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Abstract: Searching for extraterrestrial life addresses a fundamental problem in solar system exploration. In
our Solar System, the celestial bodies of interest for searching for life are Mars, Europa. Enceladus and, non-
water liquid, Titan. To detect life on Mars, Viking landers carried Gas Chromatograph-Mass Spectrometer
(GC/MS) and conducted three biology experiments aiming to search for metabolic activity in Martian samples.
However, no organic molecules were found at the parts per billion (ppb) and the biology experiments results
suggested no life present in the Martian soil. During the past decade, the systematic investigations, like high
resolution camera, VIS-NIR spectrometer, thermal infrared spectromenter, APXS, GC/MS and radar, have
produced a detailed knowledge of Mars’ habitable environments, including river valleys and channel, lakes and
deltas, aqueous minerals, polar ice caps, and water vapor in the atmosphere. Methane in the Martian
atmosphere implies the existence of the mechanism (s) of production and/or release of methane on Mars.
Future missions on Mars will focus on organic compound in Martian soil. Europa is a priority of exploration
target for extraterrestrial life. The main reason is the presence of a water ocean beneath the icy crust and
possible biosignatures in it. For Enceladus, Cassini data have revealed about a dozen or so jets of fine icy
particles emerging from the south polar region. The vapor contained simple organic compounds, which may be
of biological origin and also indicated potential habitable environments on Enceladus. Carbonaceous meteorites
contained a wide range of soluble compounds such as amino acids, which is considered as an important source
of prebiotic compounds required for the emergence of life on Earth. The results from Stardust and Deep Impact
have identified a suite of primitive organic matter in comets. Some of the amino acids and amines were similar
with those in carbonaceous chondrites and interplanetary dust particles (IDPs). We suggest systematically
building the biomarkers to guide the search for extraterrestrial life in future, developing the technology and
instruments suitable for organic detection, studying the biology of extremophiles and expanding the diversity of
life. As a large nation in the world, China should carry out searching for life in future missions, which could
promote our space exploration capability and exploit the new space frontier.

Key words: Solar System; extraterrestrial life; Mars; organic

FRWAEGARAEFERMAEMNGRABELE, KEARXMATPRTRAELATH RIKZ —,
REBESFRGEDHFZERRARF AL LGS IEE AR E =+ F 9380 A0 Z 5 95 A g,
i R PFHOMF ST ERGENFE, EFTTARBRN,EIBTRRAAY KRBT M KE K

:2012-10-19; :2012-12-20
(41303051); (XDA04071900) 3
(1985—), s s . E-mail:fuxh@bao. ac. cn
* : (1935—), s s s .

E-mail: ouyangzy@bao. ac. cn

http: //www, earthsciencefrontiers. net. cn 3 #74,2014,21(1)



162 . ) / (Earth Science Frontiers)2014, 21 (1)

APRAAULSE—FINAMKE LAKRGIERE, ALXELABFTKEL LRALHFLEETRAGEITYR
BHME, RAFTR KEHRPAIDREAT—FXEZLEGHEMNGESL, AREFRPLENRARZE, OERETZ,
TP fer DRFEMINAGHARATIIRBRALAE, KREZEWARGERFERADTRET A4, 5%
PR E RN LG KBR AR, T2 AR AE MRS GRS, B A T T A EE AR
HREK BAFLLEEASHE, BAREREEERETERAND . LT EIESHARE S RO A
Eog, LS REBEESAORMNERIELEEZNREARBD R T AR RZFORANASY LR R
AREBKREAZIF LR IDPBEHR . .t —F A HTEEZERARAEAGARBIRNELERZ, P50
TRMZAMEMN P RAMBEARLENME, QIR REIWIN AR IS Y K REES KA ZARN 69 A
B RAR TR AR, REFTRBERKEKEFRARRMNES P 4838 Ao A Huth K0 64 48 £
BAT AN K AN, T 36 R = AR,
TR RSN ASG K E ;AN

:Q693;P18 (A :1005-2321(2014)01-0161-16
1 , 650 °C,
20 50 ,
A b UJ ) A} Y
“ ”
468 C,
, . . SO, .CO.,0OCS, HCI ,
b Y Y 3 o b
s NN (D)
o ; 2) ,
o (3 ,
R DNA, s
RNA o ’
;(4) ’
o 10 5 (5)

http: //www, earthsciencefrontiers. net. cn 3 #74,2014,21(1)



. . / (Earth Science Frontiers)2014, 21 (1) 163

50 ; s
(2]
2 , 91. 65% He.5.51%
Kr 2.84% CO,, 200 mbar;
1887 )
. 20 0, .CO.CH, o
60 o 1960 10 10 “ , N N
1960A” , 2011 11 26 ) o
“ ” , 41 -14 o
o CO;,
o 30 s CO,,
“ ” NASA . "C ,
. ) "C CO, )
s o 2012 8 , " C
6 “ ? 52 0 ,
(Sample Analysis at 2 50 C, Geiger
Mars,SAM) , ,
o (4] o
2.1
1 2 s o o
. 1 Chryse ,
(22.5°N,48°W)), o 2 o 50 C
Utopia (48°N,226°W), )
o . CO.CO, CH,,
- (Gas Chromato- : .
graph Mass Spectrometer, GC/MS), CO, o
) (320 nm DN
(Gas Exchange experiment, GEX)., -14 ,
(Labeled Release experiment, LR) . (CO, .CO) "e
(Carbon Assimilation  Pyrolytic Release ex- s 8~26 C
periment, PR) 5d, (photosyn-
A thetic) (chemosynthetic)
o ( ) " CO;,
. , "“CO .

