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General Principles

• The most important missions are those 
that provide a giant leap in type or quality 
of data:
– New type of data (e.g., vis-IR where we had 

none previously, sample returns)
– Huge increase in data quality (e.g., factor of 

ten increase in spatial resolution, better 
detection limits for minerals and elements)



General Principles
• Sample return missions are an essential but 

not the only component of a balanced 
program for planetary exploration
– They are just one way to explore the planets
– They complement other types of missions

• Sample-return missions require:
– Investments in sample curation
– Investments in laboratory equipment



Investment in Sample 
Curation

• Curation of valuable returned samples ensures:
– that information recorded in samples is not 

compromised
– availability of samples for future generation of 

planetary scientists
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Investment in Analytical 
Development

• Analytical development is necessary to get the 
most information from returned samples
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Significance of Sample Return - I

Samples Provide a Unique Perspective

• Relatively small samples often record planetary- and solar 
system-scale processes. 

• Establishes ground truth for remote and surface 
measurements.

• Provides a unique perspective based on high spatial 
resolution and high analytical precision.

• Large numbers of scientists can usefully participate.



Significance of Sample Return - II
Analyses in a Lab are Always Better

• The best instruments can be used to analyze returned samples, not the 
best available at the end of mission design reviews.
• Instrumentation is not limited by mass, power, reliability, data rate, the 
requirement to work autonomously, etc.  This results in much lower cost 
to do analysis.
• Analysis is iterative and not limited by preconceived ideas.
• Offers a high degree of sample manipulation and multiple analytical 
approaches.

• Unexpected or ambiguous result can be tested with additional 
measurements or modified experiments. A new mission is not required to 
retest results.

• The ability to modify experiments as logic and technology dictate over 
an extend period of time.
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Significance of Sample Return

Samples are “the gift that keeps giving” to 

future generations of planetary scientists.



Inner Planets:
Science Objectives

• Bulk Compositions of the Planets and the 
Nature of Planetary Accretion

• Nature of Primary Planetary Differentiation
• Early Bombardment History
• Magmatic History
• Surface Processes (e.g., weathering, 

space weathering)



Bulk Composition of the 
Planets

• Importance: Allows tests of models of solar 
nebula and planetary accretion
– Temperature gradient led to differences in planets
– Accretion involved material from throughout inner 

solar system, and giant impacts were important
• Current status: Might be a compositional 

gradient.
– Estimates of bulk FeO (wt%):

• Mercury 2-3
• Venus 7-8
• Earth 8 Moon 7-12
• Mars 18



Bulk Compositions (cont.)
• Need to pin down major element (FeO) 

concentrations
• Need to determine size and compositions of cores
• Need to determine key elements

– Idea is to get handle on accretion temperatures, core-forming 
processes, accretion process

– Refractory lithophile elements (Al, Ca, Ti, Mg, Th, U, REE, Zr)
– Volatile lithophile elements (K, Na, Rb, Cl, F)
– Refractory siderophile elements (Fe, Ni, Co, Mo, W, PGE)
– Moderately (Ga, Ge, Au, Ag) to volatile (S, Se, Cd, Hg) siderophile 

elements
– Oxygen isotopic compositions



Bulk Compositions:
Do we need samples?

• Mercury
– Get any type of sample for oxygen isotopic analysis
– Might get refractory lithophiles (Th, U) from orbit
– Might get volatile/refractory from orbit (K/U)
– Need samples of unfractionated mantle-generated magmas for 

volatile (both lithophile and siderophile) fractionation patterns
– Need a seismic network to determine mantle and crustal structure, 

core size (and density, hence composition)
– Landers with good instruments for determining mineralogy 

(identification and abundances) and elemental compositions a 
reasonable alternative if sample return too difficult/expensive

– Sample return is likely to be highly challenging; should wait until 
further data from orbital and surface missions



Bulk Compositions:
Do we need samples?

• Venus
– Have surface compositions of a few places (Venera), but only for major 

elements, and not especially well determined. Need much better 
analyses, with emphasis on:

• Major elements (FeO, MgO)
• A few refractories (Th, U, Zr, Al…)
• Many volatile elements (to allow comparisons to basalts from Earth, 

Moon, Mars, Vesta). This requires a sample return.
• In principle, an in situ analysis could get ratio of a volatile to a 

refractory, an important measurement
• Any surface sample for oxygen isotopic analysis (unaltered rock 

preferred?). Will require sample return.
• Sample return is likely to be highly challenging; should wait until 

further data from orbital and surface missions



Bulk Compositions:
Do we need samples?

