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Introduction: Stable isotope ratios in C, H, N, O
and S are powerful indicators of a wide varietyplz-
netary geophysical processes that can identifyirgrig
transport, temperature history, radiation exposate,
mospheric escape, environmental habitability ard- bi
ogy [1].

For the Allan Hills 84001 meteorite, for example,
the *3C/*°C ratio identifies it as a Mars (SNC) mete-
orite; the*K/*°Ar ratio tells us the last time the rock
cooled to solid, namely 4 Gya; isotope ratios'lite,
ZINe and®Ar show it was in space (cosmic ray expo-
sure) for 10-20 million years?C dating that it sat in
Antarctica for 13,000 years before discovery; and
clumped isotope analysis §10**C'®0 in its carbonate
that it was formed at 18+ in a near-surface aqueous
environment [2].

Solar System Formation: The conditions of the
Big Bang synthesized only the first three eleméts
D, *He and'Li [3]. Three minutes later nucleosynthesis
in stars and supernovae [4] produced other elenents

tion, and their isotopic ratios (e.g. D/M0D/®0) may
reveal their role in bringing volatiles to the Hadur-

ing the LHB. In less than 100 Myears, the LHB is es
timated [5] to have delivered about 200 torfs(th of
extraterrestrial material, with ~3,000 impact staves
>100 km in size and ~10 structures larger than the
1,300 km-Imbrium basin on the Moon.

Isotopic ratios offer the key to unraveling the eom
plex dynamics and chemistry associated with the for
mation and evolution of planetary bodies (plansts,
tellites and primitive bodies) including differeatiion
by retaining a fingerprint record of temperatuedia-
tion environment and sun-distance location through
equilibrium,  disequilibrium, and temperature-
dependent chemical processes. In the overly-diexgbli
world of equilibrium temperatures, we begin by itlen
fying condensation temperatures of various elements
and gases (Fig. 1) in reference to the “snow linkére
water vapor freezes to ice. Transport across thosvs
line changes isotopic composition of some spe@es (

various isotopic forms that returned heavy-element D/H in water) but not in others (e.g. in,HN, gas, or in

enriched elements to interstellar matter for near st
formation [5]. During the formation of our solarssgm
4.5 Gya, collapsing dust and gas first coalescem an
spinning, heating protosun as nuclear reactioes! firp
the Sun. As the nebula cooled, volatiles condeiosgd
far from the Sun to form outer planets, while cloise
refractory solid material condensation formed #reet-
strial planets. Eventually, a period of strong selad
cleared out the remaining gas from the disk.

The Nice Model [6] has detailed the complex dy-
namics that led to our current planetary configarat
Initially the four giant planets were in compaatcoiar
orbits surrounded by a huge disk of planetesimats o
to nearly 40 AU. Jupiter first migrated inward 1
AU, truncating inner planetesimal disk, and thei ou
ward with Saturn’s pull while the inner planetsriad.
Jupiter and Saturn’s migration into mutual orbited

N when ammonia ice sublimes), and this has beeth use
[8] to first reason where Earth’s water came from.
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Fig. 1. Freezing points away from the Sun, modifigd
from http://www.lasp.colorado.es

Noble Gas Abundances and Isotopic Ratios:

sonances shifted Neptune and Uranus into elliptical Noble gas abundances are a powerful discriminators

orbits to completely destabilized the solar sysiteim a
chaotic period of sweeping up planetesimals antt sca
tering comet and asteroids into a one hundredanilli
period of the Late Heavy Bombardment (LHB)[7].
Objects that did not accrete to form large enough b
dies to differentiate are believed to retain thenoteal

composition of the original condensed solar nebula.

atmospheric and planetary volatile evolutionary sisd
[9]. Although it is believed that noble gases im &uin
are the same as those present in the solar naioate f
which terrestrial planets (and meteorites) werengx,
presolar material (grains) were discovered to rawe
vived in primitive meteorites (e.g. Murchison Mete-
orite) that showed very different (orders of magadé)

Thus the oldest meteorites, asteroids and comess mu Xe, Ne, C, N and O isotope ratios [10]. Equallein

hold clues about the early phases of solar systemu-e

esting are Earth observations that our atmospleseah
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ten-fold noble gas excess (Fig. 2) that cannotirtaig

from the strongly degassed mantle, but is belieded
livered with other volatiles and organic carbonitmy

pacts from icy planetesimals that trapped noblegas
low temperatures [7].
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Fig. 2. Terrestrial noble gas excess reproduced fro
[7]. Note that atmospheric® and N are not high, sq
the noble gas excecannot originate frorthe men-

On Earth, Xenon’s nine isotopes are strongly mass-
fractionated (4% per amu), and althodgtXe is huge-
ly depleted compared to chondrites (implying thastm
of the Xe escaped), there remains 7% too nitite,
an anomaly [11] in discord with our fundamental un-
derstanding of solar system formation as evidenced
from Jupiter observations (Fig. 3).
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Fig 3.Measurements made in Jupiter’'s atmosphere
by the Galileo Probe mass spectrometer [12]. X-
axis is mass in AMU.

