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ENCELADUS

Water radius:

140 mi./
220 km.

World radius:

157 mi./
252 km.

DIONE

Water radius:

300 mi./
480 km.

World radius:

349 mi./
561 km.
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EARTH

Water radius:

430 mi./
690 km.

World radius:

3,959 mi./
6,371 km.

EUROPA

Water radius:

550 mi./
880 km.

World radius:

972 mi./
1,565 km.

T *

PLUTO

Water radius:

630 mi./
1010 km.

World radius:

738 mi./
1,187 km.

The Solar System‘s ocean worlds
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TRITON

Water radius:

730 mi./
1170 km.

World radius:

840 mi./
1,352 km.

CALLISTO

Water radius:
1,120 mi./
1,800 km.

World radius:

1,498 mi./
2,410 km.

TITAN

Water radius:
1,180 mi./
1,890 km.

World radius:

1,601 mi./
2,576 km.

GANYMEDE

Water radius:
1,460 mi./
2,350 km.

World radius:

1,635 mi./
2,631 km.

Steve Vance; NASA/JPL-Caltech



Water radius:

140 mi./
220 km.

World radius:

157 mi./
252 km.

DIONE

Water radius:

300 mi./
480 km.

World radius:

349 mi./
561 km.

December 6, 2017

EARTH

Water radius:

430 mi./
690 km.

World radius:

3,959 mi./
6,371 km.

EUROPA

Water radius:

550 mi./
880 km.

World radius:

972 mi./
1,565 km.

PLUTO

Water radius:

630 mi./
1010 km.

World radius:

738 mi./
1,187 km.

The Solar System‘s ocean worlds

o ®o®

TRITON

Water radius:

730 mi./
1170 km.

World radius:

840 mi./
1,352 km.

CALLISTO

Water radius:
1,120 mi./
1,800 km.

World radius:

1,498 mi./
2,410 km.

TITAN

Water radius:
1,180 mi./
1,890 km.

World radius:

1,601 mi./
2,576 km.

GANYMEDE

Water radius:
1,460 mi./
2,350 km.

World radius:

1,635 mi./
2,631 km.

Steve Vance; NASA/JPL-Caltech



Sampling dust and ice particles in space

NASA/JPL
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The Cosmic Dust Analyzer (CDA)

Chemical Analyzer subsystem (CA) Sensitive to cations

Dust Particle
_______________________ J...__, ™ Determinesimpact rates, mass, speed,

electric charge, and composition
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= Mass resolution: <50 m/Am

" Maximum recorded mass: ca. 200 u
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\_ lory Collector
=350V Ql

/

Impact
lonization

Chemical Analyzer Target CAT
+1000V QC Srama et al. 2004
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Analog experiment: IR-FL-MALDI-ToF-MS

ToF-MS

A

Vacuum chamber

|

i\

Water beam

Cryotrap

IR Laser
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" I,J_Mwhm "
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Cryotrap Pulsed IR-laser

adapted from Beinsen 2011
Turbo pump

*= Liquid beam:r=7.5 um = Laser: A =2480 nm; <1152 MW/cm?

= Vaccum chamber: P =5 x 10> mbar = ToF-MS: R=700-800 m/Am
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Comparison of the impact mechanisms of CDA
and the analog experiment

CDA Analog experiment
B

IR laser

metal target
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Postberg et al. 2009
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Comparison of the impact mechanisms of CDA
and the analog experiment

CDA Analog experiment
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Future missions and Enceladus Ice Analyzer (ENIA)

NUMBER OF CARBON

ATOMS IN LIPIDS

N

AMINO ACID
ABUNDANCE PATTERN
| \

Measure amino
acid distribution

Yes

ratio < 10 fo Yes

ome X2
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acid and/or

|
Measure fatty
isoprenoids

number
attern?

No
Partial
pattern?