http: //www, earthsciencefrontiers. net. cn 3 #74,2014,21(1)



164 , / (Earth Science Frontiers)2014, 21 (1)
, 120 C CO, .CO, ,
CcoO, 625 °C o )
® , Navarro-Gonzalez
CO, o , GC/MS
3 [11]
o 2.2
ol ( )
Ng \C()Z Ar ) °
LBJ o o b
., ~—14 3 .
o 9 7 329
-14 , ,
“CO,, 160 C 3h . ,
COZ ’ ’
KA . 1996
, GC/MS 2008 “ ”
50 °C.200 C.350 C.500 C R s N N N
0. 1% ~ 1V N N ]
(50~700) X107°, N .
o 1 N
15X107° (CH,CD, 2 o
(2~40) X10°° o
(CH,Cly), S CL/PCl
s , GC/MS
. , 2X10% g , Ares
, 107° s
GC/MS o o
1999 2006 Centauri
(891 Montes(38. 67°S,95. 52°E) s, 7
CO2 [10] i ,“ 9 ,
, el 2002 3 ¢ ”
[13-14]
GC/MS . 1~2m sl 2004 1
° 300 m H
s [16]

http: //www, earthsciencefrontiers. net. cn

AT, 2014,21(1)



(Earth Science Frontiers)2014, 21 (1)

[17-18] [18-19]
H,.O OH
[20-21] s
[20-22] R
s [23]
,2008 “ ”
(TEGA)
(295~735 C) (>735 °C) e

[25]
2.3
[26]
. 2012
(following the water)
(seeking signs of life) .
2004
[27-29] ,
90 ~95% ;
o 4
, 4

sy =2 913.0 em ',y =1 533. 3 em™ ',y =
3018.9 cm 'y, =1305.9 cm ',
; : 3. 43 pm,
6.53 pm,3. 31 pm.7. 66pm, CFHT

,Krasnopolsky [
3.3 )um

, (10+3) X107,
Formisano "

3018 em™!
) ((O’\’

http: //www, earthsciencefrontiers. net. cn

165

30) X 107", (1045) X107,
Mumma 23" NASA IRTF
(>250X
1079, ,
400 a!',
(photochemical lifetime) 22X 10" s,
10X 107° ,
126 000 kg'?"*2) | Krasnopolsky [
270 000 kg.
4
[s2] (1) ’ 5
(2) N N .
5(3) ; (4)
(<0.2%),
[32] .
. 9 000 t s
25% o
( 0.14X107%)
CM2 Murchison
10 kgt , R
1%, 1 000~
5 000 kg.
. 0. 8%,

AT, 2014,21(1)



166

, / (Earth Science Frontiers)2014, 21 (1)
+H,O+CC CO,)— + , ST
+ -+ H, +CH,. N ;
40~90 °C , 2 km . . 3
’ 2~20 km (341 ° 9 HZ()\OZ \Ng \Ar\Os ‘Hs CH4
40 ) - H
o ,3.6x10" C.N.O.H
kg ( 50 cm ) o
[34] (s8] SAM
. , Robledo-Martinez
, 3
9 COZ
: (551 3.1
, (Europa) 1610
i , 63
[36] ) . 3 138 km, .
2C, ( 67 km, 38 km
y L0 150 , L3901 .
20, o
5 H) "
¥"C  §"HD o o¥C  &*H °
’ e s 10~30 km
) (13(//]2(/)*' 1\7(]3(//11(/)< ard o b b
13 o sample standard
67 C( %O)* |: (13 C/lz C) wondard } <1000 100 kmo
2 (ZH/IH)V 1._(ZH/1H)- lard ’
0 _ sample standar
FHOW=] CH/ T ] 000 :
, Peedee . s
Belemnite(PDB) C/%C 0.011 237 2, , ,
BC/BC 89.0, [l
8]3(: _10%0’\’_40%0s _30%09
120 /130 92, )
[s2] ° ’
s [42]
’ [42] s
: S0 .0, €O,
( )6 ,
“ ” [43] s Chyba [44] .
.6

http: //www, earthsciencefrontiers. net. cn

AT, 2014,21(1)



(Earth Science Frontiers)2014, 21 (1)

167

o

H,0,.0,.S0,.C0O, SO wsl,
’ H2 02 ( Hz O
, ) 0.13%,CO, 0.036%;
0, 1.2% ~4.6%,
., CO, CoO,
CO H,CO,, H,CO.,
CH,OH.CH, sl ,
[46]
(Ganymede) s
s 1/10,
(Callisto) s
3.2
(Enceladus) ,
5()5 l(ITle ’
1.8X 1077, ,
( 4
), , 1981 8
, 2
, 2004 7
[47-48]
2005 1 ,
(ISS)
. 2 17 ,

714 .
. (INMS)
(CDA) .
H,O0(91% +3%).CO, (3. 2% £0.6%) .
N, COM4%+1%) CH,(1.6%40.4%).

