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ABSTRACT

The scenario of lithopanspermia describes the viable transport of microorganisms via mete-
orites. To test the first step of lithopanspermia, i.e.,, the impact ejection from a planet, sys-
tematic shock recovery experiments within a pressure range observed in martian meteorites
(5-50 GPa) were performed with dry layers of microorganisms (spores of Bacillus subtilis,
cells of the endolithic cyanobacterium Chroococcidiopsis, and thalli and ascocarps of the lichen
Xanthoria elegans) sandwiched between gabbro discs (martian analogue rock). Actual shock
pressures were determined by refractive index measurements and Raman spectroscopy, and
shock temperature profiles were calculated. Pressure-effect curves were constructed for sur-
vival of B. subtilis spores and Chroococcidiopsis cells from the number of colony-forming
units, and for vitality of the photobiont and mycobiont of Xanthoria elegans from confocal
laser scanning microscopy after live/dead staining (FUN-I). A vital launch window for the
transport of rock-colonizing microorganisms from a Mars-like planet was inferred, which en-
compasses shock pressures in the range of 5 to about 40 GPa for the bacterial endospores and
the lichens, and a more limited shock pressure range for the cyanobacterium (from 5-10 GPa).
The results support concepts of viable impact ejections from Mars-like planets and the pos-
sibility of reseeding early Earth after asteroid cataclysms. Key Words: Lithopanspermia—Im-
pact—Shock pressure—Ejecta—Microbial survival—Interplanetary transfer of life. Astrobiol-
ogy 8, 17-44.
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1. INTRODUCTION

STEROID AND COMET IMPACTS on Earth are com-
monly viewed as causes of catastrophic de-
structions to the biosphere, be it on local or global
scales (Ryder et al., 1996; Sleep et al., 1989; Maher
and Stevenson, 1988; see also Cockell et al., 2006).
However, some models consider scenarios where
life may have avoided annihilation by escaping
its home planet via impact-ejected rocks (Sleep
and Zahnle, 1998) and making a return after con-
ditions have improved (Wells et al., 2003) or be-
ing transported to another habitable planet
(Mileikowsky et al., 2000; Gladman et al., 2005).
The latter process has been termed “lithopansper-
mia,” in reference to the theory of “panspermia,”
which was formulated by Arrhenius (1903).
While panspermia postulates that microscopic
forms of life, such as spores, can be dispersed in
space by the radiation pressure from the Sun and,
thereby, seed life from one planet to another,
lithopanspermia assumes that impact-expelled
rocks serve as transfer vehicles for microorgan-
isms that colonize those rocks (Melosh, 1988).
The theoretical possibility of the transfer of life,
by meteorites, between early Mars and Earth dur-
ing the period of heavy bombardment has been
proposed (Gladman, 1997; Mileikowsky et al.,
2000). Some observations are consistent with this
possibility, such as the recent discoveries that
protracted occurrences of water existed on the an-
cient surface of Mars, which suggests a habitable
early surface (Squyres et al., 2004), and the ob-
served transfer of rocks between Mars and Earth,
as confirmed by about 40 martian meteorites
found on Earth to date (Melosh, 1984; Vickery
and Melosh, 1987; Weiss et al., 2000; Nyquist et
al., 2001; Head ef al., 2002; Artemieva and Ivanov,
2004; Fritz et al., 2005). These martian meteorites
consist exclusively of igneous rocks, including
volcanic and plutonic varieties such as basalts,
feldspathic lherzolites, pyroxenites, and dunites.
Their crystallization ages are predominantly
young and reveal some distinct groupings at
about 180 Ma, 300-600 Ma, and 1300 Ma with
only one plutonic meteorite that crystallized
about 4500 Ma ago (Nyquist et al., 2001). Petro-
graphic studies on shock metamorphism of mar-
tian meteorites (Fritz et al., 2005) and numerical
simulations of the impact-induced ejection of
martian rocks beyond the escape velocity of Mars
have demonstrated a launch window for martian
meteorites from about 5-10 GPa up to about 55
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GPa (Artemieva and Ivanov, 2004; Fritz et al.,
2005).

Of course, viable transfer from one planet to
another requires that microorganisms survive not
only the escape process, i.e., ejection into space by
the impact of a cosmic projectile (asteroid, comet)
on the parent planet, but also the journey through
space, i.e., timescales in space comparable with
those experienced by the martian meteorites,
which range between 1 and 20 million years (Eug-
ster et al., 1997; Nyquist et al., 2001). Microorgan-
isms would have to survive the entry process as
well (Mileikowsky et al., 2000; Clark, 2001).

In a variety of space experiments, the survival
of microorganisms during a hypothetical space
journey has been studied (e.g., Horneck et al.,
1984, 1994, 1995, 2001a; Mancinelli ef al., 1998). It
has been found that spores of Bacillus subtilis sur-
vive the hostile environment of space for at least
6 years, provided they are shielded against the
harmful solar UV radiation (Horneck et al., 1994).
Taking into account the probability of survival of
bacterial spores with respect to radiation damage,
DNA decay by hydrolysis, or vacuum exposure,
Mileikowsky et al. (2000) showed in a quantita-
tive study that natural transfer of viable microbes
from Mars to Earth or vice versa, via rocks greater
than 1 m in size is a highly probable process that
could have occurred many times during the his-
tory of our Solar System. However, single bacte-
rial spores, as suggested by the original pansper-
mia hypothesis (Arrhenius, 1903), would be
killed by the energetic solar UV radiation within
a few minutes (Horneck et al., 2001a).

So far, little is known about whether rock-in-
habiting microbial communities would survive
the stress of an impact ejection. Except for some
provisional studies on vegetative bacteria and
bacterial endospores (Horneck et al., 2001b;
Burchell et al., 2001, 2003, 2004; Willis et al., 2006),
no systematic shock recovery experiments have
been done with rock-inhabiting microbial com-
munities hosted in appropriate martian analogue
rocks.

We report here on a systematic study of the sur-
vival rates of resistant terrestrial microorganisms
embedded in a martian analogue rock (gabbro) at
the pressure range indicated by the martian mete-
orites. Microbial representatives (bacterial spores,
epilithic and endolithic microbial communities)
were selected as described in the following.

Bacterial endospores have been recognized as
the hardiest known forms of life on Earth and can
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FIG. 1.

Chroococcidiopsis in its natural environment,
colonizing a rock in the Negev Desert as a thin en-
dolithic film.

withstand extremely hostile conditions in the
dormant state (reviewed in Nicholson et al., 2000).
The high resistance of Bacillus endospores is
mainly due to a dehydrated, highly mineralized
core enclosed in thick protective envelopes, the
cortex and the spore coats, and the saturation of
their DNA with small, acid-soluble proteins (Set-
low, 1994). Spores of Bacillus subtilis have served
as a model system for the study of the likelihood
of interplanetary transfer in space experiments
(Apollo 16, 17; ASTP; Spacelab 1; D1, D2; IML1,
IML2; LDEF; EURECA; MIR; FOTON; Shuttle
S/MM 03, 05, 06; STS6) (e.g., Horneck et al., 1994,
2001a), sounding rockets (Fajardo-Cavazos et al.,
2005), as well as in laboratory experiments that
simulate certain phases of lithopanspermia (e.g.,
Horneck et al., 2001b; Benardini et al., 2003;
Burchell et al., 2004, Nicholson et al., 2006).

The desiccation-resistant, ionizing radiation-
resistant phototroph Chroococcidiopsis is thought
to be one of the most extreme-tolerant cyanobac-
teria. The unicellular, non-motile cyanobacterium
is found in hot deserts, such as the Negev Desert
in Israel, and cold deserts like the Ross Desert of
the Antarctic (Friedmann and Ocampo-Fried-
mann, 1985; Biidel and Wessels, 1991). In its nat-
ural environment, the organism often colonizes
microscopic fissures (chasmoendoliths) and
structural cavities (cryptoendoliths) of rocks (Fig.
1), or it forms biofilms at the stone-soil interface
under pebbles of desert pavements (hypoliths,
sensu Golubic ef al., 1981). Thus we considered it
a good model organism for impact-shock exper-
iments. Because water in hot deserts is available
for just a few days a year, the organism has
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evolved to cope with prolonged desiccation stress
(Grilli Caiola et al., 1993), and it is tolerant to UV
radiation (Cockell et al., 2005).

The lichen Xanthoria elegans is a characteristic
colonizer of high mountain regions (Fig. 2) and
particular sites in polar regions, where it is well
adapted to environmental extremes, such as large
temperature fluctuations, extreme desiccation,
and intense UV radiation (Green ef al., 1999). The
high resistance of lichens to environmental ex-
tremes is mainly due to a densely structured up-
per cortex (de Vera et al., 2003, 2004), secondary
lichen metabolites such as parietin that screen
against UV radiation (Solhaug et al., 2003; Sol-
haug and Gauslaa, 2004; Wynn-Williams et al.,
2002), lichen-specific antioxidants (Kranner et al.,
2005); and a gelatinous matrix (Belnep et al., 2001;
Flemming and Wingender, 2001). Xanthoria ele-
gans has shown a very high resistance to the harsh
environment of space during space simulation
studies (de la Torre et al., 2002; de Vera et al., 2003;
2004) and in a recent open space experiment (San-
cho et al., 2007). These characteristics suggest Xan-
thoria elegans as one of the most resistant eukary-
otic organisms and a suitable candidate for
studies on the likelihood of lithopanspermia.