No

Yes

Yes

N

=  Sensitive to cations and anions

= Mass resolution > 2000 m/Am

= Maximum recorded mass: 2000 u

Strong indication of biotic
or pre-biotic processes

Strong indication of

7

AN

ISOTOPE DISTRIBUTION
IN ALKANES

|
easure isofopes
and abundance
pattern in alkanes

abiotic processes

Reh et al. 2016
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Sodium complexation of amino acids

: . . AMINO ACID | M* [u] | CONCENTRATION
9 Amino acids in 0.1 M NaCl g
Alanine 89 10
Arginine 174 5
. +_ M+ +
1 E M+45u: M+ Na H"+ Na Aspartic acid 133 7
M+67u:M+Na*-2xH*"+2xNa* Glutamic acid 147 6
- 8 > Glycine 75 12
1 - o Histidine 155 6
s - o - ) . S Lysine 146 6
_ 014 2 3 Teo |& - Serine 105 9
2- 3 8 |8 EE Threonine 119 8
? (3 o B .
2 i § e Q *M: Molecular weight
D N 2 3 i 3 .
'} N < %) @ [Te]
= g pe 5 N : b N
] W‘ H i © = N 8 -
0,001 ' | ' | ' | ' | ' | | |
100 120 140 160 180 200 220 240

Mass [u]
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Sodium complexation of amino acids

. . . AMINO ACID | M* [u] | CONCENTRATION
9 Amino acids in 0.1 M NaCl g
Alanine 89 10
Arginine 174 5
. +_ M+ +
1 E M+45u: M+ Na H"+ Na Aspartic acid 133 7
M+67u:M+Na*-2xH*"+2xNa* Glutamic acid 147 6
- 8 > Glycine 75 12
1 - o Histidine 155 6
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. 0,1 o 3 1o r%% R Serine 105 9
>; 8 g |8 ég Threonine 119 8
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peaks are possible, e.g.
arginine+45u=219u
0,001 Ll I ) I ) I T I T I ] I T I 1
100 120 140 160 180 200 220 240
Mass [u]

December 6, 2017 11



Detection of two species at the same integer mass

0,04 4
(NaCl),(NaOH),Na"
0,03 - 218.89 u \
i Arginine M+45u:
219.08 u
> 0,02 -
Py
)
c
9
<
0,01 —
! | ! | ! | ! | ! |
216 217 218 219 220 221

Mass [u]
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Salt poor matrix: H,O

Detection limits of amino acids

Salt rich matrix: = 0.1 M NacCl

AMINO ACID | MOLECULAR DETECTED DETECTION LIMIT AMINO ACID MOLECULAR DETECTED DETECTION LIMIT
WEIGHT [u] PEAK [PPB MOLAR] WEIGHT [u] PEAK [PPB MOLAR]
M*+1u 120 Glycine 75 M+45u 4800
Sl 7= M-1u 25 Serine 105 M+ 45 u 340
M+1u 170 Threonine 119 M + 45 u 1500
i 105 M-1u 340 Ornithine 132 M + 45 u 1400
P e _ — P
/ Lysine \ 146 M+1u / 0.02 \ /Aspartic acm 133 M+ 67 u / 70 \
Arginine | 174 M+1u | 0.02 Glutamic aci 147 M+ 67 u 60
M+1u 0.3 Histidine 155 M + 45 u 230
ISATIE 132 M-1u 270 Arginine | 174 M + 45 1000
M+1u 0.2 Citrulline 175 M + 45 u 2100
rlBELIE 155 M-1u 230 Tyrosine 181 M+ 67 u 200
M+1u 20
Citrulline 175 M—14 100 Amino acids detectable at 5000 x lower
M+la 200 concentrations in a salt poor matrix than
Tyrosine 181 M1 200 in a salt rich matrix

Cations detectable at 1000 x lower
concentrations than anions

December 6, 2017

*M: Molecular weight
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Amino acid abundances: abiotic/biotic

4.5

3.5

2.5

1.5

Concentration relative to Gly

-

Meteorites
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“Gly MAla  Glu wAsp © Ser

Atacama soils Antarctic endoliths
adapted from Davila & McKay 2014
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Amino acids in the Enceladean ocean assuming a
chondritic rocky core™ and water-rock interaction