Stable Isotope Ratios. For stable isotope ratios in

3-isotope systems, departures from mass-dependen

(MD) fractionation have detailed a variety of preses

from ozone hole photochemistry (O) to the emergence

of life (S) and planetary migrations (O). Unforate-
ly, neither carbon nor nitrogen have a third stabdte

water undergoes large fractionations during fregnin
sublimation due to the large differences in grostade
vibrational energy between HDO and®

On Earth, and in partnership with delt® mea-
surements, the D/H ratio has been used to sucdigssfu
record rainfall maps, detail cirrus cloud formatjas],
identify water salinity, and record the long-tertir c
mate record [14]. For our solar system, D/H is a po
werful tool for identifying origin, migration andvelu-
tion.
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Fig. 4. The D/H for a variety of solar system badie
Figure modified from Hartog [15] and Robert [16].

The Martian atmosphere is strongly enriched in
D/H due to atmospheric escape processes initiated
when Mars lost its magnetic field. However, it is e
pected that the mantle and crust will show increglgi
lower D/H values in hydrated minerals formed atiear
er times. The Mars Science Laboratory SAM experi-
ment will trace the history of Mars evolution thgbu
the sedimentary record of Gale Crater.

Until the very recent and striking observation of
Hartley-2 by Hartog et al. [15] from the Herschel
Space Observatory, the theory that comets delivered
water to Earth was questionable since Oort cloud-co
ets had D/H values three times that of terrestrial
SMOW. With the right D/H ratio, Jupiter-family com-
ets look more likely delivery agents (see Fig. 4).

Carbon *C/*C isotope ratio. Biological processes
are well known to prefer the use BE (evaporation,
diffusion through leaf stomata, enzyme reactions} a
Froduce depletions in deltd that are typically 2.7%
or C; plants that use Calvin-Benson photosynthesis
pathway, and 1.3% for (plants using the Hatch-Slack
pathway [17]. This fractionation has been usedlin
mate change studies to identify sources and sihttseo
increasing atmospheric carbon dioxide since it#{ade

tope and cannot be used to study mass-dependent NOBC values distinguish oceanic and biospheric sources

mass-independent (M) processes.
The D/H Ratio. The D/H ratio exhibits a wide

range of enrichments and depletions compared with

isotopic (SMOW) standards for two reasons: firdg-a
ing a neutron to a light element has a larger etfesmn

doing so to heavier elements like C, N, O, S; sdcon

With the discovery of methane on Mars [18], expe-
riments are planned [19] by MSL's SAM-TLS instru-
ment to measure the deff$ in methane to determine
if sub-surface bacteria (e.g. methanogens) th&asth
produce large depletions in delf& (to 12%) might
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be the source. Lower depletions would indicate non- surface aqueous environment [2]. Although clumped o
biological (rock chemistry) production (see Fig. 5) multiply-substituted isotopes are in very low abun-
dances, new techniques like cavity ring-down mdp he
open up this emerging field for planetary explarati
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Fig. 5. The ratio of methane to higher hydrocarbons ®
with respect to delt&C values, adapted from [20].
Isotopic and hydrocarbon ratios are not conclusive g™
biogenic indicators in hypersaline environmentg [21 \
Oxygen O/*0/™0 isotope ratios. Oxygen is =
highly reactive and produces numerous compounds.
Due to isotopic exchange between oxygen-containg
rocks (e.g. carbonates) and water (e.g. the teakst Fig. 6. Reproduction of Fig. 2 in Dominguez (2010),
hydrosphere), the triple isotope system in oxygem- reference [22], summarizing oxygen isotope data.

