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WHERE CURIOSITY

HAS TAKEN US

By Ashwin R. Vasavada

‘ ‘ ime to see where our Curiosity will take us.” Those
were the words of Flight Controller Allen Chen
as NASA’s Mars rover Curiosity touched down in
August 2012. The dramatic landing was a success
in its own right, demonstrating a new system in
which a rocket-powered “skycrane” lowered the
1-ton rover to the surface of Mars within just 2.5 kilometers of its
target. But it also marked the beginning of a rich and exciting sci-
entific journey focused on revealing the habitability of ancient
Mars.
The Mars Science Laboratory (MSL) mission [Grotzinger et al.,
2012; Grotzinger et al., 2015a], with its Curiosity rover (Figure 1),
was conceived as a mobile geochemical laboratory. For the past

The Curiosity rover, one of NASA's flagship missions, analyzes
Martian geology, geochemistry, climatology, and radiation to
assess whether Mars could have supported microbial life.
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A panorama of images taken by NASA’s Mars rover Curiosity’s mast
camera on 25 September 2015 shows the Bagnold Dunes (dark band at
bottom), looking toward the northwest flank of Aeolis Mons (Mount
Sharp). The rounded buttes at the center contain sulfates, a possible
indicator of volcanic activity and a lack of water during their formation.
The rugged, pale bedrock visible at the upper half of the mountain is
likely composed of Martian dust. Colors have been balanced to resem-
ble how the rocks and sand would appear under daytime lighting condi-
tions on Earth.

3.5 years, the rover has traversed the rugged terrain of
Gale Crater, carrying out its chief objective: to quantita-
tively assess whether early Mars could have supported
microbial life.

To do so, Curiosity looked for geologic and environmen-
tal clues to determine the availability and chemistry of
water, the presence of carbon and other key elements
required by life, sources of energy that could sustain
metabolism, and the absence of chemical or environmental
hazards.

A Mobile Martian Laboratory
In 2004, NASA selected a payload of 10 instruments
designed to accomplish these challenging analytical
measurements, as well as the geological field work nec-
essary to uncover the ancient history of the environment.
These instruments include high-definition imagers; a
laser-induced breakdown spectrometer that carries out
point chemical analyses; a neutron spectrometer that
measures hydrogen abundance; an X-ray spectrometer
mounted to the arm that can perform bulk elemental
analyses; an X-ray diffractometer that can analyze min-
eralogy; and a combined mass spectrometer, gas chro-
matograph, and tunable laser spectrometer (GCMS-TLS)
that analyzes volatiles, isotopes, redox states, and organic
carbon.

Altogether, Curiosity’s payload allows it to carry out the
first comprehensive chemical and mineralogical descrip-
tions of Martian surface materials. The payload and the

science team that oversees it are distinctly international,
with three instruments and parts of others provided by
Canada, Russia, Spain, France, Germany, and Finland.
Forty percent of the mission’s nearly 500 science team
members are based outside of the United States.

NASA chose the mission’s landing site through a mul-
tiyear study by the MSL project and members of the Mars
and terrestrial science communities. After scrutinizing
the scientific value and safety characteristics of 60 candi-
date sites, the study settled on Gale Crater. The 154~
kilometer-diameter crater contains a 5-kilometer-high
central mound of stratified, sedimentary rock named
Aeolis Mons (informally called Mount Sharp).

Satellite imagery appears to show numerous water-
shaped landscapes, and spectroscopy has revealed iron
oxide, clays, and sulfates—mineralogy that occurs when

The geology and geochemistry
reveal an ancient environment
at Yellowknife Bay that would
have been habitable to simple
forms of life.

water and rock interact. The extensive and variable strati-
graphic record offers Curiosity the chance to explore mul-
tiple potentially habitable environments, with the addi-
tional and important opportunity to derive key
environmental transitions from the geologic record.

Yellowknife Bay: An Ancient Martian Habitat

Curiosity carried out its first in-depth investigation at
Yellowknife Bay, an expanse of bedrock forming the outer
edge of a fan of debris that appears to have been depos-
ited by an ancient river flowing from the northern crater
rim. En route, the rover came across outcrops that were
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clearly formed by flowing water,
consisting of rounded pebbles
cemented together like river sed-
iment.

The team hypothesized that
the fine-grained mudstone at
Yellowknife Bay formed within
an ancient lake bed and chose it
for the rover’s initial drilling
campaign. Although its elemental
makeup mirrored that of typical
Martian soil, X-ray diffraction
revealed that the sample also
contained roughly 20% smectite
clay minerals, indicating that
fresh water, low in acidity, had
altered it. The laboratories also
discovered both reduced and oxi-
dized forms of sulfur—a potential
energy source for some kinds of
microbes.

After further lab work on both
Mars and Earth, the team
announced the trace detection of
the organic molecule chloroben-
zene, thought to form via the
interaction of indigenous Martian
organic molecules and oxychlorine
compounds that are widely dis-
tributed on Mars [Freissinet et al.,
2015]. The team also found nitrates
that had formed within the Mar-
tian environment, a discovery of
paramount importance for habit-
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NASA’s Curiosity Mars rover took this “selfie” on lower Mount Sharp, where it drilled into the “Buckskin”
rock target. This image is a composite of several photographs taken on 5 August 2015.

ability, given their centrality to

biology and the large amounts of

energy required for natural processes to convert elemental
nitrogen to this usable form. Together, the geology and geo-
chemistry reveal an ancient environment at Yellowknife Bay
that would have been habitable to simple forms of life.

