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PREFACE	 xi

and NSF. Finally, using information in the white papers and from other community inputs, the panels identified 
important spacecraft missions capable of addressing key science questions for those planetary bodies within their 
respective purviews.

To ensure that the identified mission concepts were sufficiently mature for subsequent evaluation and prioriti-
zation, the committee commissioned detailed technical studies from several leading design centers, including the 
Jet Propulsion Laboratory, the NASA Goddard Space Flight Center, and the Johns Hopkins University Applied 
Physics Laboratory. One or more “science champions,” drawn from the ranks of the panels, was attached to each 
center’s study team to ensure that the concepts remained true to the science and measurement objectives of their 
originating panel. In addition, four detailed studies of key technologies were also conducted at the panels’ request. 
For details on the mission and technology reports completed, see Appendix G.

Prior decadal surveys in planetary and other space sciences have been criticized for not paying appropriate 
attention to the fiscal and technical realism of recommended missions. To rectify this shortcoming and to be 
responsive to the statement of task’s call for “independent and expert cost analysis,” the NRC contracted with the 
Aerospace Corporation to provide cost and technical evaluations (see Appendix C) of a priority subset of missions 
studied by the design centers.

Finally, the panels’ various scientific inputs, assessments, and recommendations for new ground- and space-
based initiatives were integrated by the steering group. The integration and overall prioritization of new spacecraft 
initiatives were heavily influenced by the cost and technical evaluations provided by the Aerospace Corporation.

Final drafts of the five panel reports were completed in August 2010. The steering group assembled the first 
full draft of this survey report in September. The text was sent to external reviewers in early October, was revised 
between December 2010 and February 2011, and was formally approved for release by the NRC on February 23, 
2011. A version of this report in prepublication form was released to NASA and NSF on February 25, 2011, and 
to the public on March 7, 2011. This, the final printed version of the report, supersedes the prepublication report.

The work of the committee was made easier thanks to the important help given by individuals too numerous 
to list, at a variety of public and private organizations, who made presentations at committee meetings, drafted 
white papers, and participated in missions studies. In addition, the following graduate students greatly assisted 
the work of the committee by taking notes at meetings: Michael Busch, Serina Diniega, Adrienne Dove, Raina 
Gough, Scott Guzewich, Paul Hayne, Robert Lossing, Kennda Lynch, Andrew Poppe, Kelsi Singer, and Patrick 
Whelley. Finally, the committee acknowledges the exceptionally important contributions made by the following 
individuals at the Aerospace Corporation: Randy Persinger (team leader), Mark Barrera, Dave Bearden, Mark 
Cowdin, Shirin Eftekharzadeh, Debra Emmons, Matt Hart, Robert Kellogg, Eric Mahr, Mark Mueller, Geoffrey 
Reber, and Carl Rice.

This report has been reviewed in draft form by individuals chosen for their diverse perspectives and techni-
cal expertise, in accordance with procedures approved by the NRC’s Report Review Committee. The purpose of 
this independent review is to provide candid and critical comments that will assist the institution in making its 
published report as sound as possible and to ensure that the report meets institutional standards for objectivity, 
evidence, and responsiveness to the study charge. The review comments and draft manuscript remain confidential 
to protect the integrity of the deliberative process.

We wish to thank the following individuals for their participation in the review of this report: Charles Alcock, 
Harvard-Smithsonian Center for Astrophysics; Kyle T. Alfriend, Texas A&M University; Fran Bagenal, University 
of Colorado; Richard P. Binzel, Massachusetts Institute of Technology; Roger D. Blandford, Stanford University; 
Joseph A. Burns, Cornell University; Athena Coustenis, Observatoire de Paris-Meudon; Victoria E. Hamilton, 
Southwest Research Institute; Harald Hiesinger, Westfalische Wilhelms-Universitat; Andrew Ingersoll, California 
Institute of Technology; N. Jeremy Kasdin, Princeton University; Eugene H. Levy, Rice University; Jonathan I. 
Lunine, University of Rome Tor Vergata; Alfred McEwen, University of Arizona; John F. Mustard, Brown Uni-
versity; Keith Noll, Space Telescope Science Institute; Carlé Pieters, Brown University; and Daniel Scheeres, 
University of Colorado.

Although the reviewers listed above have provided many constructive comments and suggestions, they were 
not asked to endorse the conclusions or recommendations, nor did they see the final draft of the report before 
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its release. The review of this report was overseen by Richard A. McCray, University of Colorado, Boulder, and 
Bernard F. Burke, Massachusetts Institute of Technology. Appointed by the National Research Council, they were 
responsible for making certain that an independent examination of this report was carried out in accordance with 
institutional procedures and that all review comments were carefully considered. Responsibility for the final content 
of this report rests entirely with the authoring committee and the institution.
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In recent years, planetary science has seen a tremendous growth in new knowledge. Deposits of water ice 
exist at the Moon’s poles. Discoveries on the surface of Mars point to an early warm, wet climate and perhaps 
conditions under which life could have emerged. Liquid methane rain falls on Saturn’s moon Titan, creating 
rivers, lakes, and geologic landscapes with uncanny resemblances to Earth’s. Comets impact Jupiter, producing 
Earth-size scars in the planet’s atmosphere. Saturn’s poles exhibit bizarre geometric cloud patterns and changes; 
its rings show processes that may help us understand the nature of planetary accretion. Venus may be volcanically 
active. Jupiter’s icy moons harbor oceans below their ice shells: conceivably Europa’s ocean could support life. 
Saturn’s tiny moon Enceladus has enough geothermal energy to drive plumes of ice and vapor from its south 
pole. Dust from comets shows the nature of the primitive materials from which the planets and life arose. And 
hundreds of new planets discovered around nearby stars have begun to reveal how the solar system fits into a 
vast collection of other planetary systems.

This report was requested by the National Aeronautics and Space Administration (NASA) and the National Sci-
ence Foundation (NSF) to review the status of planetary science in the United States and to develop a comprehensive 
strategy that will continue these advances in the coming decade. Drawing on extensive interactions with the broad 
planetary science community, the report presents a decadal program of science and exploration with the potential 
to yield revolutionary new discoveries. The program will achieve long-standing science goals with a suite of new 
missions across the solar system. It will provide fundamental new scientific knowledge, engage a broad segment of 
the planetary science community, and have wide appeal for the general public whose support enables the program.

A major accomplishment of the program recommended by the Committee on the Planetary Science Decadal 
Survey will be taking the first critical steps toward returning carefully selected samples from the surface of Mars. 
Mars is unique among the planets in having experienced processes comparable to those on Earth during its forma-
tion and evolution. Crucially, the martian surface preserves a record of earliest solar system history, on a planet with 
conditions that may have been similar to those on Earth when life emerged. It is now possible to select a site on 
Mars from which to collect samples that will address the question of whether the planet was ever an abode of life. 
The rocks from Mars that we have on Earth in the form of meteorites cannot provide an answer to this question. 
They are igneous rocks, whereas recent spacecraft observations have shown the occurrence on Mars of chemical 
sedimentary rocks of aqueous origin, and rocks that have been aqueously altered. It is these materials, none of 
which are found in meteorites, that provide the opportunity to study aqueous environments, potential prebiotic 
chemistry, and perhaps, the remains of early martian life. 

Executive Summary
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If NASA’s planetary budget is augmented, then the program will also carry out the first in-depth exploration of 
Jupiter’s icy moon Europa. This moon, with its probable vast subsurface ocean sandwiched between a potentially 
active silicate interior and a highly dynamic surface ice shell, offers one of the most promising extraterrestrial 
habitable environments in the solar system and a plausible model for habitable environments outside it. The Jupiter 
system in which Europa resides hosts an astonishing diversity of phenomena, illuminating fundamental planetary 
processes. While Voyager and Galileo taught us much about Europa and the Jupiter system, the relatively primitive 
instrumentation of those missions, and the low volumes of data returned, left many questions unanswered. Major 
discoveries surely remain to be made. The first step in understanding the potential of the outer solar system as an 
abode for life is a Europa mission with the goal of confirming the presence of an interior ocean, characterizing 
the satellite’s ice shell, and enabling understanding of its geologic history. 

The program will also break new ground deep in the outer solar system. The gas giants Jupiter and Saturn have 
been studied extensively by the Galileo and Cassini missions, respectively. But Uranus and Neptune represent a 
wholly distinct class of planet. While Jupiter and Saturn are made mostly of hydrogen, Uranus and Neptune have 
much smaller hydrogen envelopes. The bulk composition of these planets is dominated instead by heavier elements: 
oxygen, carbon, nitrogen, and sulfur are the likely candidates. What little we know about the internal structure and 
composition of these “ice giant” planets comes from the brief flybys of Voyager 2. The ice giants are thus one of 
the great remaining unknowns in the solar system, the only class of planet that has never been explored in detail. 
The proposed program will fill this gap in knowledge by initiating a mission to orbit Uranus and put a probe into 
the planet’s atmosphere. It is exploration in the truest sense, with the same potential for new discoveries such as 
those achieved by Galileo at Jupiter and Cassini at Saturn. 

The program described in this report also vigorously continues NASA’s two programs of competed planetary 
missions: New Frontiers and Discovery. It includes seven recommended candidate New Frontiers missions from 
which NASA will select two for flight in the coming decade. These New Frontiers candidates cover a vast sweep 
of exciting planetary science questions: the surface composition of Venus, the internal structure of the Moon, the 
composition of the lunar mantle, the nature of Trojan asteroids, the composition of comet nuclei, the geophysics of 
Jupiter’s volcanic moon Io, and the structure and detailed composition of Saturn’s atmosphere. And continuation 
of the highly successful Discovery program, which involves regular competitive selections, will provide a steady 
stream of scientific discoveries from small missions that draw on the full creativity of the science community. 

Space exploration has become a worldwide venture, and international collaboration has the potential to enrich 
the program in ways that will benefit all participants. The program therefore relies more strongly than ever before 
on international participation, presenting many opportunities for collaboration with other nations. Most notably, 
the ambitious and complex Mars Sample Return campaign is critically dependent on a long-term and enabling 
collaboration with the European Space Agency (ESA).

To assemble this program, the committee used four criteria for selecting and prioritizing missions. The first 
and most important was science return per dollar. Science return was judged with respect to the key science ques-
tions identified by the planetary science community; costs were estimated via a careful and conservative procedure 
that is described in detail in the body of this report. The second was programmatic balance—striving to achieve 
an appropriate balance among mission targets across the solar system and an appropriate mix of small, medium, 
and large missions. The other two were technological readiness and availability of trajectory opportunities within 
the 2013-2022 time period.

To help in developing its recommendations, the committee commissioned technical studies of many candidate 
missions that were selected for detailed examination on the basis of white papers contributed by the scientific 
community. Using the four prioritization criteria listed above, the committee chose a subset of the studied mis-
sions for independent assessments of technical feasibility, as well as conservative estimates of costs. From these, 
the committee finalized a set of recommended missions intended to achieve the highest-priority science identified 
by the community within the budget resources projected to be available. The committee’s program consists of a 
balanced mix of small Discovery missions, medium-size New Frontiers missions, and large “flagship” missions, 
enabling both a steady stream of new discoveries and the capability to address major challenges. The mission rec-
ommendations assume full funding of all missions that are currently in development, and continuation of missions 
that are currently in flight, subject to approval obtained through the appropriate review process. 
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This selection was made on the basis of the four prioritization criteria listed above, with science return per dollar 
being the most important. The CATE analysis was designed to provide an independent assessment of the techni-
cal feasibility of the mission candidates, as well as to produce a rough appraisal of their costs. The analysis takes 
into account many factors when evaluating a mission’s potential costs, including the actual costs of analogous 
previous missions. 

The CATE analysis typically returned cost estimates that were significantly higher than the estimates produced 
by the study teams, primarily because CATE estimates are based on the actual costs of analogous past projects 
and thus avoid the optimism inherent in other cost estimation processes. Only the independently generated CATE 
cost estimates were used by the committee in evaluating the candidate missions and in formulating its final recom-
mendations. This intentionally cautious approach was designed to help prevent the unrealistic cost estimates and 
consequent replanning that have sometimes characterized the planetary program in the past. 

The committee emphasizes that the studies carried out were of specific “point designs” for the mission can-
didates identified by the survey’s panels. These point designs are a “proof of concept” that such a mission may 
be feasible, and they provide a basis for developing a cost estimate for the purpose of the decadal survey. The 
actual missions as flown may differ in their detailed designs and their final costs from what was studied, but in 
order to maintain a balanced and orderly program, the missions’ final costs must not be allowed to grow 
significantly beyond those estimated here. 

Achieving a Balanced Program

In addition to maximizing science return per dollar, another important factor in formulating the committee’s 
recommendations was achieving programmatic balance. The challenge is to assemble a portfolio of missions that 
achieves a regular tempo of solar system exploration and a level of investigation appropriate for each target object. 
For example, a program consisting of only flagship missions once per decade may result in long stretches of rela-
tively little new data being generated, leading to a stagnant planetary science community. Conversely, a portfolio 
of only Discovery-class missions would be incapable of addressing important scientific challenges such as in-depth 
exploration of the outer planets. NASA’s suite of planetary missions for the decade 2013-2022 should consist 
of a balanced mix of Discovery, New Frontiers, and flagship missions, enabling both a steady stream of new 
discoveries and the capability to address larger challenges such as sample return missions and outer planet 
exploration. The program recommended below was designed to achieve such a balance. To prevent the balance 
among mission classes from becoming skewed, it is crucial that all missions, particularly the most costly ones, 
be initiated with a good understanding of their probable costs. The CATE process was designed specifically to 
address this issue by taking a realistic approach to cost estimation.

It is also important that there be an appropriate balance among the many potential targets in the solar system. 
Achieving this balance was one of the key factors informing the recommendations for medium and large mis-
sions presented below. The committee notes, however, that there should be no entitlement in a publicly funded 
program of scientific exploration. Achieving balance must not be used as an excuse for failing to make difficult 
but necessary choices.

The issues of balance across the solar system and balance among mission sizes are related. For example, it is 
difficult to investigate targets in the outer solar system with small or even medium missions. Some targets, how-
ever, are ideally suited to small missions. The committee’s recommendations below reflect this fact and implicitly 
assume that Discovery missions will address important questions whose exploration does not require the capability 
provided by medium or large missions.

It is not appropriate to achieve balance simply by allocating certain numbers or certain sizes of missions to 
certain classes of objects. Instead, a scientifically appropriate balance of solar system exploration activities 
must be found by selecting the set of missions that best addresses the highest priorities among the overarch-
ing science questions associated with the three crosscutting science themes listed above. The recommendations 
below are made in accordance with this principle.
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Recommended Program of Missions

Small Missions

Within the category of small missions are three elements of particular interest: the Discovery program, 
extended missions for ongoing projects, and Missions of Opportunity.

Discovery Program
Mission candidates for the Discovery program are outside the bounds of a decadal strategic plan, and this 

decadal survey makes no recommendations for specific Discovery flight missions. The committee stresses, however, 
that the Discovery program has made important and fundamental contributions to planetary exploration 
and can continue to do so in the coming decade. The committee gives the Discovery program its strong support.

The committee notes that NASA does not intend to continue the Mars Scout program beyond the MAVEN 
mission, nor does it recommend that NASA do otherwise. Instead, the committee recommends that NASA con-
tinue to allow proposals for Discovery missions to all planetary bodies, including Mars. 

Because there is still so much compelling science that can be addressed by Discovery missions, the com-
mittee recommends continuation of the Discovery program at its current level, adjusted for inflation, with 
a cost cap per mission that is also adjusted for inflation from the current value (i.e., to about $500 million 
FY2015). So that the community can plan Discovery missions effectively, the committee recommends a regu-
lar, predictable, and preferably short (�24-month) cadence for Discovery Announcement of Opportunity 
releases and mission selections. Because so many important missions can be flown within the current Discovery 
cost cap (adjusted for inflation), the committee views a steady tempo of Discovery Announcements of Opportunity 
and selections to be more important than increasing the cost cap, as long as launch vehicle costs continue to be 
excluded. A hallmark of the Discovery program has been rapid and frequent mission opportunities. The committee 
urges NASA to assess schedule risks carefully during mission selection, and to plan program budgeting so as to 
maintain the original goals of the Discovery program.

Other Small Mission Opportunities
Mission extensions can be significant and highly productive, and may also enhance missions that undergo 

changes in scope because of unpredictable events. In some cases, particularly the “re-purposing” of operating 
spacecraft, fundamentally new science can be enabled. These mission extensions, which require their own funding 
arrangements, can be treated as independent, small-class missions. The committee supports NASA’s current senior 
review process for deciding the scientific merits of a proposed mission extension. The committee recommends 
that early planning be done to provide adequate funding of mission extensions, particularly for flagship 
missions and missions with international partners.