• Moon
– Have numerous rock and regolith compositions of a number of 

localities (Apollo, Luna, lunar meteorites), but may represent a
biased sampling of the global heterogeniety.

– Could use
• Global seismic network (mantle and crustal structure and 

composition)
• Samples outside Procellarum KREEP Terrane 
• Samples of the mantle (SPA?)



Primary Differentiation:
Do we need samples?

• Mercury
– Testing for magma ocean? Yes
– Time of differentiation? Yes

• Venus
– Testing for magma ocean? Yes (but maybe as hard as for Earth)
– Time of differentiation? Yes

• Moon
– Testing for magma ocean? No
– Time of differentiation? Yes



Early Bombardment History
• Importance:

– Affects development of crust on all planets
– Implications for evolution of planetesimal flux
– A spike at 3.9 Ga might have been common for all the terrestrial

planets

• Current status: 
– Mercury, Moon, Mars have heavily-cratered ancient crusts
– Moon might have experienced spike at 3.85-3.95 Ga (needs 

verification); what about other inner planets?
– Implications for orbital dynamics in early Solar System (e.g. Nice 

model)



Early Bombardment History
• Key Test:

– Determine ages of basins and large craters in ancient highlands 
of Moon and Mercury (not possible for Venus)

• How to do this: 
– Determine ages of samples collected from impact melt sheets
– Need uncertainty to be no more than 0.02-0.03 Ga if testing 

cataclysm idea, which lasted only 0.1 Ga
– Need to know petrologic character of samples because impact 

melts are absolutely required



Early Bombardment History;
Do we need samples?

• Mercury
– Smooth plains, basin deposits: Yes

• Moon
– Need to date more basins
– Prime candidate:

• South Pole-Aitken



Magmatic History

• Importance:
– Understand igneous evolution of bodies of 

different sizes (and bulk compositions?)
– Unravel internal dynamics
– Obtain information on composition of interior

• Status: Much work remains to be done on 
the Moon, let alone Mercury and Venus



Magmatic History

• Key data needed:
– Inventory of full range of rock types
– Ages of major rock types
– Determine volume of magma through time
– Detailed compositional data on major rock 

types
• How to get data:

– Combination of landers and sample-returns



Magmatic History:
Do we need samples?

• Mercury
– Identify and partially characterize major lithologies from orbit
– Return samples from selected areas
– Samples essential for ages, isotopes, bulk and micro-distribution of 

trace elements, petrology
• Venus

– Ages of older and younger surfaces (relative to average surface age)
– Characterization of major lithologies (in fact, any lithology)
– Samples essential for ages, isotopes, bulk and micro-distribution of 

trace elements, petrology
• Moon

– Ages of youngest basalts; evolution of lunar magma compositions 
through time

– Nature and origin of lateral asymmetry in the lunar mantle/relationship to 
the well-defined crustal asymmetry

– Nature of volatiles in lunar mantle



Surface Weathering
• Mercury

– Samples essential for comparison to Moon regolith (and asteroid 
regoliths when we have them)

– Important for understanding remote measurements
• Venus

– Important to understand intense chemical weathering (atmospheric
evolution, changes in surface composition, possible climate history)

– Requires bulk chemical analysis and detailed petrology (SEM, 
TEM, petrology) to see details of process

– Requires stable isotopic analysis to track process (temperatures, 
atm-rock interactions, etc.)



Surface Weathering:
Do we need samples?

• Mercury:
– Absolutely essential for interpretation of many 

remote sensing measurements and to 
understand the space weathering process in 
general

• Venus:
– Absolutely essential to understand weathering 

processes and rock-atmosphere interactions



Samples or In Situ Analyses?
• Not an either/or question: Both useful and complementary
• In situ:

– Useful for reconnaissance
– High spatial resolution compared to orbital measurements
– Essential for some measurements (e.g., volatiles at poles of 

