Intensities are offset vertically
for clarity. The peak shock pressures of the impacts are also
shown in the figures.

cannot rule out the local presence of graphitic carbon
in the OSPBs. This is because graphene oxide films
containing local graphene exhibit relatively high Ip/lg
ratios (Ip/Ig ~ 1) (e.g., Yang et al. 2009; Erickson
et al. 2010), which are comparable to those of the
OSPBs for shock pressure of 11-12 GPa in the
present study. Thus, our results suggest that
carbonization would be the plausible process of
impact-induced alteration of the OSPBs at peak
pressures of 7-12 GPa, although the formation of
local graphite structures cannot be ruled out.

Elemental and Isotopic Compositions

The measured C/N ratios and isotopic
compositions of carbon and nitrogen for pre- and

postimpact OSPBs are summarized in Table 3.
Figure 7 shows the wvariation in the C/N ratio
contained in pre- and postshocked OSPBs as a

function of peak shock pressure. Before the impacts,
the C/N ratios of low-NH3; OSPBs are about twice
those of high-NH; OSPBs (Fig. 7). The high contents
of nitrogen in the preshocked, high-NH; OSPBs are
consistent with the results of IR spectra of the
presence of large absorptions due to N-H and C=N
bonds (Fig. 2). On the other hand, there is no
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Fig. 4. The relationship between the Raman spectral

parameters og and T'g for OSPBs for different peak shock
pressures (color of the data points: black = preimpact; dark
gray = 2-3 GPa; gray = 3-5 GPa; light gray = 7-8 GPa; and
white = 11-12 GPa). Circles and triangles represent the results
of low-NH; OSPBs that were produced at 130 and 200 °C,
respectively. Squares and diamonds represent the results of
high-NH; OSPBs that were produced at 130 and 200 °C,
respectively. The area surrounded by the broken line indicates
the range of wg and T'g for preshocked and weakly shocked
OSPBs. The gray arrow represents the impact-induced
metamorphic pathway at shock pressures >7-8 GPa.
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Fig. 5. The relationship between Raman spectral parameters
I'c and I'p for OSPBs for different peak shock pressures.
Symbols, colors, broken line area, and arrow have the same
meanings as in Fig. 4.

difference in the C/N ratio regarding the formation
temperature of OSPBs, if the NH; contents of the
starting solutions are same.
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Table 3. Summary of the measured data of ®wg, op, I'G, I'p, Ip/lg ratio, C/N ratio, 813C, and 8'°N values of pre-
and postimpact OSPBs. The term “u.m” in 8'°N represents “unmeasurable” due to low nitrogen contents. For the
errors in the elemental and isotope analyses, see the main text.

