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1. Mars has an atmospheric pressure of roughly 0.006 atm. Use Figure 11.40 (a) from
your text (shown below) to discuss whether flowing water at temperatures of 250-
300K is likely to be “pure.” Back up your arguments with scientific reasoning.
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2. The authors suggest that chlorate and perchlorate salts (e.g., sodium perchlorate,
magnesium chlorate) provided the best match to spectra associated with the Horowitz
crater. Why does the presence of these salts support the possibility of flowing liquid
water at these temperatures and pressures? Use the phase diagram of water, and back
up your arguments with scientific reasoning.

3. Use your knowledge of colligative properties to justify the claim made by the authors:
“Sodium perchlorate can lower the freezing point of water by up to 40 K, whereas
magnesium perchlorate and magnesium chlorate can depress the freezing point by up
to 70K.”

4. Did the scientists definitively identify flowing water on Mars?

5. This data was taken from the Mars Orbiter which, like its name suggests, is in orbit
around Mars. Other surface space missions, whether manned or unmanned, have to
be extremely careful to not contaminate the environments that are being studied.
Suggest possible implications that might result from a lack of planning and foresight
in this area; what effect might it have on the analysis of these celestial bodies?

6. What are the possible implications of discovering liquid water on Mars?


pmorton
Cross-Out


nature _
‘gﬁoscuance

LETTERS

PUBLISHED ONLINE: 28 SEPTEMBER 2015 | DOI: 10.1038/NGEO2546

Spectral evidence for hydrated salts in recurring

slope lineae on Mars

Lujendra Ojha'*, Mary Beth Wilhelm'?, Scott L. Murchie?, Alfred S. McEwen?, James J. Wray',
Jennifer Hanley®, Marion Massé® and Matt Chojnacki*

Determining whether liquid water exists on the Martian surface
is central to understanding the hydrologic cycle and potential
for extant life on Mars. Recurring slope lineae, narrow streaks
of low reflectance compared to the surrounding terrain, appear
and grow incrementally in the downslope direction during warm
seasons when temperatures reach about 250-300 K, a pattern
consistent with the transient flow of a volatile species™.
Brine flows (or seeps) have been proposed to explain the
formation of recurring slope lineae™3, yet no direct evidence
for either liquid water or hydrated salts has been found*. Here
we analyse spectral data from the Compact Reconnaissance
Imaging Spectrometer for Mars instrument onboard the Mars
Reconnaissance Orbiter from four different locations where
recurring slope lineae are present. We find evidence for
hydrated salts at all four locations in the seasons when
recurring slope lineae are most extensive, which suggests that
the source of hydration is recurring slope lineae activity. The
hydrated salts most consistent with the spectral absorption
features we detect are magnesium perchlorate, magnesium
chlorate and sodium perchlorate. Our findings strongly support
the hypothesis that recurring slope lineae form as a result of
contemporary water activity on Mars.

Water is essential to life as we know it. The presence of liquid
water on Mars today has astrobiological, geologic and hydrologic
implications and may affect future human exploration. Various
salts (for example, sulphates, chlorides and perchlorates) have
been detected on the surface of Mars from remote and in situ
investigations®”. These salts can lower the freezing point of water
by up to 80K, lower the evaporation rate of water by an order of
magnitude, and can be hygroscopic (that is, able to easily absorb
atmospheric moisture), for example, see refs 8-11, thus increasing
the possibility of forming and stabilizing liquid water on the surface
of present-day Mars".

Recurring slope lineae (RSL) are narrow, low-reflectance features
forming on present-day Mars that have been suggested to be due
to the transient flow of liquid water. RSL extend incrementally
downslope on steep, warm slopes, fade when inactive, and reappear
annually over multiple Mars years'. Average RSL range in width
from a few metres (<5m), down to the detection limit for the
High Resolution Imaging Science Experiment (HiRISE) camera
(~0.25 m pixel'; ref. 13). The temperatures on slopes where RSL
are active typically exceed 250 K and commonly are above 273K
(ref. 2). These characteristics suggest a possible role of salts in
lowering the freezing point of water, allowing briny solutions
to flow'”. Confirmation of this wet origin hypothesis for RSL
would require either detection of liquid water absorptions on

the surface, or detection of hydrated salts precipitated from
that water.

