Table 2. Water isotope ratios %0 + 2 SEM. *, not measured.

Measurement 3D 3'%0
SAM-TLS atmosphere 4950 + 1,080 *
SAM-TLS evolved water: Rocknest fines 230° to 430°C (23) 5880 + 60 84 £ 10
Meteoritic crustal reservoirs (26) ~5000 *
Earth telescopes (24) 1700-8900 *
ALH 84001 (17) 3000 *
Shergotty USNM 321-1 (17) 4600 *

5'%0 values (32). These values are similar to the
composition of the modern martian atmosphere,
suggesting that the §'*C, 8D, and §'%0 of the
martian atmosphere were enriched early and have
not changed much over ~4 billion years. Our
higher values of 8D and 8'*0 measured in the
atmosphere suggest that escape processes may
have also continued since 4.0 Ga, in accordance
with a two-stage evolutionary process (/7) de-
scribed above.

We observe large enrichments of 8'%0 in at-
mospheric water vapor and CO,. The §'%0 val-
ues of the water vapor are much larger than the
5'%0 observed in carbonates and sulfates in mar-
tian meteorites and suggest that the oxygen in
water vapor in the martian atmosphere is not
in equilibrium with the crust (33, 34) and could
have been enriched in heavy isotopes through
atmospheric loss. Another possibility is that the
elevated oxygen isotope values in the more abun-
dant martian CO, are being transferred to the
water vapor through photochemical reactions in
the atmosphere. However, §'30 values of CO, in
Earth’s atmosphere are similarly elevated because
of low-temperature equilibration between CO,
and H,0, and this process could also be operative
on Mars (/2).

In addition to atmospheric loss, other pro-
cesses such as volcanic degassing and weathering
might act to change the isotopic composition
of the atmosphere through time. Estimates for
the magnitude of these two contributions over
the ~4-billion-year history of Mars vary widely
(30, 34, 35), yet could have a strong impact on
the isotopic composition of the atmosphere and
challenge the status quo model described above.
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Abundance and Isotopic Composition
of Gases in the Martian Atmosphere
from the Curiosity Rover

Paul R. Mahaffy,** Christopher R. Webster,? Sushil K. Atreya, Heather Franz,* Michael Wong,?
Pamela G. Conrad," Dan Harpold,* John ]. Jones,* Laurie A. Leshin,® Heidi Manning,®
Tobias Owen,’” Robert O. Pepin,® Steven Squyres,’ Melissa Trainer,® MSL Science Teamt

Volume mixing and isotope ratios secured with repeated atmospheric measurements taken

with the Sample Analysis at Mars instrument suite on the Curiosity rover are: carbon dioxide
(CO,), 0.960(+0.007); argon-40 (*°Ar), 0.0193(+0.0001); nitrogen (N,), 0.0189(+0.0003);
oxygen, 1.45(+0.09) x 10~>; carbon monoxide, < 1.0 x 1073; and “°Ar/*®Ar, 1.9(+0.3) x 10°.
The *°Ar/N, ratio is 1.7 times greater and the “°Ar/*°Ar ratio 1.6 times lower than values
reported by the Viking Lander mass spectrometer in 1976, whereas other values are generally
consistent with Viking and remote sensing observations. The “°Ar/*®Ar ratio is consistent with
martian meteoritic values, which provides additional strong support for a martian origin of these
rocks. The isotopic signature 3*3C from CO, of ~45 per mil is independently measured with
two instruments. This heavy isotope enrichment in carbon supports the hypothesis of substantial

atmospheric loss.

he science and exploration goal of the

I Mars Science Laboratory (MSL) (/) is to
advance our understanding of the po-
tential of the present or past martian environ-
ments to support life. An understanding of how

the present environment in Gale crater differs
from the environment at the time of its forma-

tion requires comprehensive chemical charac-
terization. The first set of experiments of the
Sample Analysis at Mars (SAM) investigation
(2) (Fig. 1) of the Curiosity rover included mea-
surements of the chemical and isotopic com-
position of the atmosphere with sequences that
employed two of SAM’s three instruments. When
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combined with composition and isotope data from
atmospheric gases trapped in martian meteor-
ites, measurements of the rate of atmospheric
escape from orbiting spacecraft, and studies of
atmosphere-surface exchange, SAM atmosphere
measurements are intended to constrain models
of atmospheric loss and climate evolution over
geological time.