’

(0.82%£0.02%) (C,—
Cs), . N o
[49-50 ],
6 ey
; Tholin ;
Fisher-Tropsch ;
D/H 2.9(+1.5/—0.7)X107",
D/H ( 3X10H )
(1.56 X107 2 | (
2.1X107°) 10 s
[52] . R
Tholin
(C,—C5) . Fishcer-
Tropsch (FTT)
,CO
o1l nCO+ (n+0. 52) H,—
C,H,+nH,0, B3] FTT
C, (  CyHg
CsHi) C,H,, CH,
° (5455
[56] 3
C,—C; “”’ .
« C—Cp» )

http: //www, earthsciencefrontiers. net. cn 3 #74,2014,21(1)



168 . . /

(Earth Science Frontiers)2014, 21 (1)

CH,.CO C,—C; . . “
[66]
3.3 Mckay %20 Schulze-Makuch %
(Titan) , ’
. 57 kJ/mol 334 kJ/mol .
, S (42 kJ/mol),
[58-59]
s PL(D s
y [69-71]
5 (2) ,
(3) [} 1) -
s (4) o
[72] s
, Tholin Lrs-7al |
1944 . [75] .
, 76
. 1 2 20 80 ,
] s [77]
(98%)  CH,C 1.4%).H,(0.1%)
Ar(3X10 7 )eos - 2004 7 .
1 s s
12 25 , 4
o (Gas Chromato- 4.1
graph Mass Spectrometer, GCMS) ,
, C,Hqs.C,H,. 1 Ceres,
C,N, HCN 2 , 1000 km, m,
R 200 km 26
[63-65]
80% . .
’ ’ ° - ’ C
(75%) S 7%, C
S (94 K), . .

http: //www, earthsciencefrontiers. net. cn

AT, 2014,21(1)



(Earth Science Frontiers)2014, 21 (1)

,  Ivuna,Orgueil , Murchi-

son  Tagish Lake , ,
C >
S ’ 1 pm
, Ttokawa
sl (Hayabu-
sa)
25143¢( ; Itokawa) ., 2003 5
9 , 2005 9 Itokawa
[79] Cso-81]
2005 11
Ls2] o 0
2010 6 12
1 500 s s
Itokawa ™,
. Itokawa S s
LL56 Lol
, Itokawa )
( CN),
(TOF-SIMS)
DL- R
L,
b ’ D_
D- [83]
R DL~
’ (aromatic
infrared bands, AIB) . ,

o

http: //www, earthsciencefrontiers. net. cn

169

[84] [85] R
R Martin Livio
[86] s
4.2
“ 99[87]
b 4 % b
CI.CM,CR,.CV,CO,CH,CB,CK
C 2% ~5%,
. ( .
) sl CO.CV  CK
9] CI.CM CR
( ) s
70%.
[90]
CM Muchison ~ Murry 80
’ 2~8
[87.91]
o 8
. Schmitt-Kopplin %
(FT-
ICR MS) N
» Murchison
sl CI

WA, 2014,21(1)



170 . . / (Earth Science Frontiers)2014, 21 (1)
s Orgueil 0
Ivuna, Murchison Murray, ;
, B . H,O,CO,HCN.CO, . N
. CR2 Elephant .
Moraine(EET) 92042 Graves Nunatak (GRA) , .
95229 , s o
180X 107°% 249X 10700 (Stardust) (Deep Impact) NASA
; L (> D ) e
( .D/L=1), (Stardust) 1999 2 7 ,
s 81P/Wild 2 .
. Murchison 2004 1 81P/Wild 2,
(D/ )
L=1), , . 2006 1
. , Cronin Pizzarellot" o 81P/Wild 2
Murchison a- s
(enantiomeric excess) , CM IDP R s
Murchison L L.= ,
18.5%0.6,CI Orgueil L.=15.2%+ s ,
0.4, , Lol N/C O/C (XANES
. ) :
Bonner Rubenstein'” | Bailey % Lucas . Cody
[97] , [101] (D
(UV circularly polarized light, UV-CPL) \ O N ,
3 (2) N.
o O (3D O N .
) L.=2%~3%"%; ; ,
) , 81P/Wild 2
Losd . De Gregorio
s (nanoglobule)
[3,99] foz) | Track 80
4.3 )
N (6"N=1 120%0) , track
o CcO ,
) ; "N ;
. o Track 2,
. , . D(D=1 000%»), "N/
N . De Gregorio %%

http: //www, earthsciencefrontiers. net. cn

b

WA, 2014,21(1)