The aim of this study has been to tackle the ques-
tion of whether, and to what extent, endolithic mi-
croorganisms ejected by impact processes might
survive conditions such as those experienced by
the martian meteorites: shock pressures of about
5-55 GPa and post-shock temperature increases
of about 1 K up to 1000 K, respectively. The data

FIG.2. Xanthoria elegans colonizing a rock in the Alps
(Seiser Alm, South Tyrol, Italy, GPS N46°54', E11°62')
(Photo: J.P. de Vera).
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provide a realistic estimate of the likelihood of
the first stage of the hypothesis of lithopansper-
mia, i.e., the viable transport of life between plan-
ets (Mars and Earth, in particular), by means of
rocks ejected through impact processes. Regard-
less of whether evidence of life is eventually
found on Mars, this work elucidates the general
physical plausibility of the transfer of life from
Mars-like planets to other habitable planets
within star systems.

2. MATERIALS AND METHODS

2.1. Shock recovery experiments and selected peak
shock pressures

To expose host rocks with different types of en-
dolithic and epilithic microorganisms to peak
shock pressures in the range observed in martian
meteorites—typically from 5 to 55 GPa (Fritz et
al., 2005; Bischoff and Stoffler, 1992)—we used 2
different plane wave impact techniques, the high-
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explosive technique and the air gun plane wave
impact technique, of the Ernst-Mach-Institut fiir
Kurzzeitdynamik at Freiburg i. Br., Germany
(Miiller and Hornemann, 1969; Arnold, 1988). In
these devices, a plane metal plate is accelerated
to velocities of some 0.5-2.6 km/s, which impacts
a metal container that holds a test sample com-
posed of a layer of microorganisms that are sand-
wiched between 2 thin discs of rock. The com-
plete device including the sample is depicted in
Fig. 3.

This type of shock recovery experiment is
based on the so-called reverberation technique,
i.e., the peak shock pressure in the sample is
achieved via multiple reflections of the shock
wave at the metal container-rock interfaces. The
device and the reverberation technique are de-
scribed in previous papers (e.g., Miiller and
Hornemann, 1969; Stoffler and Langenhorst,
1994; Horneck et al., 2001b) and are further de-
tailed in the Appendix. The desired peak shock
pressure, which is produced by the impact of the
flyer plate, can be varied by changing the values

B

FIG. 3. Sketch (A) and photo (B) of the high-explosive device for shock-recovery experiments.
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of d (thickness of the flyer plate) and D (distance
of the sample to the surface) and the type of ex-
plosive. The correlation between d, D, and the
shock pressure has been calibrated previously in
separate calibration runs with electrical pins for
various types of explosives (see details in Miiller
and Hornemann, 1969; Stoffler and Langenhorst,
1994).

2.2. Biological test systems

Three different kinds of biological test systems
were subjected to shock recovery experiments: (i)
bacterial endospores (Bacillus subtilis), (ii) en-
dolithic microorganisms (Chroococcidiopsis), and
(iii) epilithic lichens (Xanthoria elegans).

2.2.1. Bacterial Endospores. Spores of the gram-
positive genus Bacillus, a rod-shaped, spore-form-
ing bacteria and a member of the division Firmi-
cutes (kingdom Bacteria) were used. Bacillus subtilis
strain TKJ6312 (deficient in the synthesis of the
amino acid histidine, methionine, and leucine)
was kindly provided by N. Munakata from the
National Cancer Center Research Institute,
Tokyo, Japan. The deficiency markers allowed for
the discrimination of the test organisms against
possible contaminations by a marker test as de-
scribed in Horneck et al. (2001b).

Spores were obtained by cultivation under vig-
orous aeration in Schaeffer sporulation medium,
which contained 16.0 g Difco-nutrient broth (BD
Diagnostics, Sparks, MD, USA), 2.0 g KCl and 0.7
g MgSO,4 X 7 HyO per liter (Schaeffer et al., 1965),
for 4 days at 37°C until a sporulation frequency
of >90% had been reached, as judged by phase-
contrast microscopy. Spores were harvested by
centrifugation (10,000 X g, 20 min, 4°C) and
treated with MgSO, (2.5 ug/ml), lysozyme (200
ng/ml), and DNAse I (2 ug/ml) for 30 min at
37°C to destroy the residual vegetative cells. The
enzymes were inactivated by heating for 10 min
at 80°C. After repeated centrifugation and wash-
ing in distilled water, the purified spores (about
10%° spores/ml) were stored in aqueous suspen-
sion at 4°C. Standard microbiological methods for
cleaning and sterilizing the tools, gabbro discs,
and media used were applied.

2.2.2. Endolithic Cyanobacteria. Chroococcidiopsis
[order Pleurocapsales (Rippka et al., 1979), order
Chroococcales (Komarek and Anagnostidis, 1998)]
strain 029 (isolated from endolithic growth in Nu-
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bian sandstone in the Negev Desert) was ob-
tained from the Culture Collection of Microor-
ganisms from Extreme Environments (CCMEE)
at the University of Rome, Tor Vergata. The or-
ganism was grown in BG-11 medium (Rippka et
al., 1979) for 1 month. Then 0.2 ml of the culture
at a cell density of 0.5 Absorbance Units at 750
nm (1 cm light path) were plated onto 2% BG-11
agar plates. All cultures and plates were grown
under an 18:6 h light/dark period, a light inten-
sity of 50 umol/m?/s, and a temperature of 29°C.
After 3 months, cells were aseptically harvested
from the plates and homogeneously suspended
in 4 ml of sterile H,O to a final absorbance value
of 0.5 at 750 nm (1 cm light path) for further use
in the experiment.

2.2.3. Epilithic Lichens. Taxonomically, lichens
are classified as fungi and represent a 600-mil-
lion-year-old symbiosis of a fungus and an alga
(Yuan et al., 2005). In our experiment, the lichen
Xanthoria elegans was selected for the performed
experiments as one representative of such a eu-
karyotic and symbiotic system where the alga
Trebouxia as photosynthetic organism (photo-
biont) is bound into symbiosis with a fungus (my-
cobiont). Xanthoria elegans (Link) Th.Fr. was col-
lected together with its natural rock substrate
(gneiss and dolomite as calciferous rock) near the
Sanetsch Glacier (Wallis, Switzerland, GPS:
N46°21.799', E007°17.844") for experiments at
41.5-50 GPa, or at the Seiser Alm (South Tyrol,
Italy: N46°54’, E11°62') for the experiments at
5-30 GPa. All samples were stored in a frozen
state at —20°C until used in the experiments.

2.3. Selection and properties of host rock

About 70% of the known martian meteorites
are coarse-grained basalts with a texture not un-
like terrestrial gabbros (e.g., Meyer, 2006). There-
fore, 2 large samples of terrestrial gabbro from
the Bushveld Complex in South Africa were se-
lected as host rock for the biological test systems.
Serving as representatives of one of the most typ-
ical upper crustal rocks of Mars, they also satisfy
the requirements imposed by the shock experi-
ments and the subsequent analytical procedures.
This rock material is free of weathering products
and contains relatively coarse-grained plagio-
clase, which can be separated relatively easily
from the shocked samples for the determination
of shock effects in individual grains. This allows
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for a statistically valuable distribution of the
shock pressure throughout the shocked sample.
The modal compositions of the 2 Bushveld gab-
bro samples are slightly different. The plagioclase
content (given in volume percent) ranges from
61-69%, whereas the content of ortho- and
clinopyroxene varies from 21-27%. Minor con-
stituents are about 7% olivine (type 1), <10%
quartz (type 2), and ore minerals. The plagioclase
content is higher than that of martian basaltic me-
teorites, which have a plagioclase content in the
range of 25-50 vol % (Meyer, 2006 ). In the ter-
restrial sample, the plagioclase has the composi-
tion of labradorite to bytownite, i.e., the anorthite
(An) content ranges from about 56-78 mol % in one
type of gabbro and 65-72 mol % in the other type,
with an average in the labradorite range (Ansp_7o).
The composition of orthopyroxene is that of hy-
persthene with about Eng,Fs3sWos3 (En = enstatite,
Fs = ferrosilite, Wo = wollastonite). Clinopyroxene
is an augite with about EngoFs15Wo4s5, and olivine
has a forsterite content of 63-66 mol %. The grain
size of plagioclase and of the pyroxenes ranges
from several 100 um up to 7 mm. Both types of
gabbro samples display a cumulate texture simi-
lar to that found in many martian meteorites.

