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Introduction: To address the opportunities of an 

expanding planetary science program over the next 
three decades, today’s scientists need to develop a plan 
that builds on the foundation of the current decadal 
survey and identifying a unifying architecture that 
spans all solar system bodies. We expect planetary 
exploration will continue to evolve from an emphasis 
on fly-by encounters and remote sensing, to in situ 
robotic exploration, to robotic sample return, and to, 
eventually, in situ science investigations and sample 
selection performed by human explorers on select 
worlds.   Each step is going to require increasingly 
sophisticated technical advances, as well as strategic 
planning and coordination to insure both feasibility and 
a realistic cost framework. This needs to be achieved 
by explicitly emphasizing fundamental scientific ex-
ploration in geology, geophysics, glaciology, tectonics, 
climatology, and solar system evolution, while main-
taining current priorities such as astrobiology and ex-
ploration of the outer planets. We propose a specific 
overarching architecture of “Understanding Solar Sys-
tem evolution through time”, which will drive plane-
tary science across all planetary bodies.  

This theme directly addresses origins, and is inclu-
sive of understanding solar system workings, the 
search for life, and understanding of resources. It 
builds on our current top scientific goals, such as as-
trobiology for Mars and the outer solar system, while 
allowing us to maintain and further develop scientific 
investment in less dramatic, but equally fundamental 
science, such as the evolution of igneous rocks on 
Mars, or the interior structure and activity of icy bodies 
in the outer solar system. This architecture achieves its 
inclusive nature by explicitly recognizing the encom-
passing nature of time in all solar system science in-
vestigations.  

1. Trends In Planetary Science Goals: The pro-
posed architecture enables scientific exploration across 
disciplines and solar system bodies, and provides a 
unifying direction for future development. Over the 
next decade, we anticipate that current science investi-
gations will head broadly in three directions:  
1. Expanding from single local assessments to multi-

ple, spatially extensive lander/rover-based global 
measurements, for example, for addressing the de-
tailed bombardment history of planetary bodies; 

2. Advancing current measurements by far more de-
tailed local assessments, for example, for Mars, by 
delving more deeply (both literally and figuratively) 

into sedimentological and geochemical evidence to 
assess habitability; and, 

3. Continuing the current efforts to find habitable en-
vironments and potential life throughout the solar 
system, as well as expanding our knowledge of in-
sufficiently explored bodies, such as Venus, aster-
oids, and the outer solar system.  

“Understanding Solar System evolution through time”, 
is in essence a statement of seeking to understand the 
history of every process in the solar system, and pro-
vides a single unifying architecture that allows us to 
inclusively argue for the broad array of continuing and 
new science targets and goals we can achieve in the 
next three decades. 

2. History As A Science Goal: At the top-level, 
the three most important goals for the next three dec-
ades in planetary science are likely to be a) continuing 
to search for and understand extraterrestrial life, b) 
continuing the exploration of insufficiently explored 
bodies like Mercury, asteroids, and the outer planets, 
and c) improving our understanding of solar system 
history. Of these, a) and b) are relatively obvious, 
however, c) may need some explanation.  

Specifically, the chronology of the inner solar sys-
tem is based on models relating the crater densities of 
planetary surfaces, calibrated by radiometric dates of 
well-provenanced lunar samples. However, work com-
paring the numerous lunar chronology models in the 
literature illustrates differences between the models of 
up to one billion years, peaking around 3 Ga. For the 
Moon and Mars, the period between ~2.8 to 3.3 Ga 
includes the cessation of abundant volcanism, and, for 
Mars, the apparent termination of volatile production 
as well as formation of hydrated minerals. Under the 
new chronology functions, these processes could have 
lasted for a billion additional years, undermining mod-
els for thermal evolution of the Moon, and resulting in 
a longer era of abundant volatiles and hence potential 
habitability for Mars. In fact, we have the most confi-
dence in the period from 3.5-4 Ga, or stated different-
ly, only 20% of the history of the solar system.  Hence 
all rocky planets, as well as dynamical models of solar 
system evolution, would benefit from new dates from 
multiple terranes on multiple planets. 

3. Potential of New Technologies and Trends: 
These investigations will build on rapidly advancing 
technologies reducing launch costs, standardizing 
sample handling (including grasping, grinding, coring, 
sectioning, and storing), and increasing sophistication 
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of geochemical and geophysical measurement ap-
proaches.  