The mineralogic composition of RSL and their surroundings
can be investigated using orbital data acquired by the Compact
Reconnaissance Imaging Spectrometer for Mars (CRISM) on the
Mars Reconnaissance Orbiter (MRO), which acquires spectral cubes
with 544 spectral channels (~0.4 to 3.92um; ref. 14). Within
the infrared (IR) detector spectral range of CRISM (1-3.92 um),
both liquid water and hydrated salts have diagnostic absorption
bands at ~1.4um, ~1.9um and a broad absorption feature at
~3.0um (ref. 15; Fig. 1). In addition, hydrated salts may exhibit
combinations or overtones at other wavelengths from 1.7 to 2.4 pm.
Given the coarser spatial sampling of CRISM (~18m pixel™")
compared to HiRISE, few locations exist in which RSL are wide
or dense enough to fill even a single CRISM pixel. In this work,
we devised a variety of methods to reduce uncertainties from
extraction of CRISM spectra from individual pixels (Supplementary
Information), allowing examination of pixels mostly filled by RSL.

At Palikir crater, RSL are observed to be longest and widest
towards the end of the southern summer. In the HiRISE image
acquired at the end of the southern summer of Mars Year
(MY) 30, wide RSL were observed on the slopes of Palikir (Fig. 1
and Supplementary Table 1). CRISM spectra from this dense
region of RSL were inspected. Six individual CRISM pixels exhibit
enhanced hydration absorption features (Fig. 1 and Supplementary
Table 1). The CRISM pixels closest to the wide RSL exhibited
absorption features at wavelengths near ~1.48, 1.91 (Fig. 1) and
~3um (Supplementary Fig. 1), whereas pixels farther away from
RSL exhibited absorption features only at ~1.91 and ~3um
(Supplementary Fig. 1 and Supplementary Table 1). In general, the
~1.4um absorption feature generally weakens with dehydration
and disappears more rapidly than the ~1.9 and 3 um absorption
bands (for example, see ref. 16). This suggests a higher hydration
state in areas closest to the RSL core. The 1.9 um absorption is also
present in the unratioed I/F spectrum, precluding ratio artefacts
as the source of the absorption band (Supplementary Fig. 1). We
carried out a statistical study to elucidate true signal from noise. The
1.9 um absorption is consistently well above the noise threshold, and
in half of the cases the 1.4 and 2.15 um absorption features are also
above the noise threshold (Supplementary Fig. 2). The wavelength
position of the observed 1.4 um absorption is longer than is typical
of perchlorates, suggesting the presence of an additional mineral.

We also analysed CRISM observation of Palikir crater during the
middle of MY 30 southern summer, when RSL were shorter and
narrower, and found no evidence for absorption features at ~1.4
and/or 1.9 um anywhere surrounding the RSL (Supplementary Fig. 3
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Figure 1] Palikir crater RSL and spectral detection of hydration features. a, RSL on slope of Palikir crater ESP_024034_1380 (Infrared-Red-Blue/Green
(IRB)) (Ls: 359 MY: 30). Coloured boxes show the location of the CRISM pixels with the uncertainty. b, Concurrent CRISM observation FRTO002038F
(R:2.53 um, G: 1.5Tum, B: 1.08 um) showing the same area as a. ¢, Spectra from coloured regions of interest shown in a and b. The observed data are
plotted with coloured lines and the smoothed data in black lines. d, Laboratory spectra of various salts'”282° and liquid water (T1=1and T4=4h

into dehydration)®.
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Figure 2 | RSL activity in the central peaks of Horowitz crater and associated CRISM spectra. a, RSL emanating from bedrock exposures at Horowitz
crater’s central peak. Part of HIiRISE image PSP_005787_1475 (IRB) (Ls=334°, MY 28). b, A different section of the same HiRISE image as a, showing RSL
activity at a different peak (scale same as in a). In a and b, the white box with error bars shows the location of the CRISM pixels with the uncertainty.
¢, Black spectra correspond to the area in a and b, from CRISM observation FRTOO008573. Coloured spectra are results from spectral mixing between the

