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Decadal Surveys - Predicting the Future

• Predicting the Future:
– “Wasn’t the Future Wonderful?”
– Evolution is a non-linear stochastic process!
– The key is building in adaptability and plasticity.

• Strategic Thinking:
– The tyranny of balkinization.
– The importance of synergism:
– The perspective of deep time and deep space.
– Comparative planetology.

• What are the key fundamental motivating questions?
• What have we done and learned in the past 50 years?
• What are the key questions for the next decades?



3. How do we look into the future?
"Wasn't the Future Wonderful?" Learn from the past!
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Decadal Study - Deep Time and Deep Space!
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Comparative Planetology Problems and Themes
• Accretion and initial planetary formation.
• Differentiation: Formation of crust, mantle, core.
• Post-differentiation density instabilities, overturn.
• Thermal evolution: History of heat loss; convection modes.
• Impact cratering: Formation of craters and basins.
• Volcanism: Resurfacing; mantle samples in space and time.
• Origin and evolution of atmospheres: History of climate.
• Volatile processes: Formation, migration, evolution.
• Weathering: Interaction of surface with atmospheres/space.
• Nature and evolution of the magnetic field.
• Influence of the Sun on planetary evolution.
• Links to Earth and implications for Earth history.
• Origin and evolution of life.



Crustal Formation and Evolution
Major Geological Processes

Styles of Lithospheric Heat Loss

Planetary Geological History - Thermal Evolution Characteristics - Position in Solar System



Crustal Formation and Evolution: Primary, Secondary, Tertiary

S. Ross Taylor
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Earth: Exploration



• When did plate tectonics start?
• How and when did continents form?
• What was the early atmosphere like?
• When, and where, did life originate?

• We needed an understanding of the major processes operating in
the first half of Solar System history.

Earth: What is the history of the formative years?



Comparative Planetology

• Where is the record of the major processes operating in the first half of Solar
System history?

• Planets and moons soon joined Earth as objects of geological interest and
analysis.

• We were on our way to a Grand Experiment:
The field of Comparative Planetology was born.



Moon: Exploration



Moon: Exploration



Moon: Insights into the formative years of planetary history.
• Ancient age of lunar crust.
• Magma Ocean: Concept of wholesale melting.
• Linkage of geological observations and accretionary theory.
• Moon formed from impact of Mars-sized object into early Earth.
• Lunar Interior: Crust, lithosphere and thermal evolution.
• Differentiation, segregation instability and overturn.
• The Moon as a “one-plate” planet in contrast to Earth.
• Impact cratering is a fundamental geological process.
• Cometary volatiles may accumulate near poles.
• The Moon is a record of the first half of solar system history.



Mercury:  Exploration
• Earth-based observations.
• Mercury, slightly larger than the Moon, but containing a

core of lunar size; What would the geology look like?

•  Mariner 10 - 1973.



Mercury:  Lunar-like surface, Earth-like interior

• Mercury is Moon-like!
• Impact craters and plains dominate the surface.
• Are the plains volcanic or impact?
• Tectonic one-plate planet, but with huge tectonic scarps.
• Magnetic field: Is the core liquid and convecting?
• Mariner 10 raised more questions than it answered.



Mercury:  Lunar-like surface, Earth-like interior
• What is the origin of Mercury's huge core?
• Recent Earth-based measurements are consistent with a molten core:

Implications?
• Does Mercury have crustal magnetic anomalies?
• What is the origin of the smooth plains: Does Mercury have surface volcanism?
• What is the cause of global-scale contraction early in its history?
• Does significant global contraction inhibit extrusive volcanism?
• Are the radar reflective materials in polar crater interiors water ice?

• MESSENGER and BepiColombo will explore the half of Mercury unobserved by
spacecraft, and address these questions.  MESSENGER M-3 next month!!



Smooth Plains: Volcanic or Impact-Related?

Cayley Formation: 
-Smooth lava flood-like plains.
-Age: Pre-mare, post-highland craters.
-Higher albedo: Early volcanic phase of different composition?
-Lessons learned from Apollo 16:  Fluidized basin ejecta!



Evidence for Volcanism on Mercury
from the MESSENGER Flybys

1. Volcanic vents, source regions and flow fronts.

2. Impact crater embayment and flooding relationships.

3. Impact basin filling histories and relationships.

4. Ages from impact crater size-frequency distributions.

5. Pyroclastic deposits.

6. Candidate intrusive structures and features.



(Denevi et al., 2009)



Mars:  Exploration





Mars:  Moon/Mercury with Water and Climate

• Mars similar to the Moon and Mercury in many ways.
• Tectonics: No signs of plate tectonics: A one-plate planet.
• Significant record of early impact history and volcanism preserved in

its crust.
• But Mars differs in fundamental ways!



Climate History

• Range of recent
astronomical
climate forcing
values.

• Recent climate
modeling (high
obliquity).

• -> Significant
amounts of polar
water ice can be
mobilized and
transported
equatorward
during periods of
high obliquity.