December 6, 2017

Abiotic case

* Calculations based on Pizzarello et al. (2012) and Glavin et al. (2010)

ACID CONCENTRATION
[PPM MOLAR]

Glycine 36.0
Alanine 30.3
Valine 11.5
Aminobutyric acid 7.0
Glutamic acid 0.6
Serine 0.5
Aspartic acid 0.3
Valeric acid 10.6
Methylbutyric acid 10.6
Hexanoic acid 4.6
Acetic acid 5.6
Butyric acid 4.1
Heptanoic acid 4.1
Octanoic acid 3.8
Nonanoic acid 34
Methylpentanoic acid 3.1
Ethylhexanoic acid 2.5
Benzoic acid 1.5
Formic acid 0.8
Ethylbutyric acid 0.8
Decanoic acid 0.5
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Amino acids in the Enceladean ocean assuming a
chondritic rocky core™ and water-rock interaction

* Calculations based on Pizzarello et al. (2012) and Glavin et al. (2010)

ACID CONCENTRATION
[PPM MOLAR]
Glycine 36.0
Alanine 30.3
Valine 11.5
Aminobutyric acid 7.0
Abiotic case Sl 06
Serine 0.5
0,1 7] Aspartic acid 0.3
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— u:a a Methylbutyric acid 10.6
= ¥ 3
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c Q ) 3
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O o < 3 ¥ o = = = Butyric acid 4.1
T < ® ® = 8 3 o 2
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z £ o € 2] 2
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E > % 3l | | |2 5
E A i i
0,01 - fo N N o < Nonanoic acid 3.4
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Amino acids: Biotic case

Intensity [V]

ACID CONCENTRATION
[PPM MOLAR * 10]
Serine 5.1
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Fatty acid abundances: abiotic/biotic
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Fatty acids: abiotic case

C,,: Lauric acid
even carbon numbers

| § odd carbon numbers C,4: Myristic acid
C,¢: Palmitic acid
C,g: Stearic acid
C,o: Arachidic acid

0,1 - — each 0.075 ppm molar

— T C,5: Tridecylic acid
‘Z' ] © C,5: Pentadecylic acid
>
-“(:D‘ - 2 ST "oe o C,,: Heptadecylic acid
S O L000w? g|c.N ic aci

. o~ ~ =, 8 : Nonadeylic acid
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Fatty acids: biotic case

even carbon numbers C,,: Lauric acid

o L8
1 | odd carbon numbers 0 § C,4: Myristic acid - each 0.75 ppm molar
T C,o: Arachidic acid
C,¢: Palmitic acid
. 10 - each 3.75 ppm molar
0,1+ S C,e: Stearic acid
i S N -
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Fatty acids: biotic case

even carbon numbers o & Cy2: Lauric acid
1 [ odd carbon numbers 0 o C,4: Myristic acid - each 0.75 ppm molar
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- P S -
— 7 ?—’ g =
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Summary and outlook

Analog desorption mass spectra highly comparable to impact ionization mass spectra taken
in space

Most amino acids better detectable as cations, a few amino acids and fatty acids as anions

Amino acids form sodium complexes M + 45 u and/or M + 67 u in a salt rich matrix (= 0.1 M);

Fatty acids form complexed dimers

Peptides have been investigated = Characteristic cleavages lead to characteristic
fragmentation patterns diagnostic for its amino acid constituents

Detection limits of amino acids and fatty acids depend on salt concentration but are in
general below 1 ppm; Glu and Asp are the most sensitive amino acids in a salt rich matrix,
Arg and Lys in a salt poor matrix

Peak heights can be well “translated” into concentrations of the organics = abiotic and
biotic signatures can be easily distinguished

By comparing the laboratory results with spacecraft data, we have the ability to recognize
and distinguish such signatures on icy moons with a subsurface ocean = Europa Clipper
mission + other upcoming missions

We aim to create a comprehensive spectrum library for in situ space detectors from a wide
variety of analog materials in icy grains

December 6, 2017
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Backup: Which objects harbor liquid oceans?

