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SCIENTIFIC OBJECTIVES FOR THE EXPLORATION OF MARS. Steven W. Squyres, 
Cornell University, and Michael H. Carr, U.S. Geological Survey. 

Mars is one of the most important targets for solar system exploration, in large part because of its 
many Earth-like qualities. A number of scientific advisory bodies, including COMPLEX, the Mars Science 
Working Group, and the International Mars Exploration Working Group have identified a set of scientific 
objectives for the exploration of Mars. This abstract summarizes those objectives, and draws heavily from 
the work of many individuals who have served on those groups. 

Science objectives at Mars fall into a number of broad categories: 

Planetary 'formation: The details of planetary formation are important because they determine the 
starting conditions for the planet's subsequent evolution. We wish to know how Mars formed, and what 
its mode of formation implies for the formation of the other bodies in the solar system. What were the 
materials from which the planet formed? How rapidly did it accumulate? What was the timing of core 
formation relative to accretion? What was the thermal and physical state of the interior, the surface, 
and the atmosphere at the end of accretion? The chemistry of the materials that formed Mars may be 
estimated from the bulk composition of the planet, which is in turn estimated from the size of the core and 
from the composition of the core and mantle. Core size can be determined seismically, and core density 
and composition inferred fiom the planet's moment of inertia. Mantle chemistry can be estimated from 
mantle density, and much better by chemical analyses of rocks derived from the mantle, either by partial 
melting or brought to the surface by impacts. The composition of the atmosphere, and particularly of stable 
isotopes, can also contribute substantially to our understanding of accretion and the nature of martian 
volatile reservoirs. 

Evolution of the interior: The evolution of the interior of Mars must have been very different from 
that of Earth. The lack of a strong present magnetic field suggests that the martian core is solid, and the 
isotopic patterns in SNC meteorites suggest that the martian mantle is stably layered rather than convecting 
vigorously. However, it is unlikely that the martian mantle is laterally homogeneous in view of the localization 
of volcanic activity in Tharsis and Elysium. The thickness of the martian crust appears also to be laterally 
heterogeneous, as evidenced by the hemispheric topographic dichotomy, but the source of this heterogeneity 
is not understood. Is it a consequence of heterogeneous mantle activity, or is it a giant impact scar? The 
evolution of the core may be investigated by searching for evidence of a former magnetic field and its changes 
in strength as a function of time. The thermal evolution of the mantle and crust may be explored via the 
chemistry and petrology of mantle and crustal rocks, the present heat flow, and the outgassing history as 
revealed by the isotopics of noble gases. 

Evolution of the surface: The present state of the martian surface carries a detailed but complex record of 
the processes that have operated there. Unlike Earth, the record at Mars spans most of the planet's history. 
Mainly because of its importance in understanding the evolution of the interior, we want to determine the 
sequence and nature of volcanic activity on Mars. A particularly important aspect of this is the nature of 
interactions of volcanic materials with near-surface volatiles, particularly water, since hydrothermal activity 
could have played a major role in influencing surface chemistry, promoting fluvial activity under cold climates, 
and providing habitats for life. Impacts provide a means of dating surfaces and of penetrating the surface to 
expose materials from depth, but the planet's impact history is poorly known. It can best be established by 
determining the absolute ages of geologic units with known crater densities. A variety of erosional features 
provide the primary evidence for climate change on Mars. Most notable among these are the small valley 
networks common in Mars' ancient terrains, but the true climatic implications of these features are poorly 
understood. Are they the consequence of precipitation or sapping? If the latter, to what degree do they owe 
their presence to a warmer climate, and to what degree to hydrothermal activity? What caused the large 
martian floods, what has been their history, how much water was involved, and where did it go? Where have 
standing water bodies existed on Mars, and for how long? Where does ice exist on Mars now, and what 
role has it played in surface modification? Were there ever periods of active glaciation? What have been 
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the rates and processes of eolian surface modification on Mars, and what do they tell us about the evolution 
of the atmosphere? All of these questions can be addressed by better imaging, both from orbit and on the 
ground, better dating, and better knowledge of the chemistry and mineralogy of martian surface materials. 