, , / (Earth Science Frontiers)2014, 21 (1) 171

(<10 KD
\ o
(Deep Impact) NASA
s 5.1
. (<10 m/pixel)
° . 370 kg ° ’
10. 3 kg/s Tem- N
pel 1, 10° kg ’ ’
[103] ,
C; H; 1.8240.4, o
(0.1944£0.041 0.353+0.027); HCN CO, o
fio4] 1 Tempel 1 ,
o ( Do ,
Tempel 1 . ;
. Deep Impact , ,
,Drobyshevski y . , R N
(O,+H,+ o
—-H,0+CO+HCN-+ yHosd s ,
1 Tempel 1 [104]
Table 1  The organic volatile composition of Tempel 1 and other comets''**]
C; Hg HCN CH;0OH CO CH, C, H,
9P/ Tempel 1
A. 0.19440. 041 0.18+0. 06 1.3240.20
B. 0.35340.027 0.21+0.032 0.99+0.17 4.3+1.2 0.54+0. 30 0.13740. 04

C. 0.59%0.18

153P/lkeya-Zhang 0.6220.13 0.18=20.05 2.520.5 4.740.8 0.51240. 06 0.18=0. 05
Lee 0.67x0.07 0.292£0.02 2.140.5 1.8£0.2 1.4540.18 0.2740.03
Hale-Bopp 0.5620.04 0.2720.04 2.1 12.440.4 1.4540.16 0.3140.1
Hyakutake 0.6220.07 0.18=20.04 1.7—2 14.9£1.9 0.79740.08 0.1620.08
1P/Halley 0.4 0.2 1.7£0.4 3.5 <1 0.3
C/1999S4 0.11%0.02 0.10%£0.03 <0.15 0.9%0.3 0.1840. 06 <0.12
( 100)

http: //www, earthsciencefrontiers. net. cn 3 #74,2014,21(1)



172 . / (Earth Science Frontiers)2014, 21 (1)
. GC/MS ,
, . TEGA
. CO;,
o SAM
6 o 2016
. C—H . . ExoMars
N N (MOMA),
R ExoMars o
, Parnell [ ,McSween 7
( ), 46 X (APXS),
, Ex- (GRS) s .
oMars o o ,
N 5.3
, , : (halo-
, philes) 15% ;
o (acidophiles) pH 3 0.8
5.2 , (alkalophiles) pH=10
s ; (thermophiles) 85~100 C
o . 130 °C A
(psychrophiles) —17 °C ; (bar-
- (GC/MS), ophiles) 4X10* kPa .
(TEGA) s
(GAP) s 1 000 C , )
CO,, .C , \
SAM, .
[108-109]

http: //www, earthsciencefrontiers. net. cn

IFEAE, 2

o

)14,21(1)



(Earth Science Frontiers)2014, 21 (1) 173

H, .S.NH/ Fe*"

60

2013—2022 )

[110]

, Mars Astrobiology Explorer-Cacher

(MAX-O)
, NASA( 2013—2022
. 2016
ExoMars
o 2007
, ) NASA,
ESA . 2011 « bi
®9 ’
o) . 2011 . 2011

http: //www, earthsciencefrontiers. net. cn

CO:.,

[4]

[5]

[10]

[11]

[12]

[13]

12

Neumann G A, Cavanaugh J F, Sun X, et al. Bright and
dark polar deposits on Mercury: Evidence for surface volatiles
[I]. Science, 2013, 339: 296-300.

Soffen G A. Scientific results of the Viking missions[ J]. Sci-
ence, 1976, 194. 1274-1276.

Oyama V I, Berdahl B J. The Viking gas exchange experi-
ment results from Chryse and Utopia surface samples[ ] ].
Journal of Geophysical Research, 1977, 82(28): 4669-4676.
Levin G V, Straat P A. Viking labeled release biology experi-
ment: Interim results[J]. Science, 1976, 194. 1322-1329.
Klein H. Automated life-detection experiments for the Viking
mission to Mars[J]. Origins of Life, 1974, 5(3/4): 431-441.
Horowitz N H, Hobby G L., Hubbard J S. Viking on Mars:
The carbon assimilation experiments[]J]. Journal of Geophys-
ical Research, 1977, 82(28): 4659-4662.

Levin G V, Straat P A. Life on Mars The Viking labeled re-
lease experiment[]J]. Biosystems, 1977, 9(2/3): 165-174.
Biemann K. The implications and limitations of the findings
of the Viking organic analysis experiment[J]. Journal of Mo-
lecular Evolution, 1979, 14(1/2/3) . 65-70.

Biemann K, Oro J, Toulmin P, et al. The search for organic
substances and inorganic volatile compounds in the surface of
Mars[J]. Journal of Geophysical Research, 1977, 82(28):
4641-4658.

Benner S A, Devine K G, Matveeva L. N, et al. The missing
organic molecules on Mars[ J]. Proceedings of the National
Academy of Sciences, 2000, 97(6) . 2425-2430.
Navarro-Gonzadlez R, Navarro K F, Rosa J D L, et al. The
limitations on organic detection in Mars-like soils by thermal
volatilization-gas chromatography-MS and their implications
for the Viking results[J]. Proceedings of the National Acade-
my of Sciences, 2006, 103(44): 16089-16094.