Shock
pressure C/N 3B 8PN
OSPBs (GPa)  og (cm™ Y op (cm™ ) I'g (em™) I'p (em™h In/lg ratio  ratio (%) (%)
Low-NHj; 130 °C 0 1576.1 £ 2.6 13575+ 42 1193 +£2.5 3453 £ 5.5 1.14 £ 0.06 9.8 245 0.6
2.61 1575.1 £ 1.5 1361.3 £29 1355 4+ 39 341.1 £ 5.0 1.21 £0.02 98 =259 -1.0
4.49 1579.1 £ 13 13599 +£25 12154+ 75 3585+ 13.1 1.21£0.09 107 —-258 =20
8.53 1580.0 £ 2.0 1346.6 £ 2.7 90.5 +£ 43 213.1 £ 5.5 1.09 £ 0.03 250 -259 -13
11.05 15825 £ 19 13449 £ 1.9 87.5 £ 2.1 191.1 £ 54 1.14 £ 0.04 375 264 u.m
Low-NH; 200 °C 0 1580.1 £ 2.8 1359.8 £ 0.8 1269 £39  308.2 +£ 89 1.17 £ 0.10 9.9 -23.1 2.2
2.57 1576.6 £ 0.8 1360.5 £ 1.9 132.1 &£ 13.0 3344 4+ 4.1 1.29 £ 0.06 10.2 =257 —-0.8
3.17 15774 £ 42 13629 £ 1.5 1247 £ 6.1 361.7 £ 6.0 1.20 £ 0.08 11.1 =257 —-0.7
6.93 1581.2 £ 1.1 13548 £29 102.1 £69 3024 £ 9.5 1.12 £ 0.05 13.0 —-257 —0.5
10.98 15824 £ 1.2 13443 £ 1.5 88.1 £+ 3.1 217.6 = 11.2 1.10 £ 0.05 252 =257 um
High-NH; 130 °C 0 15674 £19 13498 £ 1.2 139.1 £ 1.9 323.7 £ 7.7 1.27 £ 0.04 42 =212 10.0
2.42 1571.1 £ 0.8 1356.7 £ 3.1 1402 £42 3379 £ 4.0 1.22 £0.05 47 =253 9.4
4.71 15719 £ 09 13548 £ 2.5 1379 4+ 8.8 351.6 £+ 8.1 1.31 &£ 0.05 50 264 9.9
7.10 1578.8 £ 1.8 1350.1 £ 1.2 99.1 +4.6  289.6 + 6.5 1.24 + 0.03 85 =265 10.0
11.49 1583.5 £ 0.7 13457 £ 1.1 86.6 = 1.6  206.2 £ 8.7 1.13 £ 0.03 185 —26.1 um
High-NH; 200 °C 0 15704 £ 1.3 13552 £ 1.3 1475+ 3.6 2983 +£ 5.8 1.33 £ 0.04 46 -21.6 10.7
2.55 1569.3 £ 2.1 13550 £ 1.7 1432 +29 328.5 + 4.7 1.25 + 0.03 52 =248 7.4
3.51 1569.9 £ 2.1 1357.1 £ 1.2 1364 + 3.2 3442 + 125 122 £0.12 - - -
6.95 15777 £ 1.2 13514 £ 14 1056 £ 1.9 299.1 £ 7.7 1.20 + 0.04 8.8 —25.8 9.6
11.16 1583.7 £ 1.9 13475+ 1.2 894 +£2.0 2194+ 125 1.14+0.04 154 —-26.1 um
L e e e N B S T By results suggest that nitrogen contained in OSPBs as
B pre-impact ] —-NH, and —-NH tends to preferentially degas upon
14 F ] shock compared with carbon, whereas a fraction of
B ‘ 3'/5 GPa 1 carbon contained in the preshocked OSPBs remains in
. 1 the solid phase through carbonization upon shock.
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_— 12 \ 7 contained in pre- and postshocked OSPBs as a function

B (5 : of peak pressure. Compared with preshocked OSPBs,
1.1 — — 3'°C and 8'°N values of postshocked OSPBs appear to
r I~ ] decrease even for peak pressure at 2 GPa. This might
. 2-3 GPa ] happen because low-molecular-weight organic
C ] compounds with very high 8'*C and 8'°N values could
09:” ] be desorbed from the surface of the OSPBs upon a
150 200 250 300 350 400 shock. In .fact', our Fesults of nitrogen 1sotop1c analys;s
§ for the liquid residues after the organic synthesis

Io (cm”) experiments show that 3'°N values of low-molecular-

Fig. 6. The relationship between Raman spectral parameters
Ip/Ig and T'p for OSPBs for different peak shock pressures.
Symbols and colors have the same meanings as in Fig. 4.

Figure 7 shows that even after an impact, the C/N
ratio of OSPBs remains almost constant for peak
pressures <~5 GPa. However, the C/N ratio increases
with peak pressure above 7-8 GPa (Fig. 7). The C/N
ratios after an impact with peak pressures of 11-12 GPa
reach 2-4 times the preshocked values (Fig. 7). These

weight organic compounds remaining in the liquid are
high, namely &'°N =20.7%, for high-NH; OSPBs
formed at 130 °C and 8N = —0.2%, for low-NHj;
OSPBs formed at 130 °C. Unlike the C/N ratio of
postshocked OSPBs, 8'°C and 3'°N values do not
change significantly within +£29  even for high peak
pressures >7-8 GPa. This suggests small or no isotopic
fractionation of carbon and nitrogen in the transition in
the structure and composition of OSPBs upon shock at
peak pressure of 7-8 GPa.
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DISCUSSION

In this section, we first discuss the possible
mechanism of impact-induced alterations of OSPBs as a
function of peak pressure and temperature as suggested
by our analytical results. Then, we discuss shock
pressures and impact velocities achieved in meteorite
samples by comparing our Raman spectroscopy results
with the spectra of carbonaceous meteorites. Finally, we
briefly discuss the implications of our results for the
methodology and conditions for intact capture of organic
compounds in spacecraft missions to icy satellites and C-
type asteroids.