(Laskar et al. 2004)

(Richardson and Wilson, 2002; Haberle et al.., 2003; Mischna et al., 2004; Forget et al., 2007)



Latitude-Dependent
Ice-Related Deposits

Latitude-dependent layer found above 30º North and South latitude.

(Mustard et al., 2001; Kreslavsky and Head,  2000, 2002; Milliken et al., 2003; Head et al., 2003)



Lineated Valley Fill:
Debris-Covered

Valley Glacier Systems.

Plateau Icefields?

Mars Earth



Major Current Research Areas
• History of obliquity prior to 10-20 Ma.
• Transit paths of polar water vapor.
• Localities of its ultimate deposition.
• Predicted maximum accumulation.

?   ?

?  ?Transit Paths

Deposition
and

Accumulation

?
?



- Heavy impact
bombardment.

-  Valley
networks.

-  “Warm/Wet”
early Mars?

-Volcanism.
- Outflow
channels.
- Oceans?
- South
circumpolar
deposits.

- Low impact rates.
- Tharsis volcanism continues.
- Outflow channels continue.
- Late-stage polar caps.
- “Cold/Dry” late Mars.

Water and Climate on Mars: Relation to Geologic History



Open Basin Lakes
N=210 (~65% newly

recognized)
Fassett and Head, 2008a,b

Noachian Valley Networks and Open Basin Lakes
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Water and Climate on Mars: Relation to Geologic History

(Bibring et al., Science, 2006)



Mars:  Moon/Mercury with Water and Climate

Differences from the Moon and Mercury:
1) Global crustal dichotomy:
2) Tharsis and Elysium topographic rises.
3) Volcanic activity extends up to the geological present.
4) Mars is a "water" planet: Rivers, lakes and oceans.
5) Extreme oscillations in spin-axis obliquity characterize Mars.
6) Huge crustal magnetic anomalies.
7) True polar wander may have occurred.
8) An early "warm and wet" Mars
is a likely habitat for the formation and evolution of life.

• Mars may be the true Rosetta stone of
Early Earth history, filling in the missing transition.



Venus:  Exploration







Venus:  An Earth gone astray?

• Venus exploration has revealed a planetary surface that, like the Earth,
has no remaining morphological record of the first two-thirds of Solar
System history.



Venus:  An Earth gone astray?

• There is no ancient heavily-cratered terrain.
• The surface is predominantly volcanic in origin.
• Tesserae: Intensely tectonically resurfaced terrain.
• Impact cratering record is sparse.
• Average age of the surface < a billion years.
• Crater population nearly completely spatially random and the vast majority of the

craters have not been modified.

Mikhail Ivanov, Vernadsky Institute, RAS



• Venus must have undergone a global-scale resurfacing in its recent history!!
• This resurfacing must have been geologically rapid!
• What could have caused such a configuration and event?
• Among the hypotheses are:
• 1) transition from mobile lid to stagnant lid lithospheric regime,
• 2) episodic plate tectonics, and
• 3) catastrophic overturn of a depleted-mantle layer.
• Could similar processes lie in Earth's past or future?
• Links between climate change and tectonics?

Venus:  An Earth gone astray?



Earth: Returning to the Home
Planet!

• We now have perspective on the missing chapters in the first half of Earth history.
• Impact cratering is a fundamental planetary geological process:
• 1) Proto-Earth was hit by a Mars-sized projectile.
• 2) Huge impact basins in early Earth history.
• 3) Throughout history: Negative influence on existing biota, mass extinctions.
• Density inversions of internal layers and global resurfacing: Could such events initiate plate

tectonics on Earth?
• Radical climate change and Snowball Earth: What are the lessons from Mars?
• Life:  New perspectives on hospitable environments.



50 Years Since Sputnik

• No longer do we view the Earth in isolation. Earth is now a member of a
family of terrestrial planets that have shared similar events and phases in
their histories.

-We look to the geological record of one-plate planets to understand
the role of impact cratering with time.

• -We look to Venus to understand how tectonism and  volcanism might
appear during the Earth's Archean period, billions of years ago.

• -We observe the thermal evolution of different terrestrial planets and
wonder what the distant future holds for Earth.

• -Will plate tectonics cease on our planet, and if so, what will it look
like then?

• -Will the Earth's lithosphere undergo catastrophic overturn in the
future, and if so, what will be the aftermath and the effect on life?





The Critical Role of the SUN in
Planetary Evolution

• The Sun: The King Kong of planetary climate evolution!
• SOLAR INSOLATION: The fundamental input parameter to

the nature/evolution of climate systems.
• The Sun:VARIABLE STAR at many timescales!

– Sunspot cycles.
– ~500 year CMEs.
– Faint young Sun.
– Changes in solar activity and luminosity on scales for which we are

totally clueless!!
• Living with a variable(?) star!!
• Need to develop ways to interact with and

learn from the Heliophysics Community!



The changing perspective of the neighborhood!!  New planets and solar systems
every day!!  Where do we fit in this and what can we learn from this??