We report here on results from samples of the
martian atmosphere analyzed by SAM’s quadru-
pole mass spectrometer (QMS) and tunable laser
spectrometer (TLS) during the first 105 sols (1 sol
is a martian day) of the landed mission. These
experiments were among the first carried out
by SAM (Fig. 1) after several health checks of
the instrument. The experiments took place over
a period of several weeks from Mars solar
longitude (3) of 163.7 to 211.2 (31 August to
21 November 2012) in Gale crater south of the
equator (4.5°S, 137°E). All measurements were
taken at night (table S1), and weighted means
(table S2) are reported.

The mixing ratios of CO,, N, Ar, O,, CO,
Ne, Kr, and Xe at the martian surface were de-
termined by the mass spectrometers on the 1976
Viking Landers (4) more than 3 decades ago.
Mass spectrometers on the Viking aeroshells
also detected CO,, N,, Ar, CO, O,, O, and NO
(5) over an altitude range from 200 to 120 km,
approaching or reaching the homopause or the
altitude below which the atmosphere is well
mixed. Spectroscopic measurements of CO have
also been obtained from the Mars Reconnaissance
Orbiter [e.g., (6)], the Mars Express Spacecraft
(7, 8), and a number of ground-based observa-
tions [e.g., (9)], revealing long-term variations
correlated with solar activity (9). Recent Herschel
submillimeter observations (/0) have provided
an additional measurement of the mixing ratios
for CO (10) of 9.8(+1.5) x 10 and for O, (/1)
of 1.40(x0.12) x 107>, The CO mixing ratio is
found to vary by more than a factor of 4 (from
~3 x 107 to 1.2 x 107>) seasonally at polar lat-
itudes, with smaller changes in the equatorial
region (6). The relative change in CO reflects
enrichment and depletion of noncondensable
volatiles during the condensation and sublima-
tion of CO,, the principal component of the mar-
tian atmosphere.

Argon (**Ar) has also been monitored glob-
ally from orbit by the gamma-ray spectrometer
(GRS) on the Mars Odyssey spacecratt and from
the martian surface by the alpha particle x-ray
spectrometers (APXS) on the Mars Exploration
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rovers at latitudes of —2° and —15°. The GRS-
derived Ar mixing ratio exhibits a large seasonal
change by as much as a factor of 6 over the
southern pole in winter (/2) as the atmospheric
CO, undergoes an annual cycle of condensation
and sublimation, producing a 25% change in the
surface pressure. Although the GRS data exhibit
no seasonal change in Ar in the equatorial region
(12), APXS finds that Ar nearly tracks the sea-
sonal changes in surface pressure with a 2- to
3-month phase lag (13).

The mixing ratio of nitrogen can best be de-
termined by in situ measurements because
meteorite measurements do not give definitive
answers for this atmospheric gas. Variations in
isotopic composition of nitrogen in impact glasses
of the martian shergotite meteorites EET79001
(14, 15), Zagami (16), and Tissint [e.g., (16, 17)]
suggest that, in these samples, atmospheric nitro-
gen is mixed with an interior component with a
lower '*N/"N ratio.

The atmospheric CO, isotope 613CVPDB (VPDB,
Vienna Pee Dee belemnite) (/8) has been re-
ported as 2.5 + 4.3 per mil (%o) from the Ther-
mal and Evolved Gas Analyzer (TEGA) mass
spectrometer on the Phoenix lander (/9) and as
—22 + 20 %o from Fourier transform Earth-based
spectroscopy (20). The higher-uncertainty mea-
surements of the Viking lander found CO, iso-
topes to be within 50%o of terrestrial isotopes
(4). The aeroshell measurements had similarly

Fig. 1. The SAM suite
located in the interior
of the Curiosity rover
uses three instruments
to test either atmospher-
ic gas or solid samples.
(Top) An image of SAM
with the side panels re-
moved. (Bottom) Mass
spectrum of the martian
atmosphere from sol 45,
with mass peaks labeled
for the main atmospheric
species. Isotopes of argon
appear above the back-
ground level (blue traces)
at mass/charge ratio (m/z)
36, 38, and 40 (green ticks

SAM Components
1- Solid sample inlet

2— Quadrupole mass
spectrometer

heatpipe

large error bars with reported carbon isotopic
composition equivalent to > Cyppp of 23 +
50%o (5).