Malin M C, Edgett K S, Posiolova L. V, et al. Present-day
impact cratering rate and contemporary gully activity on Mars
[J]. Science, 2006, 314; 1573-1577.

Boynton W V, Feldman W C, Squyres S W, et al. Distribu-
tion of hydrogen in the near surface of Mars: Evidence for

subsurface ice deposits[J]. Science, 2002, 297, 81-85.

WFEA,2014,21(1)



174

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

/ (Earth Science Frontiers)2014, 21 (1)

Mitrofanov I, Anfimov D, Kozyrev A, et al. Maps of sub-
surface hydrogen from the high energy neutron detector,
Mars Odyssey[J]. Science, 2002, 297 78-81.

Bandfield J L. High-resolution subsurface water-ice distribu-
tions on Mars[]J]. Nature, 2007, 447 64-67.

Bibring J P, Langevin Y, Poulet F, et al. Perennial water ice
identified in the south polar cap of Mars[]]. Nature, 2004,
428 627-630.

Arvidson R E, Poulet F, Morris R V, et al. Nature and ori-
gin of the hematite-bearing plains of Terra Meridiani based on
analyses of orbital and Mars exploration rover data sets[J].
Journal of Geophysical Research, 2006, 111(E12). E12S08.
Klingelhtéfer G, Morris R V, Bernhardt B, et al. Jarosite and
hematite at Meridiani planum from Opportunity’s Méssbauer
Spectrometer[ J]. Science, 2004, 306; 1740-1745.

Elwood Madden M E, Bodnar R J, Rimstidt J D. Jarosite as
an indicator of water-limited chemical weathering on Mars
[J]. Nature, 2004, 431 821-823.

Bibring J-P, Langevin Y. Gendrin A, et al. Mars surface di-
versity as revealed by the OMEGA/Mars Express observa-
tions[ J]. Science, 2005, 307 1576-1581.

Poulet F, Bibring J P, Mustard J F, et al. Phyllosilicates on
Mars and implications for early martian climate[ J]. Nature,
2005, 438 623-627.

Gendrin A, Mangold N, Bibring J P, et al. Sulfates in marti-
an layered terrains: The OMEGA/Mars Express view|[ ] ].
Science, 2005, 307 1587-1591.

Milliken R E, Swayze G A, Arvidson R E, et al. Opaline sil-
ica in young deposits on Mars[J]. Geology, 2008, 36(11);
847-850.

Smith P H, Tamppari L K, Arvidson R E, et al. H,O at the
Phoenix landing site[ J]. Science, 2009, 325; 58-61.

Renno N O, Bos B J, Catling D, et al. Possible physical and
thermodynamical evidence for liquid water at the Phoenix
landing site[ J]. Journal of Geophysical Research, 2009, 114
(E1) . E00E03.

Grotzinger J. Beyond water on Mars[J]. Nature Geoscience,
2009, 2(4): 231-233.

Formisano V, Atreya S, Encrenaz T, et al. Detection of
methane in the atmosphere of mars[J]. Science, 2004, 306
1758-1761.

Krasnopolsky V' A, Maillard ] P, Owen T C. Detection of
methane in the martian atmosphere: Evidence for life[J]. Ic-
arus, 2004, 172(2) . 537-547.

Mumma M J, Novak R E, DiSanti M A, et al. Detection and
mapping of methane and water on mars[ J]. Bulletin of the A-
merican Astronomical Society, 2004 1127,

Mumma M J, Villanueva G L, Novak R E, et al. Strong re-
lease of methane on Mars in northern summer 2003[ J]. Sci-
ence, 2009, 323.: 1041-1045.

Nair H, Summers M E, Miller C E, et al. Isotopic fractiona-

http: //www, earthsciencefrontiers. net. cn

[32]

[33]

[34]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

tion of methane in the martian atmosphere[ J|. Icarus, 2005,
175(1) . 32-35.

Atreya S K, Mahaffy P R, Wong A S. Methane and related
trace species on Mars: Origin, loss, implications for life, and
habitability[J]. Planetary and Space Science, 2007, 55(3):
358-369.

Court R W, Sephton M A. Investigating the contribution of
methane produced by ablating micrometeorites to the atmos-
phere of Mars[J]. Earth and Planetary Science Letters,
2009, 288(3/4): 382-385.

Oze C, Sharma M. Have olivine, will gas: Serpentinization
and the abiogenic production of methane on Mars[J]. Geo-
physical Research Letters, 2005, 32(10): 1.10203.
Robledo-Martinez A, Sobral H, Ruiz-Meza A. Electrical dis-
charges as a possible source of methane on Mars; Lab simula-
tion[J]. 2012, 39 (17);
1.17202.

Allen M, Sherwood Lollar B, Runnegar B, et al. Is Mars a-

Geophysical Research Letters,

live[J] EOS. Transactions, American Geophysical Union,
2006, 87(41) . 433-439.