Mechanism of Impact-Induced Alteration

Our results show that impact-induced alteration of
OSPBs is mainly controlled by the peak pressure and
temperature created by the impact and is less dependent on
the initial structure and composition of OSPBs (Fig. 9). Our
IR spectroscopy results (Fig. 2) suggest that at peak
pressure of 2-5 GPa and a Hugenoit temperature of 200—
350 °C, some hydrolysis and consequent polymerization
would proceed upon an impact for OSPBs formed at 130 °C
(Fig. 9), possibly including esterification that forms C-O
bonds in OSPBs (Fig. 2). For OSPBs formed at 200 °C, no
significant change in the composition and structure of
OSPBs is observed (Fig. 9). This is possibly because
hydrolysis and polymerization have already proceeded in
OSPBs during the formation of the OSPBs at 200 °C.
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Fig. 8. 8"3C and 8'°N vales of pre- and postshocked OSPBs
as a function of peak shock pressure. Changes in 8'°C and
3'°N values between pre- and postshocked OSPBs may be due
to desorption of highly volatile organic compounds onto the
OSPBs upon shock. However, the C/N ratios change at shock
pressure >7-8 GPa (Fig. 7). 8°C and 8'°N values remain
almost  constant, implying homogeneity of isotopic
composition of OSPBs.

Our results of Figs. 2-6 show that at peak pressures
of 7-8 GPa and Hugenoit temperatures of 400-550 °C,
remarkable destruction of H-related and N-related bonds
and dehydration take place upon a shock (Fig. 9). This is
confirmed by a change in the elemental compositions of
C/N ratio, although isotopic fractionation does not
occur effectively (8'*C and 8'°N variations within +29%,)
(Fig. 7). The Raman spectroscopy results suggest that at
these pressures and temperatures, carbonization proceeds
effectively, possibly through Robinson annulation, a
process in which a ketone and methyl vinyl ketone form
an unsaturated ketone in a cyclohexene ring (e.g.,
Rapson and Robinson 1935).
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Fig. 9. The proposed mechanism of shock-induced alteration of OSPBs. The chemical structure of preshocked OSPBs is
hypothetical and partly based on Cody et al. (2011) and Kebukawa et al. (2013). Dehydration and polymerization of OSPBs can
occur upon a shock with peak pressure of 3-5 GPa and temperature of ~350 °C. The threshold peak pressure and temperature
for shock-induced alteration (loss of function group and carbonization) are around 7-8 GPa and 500 °C, respectively. Above
these thresholds, the initial structure and composition of OSPBs are largely lost due to shock heating.

Previous results of impact experiments show that
dehydration and  polymerization  of  aromatic
hydrocarbons proceeds at peak pressures of 10-20 GPa
and Hugenoit temperatures of 400-700 °C (Mimura
et al. 2005). Their reported temperature threshold for
dehydration is in agreement with our results (400—
550 °C), although the achieved pressure of the previous
study is higher than that of our experiments (7-8 GPa).
In static heating of simple aromatic hydrocarbons,
similar dehydration and carbonization occur at ~500 °C
and 9 MPa (Greinke and Lewis 1984). Again, the
temperature condition for dehydration in static heating
is consistent with that of our experiments. These
comparisons imply that temperature may be a major
controlling parameter for dehydration and
carbonization of organic compounds, at least in the
pressure range up to ~20 GPa.

Comparison with IOM in Carbonaceous Chondrites

We compare thermal alteration of organic matter
by shock heating with those by static heating in the
Raman parameters on the basis of the framework
defined by Ferrari and Robertson (2001). Figure 10
compares our Raman spectroscopy results with those of

statically heated tetrahedral amorphous carbon (ta-C:H)
(Ferrari and Robertson 2001), coals (Quirico et al.
2005), and IOMs of carbonaceous chondrites (Quirico
et al. 2014). Our OSPBs, ta-C:H, coals, and chondritic
IOMs appear to be chemically distinct, as evidenced by
the fact that the initial g and I' of organic matter are
different among these. Nevertheless, this figure shows
that the trend of thermal alteration by shock heating is
similar to those of static heating—high-temperature
alteration results in higher values for ®og and lower
values for I' in this diagram regardless of the initial
composition and structure of the material (Fig. 10). We
suggest that it would be difficult to distinguish the
heating process of organic matter, i.e., static or
dynamic, solely based on Raman spectroscopy.

