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Terrestrial records of the first few billion years of
Earth’s history are largely lost to time, due to the
actions of plate tectonics, volcanism, and erosion
by oceans, rain, and wind.

The Moon is spared many of these processes, with

lunar samples ranging in age from a few hundred
million years to more than 4 billion years old.

Lunar samples therefore represent immensely
valuable scientific records for the Earth-Moon
system, as well as for Mars and other planets.

White Paper Lead Authorsi . Earth rise captured by NASA’s
Andrew Needham, Ryan Ziegler, and Kevin Sato Lunar Reconnaissance Orbiter
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Apollo and Artemis

The Apollo missions collected 382kg of lunar
samples. However, samples were taken from similar
areas of the Moon

Many regions of the Moon, including diverse geologic
terrains, and the lunar poles, remain unsampled

Even within the Apollo landing sites, some collected
rock types are represented by only a single sample.

Other rock types even at these landing sites were
likely not sampled.

More samples, from more diverse sites, are needed to
fully understand lunar history

Clementine data reveals the
heterogeneity of the Moons surface
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What Can We Achieve In Situ?

Miniaturization of scientific instruments enable significantly
more science to be conducted by missions today than was
possible during Apollo.

A wide range of imaging, spectroscopy, and mass
spectrometry can be conducted by mission instruments.

Mission instruments are capable of characterizing mineralogy,
Identifying chemical compounds, and — for a subset of targets
— provide useful information on the age of a sample.

Many more opportunities are available for in situ analyses due
to the number of smaller, lighter, and uncrewed missions.

The VIPER rover, funded by NASA’'s CLPS program,
will include several spectrometersand a drill

\
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« Sample return provides access to laboratories TEM - Pt

and instruments on Earth which have vastly g - {j~
superior accuracy and precision than is possible - / v z “‘
on small mission instruments.

Olivine

« Complex sample preparation is required for many
types of scientific analyses, e.g. separation of
components, acid digestion, ion chromatography.

« Atailored analytical workflow can be followed for
even tiny aliquots of individual samples, ranging
from 3D analyses, to detailed mineralogy and
chemistry, and age dating of a sample.

« Samples can be curated for years or even 3
decades and be re-analyzed as scientific Mineralogy and chemistry of the Moon imaged at

instruments and knowledge improve. the nanometer scale
(NASA JSC/ Thomas-Keprtaet al., 2014)
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Looking to the Future

« Some science questions can currently be answered by in situ instruments, while many others
require sample return.

« Continued development of mission instruments will enable more science questions to be
addressed in situ, especially for small or uncrewed missions where sample return is not viable.

« However, many laboratory instruments, as well as the infrastructure required to prepare
samples for analysis (e.g., separation of components, acid digestion, ion chromatography), are
difficult to reconcile with miniaturization.

« The question of what can be achieved in situ versus returned samples should be addressed on
a case-by-case basis; broad Artemis and Moon-to-Mars objectives are achievable only though
an integrated strategy involving both in situ analysis and return of samples to Earth.
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White Paper

National ASIonaunics and
Spaca Administratcn

Analytical Capabilities In Situ Versus Mass

of Returned Lunar Samples

The emerging capabilities of NASA and its commercial and international partners to land significant
payloads on the surface of the Moon will provide apportunities to land large and diverse suites
of science instruments, It will also provide opportunities to returm samples to Earth for scientific
analysesin Earth-based laboratories.

During the Apollo Program, the return of samples to Earth was the cnly viable way to obtain
accurate and pracise mineralogical and geochemical analyses of lunar samples; technology was
simply nat available or mature enough to enable these detailed scientific investigations in situ
s mission capabilities improve, architecture is refined, and analyti
NASA's return to the Moon with the Artemis missions, a question arises:

Can modern payloads to the Moon provide sufficient analytical
capabilities to replace the need for return of samples to Earth?

This paper provides a brief overview of the

science enabled both by conducting analyses in

situ an the lunar surface and by returning lunar

samples to Earth. Several examples ilustrate | Goal: Address
how both in-situ and returned sample analyses

can address the lunar/planetary science (LPS)
goals of the Moon to Mars Objectives.

human explerers on and
Mars, aiced by surface and o

These examples represent only a snapshat
of the extensive breadth and depth of LPS
and other lunar surface sample-dependent
objectives. Other lunar science  objectives
facilitated by geophysical instruments {e.g,

fsmometers, heat probes, magnetometers,
laser_reflectometers), which by their nature
require in-situ analyses, are not discussed in | processes
the context of insitu analyses versus mass | o
of returned samples, However, sample return

ovide  supplementary tontext for

interpretation of those gecphysical results.

planstary bodies farmed
characterizing

Moon and Mars.

surfaces of the Maon and Mars.