Detailed characterization of the SNC (Shergotty,
Nakhla, and Chassigny) meteorites (14, 16, 21-24)
has revealed a combination of volatile abun-
dances and isotope systematics (/4, 15, 21,25-27)
for noble gases, N,, and CO, that is possible only
with origin on Mars or a very Mars-like parent
body (28). Although the Viking abundance and
isotope measurements provided evidence sup-
porting the hypothesis that the SNCs are from
Mars, the meteorites contain volatiles from other
sources [for example, magmatic or possible com-
etary delivery (29)], in addition to trapped atmo-
spheric gases that cause some variations among
the meteorite values and differences between
meteorite and Viking measurements. In addi-
tion to the uncertainties introduced by multiple
sources of volatiles in the SNC meteorites, the
solubility of the volatiles and their partitioning
in glass and in the constituent mineral phases
affects both the abundance value and the iso-
topic signature, including those of the noble
gases (30, 31). The SAM data are therefore key
to constraining the atmospheric component
of data obtainable from meteorites with in situ
observations.

Many previous composition measurements
analyzed only a single or a small number of spe-
cies. The SAM instrument suite, with the use of

3— Turbomolecular pump,

attopofplot).Primary LIS L N B L L L L B
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of CO,, containing 3¢, Y'C, 10° : N ' —r 7]
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Table 1. Volume mixing ratio measurements
from Curiosity during the first 105 sols of the
landed mission.

Gas Volume mixing ratio (QMS)
CO, 0.960(+0.007)

Ar 0.0193(+0.0003)

N, 0.0189(+0.0003)

0, 1.45(0.09) x 1073

o <1.0 x 1073

both the TLS and QMS, is able to make multiple,
high-precision composition measurements over
the course of the mission. In addition, SAM’s
QMS and TLS provide fully independent analy-
ses of carbon isotopes. Repeat runs reported
here were carried out at nearly the same time in
the early evening on Mars to validate results.
Each measurement set of the type implemented
to date (32) represents a comprehensive anal-
ysis of the main constituents of the martian
atmosphere.

SAM confirms the identity of the four most
abundant gases in the martian atmosphere, with
CO, being by far the major constituent. The
SAM results for O, (Tables 1 and 2) are con-
sistent with the recent Herschel (/7) observations.
SAM secures an upper limit for the CO mixing
ratio (Tables 1 and 2) that is consistent with the
Herschel data and the mean of all remote sensing
spectroscopic measurements (~9 x 10~%). Differ-
ences in CO mixing ratios are expected and are
related to the abovementioned seasonal effects,
as dynamics and mixing rather than chemistry are
expected to dominate the behavior of CO in the
homosphere due to the 3-year photochemical
lifetime of CO. In addition to seasonal effects,
localized, heterogeneous surface effects may also
affect SAM measurements of CO because of
possible adsorption of CO onto the surface dur-
ing cold martian nights—when SAM data were
collected—and reevaporation during warmer
daytime. The Herschel observations, on the other
hand, are weighted to higher in the atmosphere.
Unlike CO, seasonal variation in O, has not yet
been observed.

The most notable differences between the
SAM measurements and previous data are in
the relative abundances of Ar and N, and in the
isotopic compositions of Ar and CO,. The Ar/N,
ratio and the N isotopes provide important con-
straints to models for assessing the relative con-
tributions of internal and atmospheric sources to
gas inclusions in shock-produced glassy martian
meteorites. The isotope data are important for
constraining models of atmospheric evolution.
Whereas Viking found nitrogen and argon to be
the second and third most abundant atmospheric
gases at 2.7 and 1.6% by volume, respectively,
SAM determines nearly equal volume mixing
ratios for these constituents. Ar is found to be
21% greater, whereas N, is 30% lower than the
Viking values. The resulting Ar/N, ratio of 1.02

www.sciencemag.org SCIENCE VOL 341

REPORTS

Table 2. Isotopic composition measurements from Curiosity during the first 105 sols of the

landed mission. N/A, not applicable.

Isotopes Isotopic composition (QMS) Isotopic composition (TLS)
“OAreAr 1.9(+0.3) x 10° N/A

5% Cypps 45(+12) %o* 46(x4) %ot
5"®0ypps N/A 48(£5) %o
*§%3Cypog is derived from m/z 12 and 13. +6"3Cyppg, as derived from m/z 45 and 46, is described in the supplementary
materials.

measured by SAM is ~1.7 times greater than the
value reported from Viking measurement (4). Both
Ar and N, are noncondensable and practically
inert gases on Mars, so their relative abundances
are not expected to change considerably with time.
We suspect that the difference from Viking re-
sults is due to different instrumental character-
istics rather than some unknown atmospheric
process, although seasonal variation in N, is yet
to be tracked. The use on Mars of a turbomo-
lecular pumping system (33), as well as repeated
SAM analyses are expected to produce a more
accurate determination of the ratio of these gases
than the previous Viking in situ measurements
whose mass spectrometers employed small ion
pumps.