However, it must be recognized that even as some 
costs go down, the costs associated with addressing 
ever more sophisticated science questions may well go 
up. We anticipate that the next decades will see para-
digm shifts; for example, because missions are created 
to address science hypotheses, in the future science 
instruments may be more than 10% of the mission 
costs, depending on the hypothesis. Launch services 
and spacecraft providers can expect to make up for this 
shift through more launches to more targets, albeit with 
greater standardization, such as communications and 
command and data handling systems (e.g., inclusion of 
Electra radios on multiple missions).    

Earlier instrument development has enabled some 
imaging, geochemistry and mineralogy systems to be 
flown (and evolved) on multiple missions (e.g. variants 
of LIBS, or laser range-finding instruments). In the 
next three decades, this trend will continue, with 
evolved instrument suites becoming more common-
place, and used repeatedly in more spatially separated 
environments. Furthermore, new early-TRL instru-
ments for detecting potential biomarkers and providing 
in-situ dating measurements will move from one-off 
measurements to systems that are flown more frequent-
ly, enabling greater spatial exploration (§1.1). As in-
struments become more robust, faster, with simpler or 
standardized sample handling, their cost will be driven  
down.. This will collaterally allow their use to explore 
a single environment in much greater detail, with sam-
ples acquired at higher lateral resolution and from 
greater depths (§1.2). Finally, the use of well-
developed instrument approaches (such as currently 
little-used but crucially important seismometry), will 
become more commonplace. 

These systems will build on the earlier discoveries 
of sample return and laboratory analysis, which will 
better enable us to provide the most appropriate de-
tailed context measurements. These future systems will 
be attuned to multiple measures of habitability, biosig-
natures (for example, PAH’s and DNA), or dating (e.g. 
U-Th-Pb-Pb, K-Ar, Nd-Sm, Rb-Sr, and elemental and 
mineralogical context, all obtained simultaneously). 
These improvements will strengthen confidence in 
measurement interpretations and enable their use for 
stand-alone use and triage. 

4. Human Spaceflight: We anticipate that human 
and robotic spaceflight efforts will continue to become 
more interrelated, specifically driven by two counter-
balancing forces:  
a) politicians can most easily sell, and the public 

broadly understands, NASA as a human spaceflight 
organization, driven by the geopolitical needs of na-

tional prestige and maintaining a presence in near 
earth orbit and the Moon to avoid the weaponization 
of space; 

b) there is a need for better justification to risk human 
life and expend the additional funds required to 
support humans in the space environment.  

These issues are readily addressed by enabling astro-
nauts to do real planetary science on appropriate bod-
ies (asteroids, Mars, Phobos, Deimos, and the Moon), 
by becoming the scientists, and answering real science 
questions in real-time. Fortunately, in the architecture 
described herein, the instruments required to enable 
iterative, repeated exploration of a locale, not just to 
pick up samples and go home, will be available in the 
2030 to 2050 timeframe (§2). For example, an astro-
naut on the surface of Mars could collect a sample 
from a promising outcrop, and assess its age and po-
tential biosignatures. She could then move on to an 
older outcrop, and identify potential biosignatures as-
sociated with that era. After assessing how this fits in 
with the history of aqueous mineralogy, she might look 
in new areas of the same age for additional biomarkers. 
 5. Needed Investments: In order to support this 
architecture, investments in simplifying launch and 
spacecraft technologies are needed, as well as continu-
ing investment in cutting edge instrumentation. How-
ever, these investments should be made with an eye 
towards joint integration and standardization before 
missions are identified, allowing for integrated instru-
ment development to TRL 6 early in the process. This 
should include sample handling standardization. Final-
ly, funds should be specifically allocated for integrat-
ing astronauts and instrument scientists, as a matter of 
course, into the testing, deployment, operation, and 
interpretation of existing and new science measure-
ments. 
 6. The Importance of Time: All of planetary 
science can be cast in terms of when in history a given 
process was important, and how that process evolved 
with time. However, as we saw in §2, time itself is a 
science goal. Fortunately, time can be the architectural 
backbone under which all other exploration takes 
place, and also be a goal that we already know plane-
tary science can deliver. Future missions, both robotic 
and human, will go to many disparate places searching 
for life, and attempting to understand the processes that 
acted on a locale.  All of these can be placed in the 
broader context of origins, evolution, history, and 
hence time. Ultimately, an architecture based on un-
derstanding an encompassing scientific goal for which 
NASA can guarantee delivery, while enabling us to 
engage in science and exploration of all types, is cru-
cial to preparing for the decades from 2020 to 2050. 
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