pounds is an extremely important identifier okedt  gifur 3*g*g%S isotope ratios. In triple isotope plots,

tion processes (fluid-rock interactions, hydroth@rm  the “A” value is used to quantify the difference (offset)
alteration) and is used to classify solar systerterfd  of 3 delta-value from the mass-dependent slopeghwhi
including meteorites [1]. In general, the deft@-value  for delta®s vs. deltéS would be a slope of 0.5. Iso-
is a good proxy for mineral type, and can detaihg  tope ratios in S are very powerful for identifying

stone origin and trade routes. sources and sinks for atmospheric sulfur, and éspec
Inlgthe triple isotope plot (Fig. 6) of delté vs. ly photochemical processes (e.g Earth and Ventisrsul

delta-"O [22], lunar samples fall on the mass- cycles), and on Earth played a pivotal role in rdow

dependent (slope = 0.5) terrestrial fractionatiove,|  the emergence of life some 2.2 Gya: In the absefice

and this observation was used as evidence that thep, stratospheric UV photolysis of S@ained out sur-
Moon formed during the final stages of Earth's @ecr  face sulfates with a large range/dfS values, but once
tion 4.5 Gya when Earth collided with another large cyanobacteria became the main source of surface sul
body (Theia) originating from the same region & th fates, the observed spread was very narrow [24].

solar nebula [23]. While some meteoritic classés jo Nitrogen N/“N isotope ratio. Planetary atmos-
different offsets and therefore reservoirs), at kg differences, and liké3C/*’C, D/H and'®0/*°0, the ni-

picture of Fig. 6, most solar system bodies (sod  trogen N/*“N ratio shows enrichment in the atmos-
gen,_chondrules., molecu]ar clouds and asteroidal wa phere of Mars. Nitrogen is also very importantaas
ter) lie on the unity mass-independent slope. potential biomarker, and as a discriminator in bey

. . 6
The enrichment in°0 of the Sun measured by Ge- gifferent physics of fractionation of molecularroigen
nesis and of calcium-aluminum inclusions (CAl) can- N, and ammonia Nk the latter being a significant
not be reconciled with conventional MD fractionatio  component of the ice giants. Unlike water, thelisub

and a variety of explanations have been put forward mation of ammonia ice into vapor and gs results in

(e.g supernova injection, CO self-shielding, fracé- little or no isotope exchange in nitrogen [8]. Thirs
tion in the protoplanetary disk, and even heterogsn conjunction with D/H in water, théN/"“N ratio is a
chemistry on interstellar dust) [see the reviewDof powerful discriminator of transport across the ‘sho
minguez, 2010 [22]. lines of water and ammonia [8].

Clumped isotopes in C and O. As a further con-
straint on the environment of alteration procesdebn Requirements for Measurement of Planetary

Eiler's group developed a method of clumped isotope | sotope Ratios: The table below provides a guide to
analysis of "O™C™0 in carbonates to identify tem-  the requirements for measuring isotope ratios based

perature of formation, used to suggest that cafesna  sensitivities identified for planetary science afiees.
in Allan Hills 84001 were formed at 18£€ in a near-
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Measurement Requirement

Elemental ratios to solar 2-5%
Noble gas isotope ratios 3%

D/H 1-20%
513C 0.1-2 %o
013C biological 5-10 %o
5180, 3170 0.2-2 %o
015N 0.2-2 %o
534S, 333S 0.2-1 %o

Mass Spectrometry: Mass spectrometry has to
date provided a truly enormous wealth of informatio
about our solar system [25], measuring the comiposit
of numerous planets and satellites (e.g. Mars,tdupi
Titan, Moon, Enceladus, Venus, comets, asteroids)
usually for the first time, detailing a wide vayiedf
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less than 18is achieved between adjacent mass chan-
nels. The wide dynamic range of the SAM QMS is
combined with its gas enrichment, separation tech-
nigues and static mass spectrometry to enable mea-
surement of minot**Xe and*?*Xe atmospheric iso-
topes.

124 126 128 130 132 134 136

5 SAM FM single sweep
10 spectrum (0.1 Da) - static
mode - < 1% ratio errors
after several seconds

counts/sec
>

Mass (Da)
Fig. 7. The nine xenon isotopes recorded by tigaffli
QMS instrument in SAM-MSL [Mahaffy] showing the
excellent SNR and masssolution.