The SAM QMS offers independent validation
of the 513CVPDB value in CO, measured by the
TLS (34). The average of three SAM QMS at-
mosphere measurements gives 8'*Cyppp value
of 45 + 12 %o, which is fully consistent with the
independently measured TLS value of 46 +4 %o
(34). This observed ~5% enrichment in the heavier
carbon isotope in the martian atmosphere com-
pares well with previous measurements of *C-
enriched carbon of atmospheric origin in martian
meteorite EETA79001 (22, 35). The data support
the hypothesis that significant carbon has been
lost from the martian atmosphere over time by
sputtering (36).

The “°Ar/*°Ar ratio of 1900 + 300 measured
by SAM is within error of the trapped atmosphere
measured (/5) to be 2050 + 170 in quenched
shock-produced melts in martian meteorite
EETA79001 (27, 37, 38) but is considerably
smaller than the value of 3000 + 500 reported
by Viking (4). Laboratory studies of shock im-
plantation into silicate liquid have demonstrated
that this process is a nearly quantitative recorder
of atmospheric composition (39, 40), and the
implanted gases in meteorite shock-produced
melts compared with the Viking in situ measure-
ments of the atmosphere have been used as the
best evidence to tie these meteorites to Mars
(14, 15,21, 41). However, noble gases released
from shock-produced glasses in EETA79001
contained at least three components (27): (i)
martian air, (ii) terrestrial contamination, and
(iif) a martian interior component with low
YA SAr,

Even with the somewhat lower value mea-
sured by SAM, the “°Ar/*°Ar of the martian
atmosphere is highly elevated relative to the
terrestrial ratio of 296. The enrichment in the

radiogenic “°Ar over nonradiogenic **Ar has
been interpreted as evidence for significant loss
of the primordial martian atmosphere early in
the planet’s history, followed by partial degass-
ing of Ar. Subsequent loss to space is expected
to lead to enrichment of the “°Ar over *°Ar (42, 43)
by the same processes that have reduced the
3 Ar/*®Ar ratio in the martian atmosphere. The
latter ratio as inferred from EETA79001 glasses
(15, 38) was found to be ~4, much different from
the terrestrial, chondritic, solar, and jovian (44)
values which range in order from 5.3 to ~5.5. It is
notable that the “°Ar/*®Ar ratio has not changed
appreciably since the ejection of EETA79001 from
the planet ~700,000 years ago. This provides a
constraint on the extent of very recent inputs of
gas to the atmosphere from volcanic or com-
etary sources. The carbon dioxide isotope data
support the hypothesis that a significant amount
of carbon has escaped from the martian atmo-
sphere over time, resulting in preferential loss
of the lighter isotope of carbon and the observed
enrichment in '*C (45). This implies that atmo-
spheric escape has dominated over exchange with
unfractionated surface reservoirs that exist in the
crust or mantle.
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Ice-Shelf Melting Around Antarctica

E. Rignot,™?* S. Jacobs,? ]. Mouginot,* B. Scheuchl*

We compare the volume flux divergence of Antarctic ice shelves in 2007 and 2008 with 1979

to 2010 surface accumulation and 2003 to 2008 thinning to determine their rates of melting and
mass balance. Basal melt of 1325 + 235 gigatons per year (Gt/year) exceeds a calving flux of
1089 + 139 Gt/year, making ice-shelf melting the largest ablation process in Antarctica. The giant
cold-cavity Ross, Filchner, and Ronne ice shelves covering two-thirds of the total ice-shelf area
account for only 15% of net melting. Half of the meltwater comes from 10 small, warm-cavity
Southeast Pacific ice shelves occupying 8% of the area. A similar high melt/area ratio is found

for six East Antarctic ice shelves, implying undocumented strong ocean thermal forcing on

their deep grounding lines.

he Antarctic Ice Sheet and its 58-m sea
I level equivalent (/) is buttressed along
most of its periphery by floating exten-
sions of land ice called ice shelves and floating
ice tongues (Fig. 1). Ice shelves cover an area
>1.561 million km?, comparable in size to the
Greenland Ice Sheet, and fringe 75% of Antarc-
tica’s coastline while collecting 20% of its snow-
fall over 11% of'its area (2, 3). These features are
nourished by the inflow of continental ice from
grounded glaciers, surface accumulation, and
freezing of marine ice on their undersides. They
lose mass to iceberg calving and basal melting
along with topside sublimation and wind drift. Ice
shelves exert considerable control on glacier sta-
bility and Antarctic Ice Sheet mass balance (4-6)
and play important roles in ocean stratification
and bottom water formation (7).