Martian soil and a variety of salts (specified in the figure).

and Supplementary Table 1). In MY 31, only the image from the end
of the summer (FRT00029F0C) showed 1.9 and 3 um absorptions
(Supplementary Fig. 4). Detections of hydration bands from both
MY are only from late-season images where RSL are observed to be
the widest, consistent with our hypothesis that the hydration feature
is due to the areally extensive presence of RSL.

The absorptions observed in CRISM images of Palikir are too
narrow to be explained by liquid water. Instead, they may be
consistent with hydrated salts (Fig. 1). The rapid change in hydration
state of the minerals imply that at the times and places where RSL
form, either the hydration state of the minerals is being increased
by the presence of RSL, or hydrated minerals are deposited by RSL
and later desiccated. A linear spectral mixture of Martian soil with
magnesium perchlorate, chlorate and chloride provides the closest
match (Supplementary Fig. 5).

Coordinated HiRISE-CRISM observations of Horowitz crater in
MY 29 show large RSL emanating from the central peaks (Fig. 2).
At two of the central peaks, we observed absorptions at 1.9, 2.15
and 2.43 um. A linear spectral mixture of Martian soil and sodium
perchlorate’'® provided the best match to the observed spectra
(Fig. 2 and Supplementary Fig. 7). The spectra reported here lack
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absorption features above the noise threshold at ~1.4um, but
they do have broad ~3 um absorptions consistent with hydration
(Supplementary Fig. 8). The 1.9 and 2.15um absorptions are also
present in the unratioed I/F spectrum (Supplementary Fig. 8).

Some of the most intense RSL activity in the southern mid-
latitudes occurs on the central peak structures of Hale crater (Fig. 3).
A HiRISE-CRISM coordinated observation was acquired during the
late RSL season (Fig. 3 and Supplementary Table 1). Analysis of the
CRISM data shows strong ~1.48 and 1.9 um absorption features in
the location where dense RSL activity is observed in the HiRISE
image (Fig. 3). Similar to Palikir, the presence of narrow 1.48 and
1.9 um absorption bands is consistent with a linear spectral mixture
of magnesium perchlorate and Martian soil.

In Coprates Chasma, RSL are abundant and in some cases
entire fans associated with RSL are observed to change their
reflectance’® (Fig. 4). Spectra of RSL fans in Coprates Chasma were
analysed, and we found multiple places in the CRISM images with
1.9 um absorptions (Fig. 4). Without detection of other absorptions,
assignment to a particular salt mineralogy is not possible. The
1.9 um absorption on the RSL slope suggests precipitation of salts
and resulting modification of grain sizes as a viable mechanism
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Figure 3 | RSL emanating from a central peak in Hale crater and associated CRISM spectrum. a, RSL on a central peak of Hale crater. Section of HiRISE
image ESP_032416_1440 (IRB) (Ls =342, MY 31): north is up and light is from the left. White box with error bars shows the location of the CRISM pixels
with the uncertainty. b, IR spectrum from the RSL seen in the HiRISE image. The symbols and the smoothing functions used are the same as in Figs 1and 2.
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Figure 4 | RSL and associated dark fans observed in Coprates Chasma and associated CRISM spectra. a, RSL emanating from bedrock exposures at
Coprates Chasma. Dark fans associated with RSL are indicated by arrows. Various coloured boxes show the approximate location of CRISM pixels shown
in b. Section of HIiRISE image ESP_031019_1650 (Ls=279°, MY 31). b, Areas analysed in concurrent CRISM observation FRSOO028EO0A. Same RGB
channels are used as in Fig. 1b. ¢, Spectra from the three coloured pixels in b are shown ratioed to nearby non-RSL material.

for the change in albedo of the fans, and may also explain spectral
changes previously reported on RSL fans*.