2.4. Sample preparation for shock recovery
experiments

Cylindrical cores were taken from the gabbro
samples and cut into thin discs with a diameter of
15 mm. The raw discs were shaped to a thickness
of 0.5 mm and polished with diamond paste (1
um grain size) on both sides. For shock recovery
experiments, the microbial samples were sand-
wiched between 2 discs (Fig. 4). The thickness of
the microbial layer ranged from a few um (1-7
pm), in the case of bacterial spores and cyanobac-
teria, to about 50 um for the lichen samples.

B. subtilis spores (5 X 107 spores in 100 ul) were
spread uniformly on the polished surface of the
gabbro disc and dried in air at room temperature.
The spores formed a monolayer of about 1-2 um
in thickness with an average density of 1.3 g/cm3
(Berlin et al., 1963; Baltschukat and Horneck,
1991). The spore-loaded disc was covered with
another spore-free disc, and the sandwich was
mounted at the sample site of the ARMCO-iron
container (Fig. 3). It was stored in the closed con-
tainer at room temperature until the experiment
was carried out.
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FIG.4. Sketch of the microbe-loaded sample with a di-
ameter of 15 mm.

An aliquot of Chroococcidiopsis cells (200 ul) of
0.5 Absorbance Units at 750 nm (1 cm light path)
was dispensed onto the polished surface of the
rock disc. The thickness of the microbe layer var-
ied from 2.5 to about 7 um with a density in the
rangeof 1g/ cm3. The rock slice with the cell layer
was placed into a Petri dish and allowed to dry
slowly in darkness at 21°C. Then it was treated
similarly to the disc sandwich loaded with B. sub-
tilis spores.

Several slices (about 50 um in diameter and
height) of the lichen Xanthoria elegans composed
of lichen thalli and fruiting bodies were deposited
on the gabbro disc. They were very closely
packed to keep interstitial space at a minimum.
After drying, the lichen-loaded disc was covered
with a second gabbro disc (simulating an artifi-
cial endolithic lichen sample) and mounted into
the ARMCO-iron sample container.

2.5. Performance of shock experiments and
recovery of shocked rock and biological samples

The microbiological samples within the double
disc of gabbro were emplaced in the 1 mm deep
borehole on top of the cylindrical inner sample
container as shown in Fig. 3. For each experiment,
the dimensions of the ARMCO-iron container
and of the flyer plate, as well as the type of high
explosive, were chosen according to the values
given in Table 1 to achieve the desired shock pres-
sure. These “nominal” shock pressures, which
have an accuracy of about =3%, were chosen for
each of the 3 types of microorganisms to be at the
following levels: 5, 10, 15, 20, 30, 41.5, and 50 GPa
(Table 1). All experiments were performed at
room temperature. A control sample identical to
the one that was shock loaded was prepared for
all experimental runs and stored in the laboratory
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TaBLE 1. PARAMETERS OF THE HIGH-EXPLOSIVE DEVICE AND OF THE AIR PRESSURE GUN FOR
DirreRENT SHOCK PRESSURES (COMPARE FIGURE 3)
Cover Flyer Velocity of
Pressure plate D plate d High explosive flyer plate Pulse length
P (GPa) (mm) (mm) [ (mm)] v (km/s) (us)
4.6 3 4 Air-pressure gun 0.228 1.34
10 20 4 TNT (64) 1.549 1.35
15 10 4 TNT (64) 1.549 0.88
20 17 4 Holtex (64) 1.888 0.59
30 11 4 Holtex (64) 1.888 0.32
415 9.5 3 Composition B (64) 1.992 0.08
50 10 4 OWC (80) 2.540 0.17

for later evaluation in parallel with the shocked
sample.

The air gun and the high-explosive devices, as
defined in Table 1, were ignited in a special shel-
ter facility of the Ernst-Mach-Institute. Immedi-
ately after the shot, the inner sample container
(ARMCO iron), which usually showed some plas-
tic deformation, was recovered from the broken-
up outer steel container (Fig. 5a). The containers
shocked to pressures higher than 10 GPa were
quenched in cold water (0°C) a few minutes af-
ter the explosion. They were then taken to the ma-
chine shop, and the lower part of the iron con-
tainer was carefully machined down until the
inner cylindrical part with the sample could be
retrieved. The container was continuously cooled
during this grinding operation. In all experi-
ments, the microbe-loaded gabbro sample disc
could be recovered completely (Fig. 5b). Each re-
covered sample was stored separately at 4°C and

distributed to the different laboratories for fur-
ther analysis.

2.6. Analyses

2.6.1. Mineralogical and Petrographic Analyses.
The texture and shock effects of the shocked gab-
bro were studied by optical microscopy, micro-
Raman spectroscopy, and microchemical analy-
ses in polished thin sections made from selected
parts of the sample discs. The 2 discs of each sand-
wich were analyzed separately. The actual shock
pressure experienced by the constituent minerals
of the gabbro samples was estimated qualita-
tively on the basis of characteristic shock effects
in plagioclase, pyroxene, and olivine (see reviews
in Stoffler, 1984; Stoffler et al., 1986, 1991). The
shock pressures recorded by plagioclase were de-
termined quantitatively on the basis of the re-
fractive indices (RIs) of this mineral. Their values

FIG. 5.
shock recovery experiment (compare Fig. 3).

(a) Sample container (ARMCO iron) and (b) sample holder with gabbro disc (15 mm diameter) after the
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have been calibrated previously by shock recov-
ery experiments on plagioclase and plagioclase-
bearing rocks (Stoffler et al., 1986). However, this
method is only applicable for plagioclase shocked
to pressures above about 15-20 GPa.

After the optical inspection, the plagioclase
grains were investigated in thin sections in situ
by micro-Raman spectroscopy with a notch fil-
ter-based Dilor LabRam and a HeNe laser of 632
nm wavelength. The sample excitation and Ra-
man scatter collection was performed using a
100X optical lens on the Raman microscope. En-
ergy of 3 mW was transferred to the sample sur-
face with a spot size of 2.5 um. The Raman spec-
tra were collected from 300-1200 ecm™!. The
final spectra represent the accumulation of 20 sin-
gle spectra, each of which were recorded with a
collecting time of 10 s. Backgrounds of the final
spectra were graphically reduced by linearly
interpolating over discrete frequency ranges.
Gauss-Lorenz fitting was used to deconvolute the
recorded spectra.

To detect a possible spatial variation of the in-
tensity of shock effects, the shocked gabbro discs
of the 20, 30, and 41.5 GPa experiments were sub-
divided into 3 parts that represented different ra-
dial distances from the center of the disc. From
each area, several milligrams were crushed and
plagioclase grains of 50-300 wum were hand
picked under the microscope. Their RI was
determined by the so called “A-T” immersion
method (e.g., Kleber, 1970) with the use of a spe-
cial device developed at the Berlin Institute of
Mineralogy (Fritz et al., 2002, 2005). Afterward,
polished thin sections of the grains were pro-
duced for a quantitative determination of chem-
ical composition (An-content) by a JEOL JXA-
8800L electron microprobe operating at 15 kV
with a beam current of 10 nA and a beam size of
10 wm. Suitable mineral standards, including pla-
gioclase, chromium augite, and anorthoclase (all
certified by the United States National Museum
as reference samples for electron microprobe
analysis) were applied. Finally, the Rls and the
chemical composition of the individual plagio-
clase grains were plotted in a calibration diagram,
which allowed us to deduce the shock pressure
recorded by the analyzed plagioclase grains (Stof-
fler et al., 1986).

2.6.2. Calculation of Shock and Post-Shock Tem-
perature. Shock compression is a non-isentropic
process, by which the shocked material is heated
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during compression to a certain temperature, i.e.,
the shock temperature. Subsequent adiabatic de-
compression leaves the shocked material at an el-
evated temperature, i.e., the post-shock tempera-
ture. Both temperatures increase with increasing
shock pressure. The amount of “waste heat” de-
posited in any material upon shock compression
is determined by the thermodynamics of discon-
tinuous non-isentropic shock loading and subse-
quent adiabatic unloading. Accurate values for
the shock and post-shock temperatures of the in-
ner iron container and the gabbro samples were
calculated wusing experimentally determined
equations of the state of the 2 materials. The cal-
culations of shock and post-shock temperatures
(Artemieva and Ivanov, 2004; Fritz et al., 2005) are
based on experimental equations of state, which
shows a linear correlation of particle velocity u,
and shock wave velocity U: U =c +5s X u,
where ¢ and s are experimentally determined
constants. The values of the constants ¢ and s are
3.75 and 1.66 for iron<»70 Gra)y (McQueen and
Marsh, 1960), and 5.54 and 0.26 for gabbro(<3» Gpa)
(Trunin et al., 2001), respectively. With regard to
the determination of the actual post-shock tem-
peratures achieved in the microbe-loaded gabbro
samples, it must be taken into account that the
iron container is subjected to the final peak shock
pressure directly by the first shock wave P (Ap-
pendix), whereas the gabbro acquires the final
peak shock pressure via a sequence of shock re-
flections. Thus, temperatures for the iron con-
tainer are calculated for the nominal shock pres-
sure. In contrast, only the first shock wave, which
induces a relatively low pressure in the gabbro,
dominates the amount of waste heat deposited in
the shocked gabbro (e.g., DeCarli et al., 2002). The
contributions of the subsequent reflected shock
waves can be neglected in the calculation of the
post-shock temperatures achieved in gabbro.