Near the end of the past decade, NASA introduced a new acquisition vehicle called Stand Alone Missions of 
Opportunity (SALMON). In addition to their science return, Missions of Opportunity provide a chance for new 
entrants to join the field, for technologies to be validated, and for future PIs to gain experience. The commit-
tee welcomes the introduction of the highly flexible SALMON approach and recommends that it be used 
wherever possible to facilitate Mission of Opportunity collaborations. 

An important special case of a small mission is the proposed joint European Space Agency (ESA)-NASA Mars 
Trace Gas Orbiter. The mission would launch in 2016, with NASA providing the launch vehicle, ESA providing 
the orbiter, and both agencies providing a joint science payload that was recently selected. Based on the mission’s 
high science value and its relatively low cost to NASA, the committee supports flight of the Mars Trace Gas 
Orbiter in 2016 as long as the division of responsibilities with ESA outlined above is preserved.

Medium Missions

The New Frontiers program allows for competitive selection of focused, strategic missions to conduct high-
quality science. The current New Frontiers cost cap, inflated to FY2015 dollars, is $1.05 billion, including launch 
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For several decades, the NRC has conducted studies of the scientific utility of human explorers or human-
robotic exploration teams for exploring the solar system. Invariably, the target of greatest interest has been Mars. 
The scientific rationale cited has focused largely on answering questions relating to the search for past or present 
biological activity. On the basis of the importance of questions relating to life, the committee concluded that for 
the more distant future, human explorers with robotic assistance may contribute more to the scientific exploration 
of Mars than they can to any other body in the solar system.

International Cooperation

Planetary exploration is an increasingly international endeavor, with the United States, Russia, Europe, Japan, 
Canada, China, and India independently or collaboratively mounting major planetary missions. As budgets for 
space programs come under increasing pressure and the complexity of the missions grows, international coopera
tion becomes an enabling component. New alliances and mechanisms for cooperation are emerging, enabling 
partners to improve national capabilities, share costs, build common interests, and eliminate duplication of 
effort. But international agreements and plans for cooperation must be crafted with care, because they also can 
carry risks. The management of international missions adds layers of complexity to their technical specification, 
management, and implementation. Different space agencies use different planning horizons, funding approaches, 
selection processes, and data dissemination policies. Nonetheless, international cooperation remains a crucial 
element of the planetary program; it may be the only realistic option for undertaking some of the most ambitious 
and scientifically rewarding missions.

In considering international cooperation, the committee drew from the general principles and guidelines laid 
out in past studies, in particular the joint report of the Space Studies Board and the European Space Science Com-
mittee titled U.S.-European Collaboration in Space Science.9 Following consideration of a series of case studies 
examining the positive and negative aspects of past transatlantic cooperative space science ventures, that report 
laid out eight essential ingredients that an agreement to engage in an international collaboration must contain; they 
are (summarized from pp. 102-103 of the 1998 report) as follows:

1.	 Scientific support through peer review that affirms the scientific integrity, value, requirements, and benefits 
of a cooperative mission;

2.	 A historical foundation built on an existing international community, partnership, and shared scientific 
experiences;

3.	 Shared objectives that incorporate the interests of scientists, engineers, and managers in common and com-
municated goals;

4.	 Clearly defined responsibilities and roles for cooperative partners, including scientists, engineers, and mis-
sion managers;

5.	 An agreed-upon process for data calibration, validation, access, and distribution;
6.	 A sense of partnership recognizing the unique contributions of each participant;
7.	 Beneficial characteristics of cooperation; and
8.	 Recognition of the importance of reviews for cooperative activities in the conceptual, developmental, active, 

or extended mission phases—particularly for foreseen and upcoming large missions.

NSF ACTIVITIES

The National Science Foundation’s principal support for planetary science is provided by the Division of 
Astronomical Sciences (AST) in the Directorate for Mathematical and Physical Sciences. Typical awards range 
from $95,000 to $125,000 per year for a nominal 3-year period. The focus of the program is scientific merit with 
a broad impact and the potential for transformative research. NSF also provides peer-reviewed access to telescopes 
at public facilities (see below). In short, NSF supports nearly all areas of planetary science except space missions, 
which it supports indirectly through laboratory research and archived data.

The annual budget of NSF/AST is currently approximately $230 million. Planetary astronomers must compete 
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1

Introduction to Planetary Science

How do planets form? What combination of initial conditions and subsequent geologic, chemical, and bio-
logical processes led to at least one planet becoming the abode for innumerable life forms? What determines the 
fate of life on a planet? Such scientific enquiries reflect a basic human need to understand who we are, where we 
came from, and what the future has in store for humanity. “Planetary science” is shorthand for the broad array of 
scientific disciplines that collectively seek answers to these and related questions. 

THE MOTIVATIONS FOR PLANETARY SCIENCE

In the past, scientists had only one planet to study in detail. Our Earth, however, the only place where life 
demonstrably exists and thrives, is a complex interwoven system of atmosphere, hydrosphere, lithosphere, and 
biosphere. Today, planetary scientists can apply their knowledge to the whole solar system, and to hundreds of 
worlds around other stars. By investigating planetary properties and processes in different settings, some of them 
far simpler than Earth, we gain substantial advances in understanding exactly how planets form, how the complex 
interplay of diverse physical and chemical processes creates the diversity of planetary environments seen in the 
solar system today, and how interactions between the physical and chemical processes on at least one of those 
planets led to the creation of conditions favoring the origin and evolution of multifarious forms of life. These basic 
motivational threads are built on and developed into the three principal science themes of this report—building 
new worlds, workings of solar systems, and planetary habitats—discussed in Chapter 3.

Current understanding of Earth’s surface and climate are constrained by studies of the physical processes 
operating on other worlds. The destructive role of chlorofluorocarbons in Earth’s atmosphere was recognized by a 
scientist studying the chemistry of Venus’s atmosphere. Knowledge of the “greenhouse” effect, a mechanism in the 
ongoing global warming on Earth, likewise came from studies of Venus. Comparative studies of the atmospheres 
of Mars, Venus, and Earth yield critical insights into the evolutionary histories of terrestrial planet atmospheres. 
Similarly, studies of the crater-pocked surface of the Moon led to current understanding of the key role played by 
impacts in shaping planetary environments. The insights derived from studies of lunar craters led to the realization 
that destructive impacts have wreaked havoc on Earth in the distant past, and as recently as 100 years ago a devas-
tating blast in Siberia leveled trees over an area the size of metropolitan Washington, D.C. Three recent impacts on 
Jupiter provide our best laboratory for studying the mechanics of such biosphere-disrupting events. Wind-driven 
processes that shape Earth’s desert dunes operate on Mars and even on Saturn’s moon Titan.
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Planetary science transcends national boundaries. Even during the depths of the Cold War, planetary scientists 
from both East and West frequently cooperated by exchanging samples from their respective lunar missions or 
by coordinating their independent missions to Halley’s Comet. Now, decades later, planetary science is a truly 
global endeavor. Spacecraft that explore the planets come not only from the United States, but also from China, 
India, Japan, and the nations of Western Europe. If the list is expanded to include nations with some space-based 
capacity—those that use spacecraft data, build spacecraft instruments, operate relevant ground-based facilities, or 
contribute in some other way to the advancement of planetary science—planetary science encompasses the globe.

This chapter reviews the recommendations of the 2003 planetary science decadal survey and summarizes some 
of the most exciting recent scientific achievements. The chapter concludes with a discussion of the organization 
of this report, articulating how this and subsequent chapters relate to the the statement of task (Appendix A) for 
the Committee on the Planetary Science Decadal Survey.

THE 2003 SOLAR SYSTEM EXPLORATION DECADAL SURVEY

In the 1970s and 1980s, science strategies for exploring the solar system were drafted by the National Research 
Council’s (NRC’s) Committee on Planetary and Lunar Exploration (COMPLEX), which addressed separately the 
inner planets, the outer planets, and primitive bodies. Early in the 1990s, COMPLEX crafted a single solar system 
strategy that united and updated the several preexisting documents. The resulting report, An Integrated Strategy 
for the Planetary Sciences: 1995-2010,1 showed that it was both feasible and appropriate to establish a set of self-
consistent, solar-system-wide priorities for planetary science. The Integrated Strategy provided the foundation 
upon which the planetary community’s first decadal survey was built, with the process starting in 2001. Unlike the 
precursor reports from COMPLEX, which only considered science goals, the 2003 decadal survey—New Frontiers 
in the Solar System: An Integrated Exploration Strategy—both outlined science priorities and identified new ini-
tiatives needed to address those priorities.2 The study also advocated the creation of a new class of medium-size 
missions, named New Frontiers.

The 2003 decadal survey’s statement of task from NASA called for prioritized missions binned in small, 
medium, and large categories with respective costs of less than $325 million, less than $650 million, and more than 
$650 million in then-year dollars. That survey prioritized Mars missions separately from missions to other solar 
system destinations. The present report provides status updates for the missions recommended in the 2003 survey.

Non-Mars Mission Priorities in 2003

Large

In the 2003 planetary science survey the only large mission identified was Europa Geophysical Explorer: a 
spacecraft to orbit Europa and determine the nature and depth of the subsurface ocean postulated to exist beneath 
Europa’s ice shell. Although much planning has occurred, the mission has not been initiated. Current efforts focus 
on implementing this mission in the context of a joint NASA-ESA Europa Jupiter System Mission (Chapters 8 
and 9).

Medium

The 2003 planetary science decadal survey identified five medium-class initiatives to collectively initiate the 
competitively selected line of New Frontiers missions. These initiatives were, in priority order:

1.	 Kuiper Belt-Pluto Explorer—a mission to perform the initial spacecraft reconnaissance of the Pluto/Charon 
system as well as one or more other Kuiper belt objects. This mission is currently being implemented as the New 
Horizons mission launched in 2006 and scheduled to reach Pluto in 2015 (Figure 1.1). Subsequently, the spacecraft 
will be redirected so that it passes near to at least one additional Kuiper belt object, as was recommended in the 
2003 planetary science decadal survey.
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FIGURE 1.1  Launch of the New Horizons mission in January 2006. New Horizons is the first of the New Frontiers missions 
and was a top priority in the 2003 decadal survey. New Horizons explores a completely new region of the solar system, the 
Kuiper belt, a region discovered by ground-based observers. SOURCE: NASA.
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FIGURE 1.3  The nucleus of comet Tempel 1 at the moment it was struck by the impactor from the Deep Impact spacecraft 
on July 4, 2005. This was a Discovery mission. SOURCE: NASA/JPL-Caltech/University of Maryland.

a comprehensive payload of remote and in situ instruments (Figure 1.9). In the process, the cost of the mission 
grew substantially, to more than $2 billion. Launch is scheduled for late 2011.

2.	 Mars Long-Lived Lander Network—This globally distributed array of small landers would be equipped 
to make comprehensive measurements concerning Mars’s interior, surface, and atmosphere. It has not yet been 
implemented. 
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FIGURE 1.7  Victoria crater as imaged by the Mars Reconnaissance Orbiter. The Opportunity rover traversed the edge of this 
crater before venturing into it. The synergistic combination of data from landers and orbiters has been a key aspect of the Mars 
science activities conducted in the past decade. SOURCE: NASA/JPL-Caltech/University of Arizona.
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FIGURE 1.11  From a comet, to the desert, to the laboratory, to the Smithsonian—the Stardust mission encountered the comet 
Wild 2 in January 2004 and returned samples to Earth in January 2006 (top). The samples are still being examined (bottom) but 
have provided new understanding of our solar system. The capsule now resides in the National Air and Space Museum (right). 
SOURCE: Top, bottom: NASA/JPL. Right: Smithsonian Institution National Air and Space Museum.

SCOPE OF THIS REPORT

The scientific scope of this report spans two dimensions: first, the principal scientific disciplines that collec-
tively encompass the ground- and space-based elements of planetary science: i.e., planetary astronomy, geology, 
geophysics, atmospheric science, magnetohydrodynamics, celestial mechanics, and astrobiology; and second, the 
physical territory within the committee’s purview, the solar system’s principal constituents. This territory includes 
the following:
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2

National and International Programs 
in Planetary Science

RELATIONSHIPS BETWEEN PLANETARY SCIENCE PROGRAMS AT NASA AND NSF

The principal federal agencies that support the nation’s programs in planetary science are the Planetary Science 
Division (PSD) of NASA’s Science Mission Directorate and the Division of Astronomical Sciences (AST) in NSF’s 
Directorate for Mathematical and Physical Sciences.

The primary purpose of NSF/AST is to support research in ground-based astronomy, to provide access to 
world-class research facilities, and to support the development of new instrumentation and next-generation facili-
ties (Chapter 10). Planetary science directly benefits from NSF’s activities in two ways. First, a program of peer-
reviewed research grants and postdoctoral fellowships supports individual investigators conducting theoretical, 
observational, and laboratory studies. Such grants support all astronomical disciplines, with no predetermined 
allocations. Second, NSF provides peer-reviewed access to telescopes at public facilities such as the National 
Astronomy and Ionosphere Center, the National Radio Astronomy Observatory, the National Optical Astronomy 
Observatory, and the international Gemini Observatory (Figure 2.1).

The annual budget of NSF/AST is currently approximately $230 million. Planetary astronomers must compete 
against all other astronomers for access to both research grants and telescope time, however, and thus only a small 
fraction of AST’s facilities and budget support planetary science (Figure 2.2).

The primary goals of NASA’s PSD are to ascertain the origin and evolution of the solar system and to under-
stand the potential for life beyond Earth.1 These goals are advanced through a combination of spacecraft missions, 
technology development activities, support for research infrastructure, and research grants (Figures 2.3 and 2.4). 
The annual budget of the PSD is currently about $1.3 billion, the bulk of which is spent on the development, 
construction, launch, and operation of spacecraft. Two types of spacecraft missions are conducted: large flagship 
missions strategically directed by the PSD, and smaller Discovery and New Frontiers missions proposed and led 
by principal investigators (PIs) (Chapter 9). The choice and scope of strategic missions are determined through a 
well-developed planning process, drawing its scientific inputs from advisory groups both internal and external (e.g., 
NRC) to NASA. The PI-led missions are selected by a peer-review process that considers the scientific, technical, 
and fiscal merit of competing proposals submitted in open competition: proposals can be solicited (1) for inves-
tigations at specified planetary targets as determined through a strategic planning process (e.g., New Frontiers) 
or (2) for investigations not limited as to choice of solar system target and science objectives (e.g., Discovery).

Technology development activities (Chapter 11) and support for research infrastructure (Chapter 10) are 
determined through a combination of strategic planning and proposal competition. The PSD’s research grants 
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FIGURE 2.1  The Arecibo Observatory in Puerto Rico. Arecibo is used for radar observation of the Moon, Mars, Venus, 
Mercury, nearby asteroids, Saturn’s rings, and the satellites of Jupiter and Saturn. SOURCE: Courtesy of the NAIC-Arecibo 
Observatory, a facility of NSF.

(Chapter 10) are awarded through peer review of proposals submitted to a variety of research programs for analysis 
of ground- and space-based telescopic observations, theory and modeling, laboratory analyses, terrestrial fieldwork, 
and analysis of data from past and present missions.

RELATIONSHIPS TO OTHER NASA SCIENCE PROGRAMS

Planetary science activities at NASA are strongly coupled to the agency’s other science programs in its Astro-
physics, Heliophysics, and to a limited extent, Earth Science divisions. Each is addressed below in more detail.

NASA’s Astrophysics Division

The major science goals of the Astrophysics Division are to discover how the universe works, to explore how 
the universe began and evolved, and to search extrasolar planetary environments that might hold keys to life’s 
origins or might themselves even sustain life.2 Strong scientific synergy exists between the studies of extrasolar 
planets and studies of Earth’s planetary neighborhood. The former area of study provides planetary systems 
immense in the variety of their structures and stages of evolution: known exoplanets now range from super-Jupiters 
to super-Earths. The latter area of study affords the opportunity for detailed—often in situ—examination of the 
formation and evolution of one specific planetary system. A less obvious synergy is that space-based telescopes 
can support a host of user communities. The Hubble Space Telescope, for example, is a powerful observational 
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FIGURE 2.2  Images of Uranus taken with the Keck Observatory demonstrating the cloud features that were not visible in 
Voyager images obtained more than two decades ago. SOURCE: Courtesy of Lawrence Sromovsky, University of Wisconsin-
Madison Space Science and Engineering Center. Although the Keck Observatory is a private facility, NASA and NSF funding 
allows public access to it.

tool for remote sensing of solar system objects, as well as a facility that probes the depths of the cosmos. The same 
is true of other Astrophysics Division assets, such as the Spitzer Space Telescope, the Chandra X-ray Observa-
tory, the Stratospheric Observatory for Infrared Astronomy, FUSE, the International Ultraviolet Explorer, WISE, 
IRAS, and others. The James Webb Space Telescope will also make significant contributions to planetary science. 
Chapter 10 contains details of the contributions that ground- and space-based telescopes make to planetary science.