MRO’s mid-afternoon (~3 p.m.) observations occur at the time
of the day with lowest relative humidity', which minimizes the
probability of detecting liquid brines that emplaced hydrated salts,
and may even facilitate dehydration of salts. In all sites discussed
here, we observe H,O-related absorption features at 1.9 and 3 um,
but the OH-related ~1.4 um feature is observed only in Palikir
and Hale crater. On the basis of the widths and the band centres
of the absorptions at 1.4 and 1.9 um, a magnesium perchlorate,
magnesium chlorate and magnesium chloride mixture was found to
be the best match from our spectral mixture model (Supplementary
Fig. 5). On the basis of spectral mixing models and absorption
features at 2.15 and 2.43 um, sodium perchlorate was found to be the
best match at Horowitz (Fig. 2). We also performed similar spectral

NATURE GEOSCIENCE | VOL 8 | NOVEMBER 2015 | www.nature.com/naturegeoscience

mixing models with various sulphates, but found no good match
(Supplementary Fig. 6).

The presence of perchlorates on the surface of Mars has been
confirmed at Gale crater by Mars Science Laboratory (MSL),
the northern plains by the Phoenix mission, and is suspected
at the Viking landing sites****' (Supplementary Fig. 9). At Gale
crater, hydrated calcium perchlorate is interpreted to be the best
matching oxychlorine compound®. Magnesium perchlorate and
calcium perchlorate were proposed as the most likely cation species
of perchlorate at the Phoenix landing site®***. Furthermore, thin
films of water were suggested to have dissolved perchlorate from the
surface to the subsurface and to have created concentrated patches
at the Phoenix landing site®*. Re-interpretation of the Viking data
also found magnesium perchlorate to be the most likely perchlorate
species®. These in situ perchlorate detections are consistent with our
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observation at RSL sites. Perchlorate and chlorate species have also
been found in a Martian meteorite®.

The origin of water forming the RSL is not understood' . Water
could form by the surface/subsurface melting of ice, but the presence
of near-surface ice at equatorial latitudes is highly unlikely**. RSL
could form alternatively through deliquescence, but it is unclear
whether the Martian atmosphere can supply sufficient water vapour
every year to create RSL (ref. 2). Another hypothesis is seasonal
discharge of a local aquifer, but lineae extending to the tops of local
peaks? are difficult to explain. It is conceivable that RSL are forming
in different parts of Mars through different formation mechanisms.

In all the sites reported here, we find evidence for hydrated
salts on the RSL-containing slopes, supporting a genetic connection
between the two. Sodium perchlorate can lower the freezing point
of water by up to 40K, whereas magnesium perchlorate and
magnesium chlorate can depress the freezing point even more, by up
to 70 K (refs 9,10,19). Magnesium chlorate, magnesium perchlorate
and sodium perchlorate monohydrate are also predicted to be the
most likely salts to concentrate from evaporation of brine at the
Phoenix landing site”. Our observation of perchlorate could be due
to liquid water in RSL dissolving perchlorates present in the soil
and re-precipitating them in higher concentrations. Regardless, the
spectral absorption of hydration bands at times and places when
we observe maximum RSL activity implicates RSL as the source of
hydrated salts.