Jupiter satellites:

Ganymede Callisto

— Neptune
Saturn satellites: sa?ellites:
Mimas Tethys p
® . ‘ Proteus
Enceladus
lapetus Triton
Uranus satellites:
Avriel Titania
' . ? Titan PIUtO .
Miranda system: :
Umbriel Oberon Pi‘l;to. Charon

Nimmo & Pappalardo 2016




Backup: Which objects harbor liquid oceans?

Jupiter satellites:

Europa

Ganymede Callisto

et Neptune
Saturn sTeezttsllltes: satellites:
Mimas
2 ® ‘ Proteus
Enceladus
lapetus Triton
Uranus satellites:
Avriel Ti’_cania
' Titan PlUiO _
Miranda ] System. L
Umbriel P|l.JtO‘ Charon

Nimmo & Pappalardo 2016




Backup: Hypervelocity impact signals (CA)

Impact Time

QC Chemical ' )
Analyzer Target

QA Chemical :
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Impact onto small target (CAT)

Figure 6. Hypervelocity impact signals of dust grains onto the big Impact Ionization Target (left) and

onto the Chemical Analyzer Target (
and provides the elemental compos

December 6, 2017

right). The chemical analyzeris a time-of-flight mass spectrometer

ition of the impacting dust grain. Srama et al. 2004

26



Backup: Mimicking Type-1 and Type-3 mass spectra

a o a
u OH*(H0),_»_ =
- . 2 2-8 E . H+(H2O)n=2—6
L W Na*(H;0), - 1-5 B
H+H,0
L { o ) - vNa+{H20}n:1—5
— [ =
g SE
3 | -
ar E B ®
g0 E -
! >| H*H,0)
-l 2L
L |jNa* =
W E Na+*
; Na-poor: Na/H,0 = 10-8-10- ' “W i J‘“ — — :
L : = 20 40 60 80 100 120 140
P [ S VN S IV A [T S I S Mass (u)
20 40 60 80 100 120 140
Mass (u)
by N
b= a+
b (NaOH)(NaCl)Na+
(NaOH)Na+ L (NaOH)Na (Na,CO,)Na+
2 3
3 e (NaCl)Na (NaCl),Na*
_ (Na,COy)Na S oM, NaOH)SNa+
+ + + - a
E (H,0/Na* (NaCl)Na+ (NaOH),Na (NaCl),Na - (H,0); ,Na* \
2 K+ (NaOH),Na* 3 |- 1
< | A | u \
2 r g N W
Y. V\/\ ! " o o
Na-rich: Na/H,0 > 10~
1 1 I 1 1 L I 1 1 [ l 1 [ 1 I 1 1 1 I 1 L 1 I 1 (]
T Y T — 00 q20 140 o 20 60 80 100 120 140
00 e 0 ™ postberg et al. 2009 Mass (U)
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Backup: Some amino acid structures

#, 0
o 0 o 0
o O NH:2
| 0=—( NH: |
0 | NH:
NH:2 0
NH: | - 00
Glycine Alanine Serine Valine  Aspartic
acid
0 o o
-NH:2
0= 8] ’YG &/
NH: NH2 0- 0-
o={ NH NH:
O\ o
GI:::?;“'C Isoleucine Leucine  Proline  Threonine

December 6, 2017

Davila & McKay, 2014
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Backup: Confirmation of Arg Detection

1100 ppmw Arginine in 0.1 M NaCl|

. 1100 ppmw Arginine in 0.1 M NaCl|
(NaCl)(NaOH)Na':
0,04 -
0,1 120.94 u ]
i ] (NaCl),(NaOH),Na":
One sharp peak 0,034 218.89 u
— Arginine M+45u:
Z‘ 219.08 u
= 0,02
2 =
o ¥
c o
=
0,01
0.01 ' ' ' ! ! ' ! ' T T T T T T T T 1
118 119 120 121 122 216 217 218 219 220 221
Mass [u] Mass [u]

December 6, 2017
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Backup: Peptides