NASA’s Heliophysics Division

The Heliophysics Division sponsors research in solar and space physics, with a particular emphasis on 
understanding the Sun and its interactions with Earth and other bodies in the solar system.3 This research also 
encompasses study of the particle and field environments of other solar system bodies and, in particular, compara-
tive studies of planetary magnetospheres, ionospheres, and upper atmospheres.4 Such studies allow understanding 
of basic physical processes observed in the geospace environment to be applied to other solar system objects. 
This capability provides important opportunities to validate understanding of these processes by observing their 
behavior in multiple planetary settings. Heliophysics activities also benefit planetary science by providing basic 
data on changes in solar insolation, the solar wind, and the interplanetary magnetic field, which can be connected 
to changes observed in planetary environments.

Studies of the particle and field environments of planetary bodies have been an integral component of NASA’s 
planetary missions since the launch of Mariner 2 in 1962. Indeed, the goals of flagship planetary missions such 
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FIGURE 2.3  Sand dunes on Mars photographed by Mars Reconnaissance Orbiter. SOURCE: NASA/JPL-Caltech/University 
of Arizona. 

as the Voyagers, Galileo, and Cassini are highly relevant to the heliophysics community. The first decadal survey 
of the heliophysics community gave relatively high priority to the Jupiter Polar Mission, an initiative designed to 
image the jovian aurorae, determine the electrodynamic properties of the Io flux tube, and identify magnetosphere-
ionosphere coupling processes.5 The heliospheric decadal report also discussed a separate Io electrodynamics mis-
sion designed to conduct in situ measurements in the Io flux tube. Although the Io mission has not come to pass, 
instrumentation on the PSD’s Juno spacecraft will allow the main objectives of the proposed Jupiter Polar Mission 
to be achieved.6 Important synergy between heliophysics and planetary missions also exists in their instruments. 
Heliophysics instruments are usually relatively small with low power and data-downlink requirements, thereby 
offering heritage readily implemented on planetary missions.

NASA’s Earth Science Division

Planetary science also has strong scientific links to SMD’s Earth Science Division (ESD). The major sci-
ence goal of this division is to advance Earth system science to meet the challenges of climate and environmental 
change.7 Advances in these areas will lead to a better understanding of Earth as a terrestrial planet and will obtain 
data essential to understanding the origin and evolution of a terrestrial planetary biosphere. To this end, SMD 
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FIGURE 2.4  The plumes from the south pole of Saturn’s tiny moon Enceladus. SOURCE: NASA/JPL/Space Science Institute.

recently asked the community for input on connections and synergies between the research goals of the ESD and 
those of the PSD’s Astrobiology program. Since the two programs share a common interest in the interactions 
between the biosphere and its planetary environment, research addressing the goals of one program has a poten-
tial for contributing to achieving the goals of the other. SMD plans to use community input to plan possible joint 
research topics, workshops, and other cooperative activities.
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Because Earth is the most intensely studied planet from space, there is synergy between the science and the 
observational techniques developed for remote sensing of Earth. It is important to remember, however, that 
the instruments deployed on Earth-orbiting satellites may not be directly applicable for use in other planetary 
environments. The masses, volumes, power requirements, and data downlink rates of instruments used to study 
Earth are typically incompatible with the more limited capacities of planetary spacecraft.

RELATIONSHIPS TO OTHER NSF PROGRAMS

As mentioned above, the principal source of planetary science funding within NSF is in its Division of Astro-
nomical Sciences. However, other parts of NSF also make small but important contributions to planetary science.

NSF’s Office of Polar Programs

The Office of Polar Programs (OPP) provides access to and logistical support for researchers working in 
Antarctica. Earth’s south polar region is of direct relevance to planetary science because it is the world’s most 
productive hunting ground for meteorites and because it contains environments relevant to studies of Mars and 
the icy satellites of the outer solar system. The meteorite collection program is a cooperative activity involving 
OPP, NASA, and the Smithsonian Institution; NSF and NASA currently support the fieldwork (Figure 2.5). Initial 
examination of samples is done at the Astromaterials Acquisition and Curation Office at NASA’s Johnson Space 
Center, and characterization and long-term curation are the responsibility of the Smithsonian’s National Museum 
of Natural History.

Many features of the Antarctic environment are of direct relevance to planetary science, and to astrobiology 
in particular. Antarctica’s Dry Valleys have many features that make them plausible analogs of a younger, warmer, 
wetter Mars. Similarly, the physical, chemical, and biological studies of Antarctica’s perennially ice-covered lakes 
can advance understanding of the habitability of the oceans thought to exist beneath the icy surface of some of the 
satellites of the giant planets. Studies of these and other topics of planetary relevance are supported at a modest 
level by OPP’s program of grants to individual investigators.

NSF’s Directorate for Geosciences

Grants awarded by the Atmospheric and Geospace Sciences Division provide modest support for research 
concerning planetary atmospheres and magnetospheres. Similarly, the Earth Science and Ocean Sciences divisions 
have supported studies of meteorites and ice-covered bodies. Such grants, although small compared with NASA’s 
activities in similar areas, are important because they provide a vital source of funding to researchers, mostly to 
support graduate students and postdoctoral fellows. More importantly, they provide a key linkage between the 
relatively small community of planetary scientists and the much larger community of researchers studying Earth. 

RELATIONSHIP TO NASA’S HUMAN EXPLORATION PROGRAM

Throughout the space age there have been periods of tension and cooperation between the human spaceflight 
program and the planetary science program. The greatest degree of cooperation between the two occurred during 
the Apollo era, when scientists were involved in the selection of landing sites and the development of exploration 
goals, and also benefited heavily from the lunar samples and other data returned from the six Apollo landings 
(Figure 2.6).

More recently, among the goals of the Vision for Space Exploration were the return of humans to the Moon 
and the development of new rockets and human spacecraft, designated Constellation. NASA’s Exploration Systems 
Mission Directorate (ESMD) also funded the first of what was planned to be a series of lunar precursor missions 
known as the Lunar Reconnaissance Orbiter (LRO), and then the Lunar Crater Observation and Sensing Satellite 
(LCROSS). Both missions played a major role in helping to reinvigorate lunar science in the United States. How-
ever, the need for funds for the Constellation program led to cuts in the space science budget which also affected 
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FIGURE 2.5  Scientists gathering meteorites in Antarctica, supported by NSF grants. SOURCE: Courtesy of Silvio Lorenzetti, 
Swiss Federal Institute of Technology, Zurich. 

the planetary science program in significant ways, including cuts in technology development and other budgets, 
particularly the Mars program line.

In fall 2009, the U.S. Human Spaceflight Plans Committee—also known as the Augustine Committee—
presented the results of its study of options for human spaceflight.8 In February 2010, the White House proposed 
NASA’s FY2011 budget. From the planetary science perspective, the major impact of the proposed budget was 
the cancellation of plans for returning humans to the Moon, and the initiation of a series of robotic precursor 
missions to targets such as near-Earth objects (NEOs), the Moon, and possibly the martian moons Phobos and 
Deimos. At the time the present decadal survey report was written the outcome of the congressional budgeting 
process was unclear, but it appeared likely that the robotic precursor program would not be funded to the extent 
originally proposed.

Human space exploration is undertaken to serve a variety of national and international interests. Indeed, the 
President, Congress, and the American public play a greater role in shaping the human-exploration agenda than 
does the scientific community. Human exploration can provide important opportunities to advance science, but 
science is not the primary motivation. Measurements using remote sensing across the electromagnetic spectrum, 
atmospheric measurements, or determinations of particle flux density are by far best and most economically con-
ducted using robotic spacecraft. But there is an important subset of planetary exploration that can benefit from 
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FIGURE 2.6  Apollo 17 astronaut Gene Cernan on the Moon’s surface. The Apollo program was the last widespread coopera
tion between planetary scientists and the human spaceflight program, and the later Apollo missions provided a wealth of 
scientific data about the Moon. SOURCE: NASA.

human spaceflight. These are missions to the surfaces of solid bodies whose surface conditions are not too hostile 
for humans. For the foreseeable future, humans can realistically explore only the surfaces of the Moon, Mars, 
Phobos and Diemos, and some asteroids (Figure 2.7). The determination of which asteroids might be realistic 
human exploration targets will include considerations of gravity, safety, orbit, and richness of scientific return 
based on precursor measurements. It is likely that the subset of asteroids that are true potential targets is much 
smaller than the observed inventory of NEOs and should be the subject of a separate study. If the development 
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FIGURE 2.7  A human mission to an asteroid is an example of a potential overlap between planetary science interests and 
human exploration interests. SOURCE: Courtesy of Josh B. Hopkins, Lockheed Martin. 
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of a heavy-lift launch vehicle proceeds as planned, the surface of the Moon or a near-Earth asteroid is potentially 
accessible by humans sometime after 2022, but Mars remains a more distant goal for human exploration.

Precursor Robotic Missions

If the Apollo experience is an applicable guide, robotic missions to targets of interest will undoubtedly precede 
human landings. Human exploration precursor measurement objectives focus mainly on issues regarding health 
and safety and engineering practicalities, rather than science. Although there are a number of examples where the 
interests intersect, for example finding a resource like water, the motivation and ultimate data applications of 
the two goals are typically quite different.

A positive example of synergy between the human exploration program and planetary science is the current 
LRO mission (Figures 2.8 and 2.9). This project was conceived as a precursor for the human exploration program 
but ultimately was executed in concert with the planetary science community. With one exception, a science peer-
review process was followed for instrument selection. In fall 2010, after the end of the exploration phase of LRO’s 
mission, responsibility for the spacecraft was turned over to the PSD. Some 23 participating scientists were added 
to ensure that top-quality science is executed. By building on lessons learned from LRO, an effective approach to 
exploration-driven robotic precursor missions can be devised.

Despite the positive recent example of LRO, the committee is concerned that, as demonstrated in the 
recent past, human spaceflight programs can cannibalize space science programs. The committee agrees with 
the statement in the Human Spaceflight Plans Committee report that “it is essential that budgetary firewalls be 
built between these two broad categories of activity. Without such a mechanism, turmoil is assured and program 
balance endangered.” 9

Within the planetary science program there have been and will likely continue to be peer-reviewed missions 
selected that are destined for likely targets of human exploration. Two relevant examples are the New Frontiers 
projects MoonRise (a lunar South Pole-Aitkin Basin sample return mission) and OSIRIS-REx (an asteroid sample 
return mission) now under study for eventual down selection to one mission in 2011.10 The committee believes 
that it is vital to maintain the science focus of such peer-reviewed missions and not to incorporate human 
exploration requirements after the mission has been selected and development has begun. If the data gathered 
by such missions have utility for human exploration, the analysis should be paid for by the human exploration 
program and firewalled from the science budget. Similarly, if the human exploration program proposes a precursor 
mission (such as LRO) and there is an opportunity for conducting science at the destination, the science programs 
should be very cautious about directly or indirectly imposing mission-defining requirements, and be willing to 
pay for any such requirements.

The need for caution does not rule out the possibility of carefully crafted collaborations, however. It may be 
possible, for example, to put science-focused instrumentation on some of these missions, or for science missions 
to certain targets to carry ESMD-funded instrumentation. Also, missions designed to prepare for future human 
exploration can be “re-purposed” to address science questions once their primary mission has been completed, as 
was recently done for LRO.

Human Landed Missions and Science

In popular culture, the term “robot” conjures up a fully autonomous, reasoning, anthropomorphic creature 
such as envisioned in Isaac Asimov’s I, Robot.11 However, in modern industrial and scientific applications, robots 
are best at the “three Ds”: dull, dirty, or dangerous work. Robotic systems can be designed to operate in extreme 
environments deadly to humans, but they are programmed and at times teleoperated by humans. Currently, even 
the most sophisticated robotic spacecraft have limited intellectual and physical capabilities. Rovers and orbiters 
do only what they are told and are incapable of completely independent autonomous reasoning. By comparison, 
human explorers on other worlds are intellectually flexible and adaptable to different situations, as demonstrated 
by the Apollo sample collection and the Hubble on-orbit servicing and repair. Humans develop and communicate 
ideas, not just data. Human adaptability and capability in an unstructured environment far surpass those of robots, 
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For several decades, the NRC has conducted studies of the scientific utility of human explorers or human-
robotic exploration teams for exploring the solar system. Invariably, the target of greatest interest has been Mars. 
The scientific rationale cited has focused largely on answering questions relating to the search for past or present 
biological activity. On the basis of the importance of questions relating to life, the committee concluded that for 
the more distant future, human explorers with robotic assistance may contribute more to the scientific explora-
tion of Mars than they can to any other body in the solar system.14,15 Robotic missions to Mars, either purely for 
science or as precursors to a human landing, can provide the basic scientific data and lay the groundwork for a 
human presence. Humans will then take exploration to the next steps by making sense of the complex martian 
environment, rapidly making on-the-spot decisions to choose the right spots for sampling, performing the best 
experiments, and then interpreting the results and following up opportunistically.

Summary

For decades, planetary science has adopted a graduated, step-wise approach to exploration, from initial flyby 
to orbital reconnaissance, followed by in situ investigation and ultimately a return of samples to laboratories for 
exhaustive examination. Although humans are not required for the return of samples from the Moon, asteroids, or 
Mars, if humans are going to visit these bodies, collecting and returning high-quality samples are among the most 
scientifically important things they can do.

The robotic and human exploration of space should be synergistic, both at the program level (e.g., science 
probes to Mars and humans to Mars) and at the operational level (e.g., humans with robotic assistants). Both drive 
the development of new technologies to accomplish objectives at new destinations. However, this effort must 
proceed without burdening the space science budget or influencing its process of peer-review-based selection 
of science missions. Conversely, NASA can proceed to develop the robotic component of its human exploration 
program. Through this cooperative and collaborative effort, NASA can accomplish the best for both programs.

INTERNATIONAL COOPERATION IN PLANETARY SCIENCE

Planetary exploration is an increasingly international endeavor, with the United States, Russia, Europe, Japan, 
Canada, China, and India independently or collaboratively mounting major planetary missions. As budgets for 
space programs come under increasing pressure and the complexity of the missions grows, international coopera
tion becomes an enabling component. New alliances and mechanisms for cooperation are emerging, enabling 
partners to improve national capabilities, share costs, build common interests, and eliminate duplication of 
effort. But international agreements and plans for cooperation must be crafted with care, because they also can 
carry risks. The management of international missions adds layers of complexity to their technical specification, 
management, and implementation. Different space agencies use different planning horizons, funding approaches, 
selection processes, and data dissemination policies. Nonetheless, international cooperation remains a crucial 
element of the planetary program; it may be the only realistic option for undertaking some of the most ambitious 
and scientifically rewarding missions.

Mechanisms and Recent Examples of Cooperation

Flagship missions afford the greatest potential for NASA and other space agencies to unite resources and 
meet difficult challenges. The Galileo and Cassini-Huygens missions to explore the jovian and saturnian systems 
are superb examples of international cooperation of this scale (Figures 2.10 and 2.11). Flagship missions like 
Galileo and Cassini are complex to manage and implement because they involve integrating major spacecraft 
components supplied by different nations (engines, antennas, probes, dual spacecraft) into a single flight system. 
Still, to minimize the high fractional costs of launch and orbital insertion or landing, this architecture can be the 
most cost-effective one. Recently NASA and the European Space Agency (ESA) have been considering joint 
missions of this integrated form to undertake Mars sample return and to explore Titan simultaneously from orbit 
and in situ.
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FIGURE 2.10  The surface of Titan as seen by the Huygens lander. Cassini-Huygens is an example of successful international 
cooperation in planetary exploration. SOURCE: ESA/NASA/JPL/University of Arizona.

A less complex but still powerful approach involves joint observations from multiple spacecraft each delivered 
to a planetary target by an individual space agency, as was used in the reconnaissance of Comet Halley. Discussion 
has been ongoing of a coordinated program of this form to explore the Jupiter system, wherein NASA would con-
tribute a Europa orbiter (recommended by the NRC’s first planetary decadal survey16) and ESA would contribute a 
Ganymede orbiter (see Chapters 7 and 8). Likewise an International Lunar Network has been under consideration 
wherein NASA might provide two or more nodes while other nations would provide additional nodes.