50 Years Since Sputnik: The next 50 Years



Decadal Surveys - Predicting the Future

• Predicting the Future:
– “Wasn’t the Future Wonderful?”
– Evolution is a non-linear stochastic process!
– The key is building in adaptability and plasticity.

• Strategic Thinking:
– The tyranny of balkinization.
– The importance of synergism:
– The perspective of deep time and deep space.
– Comparative planetology.

• What are the key fundamental motivating questions?
• What have we done and learned in the past 50 years?
• What are the key questions for the next decades?



Outstanding
Questions for

Venus

(Grinspoon et al., 2009)



Stages in the Evolution of Venus: Speculations
• Stage 1: Accretion.
• Stage 2: Initial degassing, atmosphere formation.
• Stage 3: Differentiation, crustal formation, solidification.
• Stage 4: Atmospheric stabilization, ocean formation.
• Stage 5: Evolutionary degassing and volatile exchange.
• Stage 6: Atmosphere-Surface-Ocean Exchange phase.
• Stage 7: Evolution to Dry Venus: Oceans dry up.
• Stage 8: The Turning Point: Tessera form at ~80% point.
• Stage 9: The Early Aftermath: Vast volcanic plains.
• Stage 10: The Late Aftermath: Local large shields, rifts, etc.
• Stage 11: The Future: (?)

Grinspoon and Bullock



Venus: What Do We Need to Know?

• Detailed structure and history of the atmosphere.
• Current and past volcanic outgassing rates.
• Improved understanding of atmosphere-surface interactions.
• Improved observed geological history and time scale.
• Geochemistry, mineralogy and petrology of surface features/terrains,

especially tessera.
• Clues to the first 80% of the history of Venus: Oceans on Venus?
• Improved knowledge of thicknesses, structure of crust and

lithosphere.
• Current seismicity and global variations.
• Missions and Experiments Needed: Orbital: Higher resolution

imaging and altimetry; Balloons: Atmosphere and multiple surface
investigations; Landers: in-situ geochemistry, isotopic signatures,
long term seismic monitoring, heat flow, multiple landings, sample
return.



Outstanding Questions for Mercury

Primary or Secondary Crust?: Crustal Evolution:
- Crustal composition,
mineralogy.
-Geochronology.

Landers:
- Need in situ, high resolution chemistry and mineralogy, in situ

chronology, need in geologic context due to known crustal diversity; polar
deposits. Need several landers, leading to sample return.



Terrestrial Planetary History Comparisons



Moon: Insights into the formative years of planetary history.

• Bombardment history of the inner solar system.
• Structure and composition of the lunar interior.
• Laboratory for key planetary rock-forming processes.
• Laboratory for assessment of volatile flux; lunar poles.
• Volcanism as a window into thermal and compositional evolution.
• Laboratory for the study of impact processes at planetary scales.
• Regolith and weathering processes on anhydrous airless bodies.
• Laboratory for study of atmosphere & dust environment in pristine state.

The Scientific Context for Exploration of the Moon
G. Paulikas, C. Pieters, NRC, 2007
Prioritized Science Concepts
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R: 1580 nm Albedo
G:  1-µm Integrated
Band Depth
B: 2-µm Integrated Band
Depth - TR

This display is
sensitive to the
presence and

diversity of mafic
minerals.

Isaacson et al.  2009

M3
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Orientale Mineralogy - Testing the Magma Ocean Story

• Crystalline anorthosite is identified in association with shocked
anorthosite to form the Inner Rook Mountains.

• This exposure of massive and extensive anorthosite is
extraordinary strong evidence for the Magma Ocean hypothesis
of lunar crust formation.

• The impact melt and basin deposits nevertheless contain a
prominent noritic component from an undetermined source.

(Head et al., 1993)





Apollo 15 500 Day Mission
1. Imbrium impact basin.
2. Sinuous rille origin.
3. Mare history.
4. Ejecta from far craters.
5. Regolith history.

10 km



Major Outstanding Questions for the Moon

Questions that will emerge:
-In situ mineralogy and
chronology.
-Internal structure.

Robotic Exploration:
-Landers, Rovers: Chemistry,
mineralogy, chronology,
seismology, heat flow.

-Multiple Sample Return
Missions: Petrology and
geochronology.

:



Terrestrial Planet
Comparative Planetology

How to Address
The Big Questions?

1. Basic Research:
- Develops fundamental ideas, theories and concepts to drive and guide research and exploration.

2. Missions:
- Acquire new data to specifically test and further develop these ideas.

3. Data Analysis:
- Enables specific testing of ideas and discovery of new and unanswered questions.

4.  Science Data Infrastructure:
- Need much more investment in data storage, access, display, analysis tools, presentation of data
in publications.

5.  Technology Development:
- Compactness, robustness (T, P), in situ, sample return.

6.  Interdisciplinary Interaction: Establishing Multiple Feedback Loops:
- Comparative planetary studies require broad thinking and intellectual exploration.  The Earth
is a planet! What’s that big yellow thing around which we are orbiting??!!  How can the different
SMD disciplines help one another and create scientific synergism?