2.6.3. Biological Analyses. 2.6.3.1. B. subtilis en-
dospores. After exposure to different shock pres-
sure scenarios, spores were stripped from the
gabbro discs by the PVA technique (Baltschukat
and Horneck, 1991; Horneck et al., 2001a), which
resulted in >95% recovery of the spores. Survival
of the spores was determined from their ability
to form colonies. Spore suspensions in appropri-
ate dilutions were plated on nutrient broth agar
plates. Colonies were scored after 18 h of incu-
bation at 37°C. Surviving fractions were deter-
mined as N/Ny where N was the number of
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colony-forming units of the treated samples and
Ny that of the untreated control. Mean values and
standard errors were calculated for each sample
from up to 6 replicate plates. A marker test of the
colonies from the experiment samples (Horneck
et al., 2001b) was performed to check for possible
contamination of the samples.

2.6.3.2. Chroococcidiopsis cells (vegetative). Fol-
lowing the shock experiment, the cells were re-
suspended in BG11 directly from the rock mate-
rial. A similar procedure was followed for the
unshocked control.

Three following methods were used to assess
viability:

(1) Direct colony counts. This was considered the
most robust method to determine cell sur-
vival. Cells were plated onto BG-11 agar
plates at 1, 10, and 100 X dilutions, with four
plates per dilution. Plates were incubated as
described above, and after 2 months the num-
ber of colony-forming units on the control
and impact-shock plates were enumerated
and the loss of viability calculated.
Localization of nucleic acid to the interior of
the cell was assessed using the DNA-binding
dye DAPI (4',6-diamidino-2-phenylindole di-
hydrochloride). Rehydrated cells (10 ul) were
added to 10 ul of DAPI (Sigma Chemicals,
Dorset, UK) on a glass slide. DAPI was added
at a concentration of 1 ug/ml, and cells were
incubated at room temperature for 15 min in
darkness. For DAPI visualization, cells were
imaged using a Leica DMRP microscope
equipped for epifluorscence with a Leica A
cube (band pass 340-380 nm), and cells were
observed at an emission wavelength of >425
nm.

The fluorescence of the light-harvesting pig-
ments (phycobilisomes) was determined as a
measure of the degradation of the photosyn-
thetic apparatus at the Multi-Imaging Center,
University of Cambridge. Rehydrated cells
were examined under a Leica TCS-SP-MP
confocal laser microscope (Leica Microsys-
tems, Heidelberg, Germany). Cells were irra-
diated with a 568 nm laser, and fluorescence
at wavelengths greater than 590 nm was mea-
sured. Ten fields of view were chosen, and by
way of the Leica LCS software, fluorescence
was measured across the field of view along
a transect between 10 and 30 um in length.

()
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Fluorescence was then expressed in units per
pm. Fluorescence was compared with the
control cells.

2.6.3.3. Xanthoria elegans lichen. To determine
the vitality of the lichen tissue after the shock ex-
periments, the samples were stained with live/
dead dye FUN I (Molecular Probes / Invitrogen)
and analyzed by use of a confocal laser scanning
microscope (CLSM Leica TCS NT). FUN I marks
only vital and metabolically active cells with pro-
duction of fluorescent intravacuolar structures
due to the cell activity. The intravacuolar struc-
tures were stained by FUN I with a red fluores-
cent color and the surrounding cytoplasm by an
intense green to yellow fluorescence. Depending
on physiological activity of the cells, the green
color changes rapidly into red fluorescence. Dead
cells show a diffuse, green-yellow fluorescence
and do not change their color. For excitation, ArKr
and HeNe lasers were selected with excitation fil-
ters 488/568/647 nm and 488/568/633 nm, both
with a defined transmission of 50%. The images
were analyzed using Leica TCS-NT/Confocal
Systems Software. Channel-imaging was corre-
lated with contour images and overlay images to
improve recognition of visual damage, which
reflects the vitality of the lichen tissue. Channel-
imaging emission filters in 3 different fluores-
cence ranges were applied. Band pass filters at
548 nm, 559 nm, and 506 nm were used for green,
red, and blue fluorescence, respectively. From the

FIG. 6. Gabbro disc loaded with lichen tissue and sub-
divided in three areas: 3, central area with a radius r of
0.25 cm; 2, middle ring from r = 0.25 to 0.50 cm; 1, outer
ring at r > 0.50 cm.
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quantitative data on the vitality of the shocked
samples that were stained by live/dead-dye,
FUN I mean values were determined, which in-
dicated the deviation of the ratio of vital tissue ¢,
to the whole lichen thallus t,. Vital and nonvital
cells of both bionts, the photobiont and myco-
biont, in the lichen tissue were quantified by the
cell-counting program of Image Tool and by
CLSM fluorescence intensity diagram analysis
(de Vera et al., 2003).

To determine whether the vitality of the
shocked lichen tissue depends on its location on
the gabbro disc during the shock wave exposure,
the lichen-loaded gabbro discs were subdivided
into three areas: a central area and 2 surround-
ing rings (Fig. 6). Lichen tissue from each area
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was analyzed separately by CLSM as described
above.

3. RESULTS

3.1. Physical state of recovered samples

The optical appearance of the shocked gabbro
changed due to shock loading (Fig. 7). Plagioclase
lost its luster and transparency in the experiments
up to 20 GPa due to intense fracturing. Because
of the transformation of plagioclase to diaplectic
glass (maskelynite) or normal glass at higher
shock pressures, it became lustrous and trans-
parent at shock pressures between 30 and 50 GPa.

41.5 GPa

FIG. 7. Photograph of microbe-loaded
gabbro discs (still emplaced in the iron
sample holder) that was shocked at 5 dif-
ferent pressures, as well as a sample disc
of unshocked gabbro (diameter: 15 mm),
collected from Bushveld Complex in
South Africa for the experiments: dark
grains, pyroxene and olivine; white
grains, plagioclase.
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Pyroxene lost its brownish color and brightness
with increasing shock pressures. The original ig-
neous texture of the gabbro samples did not sub-
stantially change due to the shock compression.
Even at pressures of 41.5 and 50 GPa, the origi-
nal rock texture was well preserved.

The shock compression of the samples resulted
in different degrees of conservation of the discs
as a whole, depending on the shock pressure. At
low shock pressures (5-15 GPa), the gabbro discs
were recovered in a somewhat friable state.
Therefore, it was not possible to separate the
samples into an inner, middle, and outer part. The
20-50 GPa experiments left the gabbro discs in a
coherent state, which is, in part, due to shock-in-
duced transformations of the constituent miner-
als (e.g., transformation of plagioclase into di-
aplectic glass) and the shock-induced melting of
iron from the container at the outer margins of
the gabbro discs. In these cases, the exact position
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of extracted samples was recorded. However, no
mineral separation of the outermost zone of the
lower gabbro discs was made because of firm ad-
herence of the outer edge of the lower disc onto
the ARMCO-iron cylinder.

3.2. Shock pressure and temperature conditions

3.2.1 Calculated Shock Pressures and Pressure
Pulse Durations. The final peak pressure in the
gabbro samples was achieved by applying the
shock reverberation technique. By changing the
parameters D and d, seven different peak pres-
sure levels were produced. The duration of the
peak pressure in the gabbro sample decreased
with increasing pressure from about 1.35 us at
5-10 GPa to about 0.1 us at 50 GPa (Table 1)

These “nominal” shock pressures hold for the
gabbro host rock. For the microbe-loaded gabbro
sandwiches, the shock waves get somewhat “dis-
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FIG.8. Refractive indices (RIs) of plagioclase extracted from experimentally shocked microbe-loaded gabbro sam-
ples as a function of their chemical composition (An content) for the three shock experiments with nominal pres-
sures of 20, 30, and 41.5 GPa. Dotted lines, RI n,, n,, 1, for unshocked plagioclase; solid lines, experimentally deter-
mined RI for plagioclase shocked to variable peak pressures (numbers in GPa); dashed-dotted lines, transitions from
crystalline to partially isotropic and to completely isotropic shocked plagioclase; dashed line, RI of synthetic plagio-
clase glass (quenched melt); all calibration data from Stoffler ef al. (1986).
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turbed” due to the lower shock impedance of the
thin layer of microorganisms (1-50 um, depend-
ing on the organisms used). A numerical computer
code calculation for different thicknesses (7-50
pm) of a water layer substituting for a layer of mi-
croorganisms shows that deviations from the final
peak shock pressure in the microbial layer were
very small, i.e., less than 5% of the nominal peak
pressure, and therefore appear to be negligible.