These results strongly support the hypothesis that seasonal warm
slopes are forming liquid water on contemporary Mars. The spectral
identification of perchlorate in association with RSL also suggests
that the water is briny rather than pure. Terrestrially, in the hyper-
arid core of the Atacama Desert, deliquescence of hygroscopic salts
offers the only known refuge for active microbial communities*>*¢
and halophylic prokaryotes”. If RSL are indeed formed as a result
of deliquescence of perchlorate salts, they might provide transiently
wet conditions near surface on Mars, although the water activity in
perchlorate solutions may be too low to support known terrestrial
life’®. The detection described here warrants further astrobiological
characterization and exploration of these unique regions on Mars.
This enhanced evidence for water flow also provides new clues as to
the nature of the current Martian hydrologic cycle.

Methods
Methods and any associated references are available in the online
version of the paper.
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14 October 2015
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Methods absorptions to rule out inadvertent introduction of processing artefacts.
Previous work* inspected only averages of many CRISM pixels, such that Spectral mixing models used a spectrum from a spectrally neutral area
absorptions present over smaller areas would have been significantly weakened within the same scene and column (‘Martian soil’), combined with laboratory

as a result of areal mixing. We extracted spectra from areas that had the widest spectra of various salts, to find the best matching mixture of soil and a salt to the
RSL and normalized them using reference spectra from the same detector columns ~ RSL spectra observed in CRISM data. A flow chart outlining how we separated
to avoid instrument artefacts (Supplementary Table 1). We also used multiple signal from noise for the band detection algorithm routine is provided in
variants of the standard ‘volcano-scan’ approach to normalizing atmospheric Supplementary Fig. 10.
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Organic compounds on comet
67P/Churyumov-Gerasimenko revealed
by COSAC mass spectrometry

Fred Goesmann,™* Helmut Rosenbauer,' Jan Hendrik Bredehéft,> Michel Cabane,®
Pascale Ehrenfreund,®” Thomas Gautier,® Chaitanya Giri,”” Harald Kriiger,'
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Uwe J. Meierhenrich,” Guillermo M. Muifioz Caro," Francois Raulin,'> Reinhard Roll,*
Andrew Steele,'® Harald Steininger,! Robert Sternberg,'? Cyril Szopa,®

Wolfram Thiemann,” Stephan Ulamec'*

Comets harbor the most pristine material in our solar system in the form of ice, dust,
silicates, and refractory organic material with some interstellar heritage. The evolved gas
analyzer Cometary Sampling and Composition (COSAC) experiment aboard Rosetta’s
Philae lander was designed for in situ analysis of organic molecules on comet 67P/
Churyumov-Gerasimenko. Twenty-five minutes after Philae’s initial comet touchdown, the
COSAC mass spectrometer took a spectrum in sniffing mode, which displayed a suite

of 16 organic compounds, including many nitrogen-bearing species but no sulfur-bearing
species, and four compounds—methyl isocyanate, acetone, propionaldehyde, and
acetamide—that had not previously been reported in comets.

he study of the chemical composition of

comets provides key information about

the raw materials present in the early solar

system (7, 2). Ground and space-based ob-

servations have identified over 20 organic
molecules in comet comae (3, 4), a subset of
which are of prebiotic interest (5, 6).

The Cometary Sampling and Composition
(COSAC) experiment on Rosetta’s lander Philae
was designed to detect and identify organic mol-
ecules in the material of comet 67P (7). It consists
of a gas chromatograph (GC) and a time-of-flight
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mass spectrometer (TOF-MS) to analyze samples
delivered by the sample drilling and distribution
system (SD2). COSAC can also operate in sniffing
mode, in which the MS accumulates data with-
out active sampling by SD2. Molecules that have
passively entered the instrument are ionized, ac-
celerated, and finally registered by COSAC. MS
sniffings were made several times between launch
and arrival at the comet, including during a fly-by
of Lutetia (8). MS sniffings were made on arrival
at 67P from 10 km above the surface, after initial
touchdown, and at the final resting site (Fig. 1).
The Philae lander first touched down on 67P
on 12 November 2014 at 15:34:04 UTC and then