The range of g and I'G; for highly shocked OSPBs lies
below than those of carbonaceous chondrites or natural
coals (Fig. 10). These wg and T'g for highly shocked
OSPBs are rather consistent with those of glassy carbon
(oG =~60 cm~' and Tg=1580-1590 cm™') (e.g.,
McCulloch et al. 1994). Glassy carbon is usually formed
by restricted devolatilization of a carbonaceous precursor
upon high-temperature heating (e.g., ~1600 °C) (e.g.,
McCulloch et al. 1994). Thus, a possible interpretation for
the difference in g and I'g between high-shocked OSPBs
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Fig. 10. A comparison of shock and static heating in Raman
spectral parameters of wg and T'g. The results of static heating
are derived from the previous studies of tetrahedral
amorphous carbon (ta-C:H) (532 nm excitation) (Ferrari and
Robertson 2001), coal (514 nm excitation) (Quirico et al.
2005), and IOM of carbonaceous chondrites (514 nm
excitation) (Quirico et al. 2014). The metamorphic trend of
organic matter by shock heating is similar to those by static
heating in this diagram, although the gradient obtained by the
present study is steeper than those of the previous studies of
static heating. The black and gray arrows denote the trend of
Raman parameter change of shock and static heating,
respectively.

and chondritic IOMs would be a difference in a degree of
restriction of devolatilization during heating, implying
that our OSPBs may have experienced more restricted
devolatilization than natural chondrites.

Figure 11 compares our results for the OSPBs’
Raman parameters ®g and TI'g with those of
carbonaceous chondrites (Briani et al. 2013). Previous
studies have suggested that some meteorites, such as
WIS 91600 (CM2) and GRA 06100 (CR), have
experienced short-duration thermal metamorphism,
plausibly caused by an impact (Yabuta et al. 2010;
Briani et al. 2013; Quirico et al. 2014). The Raman
spectra of IOM contained in PCA 91008 and GRA
06100 shows shifts in ®og and T'g distinct those of
unmetamorphosed CR meteorites, whereas those of
WIS 91600 are within the range of unmetamorphosed
CM meteorites (Briani et al. 2013; Quirico et al. 2014).

Our experimental results indicate that a shift in og
and I'g in preshocked/weakly shocked OSPBs occurs at
peak pressures >7-8 GPa and Hugenoit temperatures
>400-550 °C. The chemical structure of our OSPBs is
not identical to those of chondritic IOMs. Nevertheless,
previous studies suggest that IOMs and OSPBs
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Fig. 11. A comparison of the Raman spectral parameters og
and T'g for OSPBs in the present study and IOM in
carbonaceous chondrites (514 nm excitation) given by Briani
et al. (2013). CM chondrite of WIS 91600 and CR chondrite
of GRA 06100 are suggested to have been thermally
metamorphosed by an impact (Yabuta et al. 2010; Briani
et al. 2013; Quirico et al. 2014).

(formaldehyde polymers) have common characteristics
in functional groups (Cody et al. 2011; Kebukawa et al.
2013). Given that loss of functional groups, such as N-
H and C-H bonds, would require energy that exceeds
the bonding energy, we suggest that the
abovementioned  threshold peak  pressure and
temperature would be applicable to shock-induced
alteration of IOMs. If the threshold is valid for
meteoritic IOMs, we suggest that WIS 91600 has
undergone a shock with peak pressure <~5 GPa and
peak temperature <350 °C. Under such a low-shock
condition, our results suggest that the original chemical
and isotopic compositions and molar structure are
largely preserved (Figs. 6-8). This is consistent with the
previous results that the C/N ratio of IOM in WIS
91600 is similar to unmetamorphosed CM chondrites
(Yabuta et al. 2010). The presence of C-H and C-O
bonds in the IOM of WIS 91600 also supports our
interpretation that this meteorite has experienced peak
pressure and temperature <~5 GPa and ~350 °C,
respectively. According to the impedance matching
method (Melosh 1989), the peak pressure of ~5 GPa is
achieved in an impact of a rocky projectile onto target
with ~0.8 km s~'. Since the average impact velocity in
the Main Belt is estimated as ~5 km s~! (Bottke et al.
1994), WIS 91600 would not have been located at the
footprint of the impact on the meteorite parent body.
The Raman spectra of GRA 06100 show larger og
and lower ' than those of unmetamorphosed CR
meteorites (Briani et al. 2013). Our results of Fig. 4 show
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that shock pressure (and temperature) of 7-8 GPa (and
~500 °C) results in a shift of 20-30 cm ™' in I'g and that of
510 cm™" in og, respectively, from the values for
preshocked or weakly shocked OSPBs. Figure 11 shows
that I'g and oG of GRA06100 exhibit a shift of 520 cm ™'
in ' and that of 10-30 cm ™! in og, respectively, from the
values of unmetamorphosed CR chondrites, which our
results suggest can be explained by shifts due to shock
pressure and temperature of 7-8 GPa and ~500 °C.
Contrary to WIS 91600, our results suggest that GRA
06100 would have experienced peak shock temperature
higher than 400 °C, suggesting that GRA 06100 was placed
near the impact footprint and near the surface of its parent
body. Our results show that under such a high shock
condition, the disappearance of H-related functional
groups due to dehydrogenation proceeds. However, Briani
et al. (2013) reported the presence of H-related bonds, such
as C-H bonds, in the IOM of GRA 06100. This implies
that thermal alterations of IOM of GRA 06100 would not
have proceeded in a single impact event but would have
been a mixture of an impact and complex surface history,
such as bombardments of solar winds.