3.2.2. Shock Pressures Determined from Micro-
scopic Analysis and Refractive Index Measurements
of Plagioclase. The results of the RI measurements
of plagioclase grains are presented in Fig. 8, in
which the An content of plagioclase [end mem-
bers are albite (Ab) = NaAlSizOg and anorthite
(An) = CaAlLSi,Og] are plotted against the RI
(glass) or Rls (crystals). In this diagram, the main
refractive indices n,, n,, and n, of plagioclase
crystals (upper 3 dashed lines) and of synthetic
plagioclase glass (lower straight dashed line) are
shown for the 50-80 mol % An range. In addi-
tion, shock pressure isobars for shocked plagio-
clase of variable An content were taken from Stof-
fler et al. (1986) (solid lines and dashed-dotted
lines). Depending on composition, the optically
birefringent crystals transform into partially
isotropic plagioclase and totally isotropic phases
(called diaplectic glass or maskelynite) at pres-
sures above about 15 GPa and from 26-34 GPa,
respectively. Because plagioclase is shock-fused
above about 45 GPa and forms normal glass with
Rls identical to synthetic glass, only data from the
20, 30, and 41.5 GPa shots are plotted.

The RI data of plagioclase extracted at differ-
ent radial distances from the center of the shocked
gabbro discs did not show any correlation be-
tween the shock pressure and the positions of the
extracted samples within the gabbro discs. This
means that, within the resolution of the shock
pressure indicators, the complete discs were ho-
mogeneously shocked. For this reason, the shock
pressures measured in different grains were av-
eraged for each shock experiment. The scatter of
data in Fig. 8 is mainly due to the (natural) vari-
ation of the An content of plagioclase in the gab-
bro samples (about Anss _75). Because of the low
sensitivity of the RI of plagioclase against shock
compression at 20 GPa, the plagioclase grains of
this experiment exhibited refractive indices,
which were only somewhat lower than 1, with a
rather large scatter, indicating actual pressure
values between 14 GPa and 26 GPa with a large
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FIG.9. Raman spectra of unshocked and shocked gab-
bro samples for 20, 30, and 41.5 GPa.

error of =6 GPa. The average shock pressures
recorded by plagioclase in the 20, 30, and 41.5
GPa experiments were 20 * 6,32 = 3,and 42 = 3
GPa, respectively. These results show a satisfac-
tory agreement between the nominal shock pres-
sures and the measured shock pressures.
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The actual peak shock pressures achieved in
the samples from the remaining experiments at
the nominal pressures of 5, 10, 15, and 50 GPa
could only be checked qualitatively on the basis
of various shock effects in plagioclase, pyroxene,
and olivine for which pressure calibration data
also exist (e.g., Stoffler, 1984; Stoffler et al., 1991).

The intensity of shock metamorphism of gab-
bro achieved in the experiments at 5, 10, and 15
GPa were documented by mechanical twinning
and undulatory extinction in pyroxene, undula-
tory extinction in olivine and plagioclase, and by
the lack of mosaicism in pyroxene and olivine,
and the absence of planar fractures in olivine.
These observations indicate clearly a minimum
pressure of 5 GPa and a maximum pressure in
the range between 15 and 20 GPa, but they reveal
no information about the exact shock pressure
(Stoffler et al., 1991).

Samples from the 20 GPa experiments showed
birefringent (diaplectic) plagioclases with mo-
saicism and numerous fractures. These observa-
tions were confirmed by Raman spectroscopy
(Fig. 9) that indicated exclusively birefringent (di-
aplectic) plagioclase, which implies a maximum
shock pressure of 26 GPa (Stoffler et al., 1986).
However, some melt veins and melt pockets,
mainly at fractures, inferred local shock pressures
and temperature excursion. Pyroxene displays
strong undulatory extinction in transition to
weak mosaicism. Olivine displays weak mo-
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saicism and planar fractures. The observed effects
are compatible with a shock pressure of about 20
GPa.

Plagioclase from the 30 GPa experiments was
partially to completely isotropic. The Raman
spectra also indicated the existence of remaining
small areas of birefringent plagioclase (Fig. 9).
Weak to strong mosaicism in olivine was ob-
served in these samples. The pyroxenes showed
a transition from undulatory extinction to mo-
saicism. Planar deformation features were devel-
oped in clinopyroxene and planar microstruc-
tures in olivine and orthopyroxene. These
observations are in perfect agreement with a
shock pressure range from about 28-30 GPa, as
indicated by the calibration data for plagioclase
of Anss-Anys composition (Fig. 11 in Stoffler et al.,
1986).

In the 41.5 GPa experiments, plagioclase was
completely converted to diaplectic glass (maske-
lynite). This agrees with the data from Raman spec-
troscopy (Fig. 9). Rarely, maskelynite showed
flow structures and vesicles and sometimes thin
edges of recrystallized plagioclase. In a few cases
only, olivine showed recrystallization, mainly in
melt pockets and melt veins. The absence of
brown staining of olivine and the rare vesicula-
tion in plagioclase glass indicates a pressure of
less than about 45 GPa (Reimold and Stoffler,
1978; Stoffler et al., 1986). On the other hand,
strong mosaicism, irregular and planar fractures,

TABLE 2. CALCULATED SHOCK AND PosT-SHOCK TEMPERATURE INCREASES
ACHIEVED IN THE IRON CONTAINER AND THE MICROBE-LOADED GABBRO SAMPLES
AS A FUNCTION OF PEAK SHOCK PRESSURE

ATZ AT3 ATg AT4 fmul
P nominal P shock post-shock post-shock post-shock
gabbro gabbro in gabbro in gabbro in iron in gabbro
(GPa) (GPa) (K) (K) (K) (K
Reverberation® First wave Reverberation®
5 <1 <1 1 <1
10 6.6 1 1 8 7
15 9.3 3 2 22 20
20 12.2 7 6 45 39
30 17.4 23 17 126 109
41.5 22.7 53 35 244 210
50 26.8 99 56 352 304

P = pressure, AT = temperature increase relative to pre-shock ambient tempera-

ture induced by a given shock pressure.

aAfter heat exchange with the steel container.
PP or T achieved after multiple shock-wave reverberations in gabbro; the surround-
ing iron container is directly shocked to the final pressure.
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TaBLE 3. ResurTs oF COMPUTER CODE CALCULATIONS OF THE SHOCK TEMPERATURE
INCREASE AT AND DURATION IN A WATER LAYER (SUBSTITUTE FOR THE
MICROBIAL LAYER) OF 7 um AND 50 um THICKNESS As A FUNCTION OF

PeEAk SHOCK PRESSURE IN THE HosT GABBRO

Shock Shock temperature Shock temperature AT; Duration of shock

pressure AT, in host rock in water layer temperature in water

(GPa) (K) (K) (us)
gabbro 7 uwm

10 80 <1.3*

30 23 450 <0.3*
gabbro 50 wm

10 1 80 <1.3*

30 230 420 <0.3*

40 350 890 <0.3*
dunite 50 um

18 2 210 0.4

40 250 930 0.4

For comparison, data for a 50 um layer in a dunite host rock are given (B.A. Ivanov,

personal communication); compare Fig. 18.

*Exact values cannot be obtained from the applied method of calculation.

and planar deformation features in olivine and
pyroxene point to shock pressures of more than
35 GPa (Bischoff and Stoffler, 1992).

Vesiculated plagioclase melt was frequently
observed in the 50 GPa samples. For this trans-
formation, shock pressures higher than 45 GPa
are needed (Stoffler and Hornemann, 1972; Stof-
fler et al., 1986). Olivine displayed brown stain-
ing. This effect has been observed in the pressure
range from 44-56 GPa (Reimold and Stoffler,
1978). Based on these observations, a shock pres-
sure between 45 and 55 GPa was deduced.

3.2.3. Calculated Shock and Post-Shock Tempera-
tures in Host Rock and Microbial Layer. The calcu-
lated shock and post-shock temperatures are pre-
sented in Table 2. It should be noted that, in
contrast to a single-shock compression, the post-
shock temperatures in the gabbro samples were
distinctly lower than those achieved after pres-
sure release in the iron container because of the
reverberation technique and the different Hugo-
niot parameters for gabbro and iron. It is only the
first wave entering the gabbro that really heats
the sample.

As in the case of the peak shock pressures, the
actual temperatures achieved in the thin microbial
layer required a special consideration in the course
of the temperature calculations. The numerical cal-
culations regarding the effects of a thin water layer
(substituted for the microbial layer because of the
lack of Hugoniot data for microorganisms) on the
shock temperature show that there is a very strong

positive excursion of the shock temperature,
though for a very short period of time (Table 3).
The compression of the few um thick low-density
water layer leads to an irreversible and significant
increase in local temperature due to the very low
shock impedance of water compared to gabbro. It
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FIG. 10. Survival rate of spores of B. subtilis TKJ 6312
(squares) and cells of Chroococcidiopsis sp. (triangles),
encased in gabbro plates plotted against the shock pres-
sure to which they were exposed in the shock recovery
experiments. Data points are mean values and error bars
give 1 o deviation. The curves were calculated using
SigmaPlot 9.0 software. The open symbols indicate sur-
vival below the threshold of detection.
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is important to note that the high-pressure regime
of the phase diagram of water reveals that water
would be transformed to ice VII under the pres-
sure conditions achieved in our experiments
(Stewart and Ahrens, 2005).