20

bounced. The impact excavated about 0.4 m® of
solid material (9), some of which would have en-
tered COSAC’s two exhaust pipes, which are on
the bottom of the lander (10), and then stuck to
the inside of the 2-cm-wide pipes. The temper-
ature in these pipes was 12° to 15°C (10), midway
between the cold cometary exterior and the heated
interior of the lander, allowing volatile organics
to sublime and be detected by the MS in a mea-
surement that began at 16:00:30 UTC and ended
at 16:02:50 UTC, when the lander was about 150 m
above the surface on its first bounce. We focus
here on this spectrum (green in Fig. 1), which
differs fundamentally in the number and inten-
sity of its peaks from the undisturbed spectra taken
before and after, and represents excavated com-
etary material (Z0). Our approach was to find
the best fit to this spectrum of a superposition of
standard National Institute of Standards and
Technology (NIST) mass spectra (11) of candidate
cometary molecules. The spectral deconvolution
methodology used is similar to that used in other
space missions [such as the Ion and Neutral Mass
Spectrometer (INMS) measurements by Cassini
and the GCMS on the Huygens probe] (12-14).
Because COSAC has a mass resolution of only
300, single mass peaks cannot be resolved into
different molecular species [e.g., CO, Ny, and CoH,,
all at a mass/charge ratio (m/z2) of 28, are indis-
tinguishable]. Analysis (10) was limited to com-
pounds below m/z 62 because signals beyond this
value are too faint to be distinguished reliably
from noise. The peak at m/z 78, for example, is
not real: Several ions coincidentally ended up in
a single channel, leaving neighboring ones emp-
ty (10). All conceivable molecules were first listed
and their fragmentation patterns evaluated (table
S1). Elimination of molecules with incompatible
fragmentation patterns (for reasons described in
table S3) led to a short-list of candidate mole-
cules (table S2). We further reduced the short list
by making the fit in order of decreasing mass,
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‘ 12 November 2014
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Fig. 1. Mass spectra taken by COSAC in “sniffing mode.” Top (green): spectrum taken 25 min after first
touchdown; the m/z 18 peak reached a height of 330 counts, but the spectrum is truncated to show
smaller peaks more clearly; middle (red): final spectrum, taken 2 days later at the current Philae position;
bottom (blue): first spectrum, obtained in orbit 27 days before landing, from a distance of 10 km.
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starting from m/z 59 (10), and eliminating un-
stable and unsaturated species. This yielded a
good fit to all peaks (except m/z 15 and a fraction
of m/z 29, Fig. 2) with 16 species from several
families of molecules—alcohols, carbonyls, amines,
nitriles, amides, and isocyanates—in a consistent
combination (Table 1). Peaks for m/z < 10 were
not included in the fit because they are not listed
in the standard NIST mass spectra (11). The mo-
lecular abundances of these compounds relative
to that of water (Table 1) were corrected for elec-
tron cross section (table S4). The absence of ions
at m/z 32 indicates a lack of sulfur-bearing spe-
cies (Fig. 2 and Table 1). Amino acids were not
included in the fit because the molecular ion peaks
of glycine (m/z 75) and alanine (m/z 89) are neg-
ative after background subtraction, thereby sug-
gesting that they are noise. Although fragment
peaks assigned to glycine and alanine in the NIST
standard spectra (II) are present in the COSAC
spectrum (in the /2 30s to 40s range), any con-
tribution to these fragment peaks from amino acids
is difficult to disentangle from the contributions
of other species.

The main source of error is the low signal in-
tensity, averaging about 100 counts (table S1). A
statistical square-root of n approach yields a
standard deviation of 10%. In addition, the NIST
standard spectra (1) have a 15% error. Consid-
ering formal error propagation and the uncer-
tainties in our peak-fitting algorithm, we estimate
that the abundances given in Table 1 are accurate
to about a factor of 2. The fit of a mass spectrum
whose peaks result from the superposition of dif-
ferent molecular species is intrinsically degen-
erate, with several possible solutions (70).