Additional recent advances in mass spectrometry
for a future Mars rover [27] allow ions from eithar

geophysical and geochemical processes, and with iS5 s electron impact source or ions directly laser

additional study of meteorites and primitive bodiiss

desorbed from a solid sample (LDMS) at the Mars

the backbone of measurements behind our fundamentabressure of 5-7 torr to be introduced into oppositds

understanding of the solar system and its evolution

Mass spectrometers are unique in their survey ca-

pability and ability to measure the very importaable
gases and their isotope ratios that are not atdedsy
optical means. For stable isotope measuremer@s in
H, N, O and S, IRMS mass spectrometers are the rec
ognized standards on Earth, where sub-per-mil preci
sion is readily achieved with large, complex lalona
setups. However, for planetary missions where anly
few tens of kg are available, this high performance
cannot be readily achieved. In particular, massie-
rences make measuring isotope ratios in water, ammo
nia and methane very difficult if these species iare

similar abundances, as we saw from the Enceladus

plume results [26] from Cassini.

Planetary mass spectrometers flown have included

GCMS magnetic sectors (Viking, Rosetta Ptolemy),
magnetic sectors (Phoenix), time-of-flight reflectr
(Rosetta ROSINA) or secondary-ion (Rosetta

of a linear ion trap. In the LDMS mode a fast apert
valve developed at GSFC is opened just before the
laser fires one or multiple shots and then immedjat
closed. lons pulled into the linear trap by the fiaw
are trapped with a low amplitude RF field as thessna
spectrometer chamber is pumped until the pressure i
sufficiently low to turn on the detectors and mié a
mass scan. Better than unit mass resolution up to
~1000 Da has been demonstrated with a miniature li-
near trap (3 mm radius, 3 cm long). The ion trap ha
the additional advantage of tandem mass spectrpmetr
to more definitively identify complex organic spesi

IR Tunable Laser Spectroscopy: For light mole-
cules at pressures below ~100 mbar, IR tunable lase
spectroscopy offers a direct, non-invasive, unambi-
guous method for measuring stable isotope ratios to
sensitivities of ~1 %o for planetary low-mass (<5),kg
all-solid-state instruments. Tunable laser speotro
ters are particularly well suited to,8, NO, NQ,

COSIMA) mass spectrometers, and linear quadrupoleHNOS O,, CO, CQ, NHs, SO, HCI, N,O and CH

mass spectrometers (Galileo, Huygens, MSL-SAM).
Orbitrap mass spectrometers are under developrgent b
many groups.

The linear quadrupole mass spectrometer (QMS)
developed by NASA GSFC for Galileo, Cassini Orbi-
ter, Cassini Huygens Probe, MSL, Maven, and LADEE
missions is able to determine repeatable isotofesra
to better than 1% precision. Examination of theaig
levels at 134, 135, 136, and 137 Da in Fig. 7 titates
that with a precisely fabricated and aligned set of
hyperbolic rods and ion focusing optics a crossvélk

The secret to success for this method lies in the
spectroscopy of the IR region (1-gf), in which most
simple molecules have several vibrational bands§3N
for non-linear, 3N-5 for linear molecules) contami
about one hundred rotational absorption lines from
which key lines can be chosen that are well sepdrat
from each other and from other interfering gasaghH
symmetry in simple molecules like tetrahedral ,&idn
produce degeneracies and a complex ro-vibratiamal |
system, but linewidths for most molecules are tsihyc
<0.02 cn'. With a laser linewidth one twentieth of the
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Measurement SAM Capa- Primary
o]1113%

molecular linewidth, high sensitivity is achieveidce
there is no significant “instrument function” todaiden
measured lines and thereby reduce absorption depths

Isotopic shifts between vibrational bands depend t-

a first order on reduced mass differences; for HIO
H,O this is large, while fof*C this is more typically
about 11 cri (but varies). In methane at 3u8n, we
are fortunate that the 11-Enshift does not dump the
3CH, line group ontop of the adjaceR€H, group but
just to the side (see Fig. 8 and reference [19]).

Unlike mass spectrometers, laser spectrometers a
usually not stuck with the mass ratio dynamic range
but can often be tuned to regions where both panmeaht
minor isotope (e.g**CO, and **CO, and/or **0CO)
have absorption lines of similar intensity (see.Rg
middle panel). This helps with the precision of thgo
measurement. Because £@nd HO have numerous
overlapping bands, this is readily done, but nbds t
this luxury is not afforded to the isolated £band at
3.3um, and we are stuck witiCH, lines that are typi-
cally ~90 times weaker than those'&@H,.

The Mars Science Laboratory (MSL) Curiosity

Noble gas isotope ratios 3% QMS
D/H in water 1% TLS, QMS
513C in CO, 2 %o TLS, QMS

613C in methane 10 %o TLS
5180, 8170 in CO; and H,O 2-5 %o TLS
015N 20 %o QMS

534S, 533S in SO, 20 %o QMS
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