3.3. Effects of shock pressures on the biological
test samples

3.3.1. B. subtilis Spores. Survival of shocked
spores of B. subtilis decreased exponentially with
increasing shock pressure (Fig. 10). The survival
curves were calculated using SigmaPlot 9.0 (Sys-
tat Software Inc., San Jose, CA, USA). The re-
gression factor (Pearson correlation coefficient) of
a second-order regression amounted to r = 0.989.
The survival rate was reduced to about 107 for
spores exposed to a shock pressure of 41.5 GPa.
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At higher shock pressures, such as 50 GPa, sur-
vival rates dropped below their threshold of de-
tection at 5X 1078 The genetic marker test
proved that all colonies were of strain B. subtilis
6312, which demonstrates that the samples were
not contaminated.

3.3.2. Chroococcidiopsis Cells. Some Chroococ-
cidiopsis sp. 029 cells were able to survive shock
pressures up to 10 GPa (Fig. 10). The regression
factor of the survival curve (first order regression)
was r = 0.977. At higher pressures, however,
there was an abrupt loss of viability. Bright field
microscopy revealed that many of the cells had
ruptured at 10 GPa, which accounts for the loss
of viability at this pressure (Fig. 11). At 30 GPa,
there were no intact cells and all were ruptured.

FIG. 11.

Chroococcidiopsis sp. 029 (a) as thin layer mounted on the gabbro disc, (b) cells in suspension, (c) and
(d) after being shocked to 10 GPa. The white arrows show ruptured cells and loss of cell contents, (d) autofluores-
cence of the same field of view. Two cells [red-line arrows in (c), white arrows in (d)] still retain autofluorescence,
which indicates integrity of cell membranes; the remaining cells have suffered complete loss/destruction of their pho-
tosynthetic pigments. [scale bar 10 um in images (b) to (d)]
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Ruptured cells showed neither DAPI fluores-
cence nor autofluorescence, which indicates that
the photosynthetic apparatus had been destroyed
or lost from the cells along with nucleic acids and
is consistent with bright field observations. De-
spite the survival of many cells at 10 GPa, auto-
fluorescence was reduced, which suggests that
sublethal damage to the photosynthetic appara-
tus occurred in those cells that were still viable.
However, cells with lowered autofluorescence
showed DAPI fluorescence, which demonstrates
localization of nucleic acids in the center of the
cells and is consistent with bright field observa-
tions of the maintenance of cell integrity and cell
ability to form colonies.

3.3.3. Xanthoria elegans Thalli. After evaluation
of the CLSM images of shocked lichen samples
on the gabbro surface, we determined the active
staining index, i.e., the rate of vital to nonvital
cells of lichen tissue, by fluorescence analysis and
the cell-counting program of Image Tool. Figure
12 shows the active staining index of both the
photobiont and the mycobiont as a function of
shock pressure. The regression factor for the
curves (second order regression) was r = 0.997
for the photobiont and r = 0.976 for the myco-
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FIG. 12. Vitality of mycobiont hyphae (filled circles)
and photobiont cells (filled squares) of Xanthoria ele-
gans in shocked lichen tissue as a function of shock
pressure. Data points are mean values and error bars give
1 o deviation. The curves were calculated using SigmaPlot
9.0 software.
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biont. It should be noted that this vitality test of
the lichens indicates the integrity of the mem-
branes as well as the physiological processes of
the cells, which is different from the colony
counts applied for the 2 other microbial test sys-
tems. The dose-effect curve of the mycobiont,
which was more resistant than the photobiont,
shows a shoulder, and there was no significant
inactivation of the mycobiont at shock pressures
up to 10 GPa. At 41.5 GPa, the vitality was re-
duced to 1074, a value similar to that for the sur-
vival of bacterial spores (Fig. 10), whereas no vi-
able photobiont cells were detected at these
pressures. At 50 GPa, the highest shock pressure
tested, vitality of the mycobiont was reduced to
2 X 1072, which is close to the detection thresh-
old of any viable cell. Under these conditions,
only a few vital ascospores were detected.

The reconstruction of the location of the dif-
ferent lichen thalli on the gabbro discs during the
shock pressure treatment (Fig. 6) allowed for cor-
relation of the observed cellular damage with the
area on the gabbro disc in addition to the shock
pressure level. Figure 13 shows a fruiting body
of the non-treated control group. While the thal-
lus is differentiated in an upper cortex with crys-
tallized secondary lichen metabolites, a photo-
biont layer, and medulla, the fruiting body
(Apothecium) is characterized by an upper hy-
menium layer encrusted with crystallized sec-
ondary lichen metabolite parietin, hymenium
with paraphysis and spores, hypo-hymenium,
photobiont layer, and medulla.

After the shock experiments, these well-or-
dered structures were less detectable, especially
in those thalli that were mounted in the center of
the gabbro disc (Fig. 14). While the structure of
the lichen thallus remained nearly intact at the
margin of the gabbro plate (Ring 1) after shock
experiments at 10 GPa, lichens located at the in-
ner parts of the gabbro (Area 3) demonstrated fis-
sures and destroyed thalli arrangements after
treatment with the same shock pressure. This gra-
dient from rim to center was less expressed at
higher shock pressures (20-30 GPa); however, the
degree of damage increased with increasing pres-
sure—the structure of the thalli became more and
more destroyed. The fraction of vital photobiont
cells decreased dramatically, but some hyphae
disrupted from the original thallus arrangement
still showed vitality.

After shock experiments at 41.5 and 50 GPa,
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control:
fruiting
body

FIG.13. Lichen thallus of Xanthoria elegans with fruit-
ing body of the control group stained with FUN L h, hy-
menium; m, medulla; P, Parietin layer; Ph, Photobiont
layer; sh, subhymenium.

o

10 GPa Rihg 2

20 GPa Ring 3

FIG. 14. Thalli and fruiting bodies of Xanthoria elegans from different areas of the gabbro disc after shock wave
experiments at 10-30 GPa and staining with FUN I (see Fig. 6 for the location of the samples).
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FIG. 15. Only spores and clusters of spores in asci of Xanthoria elegans showed vitality after shock experiments
at 41.5 GPa, as determined after staining with FUN L

only the generative part of the lichen, the as- 4. DISCUSSION

cospores, showed vitality (Figs. 15 and 16). Some

spores started to germinate after the shock events In this study, we have tackled this question:
when exposed to water. can endolithic microorganisms survive the severe

spores embedded
in ascus material

dipolar ‘-"
ascospore o’

%

FIG. 16. Dipolar ascospores of Xanthoria elegans shocked at 50 GPa stained with FUN I. Storage of physiologi-
cal metabolites into vacuoles, which are stained red.


http://www.liebertonline.com/action/showImage?doi=10.1089/ast.2007.0134&iName=master.img-015.jpg&w=462&h=274
http://www.liebertonline.com/action/showImage?doi=10.1089/ast.2007.0134&iName=master.img-016.jpg&w=465&h=234

IMPACT EJECTION AND LITHOPANSPERMIA

conditions of a meteorite impact and ejection
event, e.g., from the surface of Mars or another
hypothetical inhabited planet of comparable
mass? Derived from the conditions recorded in
the known martian meteorites, the impact and
ejection process involves 3 factors potentially
deleterious to life: (i) the shock pressure experi-
enced during the ejection of rocks to escape ve-
locities, which needs to be at least 5 km/s for
Mars-like planets; (ii) the acceleration during the
ejection process; and (iii) the magnitude and du-
ration of the shock-induced temperature increase.
Jerks and accelerations of rock fragments, com-
parable to those for martian meteorite ejection, do
not seem to be an obstacle for the survival of mi-
croorganisms, as has been convincingly demon-
strated by Mastrapa et al. (2001) and Benardini et
al. (2003). We have, therefore, concentrated on
studying the lethal influence of the impact-asso-
ciated pressure-temperature (P-T) history on mi-
croorganisms embedded within silicate rocks
similar to those of the martian crust.

The general assessment of the P-T-time profiles
expected in martian meteorites reveals the fol-
lowing facts:

(a) Martian meteorites were affected by shock
pressures in the range from about 5-55 GPa.
The different lithological groups display dis-
tinctly different ranges of shock pressures
(Table 4) with a typical pressure of <35 GPa
for the pyroxenites and dunites and a sub-
group of the basalts.

The shock temperature increases (Table 4) de-
rived for this pressure range are of extremely
short duration, as are the peak pressures, i.e.,
in the order of microseconds for projectiles of
several 100 m in diameter.

The post-shock temperature increases calcu-
lated for the above pressure range vary from
a minimum of 1 K to a maximum of 1000 K
(Table 4, Fig. 17). The duration of the tem-
perature depends on the size of the ejected
rock fragment and its cooling in space. For the
inner part of a spherical rock of 1 or 0.5 m in
diameter, it may take 3 or 0.5 h, respectively,
to reach the low temperature of the space en-
vironment. Table 4 shows that the 5 litholog-
ical types of martian meteorites were affected
by drastically different post-shock tempera-
tures (and shock pressures) and only about
45% of all martian meteorites experienced
temperature increases above about 150 K.