Moon and Mercury)
– Helps in sample and site selection for sample return

• Sample returns
– Essential for high-fidelity analyses: ages, isotopes, bulk and 

micro-distribution of trace elements, petrology, mineralogy



Sample Return Priorities

Samples from surface of Mercury & Venus:
– Determine composition precisely to infer bulk planet 

composition, including oxygen isotopes, hence test 
models of accretion

– Age of a large impact basin to test models of early 
bombardment

– Ages (radiogenic isotopes) to understand magmatic 
history and timing of primary differentiation

– Detailed microanalysis to understand space 
weathering processes and regolith evolution



Sample Return Priorities

Samples from the surface of the Moon:
– South Pole Aiken Basin: 

• Ages of impact melt to date oldest large impact on Moon, 
hence testing idea of a spike in impact flux at 3.85-3.95 Ga

• Search for and characterize (if found) pieces of the lunar 
mantle, and the melt sheet (largely lower crust) to better 
constrain bulk composition of the Moon (hence its origin)

– Polar volatile bearing regolith
– Youngest basalts on the Moon
– Key impact craters

• Constraining impact flux rate through time
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Key scientific discoveries from the 
Apollo Program sample return.



Samples from the Moon from known locations have 
informed our understanding of the geology, environment, 
and history of the Moon and its role as a cornerstone of 
planetary science.



Key scientific discoveries from the 
Apollo Program sample return.

Early Impact History Inner Solar System
Giant Impact Origin for the Moon

Lunar Cataclysm

Record Stored in Lunar Regolith
History of the Sun

Relationship between mineralogy and reflectance

Magma Ocean Model
Early, Rapid, & Extensive

Differentiation on a Planetary Scale



Current state of knowledge of the Moon
• Samples from Apollo, Luna
• Surface exploration and experiments 

– Apollo, Luna, Surveyor
• Global remote sensing 
– Apollo, Lunar Orbiter
– Galileo, Clementine, L. Prospector
– SMART-1, Kaguya, Chang’E-1, 

Chandrayaan-1, LRO
• Lunar Meteorites

– 56 and counting
* Samples inform remote sensing and remote 

sensing extends what is known from the samples to a global 
perspective.

* Remote sensing and lunar meteorites indicate variations that 
extend diversity beyond the Apollo and Luna sample suites. 



The Moon is a complex, differentiated planetary body as 
well as a witness plate for early Solar System processes: 
Important scientific knowledge remains to be gained 
through further exploration. 



Moon: Next Generation of Sample 
Returns

• South Pole Aitken Basin materials
• Polar Volatile-bearing regolith
• Youngest Basalts
• Direct dating of key impact craters



Moon: Next Generation 
of Sample Returns
• South Pole Aitken Basin 

materials
– Test of cataclysm 

bombardment with 
implications for early Solar 
System orbital dynamics and 
environment

– Direct exposure of deep crust 
and possibly upper mantle 
materials

– Improved understanding of 
giant basin-forming 
processes
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Moon: Next Generation 
of Sample Returns
• Polar Volatile-bearing 

regolith
– Record of impacting 

volatiles with implications 
for volatile additions to 
the inner Solar System

– Record of volatile migration 
on airless bodies

– Moon is excellent 
exploration case because 
indigenous volatile contents 
are so low.
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Moon
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Giant  
Molecular  
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Interplanetary 
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Moon: Next Generation 
of Sample Returns
• Youngest Basalts

– What is the full extent 
of lunar volcanism? 
Basalts erupted after 
~3.1 Ga have limited 
representation in 
meteorite collection

– Implications for lunar 
mantle sources and 
thermal evolution 
models



Moon: Next Generation of Sample 
Returns

• Direct sampling of key impact craters
– Copernicus
– Eratosthenes
– Aristarchus
– Jackson
– Tsiolkovsky
– Giordano Bruno

*Need these to sharpen the anchor points on 
the impact flux curve



Responding to New Discoveries

LRO
Giordano Bruno impact 

melt

Image Credits: NASA/GSFC/Arizona State University



Conclusions

Samples provide a unique data set that is critical for understanding
the origin, accretion, differentiation and evolution of the inner planets. 

Sample return science must be an important component (along with orbital
and surface science investigations) of studies of the inner planets.

Sample science and sample return has a symbiotic relationship
with orbital science and surface science. 

This uniqueness is owing to the scale of observations, precision of
measurements, the ability to modify experiments as logic and technology

dictate, and independent of mass, power, reliability, and data rate.

Investment in curation facilities and development of analytical
Instrumentation is essential for getting the most from sample return.