Applications to Spacecraft Missions

Refractory organic matter is found in plume
materials erupting from Enceladus (Postberg et al. 2011)
(complex organic molecules with molecular weight in
excess of 200 Da [Postberg et al. 2017]). Proposed
spacecraft missions to Enceladus have been considered
that would capture plume materials during flyby to
Enceladus (Tsou et al. 2012; McKay et al. 2014; Sekine
et al. 2014). The expected plume encounter velocity
depends on the trajectory design of the mission, but can
be as low as ~3 km s~' (Tsou et al. 2012; Sekine et al.
2014). Given the threshold for shock-induced alteration
of organic matter described in the present study, we
propose the use of a low-impedance alloy, such as
magnesium alloy (MgAZ31B: Mg 96%, Al 3%, Zn
1%), for such a capture instrument. For the magnesium
alloy, the peak pressure and Hugenoit temperature
achieved during the capture at an encounter velocity of
~3 km s~ ! are estimated to be ~8 GPa and 300-350 °C,
respectively, which is close to or less than the observed
threshold for dehydration of OSPBs.

Given the similarity in reflectance spectra with
carbonaceous chondrites, C-type asteroids are also
highly likely to contain refractory organic matter.
Considering the average impact velocity in the Main
Belt of ~5 km s~! (Bottke et al. 1994), organic matter
near the surface would have been readily thermally
altered or dissociated during impacts. However,
asteroids are thought to be exposed to repeated
destruction and reaccretion in the Main Belt, and less-
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cratered, fresh materials could be exposed on the
surface. This is consistent with the presence of 3.4 um
absorption due to C-H bonds of organic matter on the
surface of 24 Themis (Campins et al. 2010). Aliphatic
organic compounds with C-H bonds are also observed
on some regions of the surface of Ceres (De Sanctis
et al. 2017). Our results show that C-H bonds
contained in OSPBs are lost by an impact with
Hugenoit temperature >400 °C, where their initial
chemical compositions and molar structures are also
lost. Thus, the present study suggests that asteroidal
surfaces showing remote-sensing signatures of C-H
bonds at 3.3-3.6 um would be a promising indicator
for the presence of less-altered organic matter
(experience temperature in alteration <350 °C) suitable
for collection of samples in Hayabusa2 and OSIRIS-
REx missions.

CONCLUSIONS

The present study performs impact and recovery
experiments to investigate systematically shock-induced
alterations of OSPBs, wusing IR and Raman
spectroscopy, and eclemental and isotopic analyses.
Based on the experimental results, we discuss the
alteration mechanism of OSPBs as a function of the
peak pressures and Hugenoit temperatures achieved as a
result of the impacts. We can draw the following
conclusions regarding the experimental results.

1. At peak pressures <2-5 GPa and Hugenoit
temperatures <200-350 °C, the chemical structure
of organic matter does not change significantly
upon impact, although weak hydrolysis and
polymerization can occur.

2. At peak pressures >7-8 GPa and Hugenoit
temperatures ~ >400-550 °C, dehydration and
carbonization proceed significantly upon a shock.
The shocked organic matter exhibits almost no
absorptions due to functional groups, including
those groups that contain hydrogen-related bonds.
The chemical composition, including the C/N ratio,
of the organic matter is also significantly changed
due to shocks of this magnitude.

3. Compared with the previous studies of static
heating of organic matter, it appears that
temperature may be a major controlling factor for
dehydration and carbonization of organic matter.
The threshold temperature for the dehydration is
~400-500 °C.

4. The techniques of Raman and IR spectroscopy
cannot distinguish between alteration due to dynamic
heating by an impact and that due to static heating.
Our experimental results provide proxy indicators

for interpreting the effect of shock alteration of organic
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matter in carbonaceous chondrites. Our results also
have implications for spacecraft missions to volatile-rich
small bodies in the solar system. For instance, in
asteroid sample-return missions such as Hayabusa2 and
OSIRIS-REx, remote sensing of C-H bonds on the
asteroidal surface can be a promising indicator for
collecting organic matter that has experienced
temperatures <350 °C and is likely to possess primordial
chemical and isotopic compositions.
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