(b)

(©)

35

These empirical data of martian meteorites
have been confirmed by theoretical models and
detailed computer code calculations for the im-
pact and ejection mechanism, the P-T conditions,
and the source region in the impacted target
(Melosh, 1984; Vickery and Melosh, 1987; Head
et al., 2002; Artemieva and Ivanov, 2004; Fritz et
al., 2005). Model calculations show that, among
all fragments ejected at velocities >5 km/s, only
a small fraction (about 5-10%) experienced pres-
sures <10 GPa, whereas the mass of ejected rocks
were shocked at higher pressures, e.g., 30-40% were
highly shocked (about 3040 GPa) (Artemieva, un-
published data). These theoretical estimates are
very much compatible with the shock intensity
data of the presently known population of about
40 martian meteorites: the percentage of martian
meteorites shocked in the range of 3040 GPa is
about 33%, and the percentage of those shocked
to about 10 GPa is about 10% (Fritz et al., 2005;
Meyer, 2006)

In our shock recovery experiments, we chose
the exact pressure range (5-50 GPa) experienced
by martian meteorites to study systematically the
effects of a simulated impact event on rock-colo-
nizing microorganisms (Fig. 17). Such shock re-
covery devices have proved, over the years, to be
valuable with regard to the simulation of impact-
induced shock metamorphism of rocks and min-
erals (e.g., Miiller and Hornemann, 1969; Stoffler
and Langenhorst, 1994). Until now, they have
provided the best possible simulation of condi-
tions that prevail in microbe-loaded rocks during
small-scale impacts on planetary surfaces.
Among all essential parameters, the peak shock
pressure P and the pre-impact temperature T of
natural events can be tested most realistically,
whereas the P-T-time profiles of natural impacts
are somewhat different from those of the recov-
ery experiments (Fig. 18). The duration of the
peak pressures and, consequently, the shock tem-
peratures was distinctly lower in our experiments
(by about 1 order of magnitude) as was the mag-
nitude of the shock and post-shock temperatures
(compare Table 2 with Table 4; Fig. 18). In addi-
tion, the temperature-time profile of the experi-
ments is different from natural events due to the
experimental setup and the reverberation tech-
nique. The temperature experienced by the layer
of microorganisms rose from the initial room tem-
perature Ty to the shock temperature T, of the
gabbro, which experienced a very short thermal
peak Ty (see values in Table 3), then fell to the
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FIG. 17. Calculated post-shock temperatures of 17 different martian meteorites as a function of shock pressure
determined in these meteorites on the basis of shock effects in plagioclase (refractive index), pyroxene and olivine
(modified after Fritz et al., 2005) and nominal shock pressures of the experiments. Error bars are given for both

shock temperature and shock pressure.

post-shock temperature T (both different in iron
and in microbe-loaded gabbro), rose again to the
equilibration post-shock temperature T,, and fi-
nally reached the “quenching” temperature T5,
which was achieved by the cooling of the recov-
ered shock-heated iron container. This tempera-
ture-time relationship is schematically shown in
Fig. 18 in comparison with a natural temperature-
time-profile. Absolute values for P and T are
given in Tables 2 and 3.

The described quantified experimental condi-
tions, in which a realistic martian analogue rock
was used as the host rock and the full pressure
range observed in martian meteorites (Table 4)
was covered, have not previously been applied
systematically to microorganisms, though other
types of shock experiments with microbes have
been performed (e.g., Burchell et al., 2004; Willis
et al., 2006). When comparing our results to those
in the literature, we must distinguish between 2
types of shock experiment that involve microor-
ganisms as targets. In the first type of experiment,
which is qualitatively applicable to martian con-
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FIG. 18. Schematic temperature-time path (solid line)

for the microbial layer during the shock reverberation
experiments compared with a typical path for a martian
meteorite (dashed line). Ty = pre-shock ambient tem-
perature; T; = initial shock temperature of the microbial
layer; T, = equilibrium shock temperature in gabbro and
microbial layer; T3 = post-shock temperature of gabbro
and microbial layer; T, = equilibrium temperature of
iron container, gabbro, and microbial layer; Ts = final
temperature after quenching to ambient temperature.
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ditions, silicate host materials loaded with mi-
croorganisms are impacted by projectiles. Hor-
neck et al. (2001b) exposed spores of B. subtilis that
were encased between quartz plates to a planar
shock wave of 32 GPa—a typical pressure
recorded in basaltic meteorites from Mars—and
found a survival rate of 10~%. Nicholson et al.
(2006) impacted Al projectiles at 5.4 km/s into
granite targets loaded with B. subtilis spores and
found surviving spores in ejected granite frag-
ments. To date, however, it has not been possible
to determine the exact shock pressure experi-
enced by the microorganisms (probably <10
GPa). In a second type of shock experiment, mi-
croorganisms were embedded in non-silicate tar-
gets. Burchell et al. (2001, 2003, 2004) impacted
porous ceramic projectiles infused with microor-
ganisms (Rhodococcus erythopholis or spores of B.
subtilis) on targets of nutrient agar or ice. The in-
vestigators observed survival rates of 104 t0 1078
in the 3-78 GPa pressure range. The Burchell et
al. studies were mainly targeted toward the icy
satellites of the giant planets and the possible
transfer of life between them. In fact, the applied
maximum shock pressures of 78 GPa would lead
to a complete melting of basaltic rocks. Willis et
al. (2006) treated aqueous suspensions of Es-
chericha coli cells encased in an iron container by
plane shock waves of low pressure (220 and 260
MPa), which are an order of magnitude lower
than needed for impact ejection of rock fragments
from Mars. The observed survival rates of >10"*
were, however, applicable to conditions of early
Earth and assessment of the subsurface microbial
mortality after giant impacts.

The organisms selected for our studies can be
considered model systems for potential “hitch-
hikers” within impact-ejected rocks. Bacillus
spores were found to inhabit surface basalts (Be-
nardini et al., 2003) and near-subsurface granite,
though their concentration (<500/g) was lower
than that of total viable bacteria (Nicholson et al.,
2006). Because they are widely accepted as the
hardiest microbial representatives that can with-
stand extreme environmental stress conditions,
Bacillus spores are the most frequently used test
objects in experiments in space as well as in
ground-based simulations for studying the dif-
ferent steps of lithopanspermia (Burchell et al.,
2004; Fajardo-Cavazos et al., 2005; Nicholson and
Schuerger, 2005; reviewed in Horneck, 1993;
Nicholson et al., 2000).

We are aware that bacterial endospores, which
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belong to heterotrophic organisms, are not well
suited as first colonizers on a planet barren of in-
digenous life unless they were delivered to a
pond enriched with organics (e.g., primordial
soup). Therefore, we have extended our studies
to 2 rock-colonizing autotrophic organisms—the
endolithic cyanobacterium Chroococcidiopsis and
the epilithic symbiotic system Xanthoria elegans.
Both systems have demonstrated a high resis-
tance to the certain parameters of space (de Vera
et al., 2003, 2004; Sancho et al., 2007) as well as to
martian surface conditions (Cockell ef al., 2005).

Our systematic shock recovery experiments are
the first to have produced “dose-effect curves”
for the 3 groups of microorganisms over a pres-
sure range relevant for martian meteorites. For
the interpretation of the observed effects, the spe-
cial P-T-time conditions imposed by the high-ex-
plosive setup and the reverberation technique on
the microorganisms encased in the gabbro sand-
wich should be kept in mind (see first part of this
section and Sections 2.1 and 3.2.). We identified
3 critical parameters that potentially affect sur-
vival of the microorganisms: namely, the shock
pressure, the various temperature increases, and
the duration of these factors. The most effective
characteristics of the temperature-time profiles
(Tables 2 and 3 and Fig. 18) are, first, a rather high
but extremely short (< about 1 us) shock tem-
perature spike (T7) in the microbial layer and, sec-
ond, a moderately high final equilibrium post-
shock temperature (T,) after heat exchange
between iron and gabbro. AT exceeds 100°C only
at pressures above about 30 GPa. The shock com-
pression and the post-shock temperatures T,
were probably the most effective parameters for
the survival rates of the microorganisms in our
experiments. Moreover, we have overestimated
the thermal spike T; because the density of the
microbial layer was higher (e.g., 1.3 g/cm? for B.
subtilis spores) than that of pure water.