Webster C R, Mahaffy P R. Determining the local abundance
of martian methane and its *C/'?>C and D/H isotopic ratios
for comparison with related gas and soil analysis on the 2011
Mars Science Laboratory (MSL) mission[ J]. Planetary and
Space Science, 2011, 59(2/3): 271-283.

Leshin L., Mahaffy P, Webster C, et al. Volatile, isotope,
and organic analysis of Martian fines with the Mars Curiosity
rover[ J]. Science, 2013, 341 1238937.

Chela-Flores J.
the moons of Jupiter[ M // Chela-Flores J. The Science of
Astrobiology. New York: Springer, 2011 151-170.

Schmidt B E, Blankenship D D, Patterson G W, et al. Active

On the possibility of biological evolution on

formation of chaos terrain over shallow subsurface water on
EuropalJ]. Nature, 2011, 479; 502-505.

Chyba C F, Phillips C B. Possible ecosystems and the search
for life on Europal J]. Proceedings of the National Academy
of Sciences, 2001, 98(3): 801-804.

Reynolds R T, Squyres S W, Colburn D S, et al. On the
habitability of Europal[J]. Tcarus. 1983. 56(2); 246-254.
Gaidos E J, Nealson K H, Kirschvink J L. Life in ice-covered
oceans[ J]. Science, 1999, 284 1631-1633.

Chyba C F. Energy for microbial life on Europa[ J]. Nature,
2000, 403. 381-382.

Hand K P, Carlson R W, Chyba C F. Energy, chemical dise-
quilibrium, and geological constraints on Europal[ J]. Astro-
biology. 2007, 7(6): 1006-1022.

Pierazzo E, Chyba C F. Cometary delivery of biogenic ele-
ments to Europal J]. Icarus, 2002, 157(1): 120-127.

Porco C C, Helfenstein P, Thomas P C, et al. Cassini ob-
serves the active south pole of Enceladus[]]. Science, 2006,

311: 1393-1401.

WFEA,2014,21(1)



. . /

(Earth Science Frontiers)2014, 21 (1)

175

[48]

[49]

[50]

[52]

[53]

[57]

[58]

[60]

[61]

[62]

[63]

[64]

Waite ] H, Combi M R, Ip W-H, et al. Cassini ion and neu-
tral mass spectrometer: Enceladus plume composition and
structure[ J]. Science, 2006, 311: 1419-1422.

Waite ] H, Magee B, Brockwell T, et al. Enceladus plume
composition[ C] // Proceedings of European Planetary Science
Congress, 2010 61-63.

Waite ] H, Lewis W S, Magee B A, et al. Liquid water on
Enceladus from observations of ammonia and **Ar in the
plume[J]. Nature, 2009, 460. 487-490.

McKay C P, Khare BN, Amin R, et al. Possible sources for
methane and C,-Cs organics in the plume of Enceladus[]J].
Planetary and Space Science, 2012, 71(1) . 73-79.

Mumma M J, Charnley S B. The chemical composition of
comets-emerging taxonomies and natal heritage[ J]. Annual
Review of Astronomy and Astrophysics, 2011, 49(1) . 471-524.
Hill H G, Nuth J A. The catalytic potential of cosmic dust:
Implications for prebiotic chemistry in the solar nebula and
other protoplanetary systems[J]. Astrobiology, 2003, 3(2):
291-304.

Chapelle F H, O'Neill K, Bradley P M, et al. A hydrogen-
based subsurface microbial community dominated by metha-
nogens[ J]. Nature, 2002, 415; 312-315.

Stevens T O, McKinley J P. Lithoautotrophic microbial eco-
systems in deep basalt aquifers[J]. Science, 1995, 270 450~
455.

McKay C P, Porco C C, Altheide T, et al. The possible ori-
gin and persistence of life on Enceladus and detection of bio-
markers in the plume[]J]. Astrobiology, 2008, 8(5): 909-
919.

Elachi C, Wall S, Allison M, et al. Cassini radar views the
surface of Titan[]J]. Science, 2005, 308: 970-974.

Stofan E, Elachi C, Lunine J, et al. The lakes of Titan[]J].
Nature, 2007, 445. 61-64.

Raulin F, McKay C, Lunine J, et al. Titan’s astrobiology
[M]//Brown R, Lebreton ] P, Waite J. Titan from Cassini-
Huygens. New York: Springer, 2010: 215-233.

Lindal G F, Wood G E, Hotz H B, et al. The atmosphere of
Titan: An analysis of the Voyager 1 radio occultation meas-
urements[J]. Tcarus, 1983, 53(2): 348-363.

Coustenis A, Bezard B, Gautier D. Titan's atmosphere from
Voyager infrared observations: 1. The gas composition of
Titan’s equatorial region[J]. Icarus, 1989, 80(1): 54-76.
Niemann H, Atreya S, Bauer S, et al. The abundances of
constituents of Titan’s atmosphere from the GCMS instrument on
the Huygens probe[ J]. Nature, 2005, 438; 779-784.