Climate change: Mars appears to have undergone major changes in climate. Evidence for long-term cli- 
mate change comes from ancient small-scale fluvial features and apparent changes in the rates of landform 
degradation with time. To better understand climate change, we need better insight into the processes 
involved, and the climatic conditions required for the formation of a wide variety of erosional and deposi- 
tional features. Detection of massive carbonate deposits would support the supposition that the martian 
atmosphere was thicker in the past. To what extent could greenhouse warming have affected the past cli- 
mate? Previous estimates of greenhouse warming for a C02  atmosphere appear to have been too large, but 
other greenhouse gases such as NH3, CH4, or SO2 could have been significant. Samples of past atmospheres 
trapped in surface materials would be particularly important in this regard. Mars also has apparently under- 
gone episodic climate changes in response to large chaotic variations in obliquity. The best record of these 
changes is probably preserved in the polar layered terrains, so sampling through sections of these materials 
is of considerable importance. 

Atmospheric dynamics: Severalof the major elements of the general circulation of the martian atmosphere 
are now known: the meridional flow due to seasonal condensation of C02 ,  seasonally-dependent meridional 
overturning, traveling planetary waves in the northern hemisphere, regional slope winds, internal gravity 
waves, and thermal tides. However our knowledge of these elements is generally not adequate to allow 
quantitative description of their relationship to forcing, to boundary conditions, or to one another. Moreover, 
knowledge of the boundary layer is minimal. Goals for atmospheric dynamics are therefore (1) to decribe the 
temporal and spatial stucture of the general circulation, (2) to understand quantitatively the relationship 
between the general circulation and aspects of forcing such as the distribution of heating and cooling, 
planetary size, rotation rate, and the roughness, albedo, and thermal inertia of the surface, and (3) to 
relate this understanding to the transport of dust and volatiles, eolian activity, and climate evolution. The 
observational strategy to achieve these goals requires long-lived simultaneous measurements from both surface 
and orbit. 

Magnetic field/solar wind interactions: The interaction of Mars with the solar wind depends on the 
magnitude of the planet's intrinsic magnetic field. The solar wind induces magnetic fields in the ionosphere, 
which need to be understood in order to distinguish them from the intrinsic field. Magnetic measurements 
should be made in conjunction with measurements designed to characterize the ionosphere, such as determi- 
nation of thermal ion densities and temperatures, and the composition and temperatures of neutrals. Several 
lines of evidence suggest that the abundance of volatiles in the martian atmosphere has changed with time. 
An important mechanism contributing to these changes is loss to space from the upper atmosphere. H is 
lost by thermal escape, and N, 0, and C can be lost by non-thermal mechanisms such as dissociative re- 
combination of ions with electrons, pickup of ions by the solar wind, and sputtering of atoms by the pickup 
ions. Understanding of atmospheric evolution requires utlderstanding of these loss processes and their rates, 
which in turn requires measurement of many properties of both the upper atmosphere and the energy input 
sources. 

Possible biological history: The prospects for present-day life on Mars are very small because of the 
present climatic and chemical conditions at the surface. However, abundant evidence for the presence of 
liquid water at  the surface in the past suggests that earlier conditions may have been much more hospitable. 
Simple biological objectives at Mars are to better understand the climatic evolution of the planet, and to 
identify materials, such as lacustrine or hydrothermal deposits, that have formed in aqueous environments. 
More ambitious objectives are to examine these materials for evidence of past life. Such evidence could 
include not only organic remains, but also biologically-induced chemical and isotopic changes. If it were 
found that life had indeed started on Mars, then active biology experiments would be needed to determine 
if the life had survived, either dormantly or actively, in specific niches such as active hydrothermal systems. 
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