A common collaborative arrangement is the provision of resources by foreign partners to NASA-led mis-
sions (and vice versa); these resources might include, for example, payload instruments, other key flight ele-
ments, or team members. NASA contributions to foreign missions have been funded by programs such as the past 
Missions of Opportunity or the present SALMON (Stand Alone Missions of Opportunity). For example, India’s 
Chandrayaan-1 lunar mission carried two U.S. experiments, and NASA’s Lunar Reconnaissance Orbiter includes 
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FIGURE 2.11  Saturn and its rings as imaged by Cassini. SOURCE: NASA/JPL/Space Science Institute.

a Russian instrument. NASA’s Mars Exploration Rover and Phoenix missions included instruments and team 
members from Germany, Denmark, and Canada. Russia, France, Spain, and Canada are contributing elements of 
the Mars Science Laboratory payload, and Italy and the United Kingdom have contributed to the Mars Recon-
naissance Orbiter mission. NASA’s second New Frontiers mission Juno will carry an auroral instrument provided 
by the Italian Space Agency. NASA is providing two instruments to ESA’s Rosetta comet mission; European 
nations are making multiple contributions to the payload for Dawn, NASA’s mission to Vesta and Ceres. These 
collaborations dramatically expand mission capabilities and are crucial to developing a strong and most effec-
tive international scientific community. Among cooperative efforts now underway is NASA’s contribution to the 
instrument payload for the ESA-led Mars Trace Gas Orbiter, part of an evolving long-term cooperation between 
NASA and ESA in Mars exploration.



Copyright © National Academy of Sciences. All rights reserved.

Vision and Voyages for Planetary Science in the Decade 2013-2022 

66	 VISION AND VOYAGES FOR PLANETARY SCIENCE

Guidelines for International Cooperation

Notwithstanding the enormous benefits, both societal and scientific, that international cooperation affords, 
such agreements should not be entered into without due consideration. Because of more complicated aspects of 
agreement on technical specifications, management by multiple interests, implementation and integration proce-
dures, and the impact of the International Traffic in Arms Regulations, cost and schedule growth can occur. In 
part, this happens because U.S. and international partnering agencies can have different goals for the endeavor, use 
different fiscal timelines and commitment schedules, and employ incongruent proposal requirements and selection 
processes. Although NASA and NSF should embrace the opportunities for collaboration with foreign partners, they 
must do so with full understanding of the potential risks and how they can be managed. The committee drew from 
the general principles and guidelines for international cooperation laid out in past studies, in particular the joint 
report of the Space Studies Board and the European Space Science Committee titled U.S.-European Collabora-
tion in Space Science.17 Following consideration of a series of case studies examining the positive and negative 
aspects of past transatlantic cooperative space-science ventures, that report laid out eight essential ingredients that 
an agreement to engage in an international collaboration must contain; they are (summarized from pp. 102-103 
of the 1998 report) as follows:

1.	 Scientific support through peer review that affirms the scientific integrity, value, requirements, and benefits 
of a cooperative mission;

2.	 A historical foundation built on an existing international community, partnership, and shared scientific 
experiences;

FIGURE 2.12  The International Year of Astronomy ended with a lunar eclipse. SOURCE: Courtesy of Jean Paul Roux.
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3.	 Shared objectives that incorporate the interests of scientists, engineers, and managers in common and com-
municated goals;

4.	 Clearly defined responsibilities and roles for cooperative partners, including scientists, engineers, and mis-
sion managers;

5.	 An agreed-upon process for data calibration, validation, access, and distribution;
6.	 A sense of partnership recognizing the unique contributions of each participant;
7.	 Beneficial characteristics of cooperation; and
8.	 Recognition of the importance of reviews for cooperative activities in the conceptual, developmental, active, 

or extended mission phases—particularly for foreseen and upcoming large missions.

Summary

Despite the negative consequences that may potentially accrue if cooperative activities are not planned and con-
ducted in a manner consistent with the eight principles listed above, the committee strongly supports international 
efforts and encourages the expansion of international cooperation on planetary missions to accelerate technology 
maturation and share costs. International cooperation generally provides resilience to long-term space programs 
and allows optimal use of an international workforce and expertise. Multiple international space powers have now 
mastered major technological challenges required to explore the solar system. As such, international cooperation 
should remain a key element of the nation’s planetary exploration program. An internationally engaged program 
of solar system exploration can unite stakeholders worldwide and lay the groundwork for humans to venture into 
space in the next phases of exploration (Figure 2.12).
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BUILDING NEW WORLDS: UNDERSTANDING SOLAR SYSTEM BEGINNINGS

What Were the Initial Stages, Conditions, and Processes of Solar System Formation 
and the Nature of the Interstellar Matter That Was Incorporated?

A nearby supernova explosion may have initially triggered the collapse of the local molecular cloud and 
thereby the onset of solar system formation.3 Many primitive bodies—asteroids, comets, meteorites, Kuiper belt 
objects, Trojan asteroids, and bodies in the distant Oort cloud—still contain intact records of this very early period. 
Examination of their minerals and their isotopic and molecular chemistry can reveal the physical conditions under 
which they formed and provide our best view into this earliest chapter of solar system formation. In fact, we may 
see isotopic evidence of such a supernova explosion in ancient meteorite samples.4 The least-processed of the 
primitive meteorite samples preserve tiny presolar grains, whose isotopic compositions reflect the nucleosynthetic 
processes in stars and supernovae that preceded solar system formation.5 These presolar stellar remnants provided 
key ingredients (e.g., metals and silicates) for the accretion of planets.

In the past decade major progress has been made in linking the compositions of presolar grains in chondritic 
meteorites to the specific stellar environments where they are formed.6 Unexpectedly, presolar grains were in low 
abundance in comet samples returned by the Stardust mission, signaling limited understanding as to how and where 
presolar grains were incorporated into the solar nebula.7 Recent studies of organic matter in these materials are 
starting to reveal how carbon-based molecules formed in interstellar space are further processed and incorporated. 
Most of the presolar grains recognized so far are carbon (diamond and graphite) or carbides;8 important ques-
tions remain as to the abundance of presolar silicates and oxides and how the compositions of presolar grains and 
organic molecules differ among comets.

After the Sun formed, the solar nebula gradually began to coalesce and form clumps that, in turn, accreted into 
planetesimals. In the inner solar system where conditions were hotter, primitive asteroids and meteorites record 
early events and processes in the solar nebula whereby interstellar solids melted, evaporated, and condensed to 
form new compounds. Farther out, beyond the “snow line,” it was cooler and volatiles condensed as ices; there the 
giant planets and their satellite systems began to form. In that region and extending farther out where temperatures 
were extremely low, minimizing chemical processing, the parent objects of comets formed. They retain the most 
pristine records of the initial chemistry of the outer parts of the solar nebula. The size distributions of objects in 
the Kuiper belt reveal the nature of accretion in the outer region that was arrested early, stopping their growth.9,10 
Mixing of materials between nebular regions is clearly shown by the diverse components in the Stardust comet 
samples.11 It also now appears that some differentiated asteroids formed earlier than the primitive chondrites, 
showing that the accretional sequences were far more complex than once thought.12

Over the next decade important breakthroughs in understanding of presolar materials and early nebular 
processes will certainly come from applying ever advancing analytical techniques in the analysis of meteorites, 
interplanetary dust, and Stardust samples. However, greater potential to achieve major steps in understanding of 
presolar and nebular cosmochemistry would come from the analysis of samples returned directly from the surfaces 
of comets. Stardust samples have dramatically expanded our knowledge of presolar sources and nebular processes. 
Eventually, the greatest scientific breakthroughs in addressing these questions will come from studying returned 
surface samples whose volatiles have been cryogenically preserved.

How Did the Giant Planets and Their Satellite Systems Accrete,  
and Is There Evidence That They Migrated to New Orbital Positions?

The terrestrial planets grew only to relatively small sizes owing to the scarcity of metal and silicate grains in the 
inner solar nebula. However, the ices that condensed from the nebular gas beyond the snow line were more abundant. 
Planetary scientists witness similar processes ongoing in exoplanetary systems. Thus, the planetary embryos of the 
giant planets grew rapidly in the first few million years until they became massive enough to capture directly the 
most abundant elements in the solar nebula, hydrogen and helium. Jupiter’s enormous size is very likely correlated 
to its position just outside the snow line: water vapor driven out across this boundary would rapidly condense and 



Copyright © National Academy of Sciences. All rights reserved.

Vision and Voyages for Planetary Science in the Decade 2013-2022 

PRIORITY QUESTIONS IN PLANETARY SCIENCE FOR THE NEXT DECADE	 73

pile up; solid particles orbiting outside the snow line experienced a low pressure zone and sped up owing to the 
reduced drag, thus slowing their migration inward. In this way, Jupiter’s feeding zone was extremely well supplied.

The regular satellites of Jupiter, Saturn, and Uranus orbit in their equatorial planes, suggesting that they formed 
in subnebular disks like miniature solar systems.13 Neptune’s coplanar satellite system was likely destroyed by 
the capture of Triton, its large retrograde satellite, probably a renegade Kuiper belt object. Too small to capture 
much gas gravitationally, the satellites accreted mainly from icy and rocky solids. They might have captured gases 
in clathrates (i.e., water-ice cages) or in amorphous ices. If their icy solids came directly from the solar nebula, 
they would retain nebular volatile abundances. Cassini-Huygens data suggest this to be the likely case for Saturn’s 
moons and Titan in particular.14,15 If they were formed in the gas-giant subnebulae, dependent on the radial tem-
perature profile, some regions would be hot enough to vaporize ices, resetting isotopic thermometers and phases 
before they re-condensed. Such subnebula processing is speculated for Jupiter’s regular satellites, but crucial 
measurements are lacking. Untangling nebula versus subnebula processes requires knowing the internal structures 
of the satellites; abundances of volatile ices; stable isotope ratios of carbon, hydrogen, oxygen, and nitrogen; and 
abundances of the noble gases. Addressing these key questions will require precise geophysical, remote sensing, 
and in situ measurements across the outer planet satellites of their internal structures and their compositions from 
their plumes, sputtered atmospheres, co-orbiting tori, and surfaces.

Many unknowns remain as to how the outer planets formed out of the solar nebula and if and when they 
migrated into different orbits. This is also an important question with regard to exoplanets. The Galileo probe sent 
into Jupiter’s atmosphere showed quite surprisingly that the noble gases argon, krypton, and xenon are much more 
abundant there than in the Sun. Suggested explanations for their concentration include condensation of noble gases 
on extremely cold nebular solids, capture of clathrate hydrates, evaporation of the protoplanetary disk before Jupiter 
formed, and outgassing of noble gases from the deep interior enriching them in the atmosphere.16 Each of these 
hypotheses leads to testable predictions for noble gas abundances in the other giant planets—definitive answers 
will require in situ probe measurements—critical data that researchers lack for Saturn, Uranus, and Neptune.

Resolving a second major puzzle also mandates probe measurements. Solar system models that placed the 
formation of Uranus and Neptune at their current positions were unable to produce cores of the ice giants rapidly 
enough. Modelers concluded that the giant planets must have migrated to new orbits after their formation. It is 
now thought that during the first half billion years of the solar system, Uranus and Neptune orbited in the region 
much closer to the Sun; it is even possible that Neptune was inside Uranus’s orbit.17,18 The models suggest that at 
about 4 billion years ago Saturn and Jupiter entered a 2:1 orbital resonance, increasing Saturn’s eccentricity and 
thereby driving Uranus and Neptune out into the Kuiper belt, which in turn was driven out to its current location.

Many variations of such scenarios have been hypothesized. However, key evidence is lacking, and a complete 
understanding of the formation and migration of the four planets that account for 99 percent of the mass in the 
solar system, excluding the Sun, awaits key measurements at Saturn, Uranus, and Neptune. To distinguish between 
the array of theorized scenarios for formation and migration of the giant planets and their satellite systems, scien-
tists need to know detailed composition—deuterium/hydrogen and hydrogen/helium ratios, other isotopic ratios, 
and information about noble gases that can only be obtained in situ from giant-planet atmospheric probes. To 
address these questions, detailed in situ measurements as acquired by the Galileo probe of the compositions of 
the atmospheres of Saturn, Uranus, and Neptune are of high priority.

What Governed the Accretion, Supply of Water, Chemistry, and Internal 
Differentiation of the Inner Planets and the Evolution of Their Atmospheres, 

and What Roles Did Bombardment by Large Projectiles Play?

Planetary researchers now think that the presolar silicate and metallic materials in the hot inner solar nebula 
accreted quite early, gathering into on the order of a hundred Moon-to-Mars-size planetesimals.19 Owing to the scar-
city of such material in the nebula these protoplanets would have ceased growing very early, approximately when 
the Sun’s T Tauri phase began. Over the next ~100 million years the terrestrial planets grew from the collisional 
merging of these objects;20 the Moon is hypothesized to have formed in this period by a glancing collision of a 
Mars-size planetesimal with Earth. If Jupiter and Saturn entered a 2:1 orbital resonance ~4 billion years ago, they 
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triggered an orbital reshuffling and bombardment that reshaped the inner solar system.21 As Uranus and Neptune 
surged outward, Kuiper belt objects would have been scattered—many, shed into the inner solar system, could 
have delivered water and other volatiles to the terrestrial planets as a late veneer.22 Most objects in the asteroid belt 
were also scattered, some inward, delivering more water to the inner planets. These two impacting populations are 
hypothesized to have caused the late heavy bombardment that had been suggested in the lunar cratering record; 
its timing may be linked to the emergence of life on Earth.23,24

Because asteroids and Kuiper belt objects were important ingredients in the recipe for the terrestrial planets, 
they retain many clues to early evolution of the inner planets. Researchers currently know very little about the com-
position and physical characteristics of Trojans and Centaurs. Like Centaurs, Trojans may come from the Kuiper 
belt but may have been formed closer in near Jupiter. Obtaining information by direct spacecraft observations will 
help constrain existing models of the origins of these bodies. Study of these objects is important because they may 
contain key information about the parent materials that accreted in the inner solar system. An important science 
goal for this decade is to begin the scientific exploration of the Trojan asteroids.

The distribution of bodies in the Kuiper belt may provide key evidence about the orbital migration of the giant 
planets.25 Measuring the time of formation of individual components that constitute comets will constrain the evo-
lution of objects beyond the orbit of Neptune. Refractory inclusions in the Stardust sample from comet Wild 2 
suggest that inner solar system material was mixed out into the Kuiper belt zone.26 Determining the deuterium/
hydrogen and other crucial isotopic ratios in multiple comets from samples of their nuclei could help to address 
major questions about the roles comets played in delivering water and other volatiles to the inner solar system 
and in particular to early Earth.

Soon after the terrestrial planets formed, their interiors differentiated into rocky crusts and mantles and 
metallic cores; they continued to dissipate internal energy through mantle convection, magnetic field generation, 
and magmatism. Earth, the Moon, and Mars all show isotopic evidence that they had differentiated only 10 million 
to 50 million years after formation; this was very likely the case for Venus and Mercury as well.27 To understand 
the subsequent evolution of these bodies it is necessary to know their bulk chemistries and internal structures. 
Geophysical exploration of the internal structure of the Moon and Mars with a global seismic network remains 
an achievable goal of exceptional scientific importance. Lunar samples indicate that the Moon formed hot with a 
deep magma ocean; magma oceans may have been common to all terrestrial planets. Analysis of ancient samples 
excavated from the deep interior during formation of the Moon’s South Pole Aitken Basin could yield deep insights 
into the earliest stages of Earth-Moon formation and evolution, opening records that have vanished from Earth.

Major questions remain regarding how and when water and other volatiles were delivered to Earth. What 
fraction of Earth’s volatile inventory was delivered directly by planetesimals during accretion and later outgassed 
to the surface during differentiation and subsequent volcanism? What fraction was acquired as a late veneer from 
the impact of comets and volatile-rich asteroids during the late heavy bombardment? Clues to address these ques-
tions could be found locked in chemical signatures at the surfaces and in the atmospheres of Earth’s neighbors.