The absence of large quantities of NHs, HCHO,
and CO, in our best fit may seem surprising be-
cause they were expected to be present as com-
ponents of cometary ice. NH; (m/z 17) was not
needed for the fit, but the presence of small quan-
tities seems likely. However, this is hard to quan-
tify because the large H,O peak at m/z 18 implies
a substantial contribution to the m/z 17 peak from
the OH fragment peak of H,O, which is difficult
to distinguish from any NH; contribution. HCHO
(m/z 30) and CO, (m/z 44) are not included be-
cause m/z 30 is mainly accounted for by frag-
ment peaks of other molecules, rather than by
the molecular ion of HCHO, and m/z 44 is main-
ly accounted for by fragment contributions from
acetamide, formamide, and acetaldehyde, rather
than by CO,.

‘We initially tried a fit that started with the as-
sumption that m/z 44 came from CO,, but no
acceptable fit could be achieved to the remaining
peaks. If all of m/z 44 were ascribed to CO,, our
sample would only contain 3% of CO, relative to
water. Using the procedure described above,
we found that a more sensible fit for all mass
peaks, especially m/z 57, 58, and 59, could only be
achieved by assuming a CO, concentration of
less than 0.1%. The low abundance of CO,, NHj,
and HCHO could indicate that the excavated
COSAC sample came from an area depleted in
volatile ice components. Observations by the Visi-
ble, Infrared and Thermal Imaging Spectrometer
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volatile ices sublime diurnally and seasonally, with
CO, ranging from 3% relative to water in local
summer (the present case) to 80% in local winter.

The COSAC findings differ from those of Ptol-
emy (17) because COSAC sampled particles exca-
vated by the impact (10) that entered the warm

(VIRTIS) from the Rosetta orbiter (75) do suggest
a dark surface depleted in volatiles, consisting
mainly of refractory organic macromolecular ma-
terials, with very little ice on the surface. Studies
(16) using the Rosetta Orbiter Spectrometer for
Ton and Neutral Analysis (ROSINA) indicate that

Fig. 2. The fit to the observed spec- 25
trum. Comparison of the COSAC "
original mass spectrum (black bars for 220 -
each integer mass) and the spectrum 3
reconstructed from the best fit (orange ; 15
bars to right of original signal). The peak _g
heights are normalized to 100 for the ® 10 -
m/z 18 peak (which has been truncated). g
25
0 .
10 20 30 40 50 60

m/z

________________________________________________________________]
Table 1. The 16 molecules used to fit the COSAC mass spectrum.

Molar MS Relative to
Name Formula .
mass (u) fraction water

Water H.O 18 80.92 100
Methane CH,4 16 0.70 0.5
Methanenitrile (hydrogen cyanide) HCN 27 1.06 0.9
Carbon monoxide Cco 28 1.09 12
Methylamine CH3NH> 31 119 0.6
Ethanenitrile (acetonitrile) CHsCN 41 0.55 0.3
Isocyanic acid HNCO 43 0.47 0.3
Ethanal (acetaldehyde) CH3;CHO 44 101 0.5
Methanamide (formamide) HCONH, 45 373 1.8
Ethylamine C,HsNH 45 0.72 0.3
Isocyanomethane (methyl isocyanate) CH3NCO 57 313 13
Propanone (acetone) CH3COCH; 58 1.02 0.3
Propanal (propionaldehyde) C,HsCHO 58 0.44 0.1
Ethanamide (acetamide) CH3CONH; 59 2.20 0.7
2-Hydroxyethanal (glycolaldehyde) CH,OHCHO 60 0.98 0.4
1,2-Ethanediol (ethylene glycol) CH_(OH)CHx(OH) 62 0.79 0.2

_g—,,
H,0 co CH, NH, \\
e — \

‘7///’////7/ / ,,//// \ ———————ay
Alcohols Carbonyls Amines Nitriles <> Amides <—> Isocyanates
1,2-Ethanediol Ethanal Methylamine ~ Methanenitrile Methanamide Isocyanic acid
(CH,0OH), CH,;CHO CH3;NH, HCN HCONH, HNCO