Yung Y L, Allen M, Pinto J P. Photochemistry of the at-
mosphere of Titan: Comparison between model and observa-
tions [ J .
1984, 55: 465-506.

The Astrophysical Journal Supplement Series,

Lunine J I, Yung Y L., Lorenz R D. On the volatile inventory

of Titan from isotopic abundances in nitrogen and methane

http: //www, earthsciencefrontiers. net. cn

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[76]

[77]

[78]

[79]

[80]

[J]. Planetary and Space Science, 1999, 47(10): 1291-1303.
Vuitton V, Yelle R, Cui J. Formation and distribution of
benzene on Titan [ J]. Journal of Geophysical Research,
2008, 113(E5) . 1-18.

Benner S A, Ricardo A, Carrigan M A. Is there a common
chemical model for life in the universe[ J] Current Opinion in
Chemical Biology, 2004, 8(6): 672-689.

McKay C P, Smith H D. Possibilities for methanogenic life in
liquid methane on the surface of Titan[J]. Icarus, 2005, 178
(1). 274-276.

Schulze-Makuch D, Grinspoon D H. Biologically enhanced
energy and carbon cycling on Titan[J]. Astrobiology, 2005,
5(4): 560-567.

Lorenz R D, Mitchell K L, Kirk R L, et al. Titan’s invento-
ry of organic surface materials[]J]. Geophysical Research Let-
ters, 2008, 35(2): 1-6.

Clark R N, Curchin J M, Barnes J] W, et al. Detection and
mapping of hydrocarbon deposits on Titan[J]. Journal of Ge-
ophysical Research, 2010, 115(E10); 1-28.

Strobel D F. Molecular hydrogen in Titan’s atmosphere: Im-
plications of the measured tropospheric and thermospheric
mole fractions[J]. Icarus, 2010, 208(2): 878-886.

Sarker N, Somogyi A, Lunine J I, et al. Titan aerosol ana-
logues: Analysis of the nonvolatile tholins[ J]. Astrobiology.,
2003, 3(4): 719-726.

Neish C, Lorenz R, O’Brien D. The potential for prebiotic
chemistry in the possible cryovolcanic dome ganesa macula on
Titan[ ] ].
(1). 57-65.

International Journal of Astrobiology, 2006, 5

Neish C D, Somogyi A, Lunine J I, et al. Low temperature
hydrolysis of laboratory tholins in ammonia-water solutions:
Implications for prebiotic chemistry on titan [ ]J]. Icarus,
2009, 201(1) . 412-421.

Lorenz R D, Stiles BW, Kirk R L., et al. Titan’s rotation re-
veals an internal ocean and changing zonal winds[ J]. Science,
2008, 319: 1649-1651.

Grindrod P, Fortes A, Nimmo F, et al. The long-term sta-
bility of a possible aqueous ammonium sulfate ocean inside Ti~
tan[J]. Icarus, 2008, 197(1): 137-151.

Shapiro R, Schulze-Makuch D. The search for alien life in
our solar system: Strategies and priorities[ J]. Astrobiology,
2009, 9(4): 335-343.

Nakamura T, Noguchi T, Tanaka M, et al. Itokawa dust
particles: A direct link between S-type asteroids and ordinary
chondrites[J]. Science, 2011, 333; 1113-1116.

Fujiwara A, Kawaguchi J, Yeomans D, et al. The rubble-
pile asteroid Itokawa as observed by Hayabusal[J]. Science,
2006, 312. 1330-1334.

Abe M, Takagi Y, Kitazato K, et al. Near-infrared spectral
results of asteroid Itokawa from the Hayabusa spacecraft[ ] ].

Science, 2006, 312 1334-1338.

WFEA,2014,21(1)



176

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

921

[93]

[94]

[95]

/ (Earth Science Frontiers)2014, 21 (1)

Okada T, Shirai K, Yamamoto Y, et al. X-ray fluorescence
spectrometry of asteroid Itokawa by Hayabusal[ J]. Science,
2006, 312 1338-1341.

Yano H, Kubota T, Miyamoto H, et al. Touchdown of the
Hayabusa spacecraft at the Muses sea on Itokawal J]. Sci-
ence, 2006, 312, 1350-1353.

Naraoka H, Mita H, Hamase K, et al. Preliminary organic
compound analysis of microparticles returned from asteroid
25143 Itokawa by the Hayabusa mission[ ]J]. Geochemical
Journal, 2012, 46(1): 61-72.

Alexander C O D, Bowden R, Fogel M, et al. The prove-
nances of asteroids, and their contributions to the volatile in-
ventories of the terrestrial planets[J]. Science, 2012, 337:
721-723.

Ehrenfreund P. Glavin D P, Botta O, et al. Extraterrestrial
amino acids in Orgueil and Ivuna: Tracing the parent body of
CI type carbonaceous chondrites[ J]. Proceedings of the Na-
tional Academy of Sciences, 2001, 98(5): 2138-2141.
Martin R G, Livio M. On the formation and evolution of as-
teroid belts and their potential significance for life [ ] ].
Monthly Notices of the Royal Astronomical Society, 2013,
428(1) . L11-L15.