Venus and Mars formed at orbital radii that bracket Earth’s. The isotopic, elemental, molecular, and mineralogic 
records retained in their surfaces and atmospheres can be studied to reveal radial gradients in the accreting sources 
of volatiles, the early transport of volatiles into the inner solar system by collisional and gravitational scattering 
and mixing, and the relative importance of asteroidal and cometary sources in delivery of a late-arriving veneer. 
For example, Galileo and Venus Express results show that Venus’s highlands may be more silicic, suggesting 
early eruption of hydrous magmas.28,29 The critical questions of volatile origin for Venus can best be addressed 
by in situ measurement of the noble gases and molecular and isotopic chemistry in the atmosphere, as well as the 
geochemistry and mineralogy of its surface. Scientists have gleaned nearly all that can be learned from martian 
meteorites, likely a highly biased sample based on their young radiometric ages compared to crater counting ages 
of the martian surface.30 The origin and evolution of volatiles on Mars appear to have a complex, many-staged 
history. While significant information has been obtained from martian meteorites and current in situ missions on 
the chemistry of the atmosphere as well as the geochemistry and mineralogy of the surface, many newly identi-
fied geochemical environments have not been observed in situ, and significant advances will be obtained through 
the return of martian samples, which can be studied with the most sophisticated instruments using highly diverse 
analytic techniques not possible with a single surface mission.
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PLANETARY HABITATS: SEARCHING FOR THE REQUIREMENTS OF LIFE

What Were the Primordial Sources of Organic Matter,  
and Where Does Organic Synthesis Continue Today?

Organic molecules—crucial to life—are widespread across the solar system. Major progress has been made 
in the past decade in tracing their origins from the most primitive presolar sources to the active environments and 
the physical and chemical processes by which they are being created and destroyed today. Tracing their origins 
and evolution traces ours, for without the complement of organics delivered to or chemically synthesized on early 
Earth, life here would not exist.

Researchers are beginning to understand how carbon-based molecules were formed in interstellar space and 
later combined into other complex molecules in the solar nebula and in planetesimals. Satellites of the outer solar 
system are rich in organics. The complex array of organic molecules and the active chemistry in Titan’s atmosphere 
and at its surface afford an invaluable laboratory to understand prebiotic chemical processing on a planetary scale.31 
Organics in the polar jets of Enceladus signal that the icy satellites harbor organic molecules and processes in their 
interiors—key indicators if life were ever to emerge in such subsurface environments.32 Evidence for methane, one 
of the simplest organic compounds, has been reported in the martian atmosphere, leading to testable hypotheses 
for its origin, whether geochemical or biogenic.33

Interstellar molecular clouds and circumstellar envelopes are space environments where solid-state chemical 
reactions form a variety of complex molecules. Organic compounds are ubiquitous in the Milky Way and other 
galaxies and include nitriles, aldehydes, alcohols, acids, ethers, ketones, amines, and amides, as well as long-chain 
hydrocarbons.34,35 The origin of organic molecules in meteorites is complex; some compounds formed as coatings 
on presolar dust grains in molecular clouds, and others were altered in the warmed interiors of planetesimals when 
ices in these bodies melted.36 Their chemistries span a range of molecules including amino acids; these molecules 
provide a partial picture of the prebiotic components that led to life. But scientists lack critical information on 
organic components in comets and Kuiper belt objects and on how the compositions of organic molecules may 
vary among these bodies. What fraction of comet material remains pristine, maintained at low temperatures with 
little modification? How much mixing occurred across the solar nebula as suggested by high-temperature silicates 
in Stardust samples? What kinds of reactions occurred between organic compounds and silicate or oxide grains? 
Analysis of elemental, isotopic, organic, and mineralogic composition of organic-rich asteroid and comet surface 
samples (eventually, cryogenically preserved samples) using the most advanced analytic laboratory techniques 
holds the greatest potential for addressing these fundamental questions and tracing the origins and sources of 
primitive organics that led to life in the inner solar system.

Titan is the richest laboratory in the solar system for studying prebiotic chemistry with a broad range of active 
organic synthesis. A few percent methane in the thick cold nitrogen atmosphere moves in a global cycle, forming 
clouds, rain, rivers, lakes, and seas that strikingly resemble Earth’s hydrologic cycle. Exposed to solar ultraviolet 
radiation and plasma particles in the upper atmosphere, methane and nitrogen are broken into radicals and ions 
that recombine in multiple stages to form a plethora of hydrocarbons and nitriles, ranging from simple gases to 
large complex molecules. As these compounds descend they condense as liquids and as a haze of organic aerosols 
(tholins) that rain onto the surface.

A key question posed by Cassini data is, Do the organics contain amino acids and the building blocks of 
nucleotides?37 Because the prebiotic chemical pathways of its organic evolution may hold keys for understanding 
the origin of life on Earth, direct examination of the organic species and active processes and the isotopic chemistry, 
both from the surface and in the atmosphere, has become one of the highest scientific priorities for the future.

Icy satellites display abundant evidence for organic chemistry. At Saturn, Iapetus and Phoebe are largely 
covered by complex dark organics. Ganymede and Callisto and all five uranian satellites exhibit numerous dark 
organic-rich geologic units. Cassini discovered that the plumes emanating from Enceladus’s interior contain organic 
compounds that could be primordial, derived from accretion, or that might be generated by chemical reactions 
such as Fischer-Tropsch reactions (hydrogen and carbon monoxide) or serpentinization reactions (water, carbon 
dioxide, and silicates).38 As discussed below, Europa probably harbors a subsurface ocean at a shallow depth, 
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giving it high potential as a habitat for life. Plumes have been observed on several geologically active bodies (Io, 
Enceladus, and Triton), and it would not be surprising to find them on Europa as well.39 If so, characterization of 
Europa’s organics could be done in situ as for Enceladus. High-priority science goals that emerge from this key 
question are to identify organic molecules and characterize processes of organic synthesis in the interiors and at 
the surfaces of Europa and Enceladus as well as Titan.

Evidence for the possible presence of methane in Mars’s atmosphere is a most remarkable recent report. If 
methane is confirmed it is likely being continually generated, because the current abundance reported could be 
photochemically destroyed in only a few hundred years. All of the possible processes that have been suggested 
would operate in the subsurface: geologic processes including metamorphic reactions of ultramafic rocks with car-
bonic acid (serpentinization), thermal decay of organics, or even conceivably by extant subsurface microorganisms. 
New questions and new goals arise. Can the detection of methane be confirmed, and how can researchers test 
hypotheses for its origin?

The ESA-NASA Mars Trace Gas Orbiter mission now under development for launch in 2016 seeks to answer 
these questions. It will map key isotopes and trace gases in an attempt to assess the geological or possible biologi-
cal activity by which methane is evolved. Whether other complex organic compounds could have been produced 
in early reducing atmospheric conditions, or by mineral-catalyzed reactions, perhaps continuing in the subsurface 
today, constitutes a most fundamental question in addressing whether life ever arose on Mars. The Mars Science 
Laboratory will begin to address these questions, making progress toward understanding carbon chemistry and 
early prebiotic processes. However, definitive answers to these key life-related questions will almost certainly 
require the return of samples from Mars.

Did Mars or Venus Host Ancient Aqueous Environments Conducive to Early Life,  
and Is There Evidence That Life Emerged?

Today the surfaces of Mars and Venus are hostile environments for survival of any life. Venus’s massive carbon 
dioxide atmosphere exhibits an intense greenhouse effect enhanced by sulfuric acid clouds, resulting in a surface 
temperature of about 740 K. Mars’s surface environment is a cold desert that is chemically oxidizing; its sparse 
atmosphere allows intense solar ultraviolet radiation to bathe the surface; the existence of life on Mars’s surface 
today is likely prohibited. However, during the first half billion years or so of their early histories, the surface envi-
ronments of Mars and Venus may have been wet, with temperatures and chemistries conducive for life to develop.40 
Comparative planetology seeks to understand Earth’s processes and history (in this case, the early Earth) through 
study of its close neighbors. Beyond liquid water and clement stable environments, Earth-like life would require 
key organic molecules and energy sources. In exploring these ancient surface habitats and in searching for evidence 
that they once sustained life, all of these factors must be considered.

In the past decade our picture of ancient Mars has been dramatically advanced. The geology and mineralogy of 
the oldest terrains (Noachian period) that extend back into the period of intense bombardment provide convincing 
evidence that there was ample liquid water at the surface. The geologic indicators include high-density drainage 
networks, delta deposits, sedimentary fabrics formed in standing water, and evaporite deposits. This wet period 
evidently tapered off during the Hesperian period and had effectively ceased by 3.5 billion years ago.41

Why did this clement period not persist throughout geologic time? Mars Global Surveyor discovered a dynamo-
driven magnetic field that could have held off the solar wind and protected the loss of the early thick atmosphere and 
its abundant water. But the dynamo was not sustainable and the field collapsed after a few hundred million years, 
close to the end of the late heavy bombardment, perhaps allowing much of the atmosphere to be eroded away.42

Scientists have also uncovered evidence that the chemical conditions in this postulated early warm aqueous 
period could have been very different from those in subsequent eras. With abundant water in a mainly carbon 
dioxide atmosphere, it would be expected that widespread carbonates would have formed. Although carbonate has 
been found in martian meteorites, searches for it exposed at the surface were unsuccessful for decades.

Mars Exploration Rover data show at two globally separate sites that in the early Hesperian the aqueous 
chemistry was dominantly acidic. Mars Express and Mars Reconnaissance Orbiter identified many isolated 
regions containing phyllosilicates in older deposits; these would have required more neutral conditions to form. 



Copyright © National Academy of Sciences. All rights reserved.

Vision and Voyages for Planetary Science in the Decade 2013-2022 

PRIORITY QUESTIONS IN PLANETARY SCIENCE FOR THE NEXT DECADE	 77

Perhaps long-lived, widespread volcanism led to a shift to sulfurous acidic conditions, erasing evidence of older 
carbonate-bearing rocks.43

Recently the Mars Reconnaissance Orbiter and the Spirit rover have found carbonate rocks in ancient strata. These 
Noachian carbonates must have formed under far less acidic conditions. Whether this shift occurred uniformly on a 
global scale or more locally, varying from region to region, or from surface to subsurface, remains controversial.44

Old carbonates have important ramifications: they suggest that this could have been the period in Mars’s history 
that was most conducive for the emergence of life at its surface. Armed with these new perspectives, researchers 
are poised to search Mars’s ancient records for both the organic building blocks and any evidence that points to 
the possible emergence and preservation of signs of life.

Theoretical studies suggest that prior to ~4 billion years ago the surface of Venus may have been far cooler 
than it is today, with liquid water, even oceans, at its surface leading to the possibility of early life.45 This would 
have been a time when solar luminosity was lower and when Venus’s thick, 100-bar atmosphere with its abundance 
of carbon dioxide and other greenhouse gases had not fully outgassed from the interior. Subsequently, as the Sun’s 
luminosity increased, water evaporated and carbon dioxide became ever more abundant, leading to a runaway 
greenhouse and to the current hot, dry surface environment.

Today Venus’s atmosphere shows a much higher ratio of deuterium to hydrogen than other solar system bodies, 
providing evidence that ancient water was photodissociated in the upper atmosphere and lost to space, although 
the rate remains under debate. Venus Express measurements provide evidence that water is still being lost, as the 
escaping hydrogen and oxygen occur in the 2:1 ratio for water. Characterizing Venus’s early environment, whether it 
was habitable with liquid water present, is a scientific high priority; this will require measurement of the molecular 
and isotopic composition of the lower atmosphere and the elemental and mineralogic composition of the surface.46

Beyond Earth, Are There Contemporary Habitats Elsewhere in the Solar System  
with Necessary Conditions, Organic Matter, Water, Energy, and Nutrients 

to Sustain Life, and Do Organisms Live There Now?

Habitats for extant life at the surfaces of planets are rare. Venus is too hot; the rest of the solar system surfaces, 
including that of Mars, are exposed to deadly solar ultraviolet and ionized particle radiation. If modern-day habitats 
for life do exist, most likely they are below the surface. Titan is the exception, the only world beyond Earth that 
harbors a benign, albeit extremely cold, surface environment that also is shielded from deadly radiation.

The committee herein makes the assumption that life elsewhere in the solar system will be like terrestrial life 
and thereby recognizable to researchers. For Earth-like life forms to arise and survive in subterranean planetary 
habitats would require liquid water; the availability of organic ingredients including carbon, nitrogen, hydrogen, 
oxygen, phosphorus, and sulfur; and, absent sunlight, some form of chemical energy to drive metabolism. Mars, 
Europa, and Enceladus hold the greatest potential as modern habitats for Earth-like life, and Titan affords the 
greatest potential as a prebiotic organic laboratory, conceivably harboring some very different style of life. As 
our cosmic perspective of the probability of life elsewhere in the universe expands, characterizing potential solar 
system habitats has become a priority.

Discovery of liquid water in the subsurfaces of the icy Galilean satellites and probably Enceladus has mark-
edly advanced their priority for further exploration in the context of this crosscutting question. The Galileo mis-
sion detected internal oceans in Europa, Ganymede, and Callisto from magnetic signatures induced by Jupiter’s 
magnetic field.47 That the oceans are electrically conductive suggests they are salty and, in fact, signatures of salts 
have been found in surface spectra. Although the depths and compositions are still poorly constrained, models 
suggest that the overlying ice crusts might be only 4 to 30 kilometers thick in Europa’s case but far thicker for 
Ganymede and Callisto.

Current understanding is that the interiors of Ganymede and Callisto are warmed mostly by weak radiogenic 
heat sources but that Europa undergoes more energetic tidal heating that should result in a much thinner ice cover 
capping its ocean. These factors combine to make Europa’s ocean the highest priority in the outer solar system to 
explore as a potential habitat for life. Characterization of its internal ocean and ice shell, and searching for plumes 
and evidence of organics, are key goals for this decade.
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The discovery of plumes jetting from fractures in the polar plains of tiny Enceladus is a stunning discovery. 
Salt-rich grains in the plumes are evidence of subsurface liquid water.48,49 Cassini also revealed that the plumes 
exhaust organic molecules, including methane—proffered explanations include thermal decay of primordial 
organics, Fischer-Tropsch reactions, and rock-water reactions, or conceivably biological processes. Biotic and 
abiotic organics can be distinguished, for example, by their chirality. Detailed characterization of the molecular and 
isotopic chemistry of the organics and volatiles in Enceladus’s plumes emerges as an important scientific priority.

Today the subsurface of Mars is likely more hospitable for life than is its ultraviolet-irradiated surface.50 With 
an average equatorial surface temperature of ~215 K, icy conditions extend globally to depths of kilometers over 
most of the planet. Still, liquid water might exist near the surface in some special places, particularly as brine solu-
tions. Geologically young lava plains suggest relatively high heat flow and melting of near-surface ice. Although 
as yet undetected, hydrothermal activity likely also persists and could maintain aqueous habitats at shallow depth.

Researchers lack critical geophysical data about Mars’s interior structure; ultimately seismic measurements 
will be the best means to reveal volcanic and hydrothermal regimes in the crust. In any case biological habitats 
could exist in groundwater systems in permeable layers only a few kilometers down. Driven by large excursions in 
Mars’s axial tilt, recent changes in climate may have increased atmospheric water content and caused substantial 
surface ice to be transported from the poles to lower latitudes.

In addition to liquid water, subsurface martian life would require organics and energy to drive metabolism. The 
putative discovery of atmospheric methane has tremendous implications for subsurface habitats and extant life.51 
Some active subsurface processes—volcanism, aqueous reactions with rocks, decay of organics—or conceivably 
microorganisms would be necessary to maintain it. Results of the ESA-NASA Mars Trace Gas Orbiter are key to 
this question. However, answering with confidence the question of the existence of modern martian habitats and 
life forms will demand sophisticated laboratory analyses of samples collected from sites with the highest potential 
as subsurface habitats.

Titan offers the only plausible modern surface habitat beyond Earth that is shielded from radiation. It also 
provides the richest and most accessible laboratory to explore active organic synthesis on a planetary scale. Methane 
and nitrogen are energetically decomposed high in the atmosphere, initiating a series of reactions producing a 
wide variety of hydrocarbons and nitriles, conceivably including amino acids and nucleotides. The existence of 
methanogenic organisms has even been speculated in the organic-rich deposits that mantle its surface or in its 
polar lakes and seas.

What energy might drive the metabolic processes? First sunlight, absent sterilizing ultraviolet and particle 
radiation, reaches the surface. Unsaturated organics such as acetylene and ethane, products of atmospheric 
reactions, could react with hydrogen, releasing energy at rates comparable to those used by microorganisms on 
Earth.52 Measurements of the concentration of hydrogen and reactive organics in the surface environment could 
test such hypotheses. Detailed examination of the nature and interaction of the rich array of solid and liquid organic 
compounds in Titan’s surface environment is a high priority that would reveal new insights into organic chemical 
evolution on a global scale and, conceivably, detect ongoing biological processes.