B. subtilis spores, which are dormant and ex-
hibit incredible longevity and resistance to envi-
ronmental extremes, were rarely affected at shock
pressures of 10 GPa or less and survived treat-
ments up to 41.5 GPa (survival rate 10~%). No sur-
vivors were recorded at 50 GPa with a detection
limit of 5 X 1078. These data agree with those of
our earlier studies on spores that were sand-
wiched between quartz discs and exposed to a
shock pressure of 32 GPa (Horneck et al., 2001b).
Our data demonstrate the high resistance of bac-
terial spores to impact events. This resistance is
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probably due to the spore coatings and the rigid
cortex that protects the core during the process of
shock compression. Furthermore, the mineral-
ized and dehydrated spore core, with the DNA
well protected, enables bacterial spores to survive
extremely high temperatures, e.g., 150°C for 1 h
(Nicholson et al., 2000). Therefore, we suggest that
the spores can tolerate high temperature peaks
that last only for microseconds without signifi-
cant damage. However, it may be the combined
effect of all factors that determine the P-T-time
profile that leads to inactivation of the spores at
higher shock pressures. Therefore, the high tem-
perature peaks lasting for microseconds only are
suggested to be tolerated by the spores without
remarkable damage. However, it may finally be
the interplay of all factors determining the P-T-
time profile that lead to inactivation of the spores
at higher shock pressures.

The lichen Xanthoria elegans was also highly re-
sistant to the shock-wave treatment, as deter-
mined separately for the photobiont and myco-
biont. In general, the vegetative mycobiont
exhibited pressure-effect curves similar to those
determined for the survival of B. subtilis spores.
The generative ascospores were even more resis-
tant, some being vital after treatment at 50 GPa,
the highest pressure applied. It should be noted,
however, that the vitality tests determined by
live/dead staining with CLSM applied for the
lichens is different from the survival test used for
bacterial spores. While the first test gives infor-
mation as to whether the membranes as well as
the physiological processes of the cells are intact,
the latter test indicates the presence of actively di-
viding cells capable of forming colonies. The
physiological activity in the lichen is reflected by
color changes of the plasma and is caused by
transport processes from the cell plasma into vac-
uoles and vesicles, where the reaction products
with the staining substances (red crystals) are de-
posited.

In their natural environment, lichens on rocks
can reach quite high temperatures at noon dur-
ing summer, which, until the rocks cool later in
the day, can last for several hours (de la Torre et
al., 2007). Therefore, the peak temperature in-
creases experienced for microseconds or less dur-
ing the shock recovery experiments are probably
not of great harm to the lichens. It is interesting
to note that, for low pressures (<20 GPa), the de-
gree of damage observed in the lichen thalli was
highest in the center of the disc and declined
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gradually to the rim. This might be an indication
that the lichen is a more sensitive bioindicator for
shock pressures than the rock itself, for which no
variation of shock pressures over the disc was de-
tected.

Chroococcidiopsis sp. was found to be suscepti-
ble to high shock pressures. At pressures greater
than 10 GPa, the cells were lysed and their con-
tents dispersed. From the P-T-time profile, 2 po-
tential causes of this effect must be considered.
High temperatures may have caused cell lysis.
However, cells exposed to high temperatures
alone become small and shriveled (data not
shown) rather than ruptured. We attribute the
rupturing to high shock pressures that exceed the
dynamic tensile cell wall strength of the
cyanobacterial cell wall. These data are consistent
with that of Willis et al. (2006), who showed that
even moderate shock pressures caused cell wall
indentation in E. coli cells. They concluded that
cell wall strength was the critical failure mode for
these cells. Although our vegetative cells have a
thick cyanobacterial sheath, the typical size of
Chroococcidiopsis is 2 to 4 times that of E. coli,
which is likely to make them more susceptible to
high shock pressures and physical sheering
caused by rock displacement. Like many mate-
rial failure modes, our data could mean that cells
reached a critical strength failure at a pressure be-
tween 10 and 20 GPa, which causes catastrophic
failure of the cell walls. These data are consistent
with Willis et al. (2006) and suggest that a simple
logarithmic decline in cell viability—similar to
that, for example, for the effects of UV radiation
on cell viability—contributes little to our under-
standing of microbial response to impact shock
pressures. Rather, a more physical model of ma-
terial failure modes would be more appropriate.

5. CONCLUSIONS

In addition to our study of prokaryotic organ-
isms, we are the first to have extended impact
simulation shock-wave experiments to the study
of photosynthetic organisms and, particularly,
eukaryotes and complex eukaryotic symbiotic
systems. The vital launch window for the trans-
port of rock-colonizing microorganisms from a
Mars-like planet depends on the physiological
states of the microorganisms. It encompasses
shock pressures in the range of 5 to about 40 GPa
for bacterial endospores and lichens, and is lim-
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ited to shock pressures from 5-10 GPa for the
cyanobacteria. This vital launch window is in ac-
cordance with the total launch window of mart-
ian meteorites, which is from 5-10 GPa to 50-55
GPa. Hence, the results of our systematic shock
recovery experiments give further support to the
hypothesis of lithopanspermia for a viable trans-
port from Mars to Earth or from any Mars-like
planet to another habitable planet in the same
stellar system. Considering the low frequency of
weakly shocked meteorites (about 5% with pres-
sures of <10 GPa in the case for Mars), however,
this fact further reduces the chances for inter-
planetary transport of cyanobacteria-type organ-
isms.

A vital launch window for the escape from
Earth’s gravity field may only be achieved by
very large impact events that blow out at least
part of the atmosphere (Gladman et al., 2005;
Wells et al., 2003). The direct ejection and escape
of rocks from Earth is very difficult because of the
required very high escape velocity (11 km/s) and
the decelerating effect of Earth’s dense atmo-
sphere. Therefore, “mega-impacts,” which oc-
curred frequently only during the “early heavy
bombardment phase,” i.e., before 3.75 billion
years ago (e.g., Jolliff et al., 2006), would be re-
quired to transfer sufficiently large fragments of
moderately shocked rocks into space. Our results
enlarge the number of potential organisms that
might be able to reseed a planetary surface after
“early,” very large impact events (Wells et al.,
2003) and suggest that such a re-seeding scenario
on a planetary surface is possible with diverse or-
ganisms.

APPENDIX

Reverberation technique

In the reverberation technique the peak shock
pressure in the sample is achieved via multiple
reflections of the shock wave at the metal con-
tainer-rock interfaces (e.g., Miiller and Horne-
mann, 1969; Stoffler and Langenhorst, 1994; Hor-
neck et al., 2001b). For a better understanding of
the pressure-temperature-time history of the
shocked samples, some details of the experimen-
tal technique are given. All metal parts in this de-
vice consist of steel (ARMCO iron). A metal plate,
the flyer plate, is attached to the high explosive
and is kept a short distance above the upper sur-
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face of the sample container by means of a (soft)
plastic ring. The flyer plate has a thickness d. The
sample consists of a layer of microorganisms
sandwiched between two 0.5 mm thick discs of
rock. It is positioned on top of a cylindrical inner
sample container at a depth D from the surface
and is surrounded by an outer sample container
that protects the inner container holding the sam-
ple from breaking apart upon detonation of the
high explosive. The desired peak shock pressure,
which is produced by the impact of the flyer
plate, can be varied by changing the values of d
and D or the type of explosive. If d is decreased,
the impact velocity increases and, hence, a higher
shock pressure will be achieved in the sample. If
D is increased, the shock pressure in the sample
will be lower because the shock wave running
downward from the top of the container loses en-
ergy while propagating into the steel container.
The correlation between d, D, and the shock pres-
sure has to be calibrated with electrical pins as a
function of the type of explosive (see details in
Muiller and Hornemann, 1969).
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We consider a typical shock recovery experi-
ment, in which a 1.0 mm thick disc of gabbro is
shocked to 20 GPa. The detonation of the high ex-
plosive accelerates the plate of ARMCO iron of
thickness d = 4 mm to a velocity of 1.89 km/s im-
pacting the plane surface of the iron container
where the rock disc is located at a depth D =17
mm. The shock wave, which arrives at the upper
iron-rock interface with a pressure P =20 GPa,
propagates into the rock and decreases its pressure
to P; = 12.2 GPa because of the lower shock im-
pedance of gabbro (shock impedance = density of
gabbro at zero pressure times shock velocity). The
12.2 GPa shock is reflected at the lower interface
of gabbro and iron and runs back into the gabbro
as a shock wave of increased pressure P, = 16.9
GPa, which then gets reflected back again into the
gabbro at the upper contact of gabbro and iron,
thereby increasing the pressure to P; = 18.6 GPa.
These reverberations and stepwise increases of
pressure continue until the rarefaction wave re-
flected back from the impacted flyer plate arrives
at the gabbro sample, thereby releasing the sam-
ple from the compressed state. Appendix Fig. Al
shows that the peak pressure P; (= 19.94 GPa),
which is virtually identical to the starting pressure
Py =20.0 GPa, is reached after 6 reverberations,
i.e., after 4.26 us, long before the rarefaction wave
arrives after 4.85 us. This means that the peak pres-
sure duration (pulse length) in gabbro is 0.59 us
in this experiment. It should be pointed out here
that there is a special effect of the 1-50 um thick
microbial layer on the pressure-temperature his-
tory of the microorganisms because of their low
density and therefore low shock impedance.
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7. ABBREVIATIONS

An, anorthite; CLSM, confocal laser scanning
microscope; Rls, refractive indices.
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