The traditional view of ablation from Ant-
arctic ice shelves has been that it occurs most-
ly by iceberg calving, with basal melting only
contributing 10 to 28% of the total mass loss
(3-6). Estimates of ice-shelf meltwater produc-
tion derived from oceanographic data (8—10,
e.g.) are impractical for synoptic circumpolar
coverage. Numerical simulations of ice-ocean
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interactions extend from individual ice shelves
to circumpolar models at various resolutions,
but comparisons with observations are lim-
ited, and estimates of total ice-shelf meltwater
production have varied from 357 to 1600 giga-
tons per year (1 Gt = 10'? kg) (3, 7, 11). Gla-
ciological estimates have focused on few ice
shelves (6, 12, 13) or near a fraction of glacier
grounding lines (/4) due to incomplete velocity
and thickness mapping.

Here, we present more accurate, higher-resolution
glaciological estimates of ice-shelf melting around
the entire continent. At any point on an ice shelf
of thickness H and velocity vector v, the rate of
ice-shelf thickening 0H/0t equals the sum of net
surface mass balance SMB minus net basal melt-
ing B minus the lateral divergence in volume flux
Hv (15). A negative value of B indicates the
freeze-on of marine ice. The calculation of vol-
ume flux divergence on a point per point basis
yields the distribution of freeze/melt (Fig. 1).
The integration of the total inflow and outflow
within the ice-shelf perimeters yields the area-
average melt rate and total meltwater production
(Table 1).

For SMB, we use output products from the Re-
gional Atmospheric and Climate Model RACMO2
(16), which is forced at the lateral boundary and
sea surface by global reanalyses of the European
Centre for Medium-Range Weather Forecasts.
RACMO?2 includes surface meltwater retention
due to refreezing, evaporation, wind drift, and

sublimation. The products have been validated
with field data and an error propagation anal-
ysis (17) to a precision of 7 to 25%, average 10%,
depending on location. We use the average SMB
for the years 1979 to 2010 to represent a longer-
term state.

Ice-shelf thickness is from Operation IceBridge
(OIB) (18, 19) and BEDMAP-2 (/) (fig. S1, sup-
plementary materials). It combines direct measure-
ments from radio-echo sounding, with indirect
estimates from altimetry-derived ice-shelf sur-
face elevation assuming hydrostatic equilibri-
um with a nominal precision of 15 to 50 m (20).
Flux gates are selected at the location of Inter-
ferometric Synthetic Aperture Radar (InSAR)—
derived grounding lines, which are more precise
than those derived from photogrammetric tech-
niques or visible imagery (27), with accompanying
impacts on estimates of volume fluxes. Ice-front
flux gates are at the seaward limit of the volume
flux data, within 1 to 3 km of ice-front positions
digitized from a 150-m spacing mosaic of Ad-
vanced Land Observing System (ALOS) Po-
larimetric SAR (PALSAR) data for the years
2007 and 2008.

Ice-shelf flow vector velocities are from InSAR
data collected in 2007 and 2008 and processed
at 450-m spacing (22). The average precision
in speed is 4 m/year and 1.7° in direction (fig.
S2). In the absence of vertical shear on floating
ice, the surface-derived velocity is equivalent to a
depth-averaged velocity. We surveyed 99.5%
of Antarctic ice-shelf area in 2007 and 2008
(Table 1), or 1.554 million km?, excluding a few
smaller ice shelves where ice thickness is not
well known (table S1). Drainage boundaries
between ice shelves, including the eastern and
western Ross, are defined by flow vector direc-
tion. Ice rises and islands are excluded from the
ice-shelf area estimates but included in the SMB
calculation.

Ice-shelf thickening 0H/0¢ for the period 2003
to 2008 is calculated using the procedure in
(23), with an error dependent on firn depth cor-
rections (fig. S3). The results are combined
with SMB and the flux divergence to calculate
B, with a precision dominated by uncertainties in
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