WORKINGS OF SOLAR SYSTEMS:  
REVEALING PLANETARY PROCESSES THROUGH TIME

How Do the Giant Planets Serve as Laboratories to Understand Earth, 
the Solar System, and Extrasolar Planetary Systems?

Among the mind-stretching advances in space science of the past 10 years is the recognition of the immense 
diversity of planets orbiting other stars; those confirmed number nearly 500 as of the writing of this report.53 These 
worlds exhibit an incredible array of planetary characteristics, orbits, and stellar environments. Moreover, some 
of these planetary systems are found to contain multiple planets. Some exoplanets orbit close to their stellar com-
panions; some have orbits that are highly eccentric or even retrograde. In size and composition known exoplanets 
range from massive super-Jupiters, mostly hydrogen and helium, to Uranus- and Neptune-size ice giants, dubbed 
water worlds, down to super-Earths seeming to have ice-rock compositions.54 Discovery and characterization of 
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watery Earth-size planets are likely within the decadal horizon. New areas of research seek to extrapolate the 
understanding of the solar system to exoplanets—therefore more complete knowledge of the origin, evolution, and 
operative processes in our solar system, in particular of the giant planets, becomes ever more urgent.55

Exoplanets exist in a broad range of stellar conditions and illustrate extremes in planetary properties. Many 
exoplanets “inflated” by close proximity to their star have radii much larger than can be explained by the best 
thermal history models. Hot Jupiters orbit close in where the internal heat flow is dwarfed by enormous stellar 
fluxes; others exhibit the reverse, orbiting far from their central stars.56 Analogously, Uranus’s heat flow is a small 
fraction of the solar flux, but at Jupiter the two are similar.

Exoplanet internal magnetic field strengths are not known. Exoplanets in tight orbits could experience intense 
magnetospheric interactions with strong stellar winds. In extreme cases a planetary atmosphere could extend 
beyond the magnetosphere and be rapidly scavenged by stellar winds. Star-planet interactions could take many 
forms: Venus-like if the internal magnetic field is weak, Earth-like with auroras if the field is strong, or Jupiter-like 
if the planet is rotating rapidly and the magnetosphere contains plasma. Uranus and Neptune have tilted magneto-
spheres offset from their centers, configurations that could provide new insights into ice-giant exoplanets.57 Just 
as giant planets and exoplanets are closely linked, so also do giant-planet ring systems serve as important analogs 
to help understand exoplanet nurseries in circumstellar disks.58,59,60

The population of ice-giant exoplanets is growing rapidly. Three were detected by transit across their central 
stars; many more are evident in the early data from the Kepler mission and await confirmation.61 Evidently abun-
dant, these objects are similar in size and composition to Neptune and Uranus—the giant planets about which 
we know the least. For Jupiter, the Galileo probe provided critical data on isotopes, noble gases, deep winds, and 
thermal profiles—data lacking now for Saturn, Uranus, and Neptune.

Jupiter fits reasonably well the basic model of giant-planet evolution. Saturn, however, is much warmer than 
the simple models predict; in fact, Saturn’s ratio of internal heat to absorbed solar heat is greater than Jupiter’s. 
One long-held theory is that helium rain falls to the deep interior, converting potential energy into kinetic energy 
and thereby heating the interior and prolonging its warm state. Direct measurement of the helium abundance 
would test this hypothesis. In conjunction with the Cassini mission, acquiring data on the isotopic composition of 
noble gases and other key elemental and molecular species would fill enormous gaps in understanding of Saturn’s 
formation and evolution.

Knowledge of the interior states, chemistry, and evolution of Uranus and Neptune is even more primitive 
than that for Saturn. More than two decades ago Voyager showed Neptune’s heat flow to be about 10 times and 
Uranus’s to be about 3 times larger than expected from radioactive heat production—the causes are still unknown. 
Measuring key elemental and isotopic abundances and thermal profiles in the atmospheres of Saturn, Uranus, and 
Neptune is essential to advancing understanding of the properties and evolution of gas giants, both in our own 
solar system and in extrasolar planetary systems.

Cassini is revealing a wealth of dynamical structures in Saturn’s rings. Accretion appears ongoing in Saturn’s 
F ring, gravitationally triggered by close satellite passages.62,63 Non-gravitational forces like electromagnetism 
drive dusty rings like Saturn’s E ring, Jupiter’s gossamer rings, and Uranus’s “zeta” ring. The physical processes 
that confine Uranus’s narrow, string-like rings are a mystery—when solved this could open a new chapter in 
understanding ring and circumstellar disk processes.64,65 Exploring the rings of Saturn, Uranus, and Neptune is 
of high scientific priority, not only to deepen understanding of these giant-planet systems but also to obtain new 
insights into exoplanet processes and their formation in circumstellar disks, albeit of enormously different scale.

What Solar System Bodies Endanger Earth’s Biosphere, and What Mechanisms Shield It?

As the geologic record demonstrates, comets and asteroids have struck Earth throughout its history, some-
times with catastrophic results. Most believe that a roughly 10-km impactor triggered the global-scale extinction 
at the Cretaceous-Paleogene boundary 65 million years ago (historically referred to as the Cretaceous-Tertiary 
boundary). Objects smaller than approximately 30 meters in diameter burn up almost completely in Earth’s 
atmosphere. But larger objects explode in the lower atmosphere or impact the surface and can pose a threat to 
human life.
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atmosphere, laden with sulfuric acid clouds, circle the planet every 4 days. Venus Express discovered that 
lightning, auroras, and nightglows light up the planet’s sky.70 Evidence of active volcanism is also suggested, 
supporting the idea that ongoing volcanic emission of sulfur dioxide feeds the thick sulfuric acid clouds. What 
mechanisms triggered Venus’s runaway greenhouse climate and on what timescale remain open questions.71 
Addressing them can help us better understand the principles of greenhouse atmospheres in general, placing 
Earth’s in a broader context. For Venus, addressing these questions requires measurements of atmospheric chem-
istry, notably of the isotopic and noble gas chemistry of the lower atmosphere. Establishing the initial climate 
conditions and modern states of Venus and Mars can help us to understand how their environments diverged 
so dramatically from Earth’s.

Mars has perhaps the most Earth-like modern planetary atmosphere, and its earliest climate may have been 
similar to that of early Earth. Studying it therefore provides opportunities to validate terrestrial climate and global 
circulation models under very different atmospheric conditions. Mars’s polar layered deposits suggest climate 
change in the last 10 million years, and dynamical models predict large recent excursions in axial tilt and orbital 
eccentricity.72 These considerations point to recent climatic change, analogous to ice ages on Earth, detailed records 
of which are likely preserved in the polar layered deposits. During Mars’s postulated early warm wet climate solar 
luminosity is thought to have been ~25 percent lower than today. This fact has made it difficult for atmosphere 
modelers to understand how Mars’s greenhouse effect could have sustained such warm conditions, but the geologic 
evidence for Noachian rivers and lakes is compelling. The continued investigation of Mars’s climate through time 
and the study of its modern atmospheric processes from orbit, from the surface, and ultimately from analysis of 
returned samples remain high-priority science objectives.

Flow within giant-planet atmospheres is organized largely in east-west jet streams. Whereas Jupiter and 
Saturn exhibit alternating east-west jets, Uranus and Neptune show broad belts of retrograde winds at the equator 
shifting to prograde with increasing latitude. Vortices, cyclonic and anticyclonic, at many scales spin between 
the jets and resemble weather features seen on Earth ranging from tornados to hurricanes. North-south circula-
tion continually overturns belt-zone systems in Hadley-like convection cells and by wave forcing.73,74 Major 
questions remain as to how these motions, visible in the layered cloud decks, couple to the interior structure and 
deep circulation. The Juno and Cassini Solstice missions may detect gravitational signatures of deep internal 
flow in Jupiter and Saturn. The most serious gap in the understanding of planetary atmospheres remains for the 
ice giants, Neptune and Uranus.

The giant planets also provide the only examples of processes common to Earth in which strong internal 
magnetic fields interact with the solar wind. This includes the fluorescing spectacle of Earth’s northern lights 
and similar auroral displays seen near the magnetic poles of Jupiter and Saturn. At Jupiter and Saturn the main 
sources feeding the magnetospheric plasma appear to be Io, Enceladus, and Saturn’s rings, whereas most of the 
magnetospheric plasma at Earth is trapped solar wind. These interactions pose major consequences for humans; 
understanding and predicting them are important. The solar wind induces magnetospheric storms that disrupt 
power and communication systems worldwide. The giant planets provide a wide spectrum of observable mag-
netospheric processes that can contribute directly to an understanding of the physics at work in Earth’s space 
environment.

One of the most startling revelations of the past decade is how much the processes ongoing in Titan’s thick 
global atmosphere and on its surface resemble those of Earth. Both worlds have nitrogen-dominated atmospheres 
with about the same surface pressure.75 However in Titan’s ultracold meteorology, methane migrates through a 
global system of clouds, rain, rivers, lakes, seas, and aquifers: the analogy to Earth’s hydrologic cycle is obvious. 
The mechanics and chemistry of this atmosphere are complex but pale in comparison to the complexity of Earth’s. 
In the quest to understand greenhouse mechanisms, Titan’s atmosphere manifests both greenhouse warming and 
anti-greenhouse cooling, puzzling diametric cases in which thermal radiation is sometimes trapped and sometimes 
radiated to space. The Cassini-Huygens spacecraft arrived at Saturn near the northern winter solstice, and the 
mission will be extended through the northern summer solstice, allowing unprecedented views of Titan’s seasonal 
behavior. Continued exploration of this fascinating Earth-like atmosphere, both from orbit and in situ, remains 
one of the most important objectives for planetary science.
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How Have the Myriad Chemical and Physical Processes That Shaped the 
Solar System Operated, Interacted, and Evolved Over Time?

In searching for answers to the overarching questions, researchers first seek a deep understanding of the chemi-
cal and physical processes that have shaped planetary interiors, surfaces, atmospheres, rings, and magnetospheres 
through time. Since 1977 when the Voyager spacecraft left Earth, our perspectives regarding the complexity and 
diversity of the solar system have undergone immense revision and expansion. Ranger, Surveyor, and Apollo 
data showed that the Moon’s geologic evolution ended long ago. Mariner 10’s visit to Mercury showed a similar 
picture—an ancient, impact-riddled, and geologically dead world. Mariners 4, 6, 7, and 9 flew by and orbited 
Mars, and again revealed a mostly cratered volcanic world, but one also with jumbled chaotic terrains, gargantuan 
canyons, exotic polar deposits, and outflow channels and drainage networks of a watery but ancient origin. Even 
with Mars’s profusion of geologic processes, it too appeared to be inactive, a frigid desert world.

As had been predicted, Voyager found that Jupiter’s moon Io is the most intensely volcanic object in the solar 
system; volcanic plumes fountain up to 300 kilometers, and not a single impact crater has been found anywhere on 
its young volcanic plains. Galileo confirmed that the surface of Io continues to evolve rapidly, discovering molten 
lakes of silicates and sulfur-rich lavas and active fire fountains. New Horizons provided elegant movies of an 
eruption in progress. Caught in a celestial dance that also involves Jupiter, Europa, and Ganymede, Io is intensely 
heated by tides and remains one of the best places in the solar system to study active volcanism and tidal heating. 

Turning to the other Galilean satellites, the Galileo mission found all three to have internal oceans. Of the 
three, the ceiling of Europa’s ocean chamber is thought to be at the shallowest depth because, although less so than 
Io, it is also tidally heated.76 In addition, because its large rocky interior, upon which the ocean rests, is subjected 
to both tidal and radiogenic heating, it is reasonable to expect seafloor volcanism and hydrothermal activity that 
could provide nutrients and energy to support metabolism.77 These factors combine to make Europa, along with 
Mars, the highest-priority destinations in the solar system as potential planetary habitats.

For the jovian system we have learned to expect the unexpected. Galileo showed Ganymede, the only satellite 
in the outer solar system known to have an internal magnetic field and a magnetosphere. Galileo’s probe into the 
jovian atmosphere revealed that the noble gas abundances were very unlike the Sun’s—processes like helium rain 
falling into Jupiter’s core have been invoked as possible explanations, and more recent observations have shown 
a dynamic, ever-changing atmosphere, riddled by impacts.78

Saturn’s excessive thermal energy might also signal helium rain; direct measurement of its noble gas abundance 
and isotopic chemistry is required to get an answer. Cassini confirmed exquisite features in Saturn’s atmosphere: 
the Voyager-detected hexagonal circumpolar jet rotating around Saturn’s north pole and a hot, hurricane-like vortex 
with newly discovered well-defined eye wall circles in the south. That a tiny icy moon could be warm enough 
to maintain liquid water in its interior driving jets out if its broken crust, makes Enceladus a key destination.79,80 
Mimicking Earth, Titan has seas of organic sand dunes, hydrocarbon lakes, dendritic river systems, putative icy 
volcanism, mountain chains, and global fault systems—Titan ranks near the top as a target of future exploration.81

At Neptune Voyager found nitrogen geysers fountaining up into the stratosphere from Triton’s ultracold, 
37 K surface—perhaps driven by a greenhouse effect as subliming gas rushes to vents under clear nitrogen ice. 
Originally researchers thought that only Saturn among the giant planets possesses a ring system. As it turns out 
so do Jupiter, Uranus, and Neptune, and these systems all differ dramatically. Neptune possesses orbiting arcs 
forming partial rings; dense dark rings interspersed with broad sheets of nearly invisible dust encircle Uranus;82,83 
Jupiter’s gossamer ring orbits as a dusty wreath. Researchers are only beginning to uncover the nature and ages 
of the ring materials.

We have had tantalizing glimpses of conditions and configurations in the ice giants themselves: oddly tilted and 
offset magnetic fields, unexplained sources of heat, and supersonic atmospheric motions. Of the major objects of 
the solar system, these ice-giant worlds are understood least. Because recent discoveries suggest that such bodies 
may dominate the population of exoplanets, filling this gap in knowledge rates as a high priority.

New lessons from the inner solar system over the past few decades show that it, too, is far more complex and 
active than previously known—discoveries here are equally exciting. Venus may harbor active volcanic eruptions 
issuing sulfurous compounds and water vapor to feed the sulfuric acid clouds.84 Mars is also far more active than 
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thought earlier, with changes on a timescale of only a few years: new impact scars, new landslides, and active 
processes occurring in gullies.85 Time-lapse movies from the Mars rovers show dust devils racing across the 
surface. Scientists have new evidence for glaciers on Mars, extending even to the equator in places and active 
or recent subsurface processes, of hidden origin, generating methane. Mars’s hydrothermal and volcanic activity 
likely extends through today, but confirmation will require seismic data, a critical area for future investigation. We 
have found strange “active” asteroids in the main belt jetting dust and gas, behaving like comets. Once the Moon 
had global oceans of molten lava; today its seismic tremors can elucidate its internal structure and yield secrets 
of its early origin and evolution.

In summary, we have come full circle in our view of how complex, diverse, and often active the processes are 
that drive the solar system. In the end, we have come to realize that as we explore, our expectations commonly fall 
short of what nature has in store for us in the unknown reaches of the solar system and the universe.
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4

The Primitive Bodies:  
Building Blocks of the Solar System

Studies of primitive bodies encompass asteroids, comets, Kuiper belt objects (KBOs), the moons of Mars, 
and samples—meteorites and interplanetary dust particles—derived from them. These objects provide unique 
information on the solar system’s origin and early history and help researchers to interpret observations of debris 
disks around other stars. Over the past decade the planetary science community has made remarkable progress in 
understanding primitive bodies (Table 4.1), but important questions remain unanswered.

The study of primitive bodies over the past decade has been accomplished as a result of a number of space 
missions such as Deep Impact, Stardust, EPOXI, Cassini, and the Japan Aerospace Exploration Agency’s (JAXA’s) 
Hayabusa spacecraft. Discovery-class missions are ideally suited to research on primitive bodies, although larger 
missions also play a vital role, particularly for objects in the outer solar system that cannot be reached without 
radioisotope power systems. In the coming decade, several other missions currently underway, such as Dawn and 
New Horizons, will add substantially to knowledge of these objects. The study of primitive bodies is also aided 
by ground-based telescopes and radar, which are highly useful in this field because the number of objects is so 
great that only a tiny fraction can be visited by spacecraft, and space missions are aided substantially by prior 
observation. Indeed, ground-based telescopes continue to discover unusual and puzzling objects in the Kuiper belt 
and elsewhere, and those objects might serve as the targets for future missions.