Chyba C, Sagan C. Endogenous production, exogenous delivery
and impact-shock synthesis of organic molecules; An inventory for
the origins of life[J]. Nature, 1992, 355; 125-132.

Sephton M A. Organic compounds in carbonaceous meteor-
ites[J]. Natural Product Reports, 2002, 19(3); 292-311.
Cody G D, Alexander C O D. NMR studies of chemical struc-
tural variation of insoluble organic matter from different car-
bonaceous chondrite groups[J]. Geochimica et Cosmochimica
Acta, 2005, 69(4). 1085-1097.

Pizzarello S, Cooper G, Flynn G. The nature and distribution
of the organic material in carbonaceous chondrites and inter-
planetary dust particlesf M]// Lauretta D S, McSween H Y.
Meteorites and the Early Solar System [[. Tucson, Arizona:
The University of Arizona Press, 2006 625-651.

Martins Z. Organic chemistry of carbonaceous meteorites[ J].
Elements, 2011, 7(1): 35-40.

Schmitt-Kopplin P, Gabelica Z, Gougeon R D, et al. High
molecular diversity of extraterrestrial organic matter in
Murchison meteorite revealed 40 years after its fall[J]. Pro-
ceedings of the National Academy of Sciences, 2010, 107(7):
2763-2768.

Glavin D P, Callahan M P, Dworkin ] P, et al. The effects of
parent body processes on amino acids in carbonaceous chon-
drites[J]. Meteoritics & Planetary Science, 2010, 45(12).
1948-1972.

Cronin J R, Pizzarello S. Enantiomeric excesses in meteoritic
amino acids[J]. Science, 1997, 275;: 951-955.

Bailey J, Chrysostomou A, Hough J H, et al. Circular polar-

ization in star-formation regions: Implications for biomolecu-

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

http: //www, earthsciencefrontiers. net. cn

lar homochirality[ J]. Science., 1998, 281. 672-674.

Bonner W A, Rubenstein E. Supernovae, neutron stars and
biomolecular chirality[ J]. Biosystems, 1987, 20(1); 99-111.
Lucas P W, Hough J, Bailey J, et al. UV circular polarisati-
on in star formation regions: The origin of homochirality[ J].
Origins of Life and Evolution of Biospheres, 2005, 35(1):
29-60.

Flores J J, Bonner W A, Massey G A. Asymmetric photoly-
sis of (RS)-leucine with circularly polarized ultraviolet light
[J]. Journal of the American Chemical Society, 1977, 99
(11): 3622-3625.

Glavin D P, Dworkin J P. Enrichment of the amino acid 1~
isovaline by aqueous alteration on CI and CM meteorite parent
bodies[J]. Proceedings of the National Academy of Sciences,

2009, 106 5487-5492.

1. . 2006, 13(3): 8-18
Cody G D, Ade H, Alexander C O D, et al. Quantitative
organic and light-element analysis of comet 81P/Wild 2 par-
ticles using C-, N-, and O-p-xanes[J]. Meteoritics & Plan-
etary Science, 2008, 43(1/2): 353-365.
De Gregorio B T, Stroud R M, Nittler L R, et al. Isotopic
anomalies in organic nanoglobules from comet 81P/Wild 2.
Comparison to Murchison nanoglobules and isotopic anoma-
lies induced in terrestrial organics by electron irradiation[ J].
Geochimica et Cosmochimica Acta, 2010, 74 (15). 4454~
4470,
Horz F, Bastien R, Borg J, et al. Impact features on Stard-
ust; Implications for comet 81P/Wild 2 dust[J]. Science,
2006, 314. 1716-1719.
Mumma M J, DiSanti M A, Magee-Sauer K, et al. Parent
volatiles in comet 9P/ Tempel 1: Before and after impact[J].
Science, 2005, 310: 270-274.
Drobyshevski E M, Kumzerova E A, Schmidt A A. Deep
impact mission to Tempel 1 favours new explosive cosmogo-
ny of comets[J]. Astronomical and Astrophysical Transac-
tions. 2007, 26 251-266.
Parnell J, Cullen D, Sims M R, et al. Searching for life on
mars: Selection of molecular targets for ESA’s Aurora Exo-
Mars mission[ J]. Astrobiology, 2007, 7(4): 578-604.
McSween H Y, McNutt R L, Prettyman T H. Spacecraft
instrument technology and cosmochemistry[ J]. Proceedings
of the National Academy of Sciences, 2011, 108 (48):
19177-19182.
Cavicchioli R. Extremophiles and the search for extraterres-
trial life[ J]. Astrobiology, 2002, 2(3);: 281-292.

0l

National Research Council. Vision and Voyages for Planeta-

ry Science in the Decade 2013-2022[ M |. Washington: Na-

, 2006, 13(6): 199-207.

tional Academies Press, 2011.

WFEA,2014,21(1)