2-Hydroxyethanal Ethylamine Ethanenitrile Ethanamide Isocyanatomethane
CH,OHCHO C,HsNH, CH,CN CH,CONH, CH;NCO
oo s Rl Fig. 3. Possible formation pathways of COSAC compounds. Spe-
(CH3)2CHOH CHyCHO cies in red are not confidently identified; species in green are reported
Propanone  for the first time in comets by COSAC.
(CH,),CO
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exhaust tubes located on the bottom of the lander,
where they pointed toward the surface, whereas
Ptolemy sampled ambient coma gases entering
exhaust tubes located on top of the lander, where
they pointed toward the sky (possibly with the ad-
dition of some dust that made its way around the
lander). That COSAC detected far more nitrogen-
bearing compounds than Ptolemy agrees with
earlier observations that nitrogen was more abun-
dant in the dust than in the gas of comet Halley
(18). The Ptolemy team interpret their mass spec-
trum as fragments of polyoxymethylene polymer,
with a strong CO, peak of intensity 20% relative
to water. COSAC did not detect ambient coma
gases (which were dominated in Ptolemy data by
CO, with a few polymer fragments). The COSAC
MS maintains a constant pressure; thus, sublim-
ing gases from our ground sample pushed the
ambient coma gases outside the COSAC MS. Be-
fore sublimation, the total pressure inside the
COSAC MS was dominated by CO,, in line with
Ptolemy data and prelanding COSAC spectra.
After sublimation, the total pressure inside the
COSAC MS was due to the sum of the partial pres-
sures of all the sublimed ground materials. This
can explain the missing CO, in the post-touchdown
spectrum. The displacement of ambient coma
gases by subliming ground materials and the
temperature of 12° to 15°C in the COSAC exhaust
tubes, which is too low to break down any refrac-
tory polymers in the ground materials, combine
to explain why COSAC did not detect any poly-
mer fragments.

The COSAC molecules form a consistent set
related by plausible formation pathways (Fig. 3).
A nitrogen source such as NH3; must originally
have been abundant to form the many N-bearing
species, but could since have mostly evaporated
or been used up in reactions. All the COSAC or-
ganics can be formed by UV irradiation and/or
radiolysis of ices due to the incidence of galactic
and solar cosmic rays: alcohols and carbonyls de-
rived from CO and H,O ices (19), and amines and
nitriles from CH, and NHj ices (20). Hydrolysis
of nitriles produces amides, which are linked to
isocyanates by isomerization.

Several of the COSAC compounds, such as HCN,
CH3CN, and HNCO, are present in the comae
of most comets (7). Others, such as CH;CHO,
HCONH,, CHy(OH)CH,(OH), CHzNH,, and C,HsNH,
have only been found in a few comets. Four mol-
ecules reported by COSAC—CH3NCO, CH;COCHS,
C,H;CHO, and CH3;CONH,—have not been pre-
viously reported in a cometary environment, and
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CH,OHCHO has only been reported as an upper
limit. These cometary molecules are all predicted
by our generalized formation scheme (Fig. 3).
CH,OHCHO is an efficient initiator in the prebio-
tic formation of sugars (21). HCN is a key molecule
in the prebiotic synthesis of amino acids (21, 22)
and nucleobases (21) and even offers an elegant
pathway to sugars (23). HCONH, provides a pre-
biotic route to nucleobases (24). HCONH, (24)
and CH3;CONH, (21) catalyze phosphorylation of
nucleosides to nucleotides, in which amines also
play a role (2I). Isocyanates play a major role in
the prebiotic synthesis of peptides, through the
so-called isocyanate route (22). The complexity of
cometary nucleus chemistry and the importance
of N-containing organics imply that early solar
system chemistry fosters the formation of prebio-
tic material in noticeable concentrations.
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