Comet sample return is a major goal of the study of primitive bodies, and one of the ultimate goals is a mission 
to return cryogenic samples. Although a flagship-class primitive bodies mission is not proposed for this decade, 
the initiation of a technology development program is necessary so that such a mission will be possible in the 
decade after 2022. New Frontiers-class missions can produce valuable science, and the most important missions 
for addressing goals related to primitive bodies in the decade 2013-2022 (in priority order) are Comet Surface 
Sample Return and Trojan Tour and Rendezvous.

Discovery-class missions have already produced and will continue to produce important science on these 
objects. However, a regular, and preferably short, cadence for such missions is important. Technology develop-
ment, laboratory research, and data archiving are all vital to continued success in the study of primitive bodies. 
And finally, assured access to large ground-based telescopes is required for observing samples of the large number 
of primitive bodies in our solar system.

All three of the crosscutting science themes for the exploration of the solar system include the primitive bodies, 
and studying the primitive bodies is vital to answering a number of the priority questions in each of the themes. 
For example, in the theme building new worlds, What were the initial stages and conditions and processes of solar 
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Subsequent sections examine each of these objectives in turn, identify critical questions to be addressed, and 
suggest future investigations and measurements that could provide answers.

Presolar Processes Recorded in the Materials of Primitive Bodies

Traditionally, the only avenue for understanding processes that predated our own solar system has been astro-
nomical observations. Now, analyses of materials from primitive bodies are revolutionizing this field of research. 
Studies of microscopic presolar grains in chondritic meteorites, interplanetary dust particles, and comet samples 
returned by the Stardust mission provide critical constraints for models of the synthesis of elements and isotopes 
within stars and supernovae.1 Studies to characterize the organic matter in these materials are proceeding apace; 
they reveal how simple carbon-based molecules formed in interstellar space have been processed into more com-
plex molecules in the solar nebula and in planetesimals. Isotopic and structural fingerprints in these molecules are 
allowing researchers to learn how and where these molecules formed.

Remarkable progress, enabled by significant advances in micro-analytical technology, has been made in 
documenting the compositions of presolar grains incorporated into chondrites, and in linking the various kinds of 
grains to the specific stellar environments in which they formed (Figure 4.2).2,3,4 Further technological advances 
will continue to revolutionize understanding of stellar nucleosynthesis. Somewhat surprisingly, comet samples 
returned to Earth by the Stardust mission were not dominated by presolar grains, suggesting that current under-

FIGURE 4.2  Transmission electron microscope image of a presolar graphite grain containing a central core (dark) of titanium-
vanadium carbide. This grain formed by condensation around another star. SOURCE: H.Y. McSween and G.R. Huss, Cosmo-
chemistry, Cambridge University Press, 2010, p. 131. Copyright 2010 Cambridge University Press, reprinted with permission.
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SUPPORTING RESEARCH AND RELATED ACTIVITIES

Research and Analysis

The ultimate goal of NASA’s research and analysis (R&A) programs is to support NASA’s space exploration 
missions. Scientific and technical advances derived from these programs are used to identify important goals for 
future exploration, determine the most suitable targets for space missions, refine the instrumental and analytic 
techniques needed to support these missions, ensure that the greatest benefit is derived from data returned by past 
and ongoing missions, and through the direct involvement of students and young investigators, help to train future 
generations of space scientists and engineers.

The exploration of primitive bodies is fundamentally dependent on a strong supporting R&A program. There 
are too many asteroids, comets, and KBOs to explore individually by spacecraft. Mission choices and target selec-
tion must be based on a comprehensive assessment of all available information. The science return from such 
missions is often enriched by the results of ongoing laboratory studies of meteorites and interplanetary dust and 
by complementary telescopic and Earth-orbital measurements. The full interpretation of spacecraft data requires 
information on the spectral properties of rocks, ices, and organic matter under conditions characteristic of primitive 
body environments, information that continues to be derived from laboratory and theoretical work supported by R&A 
funding. Additional theoretical and laboratory simulations are essential to plan experiments and interpret the results 
from them; a recent important example is the impactor experiment on the Deep Impact mission to Comet Tempel 1.

Field Collection of Meteorites

Over the past decade the National Science Foundation has supported a number of programs essential to the 
study and understanding of primitive bodies. NSF provides funding for field parties to collect meteorites through 
the U.S. Antarctic Meteorite Program. Over the past decade, more than 8,000 new specimens have been recovered. 
This program continues to be extremely important to all areas of meteorite research. Among the more interesting 
specimens collected are the largest group of pallasites from Antarctica; unusual paired achondrites that sample 
the plagioclase-rich crust of an oxidized asteroid and represent a style of volcanism not otherwise sampled in the 
meteorite record; a new group of unbrecciated lunar mare basalts; a large martian nakhlite; and carbonaceous 
chondrites that may contain some of the most primitive meteoritic organic matter.

INSTRUMENTATION AND INFRASTRUCTURE

The return of a cryogenic sample from a comet will enable science that can be accomplished in no other way 
and represents the highest-priority mission objective for studying primitive bodies. A subsurface sample from an 
original ice-bearing region of a comet could provide the most primitive material available in the solar system. 
Returning the sample to Earth permits the most detailed possible study of the material down to the scale of indi-
vidual atoms, with precision and accuracy far beyond the capability of instruments on spacecraft. To achieve this, 
the capability will have to be developed to acquire samples from 0.2 to 1 meter below the surface of a comet.

The return of these samples to Earth is challenging because they contain volatiles at cryogenic temperatures. 
Ideally, comet sample return missions should preserve samples at or below 150 K from collection to delivery at 
the curation facility.

While there is no substitute for the science that can be performed in terrestrial laboratories on samples from 
primitive bodies, significant science at considerably less cost can be performed by in situ investigations. As an 
important adjunct to sample return, NASA could develop the capability to perform in situ determination of the 
stratigraphy, structure, thermodynamic state, and chemical and isotopic composition of subsurface materials on 
asteroids and comets.

The acquisition of major laboratory instruments often involves joint funding by NSF and NASA. Such 
cooperative arrangements have proven very beneficial. Such coordination offers a unique opportunity to leverage 
funds and strengthen infrastructure support.
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Earth-Based Telescopes

Earth-based telescopic observations are the primary means of studying the large populations of primitive 
bodies. Following discovery and orbit determination, telescopic data can probe an object’s shape and size, min-
eralogy, orbital and rotational attributes, presence of volatiles, and physical properties of the surface material 
including particle size and porosity. These data can motivate science goals for future planetary science missions, 
provide context within which to reduce and analyze spacecraft data, and expand the scientific lessons learned from 
spacecraft observations to a much larger suite of small solar system bodies. 

The 3-meter NASA Infrared Telescope Facility (IRTF) has provided significant data for studies of primitive 
bodies. The IRTF continues to be relevant to the study of larger or closer objects. Observations of distant objects 
are, however, constrained by the IRTF’s modest aperture. Extending the frontiers of knowledge for primitive bodies 
in the distant regions of the solar system will require more powerful telescopes and significant access to observing 
time. NASA-provided access to the Keck telescope continues to yield important new data, but the meager number 
of available nights each year is barely adequate for limited single-object studies and completely inadequate for 
large-scale surveys. Space-based infrared telescopes cannot operate within specific avoidance angles around the 
Sun, precluding certain essential studies of comets or inner-Earth asteroids. Access to large Earth-based telescopes 
will continue to be needed to acquire such observations.

The Arecibo and Goldstone radar telescopes are powerful, complementary facilities that can characterize the 
surface structure and three-dimensional shapes of the near-Earth objects within their reach of about one-tenth of 
the Earth-Sun distance. Arecibo has a sensitivity 20 times greater than Goldstone, but Goldstone has much greater 
sky coverage than Arecibo. Continued access to both radar facilities for the detailed study of near-Earth objects is 
essential to studies of primitive bodies.

The large number of primitive bodies in the solar system requires sufficient telescope time to observe statistically 
significant samples of these populations to expand scientific knowledge and plan future missions. Characterization 
of this multitude of bodies requires access to large ground-based telescopes as well as to the Goldstone and Arecibo 
radars. The Arecibo radio telescope is essential for detailed characterization of the shape, size, morphology, and 
spin dynamics of NEOs that make close approaches to Earth. These radar observations also provide highly accu-
rate determinations of orbital parameters for primitive bodies critical to modeling and planning future exploration.

The 2010 astronomy and astrophysics decadal survey endorsed the Large Synoptic Survey Telescope (LSST) 
project as its top-rated priority for ground-based telescopes for the years 2011-2021.41 In addition to its astro-
physics science mission, the LSST will have a profound impact on knowledge of the solar system by providing 
a dramatic increase in the number of known objects across all dynamical types such as near-Earth and main-belt 
asteroids, KBOs, and comets. The NRC has outlined observations with a suitably large ground-based telescope as 
one option for completion of the congressionally mandated George E. Brown NEO survey of objects with a size 
of 140 meters in diameter or greater.42 The LSST will allow major advances in planetary science by dramatically 
extending the inventory of the primitive bodies in the solar system. Additional material on LSST, the Panoramic 
Survey Telescope and Rapid Response System (PanSTARRS), and NEO surveys can be found in Chapter 10.

Sample Curation and Laboratory Facilities

Curation is the critical interface between sample return missions and laboratory research. Proper curation has 
maintained the scientific integrity and utility of the Apollo, Antarctic meteorite, and cosmic dust collections for 
decades. Each of these collections continues to yield important new science. In the past decade, new state-of-the-
art curatorial facilities for the Genesis and Stardust missions were key to the scientific breakthroughs provided by 
these missions. In the next decade, opportunities to sample asteroids and comets would provide additional important 
information. These missions present new challenges, including curation of organics uncontaminated by Earth’s 
biosphere and volatiles requiring low-temperature curation and distribution. The returned samples will require 
specialized facilities, the funding for which, including long-term operating costs, cannot realistically come from 
an individual mission budget. In addition to these facilities, expert curatorial personnel are required. Funding for 
hiring and training the next generation of curatorial personnel is essential.
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Laboratory instrumentation is a fundamental part of a healthy program for the exploration and study of primi-
tive bodies. Spectral and physical data from missions can only be understood fully in the context of laboratory 
analog measurements. Samples returned by missions require state-of-the-art instrumentation for complete analysis. 
Significant progress has been made in the past decade, with the initiation of the Laboratory Analysis for Returned 
Samples program to support laboratory equipment development, construction, and operation. This funding was 
particularly critical to the success of the Genesis and Stardust missions and represents the first laboratory equip-
ment funding directly linked to missions since Apollo.

Technology Development

Currently, the principal obstacle to conducting certain missions to primitive bodies is the absence of the neces-
sary power and propulsion technologies. A rendezvous with a KBO, a Centaur, or a trans-Neptune object would 
be a scientifically compelling mission if the appropriate power and propulsion technologies can be developed to 
make such a mission possible.

Mating electric propulsion to advanced power systems would permit conducting a wide range of missions to 
primitive bodies throughout the solar system. One KBO rendezvous mission study considered the use of NASA 
Evolutionary Xenon Thrusters (NEXT), powered by Advanced Stirling Radioisotope Generators (ASRGs).43 With 
these technologies, an orbital rendezvous could be achieved with a KBO at 33 AU from the Sun using an existing 
launch vehicle with a flight time of 16 years. Another study considered a long-life Hall electric thruster that, when 
combined with six 150-W ASRGs, would enable a New Frontiers-class mission to place a scientifically compre-
hensive payload in orbit around a Centaur object within 10 years of launch using an existing launch vehicle.44

Sample return missions from comets and asteroids provide important information on primitive bodies. Such 
missions require sample return capsules that must withstand Earth-entry velocities of greater than 13 kilometers per 
second, beyond the capability of current lightweight thermal protection system (TPS) materials. The development 
and qualification of new low-density TPS materials is essential to reduce the mass of entry capsules and increase 
science payloads. Several white papers submitted to the committee suggested that return capsules be instrumented 
in an effort to understand their performance margin in order that future missions can be lower in mass without 
taking additional risk. Funding TPS development now would leverage the experience and expertise of people who 
developed the original TPS technologies before they retire.

Specific technology developments necessary to enable a Cryogenic Comet Sample Return mission are outlined 
separately below.

To enable a broad range of primitive bodies missions in the near future, technology developments are needed 
in the following key areas: ASRG and thruster packaging and lifetime, thermal protection systems, remote sampling 
and coring devices, methods of determining that a sample contains ices and organic matter and preserving it at 
low temperatures, and electric thrusters mated to advanced power systems.

ADVANCING STUDIES OF THE PRIMITIVE BODIES

To date there have been no flagship missions to primitive bodies, and none was identified in the 2003 planetary 
science decadal survey.45 However, in March 2004 the European Space Agency launched Rosetta, a flagship-class 
mission in which there is modest participation by NASA-sponsored investigators. In addition, two of the Rosetta 
instruments (Alice and MIRO) were provided by NASA and have U.S. principal investigators. Rosetta is operating 
successfully and is scheduled to begin its comprehensive investigation of Comet Churyumov-Gerasimenko in 2014.

Addressing some of the key goals for primitive bodies will require flagship-class missions, for example, a 
Cryogenic Comet Sample Return mission, which would return materials sampled from different depths—up to 
perhaps 1 meter—from a comet nucleus and preserve those samples at the required cold temperatures to prevent 
alteration of the sample in transit to Earth.

New Frontiers missions can nevertheless address most (but not all) major goals for exploration of primitive 
bodies. The first mission of this program—New Horizons—is now on its way to Pluto, having completed a highly 
successful flyby of Jupiter in 2007. New Horizons is scheduled to fly past Pluto and its satellites—Charon, Nix, and 
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Hydra—in June 2015 and then proceed to an encounter with a yet-to-be-determined KBO. The 2003 planetary sci-
ence decadal survey and a subsequent NRC report46 identified several high-priority primitive-body missions within 
the New Frontiers envelope, the highest priority being a Comet Surface Sample Return mission. Also identified were 
a Trojan/Centaur Flyby and an asteroid surface rover/sample return. None of these missions have flown or been 
approved for flight to date.47

New Missions: 2013-2022

Although flagship missions are important to planetary exploration, it is essential to maintain balance among 
mission size, complexity, and targets.

To date, most flagship missions have cost $2 billion or more. A planetary mission at this scale is not being 
proposed for the current decade. A more appropriate use of limited resources is the development of technology for 
a flagship mission in the 2020s. See below the subsection “Future Flagship Mission Candidate.”

Priority New Frontiers-Class Missions

Competitively selected missions provide the optimum avenue for fostering innovation and new ideas and for 
making flight opportunities available to a wider spectrum of investigators. Successful New Frontiers concepts will 
have focused objectives and well-integrated science and flight teams, aspects that lead to reduced cost and a lower 
risk of cost growth. An experienced principal investigator can ensure that these goals are achieved while maximiz-
ing science return. It is important to note that the cost and technical evaluation (CATE) analyses of missions to 
primitive bodies (Appendix C) indicated that the current cost cap for New Frontiers is insufficient for missions 
of the highest interest. This suggests that the cost cap should be raised. Priority New Frontiers missions are the 
Comet Surface Sample Return and the Trojan Tour and Rendezvous.

Comet Surface Sample Return
It is widely believed that active comets contain the best-preserved samples of the initial rocky, icy, and organic 

materials that led to the formation of planets. A Comet Surface Sample Return (CSSR) mission is of the highest 
priority to the primitive-bodies community. A study of this mission, commissioned by NASA and published in 
2008,48 served as a concept study for this decadal survey. The objective of the CSSR mission is to collect at least 
100 grams of surface material and return it to Earth for analysis.

The Stardust mission returned the first samples from a known primitive body, and the analysis of those 
samples has profoundly changed researchers’ understanding of the formation of comets. The materials collected 
by Stardust indicate that comets contain significant amounts of inner solar system materials, including chondrules 
and refractory inclusions. It appears that comets are made of materials that formed across the full expanse of the 
solar nebula and thus are bodies that are far more important as preservers of early solar system history than previ-
ously believed. Stardust collected hundreds of particles, but most of them were small, and the high-speed capture 
process degraded organics, submicron grains, and the surface layers of larger grains.

A CSSR mission’s collection of material could greatly improve on Stardust’s by returning from a second comet 
a well-preserved total sample mass 100,000 times larger that would not be altered during collection, except for 
compounds that are unstable above room temperature. The sample will include large numbers of 0.1- to 1-millimeter 
solid components that are critically important because they can be compared in exacting detail with their meteorite/
asteroid counterparts in regard to elemental composition, mineralogy, isotopic composition, and even age. Analysis 
of the samples will provide an unprecedented look at the formation, distribution, and timing of planetary building 
blocks in the solar nebula. CSSR will provide a large sample of non-volatile cometary organic material that can 
be compared with the organic material from primitive meteorites that formed in the inner solar system.