Finally, using a technique conceived after landing,
Curiosity determined the history of the Yellowknife mud-
stone using two types of indicators. First, it was able to
measure when the rock’s grains originally crystallized
through radiometric dating—examining the number of
atoms that have radioactively decayed over time. Second,
it was also able to determine how long the rock sat
exposed on the surface of Mars by measuring the beating
it took from powerful cosmic rays, which can knock out a
proton or neutron from an atom and transform it into dif-
ferent elements or isotopes.

The latter indicator revealed that the rock had been
exposed only about 80 million years ago and had been
uncovered by wind-driven erosion. That information sug-
gests a strategy for future Mars missions—exploring
recently eroded terrain to access sites where organic mol-
ecules and other biomarkers have experienced less degra-
dation from surface chemistry and radiation.

Additional geochemical findings along the rover’s
12-kilometer traverse include sediments and some igne-
ous rock fragments rich in feldspar, suggesting a crustal
composition that is more chemically evolved than
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expected [Sautter et al., 2015]. Widespread features called
veins and concretions—which form in the presence of
water—indicate that water interacted with the bedrock
multiple times, with different chemical compositions.

With river and lake sediments dominating the tra-
verse, the team is currently piecing together the story of
the formation of Aeolis Mons itself. Lakes may have
filled Gale Crater multiple times, depositing the sedi-
ment that formed the lower layers of Aeolis Mons, which
would imply a long-lived warm and wet climate [Grot-
zinger et al., 2015b].

Exploring the Ancient and Modern Atmosphere
Curiosity has also found clues about Mars’s primeval
habitability in the present-day atmosphere by measur-
ing the abundances of each isotope for a given element.
This measurement relies on the principle that as a plan-
etary atmosphere escapes into space, the lighter iso-
topes are lost more readily. As this goes on, the relative
abundances of the heavier isotopes rise beyond their
primordial values.

On Mars, the isotopic compositions of the noble gases,
as well as carbon dioxide, nitrogen gas, and water, are all
unusually heavy. These results support the idea that most
of the Martian atmosphere has been lost to space and
much of its surface water has escaped in the form of water

Eos.org // 19



NASA/JPL-Caltech/MSSS

Fig. 2. Darker, cross-bedded sandstones such as those shown here lie above the fine-grained mudstones
that form the basal layer of Aeolis Mons. Higher levels of the western flank of the mountain appear in the
background. Curiosity took the images in this mosaic on sol 1003 (2 June 2015).

continuous hourly record of
atmospheric pressure, ground
and air temperature, solar
ultraviolet flux, relative
humidity, and wind. The rov-
er’s cameras can measure dust
in the atmosphere while the
mast-mounted spectrometer
can sense water vapor.

The data show that Curios-
ity’s location within a deep
impact crater and downslope
from both the crater rim and
central mound amplifies the
tidal waves of atmospheric
pressure that sweep across
Mars as a result of solar heat-
ing. The team has detected
dust-devil-like vortices in
the pressure data but hasn’t
observed any because con-
vection that would otherwise
lift dust is counteracted by
downdrafts driven by the cra-
ter topography.

Curiosity’s radiation detec-
tor has been taking measure-
ments that will be crucial to
understanding the hazards
that astronauts will face on
Mars from powerful galactic
cosmic rays and the energetic
particles that the Sun emits
during solar storms. These
first measurements from the
surface reveal just how much
of that radiation Mars’s atmo-
sphere blocks and how many
secondary particles form, both
of which are critical inputs for
understanding the risk to
crews on future missions.

vapor. Curiosity found that the proportion of heavy
water—in which some of the hydrogen atoms have an
extra neutron—in clay minerals at Yellowknife Bay lies
midway between the primordial and present-day values.
These clay minerals formed more than 3 billion years ago,
indicating that even by then, Mars had lost a substantial
amount of its atmosphere [Mahaffy et al., 2015].

There are also tantalizing results from a campaign of
monitoring methane in Mars’s atmosphere. Observations
show a background amount (about 1 part per billion by vol-
ume), consistent with ongoing production from organic
materials delivered by exogenous dust and impactors. The
team cannot yet explain a brief period lasting about
60 Martian days in early 2014 when the methane content
increased tenfold.

Even while focused on exploring the ancient history of
Gale Crater, Curiosity has carried out an unprecedented in
situ study of the weather and climate of modern Mars.
The rover’s meteorology station has gathered a nearly

Onward and Upward
As one of NASA’s flagship missions, Curiosity has demon-
strated a breadth and depth of scientific investigation not
possible with lower-cost missions. Results from Curiosity
have fundamentally advanced our understanding of Mars
over a broad range of disciplines, including astrobiology,
geology, geochemistry, planetary evolution, paleoclimate,
modern weather and climate, and space physics. The
rover and its tools for imaging from kilometer to microm-
eter scales have enabled exceptional field geology, with
the rover examining the stratigraphy and sedimentology
of outcrops (Figure 2) to tease out their history. The mis-
sion’s geochemical discoveries required onboard labora-
tories capable of running multiple analyses on each sam-
ple with varying experimental protocols and calibration
techniques.

The rover journeys on with a healthy payload and
much left to explore. Over the next few years, the rover
will examine a large, active dune field; traverse an

15 March 2016



Curiosity’s radiation detector has been taking measurements
that will be crucial to understanding the hazards that

astronauts will face on Mars.

extensive ridge enriched in iron oxide; explore a region
on Aeolis Mons where orbiting satellites have detected
clay minerals; and ascend the slopes of Aeolis Mons
until it reaches a layer where sulfate minerals are pres-
ent, perhaps signifying a more sulfur-rich and arid
environment when these materials formed. Let’s see
where Curiosity takes us; we can be sure that surprises
await.

A full list of publications is available at the Mars Sci-
ence Laboratory website (see http://bit.ly/Mars_Lab).
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