42 ppm molar Arg-Gly-Asp-Ser in H,0, . e N 'E‘::z @’ Arg-OH
e, . _C_ —
positive ion mode 2 CE e e
NH O Gly-H,0
| I
CH,—C
(ﬁ NH (ﬁ Asp-H,0
I
HO —C— CH,CH—-C
|
NH O Ser-H*
| [
HOCH,CH—-C — OH
o I
N = M-Asp-Ser-CO (186 u)
[e0] Im N -
oz B § Arg-CO (129 u)
) m§ 2 <é> o rl\llH NH2 %)
o} S |
_ 014 S = ;e)» H;N—C—  NHCH,CH,CH,CH~-C
=, 1 2 |ollo 3 NH 10O _
> T L (§ 1 o) o [ I M-Ser
2 2z | 5 T CH, —C (329 u)
2 ol 2||5 & 3 0 NH O
IS l Tllg 2 < I | I
= s - HO —C— CH,CH—C |
8 . 3 7 z “NHHO Ser+H*
(\I ~ Il W
0,01 - 2 s HOCH,CH—C — oH | (106 u)

T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450
Mass [u]
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Backup: Peptides

42 ppm molar Arg-Gly-Asp-Ser in H,0, T NH, e
negative ion mode Tl NHCH?CHQCH?CH_? e
NH O Gly-H,0

(ﬁ I\in (ﬁ Asp-H,0

e T R

NH O Ser-H*

I Il
HOCH,CH—-C — OH

35
53
71

N~ I: I
95 O, o) (Z.) %
T © 2 173
Zld | 8. . g NH NH, O
318 TT 8 g ! L] M-Ser
2155 r ¥ = 3 H,N—C— NHCH,CH,CH,CH—C
o < z g . - -
ool [0 | o 5§m 5 & o II\IH . Asp-CN,H; M-Ser
S Sl el 177 €2 2=% 2 g ' 7l(A72u)  F-Asp+NH
; 0,14 Q ® . 522385 I g:) o
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2 Bl 728 2 S g I 2 |
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= s @ & §9 2 a9 o || e——I
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g | ¥ 3 T8 2 | +
0,014 2 | Tl |at M-COOH (388 u) / R[N € TH
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Mass [u]
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Backup: Sodium complexation of straight chained
carboxylic acids

1 wt.-% Valeric acid: M =102 u

. .
- 8 3 J in 0.1 M NaCl
m 2
N +
=
N~
3
>,
2 01 N
D N » N
@ (N & <
Q9 ™
E <
0,01
’ i Jr"“ e by
L) I ) I ) I I I I I L) I I I I I L) I L) I I I I I I I L)

U L DL |
0O 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340
Mass [u]
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Backup: Sodium complexation of straight chained
carboxylic acids

63
81

23

Intensity [V]
o
n

0,01 4

99

121
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1 wt.-% Valeric acid: M =102 u

in 0.1 M NaCl

o
#
+
=
N~
3

5 3

2‘ =

+

r =

= To)

~ O

o0

227 M+M+23u

Striking feature: Creation of

dimers and trimers

H,O

245 M+M+23u+HZO
263 M+M+23u+2*

1 =271 M+M+67u

1 $311 M+M+M+23u-H,0
| 329 M+M+M+23u
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Backup: Sodium complexation of straight chained
carboxylic acids and their detection limits

1 wt.-% Valeric acid: M =102 u
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Striking feature: Creation of
dimers and trimers
3 . . . M .
- T 3 O Detection limits of fatty acids:
e o S ¥ o S
» ! > I X I
(Y) 2 + + N 1 . .
© t ¥ _ % .5'3 2 & |lauricacid (Cy,),
E L & o DS ¥ ¢ Tridecylic acid (Cy3),
© 8 + s z% = = Myristic acid (C
© 3 4is = 2 yristic acid (Cyy),
: = 12 = = Pentadecylic acid (Cys):
~ < R = =
N N ©On - O
N NL i each < 10 ppbw
. PP { .
! = (in H,O, neg. spectra)
L DL LA LA L R L L L L L L

Mass [u]

December 6, 2017