The CSSR mission represents a quantum leap beyond Stardust, and it would expand in significant ways the 
data on composition expected from the surface science conducted during ESA’s flagship mission Rosetta. Deep 
Impact demonstrated that the nucleus of comet Tempel 1 provides suitable areas for sampling of the sort envisioned 
for a CSSR mission: kilometer-scale areas that are smooth at decimeter scale and have mechanical properties that 
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Figure 2-2. Sample Return Trajectories 

FIGURE 4.1.1 Spacecraft time of flight versus returned mass for sample return missions to a variety of potential near-
Earth-object targets. This chart assumes launch on an Atlas V401-class rocket and a spacecraft with chemical propulsion. 
The size of the “bubble” for each asteroid is based on its estimated diameter. More spacecraft mass is possible with the 
use of solar-electric propulsion (SEP). (A Dawn-like SEP system could increase spacecraft mass by 40 to 50 percent.) 
Each point has been optimized for spacecraft mass and not for flight time. SOURCE: NASA/JPL/Caltech.

a family of bodies that originated in the outer asteroid belt or at a farther distance, and reached the inner solar 
system to deliver volatiles and organics to the accreting terrestrial planets.

Investigation of Phobos and Deimos crosscuts disciplines of planetary science, including the nature of primi-
tive asteroids, formation of the terrestrial planets, and astrobiology. Key science questions concern the moons’ 
compositions, origins, and relationship to other solar system materials. Are the moons possibly re-accreted Mars 
ejecta? Or are they possibly related to primitive, D-type bodies?

These questions can be investigated by a Discovery-class mission that includes measurements of bulk proper-
ties and internal structure, high-resolution imaging of surface morphology and spectral properties, and measure-
ments of element and mineral composition. A possible follow-up New Frontiers-class sample return mission could 
provide more detailed information on composition. Because Phobos and Deimos are potential staging areas and 
sources of resources for future human exploration of Mars, missions to the martian satellites would contribute 
uniquely to human exploration goals.
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The Inner Planets: 
The Key to Understanding Earth-Like Worlds

Earth’s inner solar system companions, Mercury, Venus, the Moon, and Mars, are diverse bodies, each of which 
provides data critical for understanding the formation and evolution of habitable worlds like our own. These ter-
restrial (or rocky) planetary bodies have a range of compositions and geologic histories—each is a unique world 
that reveals information crucial for understanding the past, present, and future of Earth. This chapter focuses on 
three particular inner bodies, Mercury, Venus, and the Moon (Figure 5.1). All are essential to understanding how 
terrestrial planets form and change with time.1

Current knowledge of these bodies differs, with exploration challenges and major accomplishments (Table 5.1) 
at each. Within the past decade, initial results from the MESSENGER spacecraft have revealed aspects of the 
complex early history of Mercury. Venus, with its greenhouse atmosphere, Earth-like size, and volcanic surface, 
has been a focus of recent international missions but remains a challenge for in situ exploration. Recent exploration 
of the Moon has revealed a geochemically complex surface and polar volatiles (e.g., hydrogen or ice), leading to 
significant unanswered questions about the Earth-Moon system. The detailed study of Mars2 over the past 15 years 
has greatly increased our understanding of its history, which in turn has allowed us to formulate specific questions 
to constrain terrestrial planet origin, evolution, and habitability.

Thus, the initial reconnaissance of the terrestrial planets is transitioning to more in-depth, in situ study. In this 
new phase, specific observations can be made to allow the testing of hypotheses and significant progress in finding 
answers to basic questions that can lead us to an improved understanding of the origin and evolution of all of the 
terrestrial planets, including Earth.

All three of the crosscutting science themes for the exploration of the solar system include the inner planets, 
and studying the inner planets is vital to answering several of the priority questions in each of the three themes. 
The building new worlds theme includes the question, What governed the accretion, supply of water, chemistry, 
and internal differentiation of the inner planets and the evolution of their atmospheres, and what roles did bom-
bardment by large projectiles play? The planetary habitats theme includes the question, Did Mars or Venus host 
ancient aqueous environments conducive to early life, and is there evidence that life emerged? The workings of 
the solar systems theme includes two questions that can be answered by the study of the inner planets. First, the 
lunar impact record holds key information of relevance to the question, What solar system bodies endanger Earth’s 
biosphere, and what mechanisms shield it? Second, studies of Venus and Mars relate directly to the question, Can 
understanding the roles of physics, chemistry, geology, and dynamics in driving planetary atmospheres and climates 
lead to a better understanding of climate change on Earth? Questions about how the inner planets formed, about 
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technologies for the scientific exploration of planetary bodies. For example, technologies, including sample col-
lection, cryogenic containment and transport, and teleoperation, may have application for sample return missions 
across the solar system. Balloon technologies for Venus may find application at Titan.

Connections with Astrobiology

The spatial extent and evolution of habitable zones within the early solar system are critical elements in the 
development and sustainment of life and in addressing questions of whether life developed on Earth alone or was 
developed in other solar system environments and imported here. Studies of the origin and evolution of volatiles 
on the terrestrial planets, including loss of water from Venus and Mars and the effects of early planetary magnetic 
fields and variation in the solar wind over time are critical to our understanding of where environments might 
have existed for the development of life. Although recent orbital and rover missions on Mars have identified early 
environments on that planet that may have fostered life, there is no evidence from the low-resolution images from 
past missions of the existence of early terrains on Venus. Surface mapping of Venus at higher resolution is needed.

An understanding of the impact flux in the early solar system as a function of time, including verification 
of the reality or otherwise of the late heavy bombardment, provides critical information on potential limits to the 
early development of life on Earth and other bodies. Age measurements on returned samples from a broader range 
of impact basins on the Moon would enable greater quantification of the impact history of the inner solar system.

Connections with Extrasolar Planets

Ground- and space-based searches for extrasolar planets have expanded significantly over the past decade, 
resulting in an explosion of new discoveries. A significant reduction in the threshold planetary size for detection 
has been achieved. Moreover, the atmospheric compositions of a small number of these planets have been probed. 
In a number of cases, the sizes and orbits of extrasolar planets have run counter to prior models of the formation 
and dynamics of planetary systems. Studies of the structural and dynamical evolution of the solar system can 
significantly enable studies of extrasolar planets. For example, models for migration of the gas giants in the solar 
system, which could have caused the late heavy bombardment some 3.9 billion years ago, provide new perspec-
tives on evolution in planetary systems.

In addition, characterization of planetary atmospheres within the solar system will facilitate greater understand-
ing of atmospheric structure and chemistry in distant planetary systems, as well as providing potential signatures 
for habitable zones. Knowledge of the geophysical and geochemical structures of the terrestrial planets can be 
scaled to model the larger sizes of extrasolar super-Earths. In particular, the effects of planetary size on such 
processes as core dynamo formation, internal and surface dynamics, heat-loss processes, and the development of 
atmospheres can be investigated.

Connections with Human Exploration

The Moon is a logical step in the process of continued human exploration of the solar system, and it is conceiv-
able that human precursor missions and human missions might return to the lunar surface in the coming decades. 
Although human precursor missions are not necessarily science-driven, science will definitely be a beneficiary 
of any precursor activity. Lunar scientists can provide critical scientific input to the design and implementation 
of any human precursor activity to ensure that the science return is maximized within the scope of the mission. 
Should human missions occur, the presence of geologically trained astronauts on the lunar surface could enable 
significant scientific in situ activities and make informed down-selections on-site to ensure the return of material 
with the highest science value.
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SUPPORTING RESEARCH AND RELATED ACTIVITIES

Research and Analysis

For stability and scientific productivity, long-term core NASA research and analysis (R&A) programs are 
needed that sustain the science community and train the next generations of scientists. For flexibility, these core 
programs are complemented by R&A programs that target strategic needs (e.g., planetary cartography, compara-
tive planetary climatology, and planetary major equipment) and shorter-term specific needs (e.g., data-analysis 
programs and participating-scientist programs). R&A programs like planetary cartography are also critical for 
mission planning, ensuring that (for instance) cartographic and geodetic reference systems are consistent across 
missions to enable proper analysis of returned data.

Comparative Climatology

To complement existing R&A programs, the committee recognizes a current need for a new focus on com-
parative climatology. There is a pressing need for more data and better models of climate evolution, prompted 
in part by the recognition of possible anthropogenic effects on Earth’s climate and the need to understand the 
robustness of current climate trends, and a need for determination of whether apparent cause-and-effect relation-
ships are accurate. Climate research cuts across the standard disciplines. Climate and its change on a single planet 
cannot be understood without in-depth knowledge of geology, hydrology, and meteorology. And each terrestrial 
planet (and satellite) with a “thick” atmosphere provides a different mix of processes and forcings that can inform 
and constrain models for the other planets. NASA’s R&A programs support portions of this research (e.g., Titan 
hydrology in Outer Planets Research, Mars meteorology in Mars Fundamental Research), but there is no program 
in which cross-disciplinary, multi-planet climate research can be realized and funded.

TECHNOLOGY DEVELOPMENT

Although the inner solar system is Earth’s immediate neighborhood, the exploration of Mercury, Venus, and the 
Moon presents unique challenges that require strategic investments in new technology and new spacecraft capabili-
ties. Orbital missions to all of these bodies have been conducted or are underway now; however, in situ exploration 
requires that spacecraft be able to survive harsh chemical and physical environments. The lack of an atmosphere 
at Mercury and the Moon, for example, coupled with their relatively large masses, means that landed missions 
incur either a substantial propulsion burden for soft landing or large landing shocks at impact. The development 
of a robust, airless-body lander system incorporating high-impulse chemical propulsion, impact attenuation, and 
low-mass subsystems will enable extensive surface exploration in the coming decades.

Venus and Mercury, and to a lesser extent the Moon, also represent extreme thermal environments that will 
stress spacecraft capabilities. High-temperature survivability technologies such as new materials, batteries, elec-
tronics, and possibly cooled chambers will enable long-term in situ missions. 

The development of robust scientific instruments and sampling systems, including age-dating systems, 
spectrometers, seismometers, and subsurface drilling and related technologies, is also critical in addressing the 
science objectives for the coming decades. New capabilities for in situ age dating are of particular importance, as 
they can help to provide constraints on models of the surface and interior evolution of all the terrestrial planets.

ADVANCING STUDIES OF THE INNER PLANETS

Previously Recommended Missions

A series of National Research Council (NRC) reports, culminating in the 2003 planetary science decadal 
survey,26 affirm that the exploration of Mercury is central to the scientific understanding of the solar system. 
The successful achievement of science objectives of the NASA MESSENGER and the European Space Agency-
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FIGURE 5.3  Venus’s climate is controlled by interior processes (e.g., the rate of volcanism), processes within the atmosphere, 
and atmospheric escape processes. SOURCE: Courtesy of David Grinspoon and Carter Emmart.

Venus Climate Mission
The Venus Climate Mission will greatly improve our understanding of the current state and dynamics and 

evolution of the strong carbon dioxide greenhouse climate of Venus, providing fundamental advances in the 
understanding of and ability to model climate and global change on Earth-like planets. The VISE mission focuses 
on the detailed characterization of the surface and deep atmosphere and their interaction, whereas VCM provides 
three-dimensional constraints on the chemistry and physics of the middle and upper atmosphere in order to iden-
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Mars: Evolution of an Earth-Like World

Mars has a unique place in solar system exploration: it holds keys to many compelling planetary science ques-
tions, and it is accessible enough to allow rapid, systematic exploration to address and answer these questions. 
The science objectives for Mars center on understanding the evolution of the planet as a system, focusing on the 
interplay between the tectonic and climatic cycles and the implications for habitability and life. These objectives 
are well aligned with the broad crosscutting themes of solar system exploration articulated in Chapter 3.

Mars presents an excellent opportunity to investigate the major question of habitability and life in the solar 
system. Conditions on Mars, particularly early in its history, are thought to have been conducive to the formation 
of prebiotic compounds and potentially to the origin and continued evolution of life. Mars has also experienced 
major changes in surface conditions—driven by its thermal evolution and its orbital evolution and by changes in 
solar input and greenhouse gases—that have produced a wide range of environments. Of critical significance is 
the excellent preservation of the geologic record of early Mars, and thus the potential for evidence of prebiotic and 
biotic processes and how they relate to the evolution of the planet as a system. This crucial early period is when life 
began on Earth, an epoch largely lost on our own planet. Thus, Mars provides the opportunity to address questions 
about how and whether life arose elsewhere in the solar system, about planetary evolution processes, and about 
the potential coupling between biological and geological history. Progress on these questions, important to both 
the science community and the public, can be made more readily at Mars than anywhere else in the solar system.

The spacecraft exploration of Mars began in 1965 with an exploration strategy of flybys, followed by 
orbiters, landers, and rovers with kilometers of mobility. This systematic investigation has produced a detailed 
knowledge of the planet’s character, including global measurements of topography, geologic structure and pro-
cesses, surface mineralogy and elemental composition, the near-surface distribution of water, the intrinsic and 
remanant magnetic field, gravity field and crustal structure, and the atmospheric composition and time-varying 
state (Figure 6.1).1,2,3,4,5,6,7,8,9,10 The orbital surveys framed the initial hypotheses and questions and identified the 
locations where in situ exploration could test them. The surface missions—the Viking landers, Pathfinder, Phoenix, 
and the Mars Exploration Rovers—have acquired detailed information on surface morphology, stratigraphy, min-
eralogy, composition, and atmosphere-surface dynamics and confirmed what was strongly suspected from orbital 
data: Mars has a long and varied history during which water has played a major role.

A new phase of exploration began with the Mars Express and the Mars Reconnaissance Orbiter (MRO), 
which carry improved instrumentation to pursue the questions raised in the earlier cycles of exploration. Among 
the discoveries (Table 6.1) is the realization that Mars is a remarkably diverse planet with a wide range of aque-
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FIGURE 6.1  Examples of global data sets highlight major accomplishments from multiple recent missions. SOURCE: P.R. 
Christensen, N.S. Gorelick, G.L. Mehall, and K.C. Murray, THEMIS Public Data Releases, Planetary Data System node, 
Arizona State University, available at http://themis-data.asu.edu.

ous environments (Figure 6.2). The role of water and the habitability of the ancient environment will be further 
investigated by the Mars Science Laboratory (MSL), scheduled for launch in the latter part of 2011, which will 
carry the most advanced suite of instrumentation ever landed on the surface of a planetary object (Box 6.1). 

The program of Mars exploration over the past 15 years has provided a framework for systematic exploration, 
allowing hypotheses to be formulated and tested and new discoveries to be pursued rapidly and effectively with 
follow-up observations. In addition, the program has produced missions that support one another both scientifically 
and through infrastructure, with orbital reconnaissance and site selection, data relay, and critical event coverage 
significantly enhancing the quality of the in situ missions.11,12,13 Finally, this program has allowed the Mars science 
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TABLE 6.1  Major Accomplishments of Studies of Mars in the Past Decade
Major Accomplishment Mission and/or Technique

Provided global mapping of surface composition, topography, remanant magnetism, 
atmospheric state, crustal structure

Mars Global Surveyor, Odyssey, Mars 
Express, Mars Reconnaissance Orbiter

Mapped the current distribution of near-surface ice and the morphologic effects of 
recent liquid water associated with near-surface ice deposits

Odyssey

Confirmed the significance of water through mineralogic measurements of surface 
rocks and soils

Mars Exploration Rovers, Phoenix

Demonstrated the diversity of aqueous environments, with major differences in 
aqueous chemistry, conditions, and processes

Mars Express, Odyssey, Mars 
Reconnaissance Orbiter, Mars 
Exploration Rovers

Mapped the three-dimensional temperature, water vapor, and aerosol properties of 
the atmosphere through time; found possible evidence of the presence of methane 

Mars Global Surveyor, Odyssey, Mars 
Express, Mars Reconnaissance Orbiter, 
and ground-based telescopes

FIGURE 6.2  Examples of the diversity of Mars’s environments and their mineralogy and morphology. SOURCE: Adapted 
from S. Murchie, A. McEwen, P. Christensen, J. Mustard, and J.-P. Bibring, Discovery of Diverse Martian Aqueous Deposits 
from Orbital Remote Sensing, presentation from the Curation and Analysis Planning Team for Extraterrestrial Materials 
Workshop on Ground Truth from Mars, Science Payoff from a Sample Return Mission, April 21-23, 2008, Albuquerque, New 
Mexico, available at http://www.lpi.usra.edu/captem/msr2008/presentations/.
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