The question of in-situ analyses versus mass of
returned samples needs to be addressed ana | okt
snd sequestratian of lunsr and Martian v

mean they are rarely directly interchangeable,

and this variability should be taken into

consideration during architecture definition. | processes led

Broad Artemis and Moon to Mars goals will bes:

be achieved by an integrated strategy that uses
vetum an

Achieving science goals requires analyses not just of these
representative bulk samples but of the many pleces that
make up each rock — individual minerals, grains, clasts,
etc, Each rock Is like a puzzle with hundreds of pleces,
and each piece, or sub-sample, sheds light on a different
part of the story.

Sub-sample components can record distinet and specific
processes — for example, zircon is a key mineral for
chronology {LPS-1), Auaute and other minerals retain

volatiles  from wolcanic processes (LPS-2),
glasses and agg\ulmalaf can record surface processes
{LPs1, 31 and rare dumﬂ( and gram[l[ chasts pecord 2

&
3

The analysis and cataloging of these samples invalves
many hours of work in varius combinations of
separation, extraction, chemical processing, and other
means of preparation for each individual sample.
Different combinations of sample preparation are
implemented for different types of scientific analysis, For
many types of analysis, a final step in sample preparation

id{e.g. nitric acid ic
acid, hydrafluaric acid), which allows individual elements
o be filtered and separated far analysis by increasingly
sophisticated and capable mass spectrometers, For
all these complexities and more, the return of samples
to Earth will remain central to lunar science for the

Further, Rb-Sr isjust one dating technique: itis appropriate
for understanding only a subset of events and processes
that have cccurred throughout lunar history. The return
of samples enables researchers Lo apply multiple dating
techniques (e.g, K-Ar, Sm-Nd, U-Ph)
phases even within a single rock sample; thi
betause some isotopic Systems are more prone to
resetting during impact events than athers

Similar  scenarios exist for ather elemental and
molecular analyses. For example, understanding the
id evolution of volatiles, bath far science and

in-situ resource utilization, may require analyses of low-
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events future. precision
South Pale L Snalyses.
bed regions different
Q o fces of There have bean aver 3,380 separate studies of the Apallo Many elements aiso have unstable isotopes, some of h element,
tﬁp Moo S2mples over the past SO« years. They have yielded many b electron  which yield useful systems for radiometric dating (e.g., jjument on
K the Earth  Lunar sampl hemically and tl|4u=fr‘dsu suuevzmlﬁtpapm-w:-lth s atestament o the pternational U-Pb, Sm-Nd, Rb-Sr, K-Ar). This dating provides ages that,
complexity and the long-term value of returned samples. , o
| technclogle improve with fU Jt happened  (Figure 1) as demonstrated by the many m«erenuypesov plexity & " retr P! Jre Igaf‘h f?;‘ ithlhcknght Icvlc\sho' prm;mn can ansm‘r au{cs ﬂs of enables
a o albeit wi an key events happend in amoon or Elanst’s histor
overall diversity of the Apollo sample collection. Much of Joncert witn  SE0E g of the basic nature 5 indhuidual PME preparation. - ranging acrcss Zsu d , Impact me: is. Many of
e tectonics  this diversity was captured because of the relatively large Jbuch as by s and how the puzzle pieces ctroseopy,  and surface exposur
fd all but a  mass returned and the multiple, geologically different . Togsther, Lol 'cion in studving returned lunas samples. The vide similar
h's history. sampling locations. b which & 3Ly G Tor vetarmad ssteroid samptos ond fanar and e Invsitu analyses -
geological Tian traseoritet and k& exneced foF the Mats ormple Wihile many science godls require acturacy and precision
Jification by Even with more than 2,200 individual samples totaling  Return mission, v v fornography - beyond the capabilities of current flight hardware, same e |sumpes
on's major 382 kg, many types of samples were only represented by [erpretation & but could  science goals are \dea‘ for in-situ analyses. One such
- ftion, crustal  afew grams of material or just a single sample (e.g., green RLofinsiu o eal micrascopy provides magnified views of the [pr structure  example is the Dating an Irregular Mare Patch with a
" d c. lass beads from Apollo 15 and 17, Jof materials Jre- Example  Lunar Explorer (DIMPLE) instrument suite, which was
- — cture, were  and orange volcanic glass beads from Apollo 15 and 17, sample surface. Xray computed tomography enables B ended.  seleted in 2025 for funding by NAGA's Fatocds o dedicated
high priority _planetary science with major  respectively; troctolite from Apollo 17, from deep in the views of the interiar of samples to record the pasition of [ cgnificant b hnveedanio o e erences in
queslons thae are be sccomplshed by e [ars ago. Moon'’s crust; anarthasite from Apollo 15 [Genesis rock]), cauld help  pisces and informs decisions abaut where t9 slice cpen a A ugseru‘\ n pL:fsi;E mm;gsnf‘lgamns on the Surface of the Moon hlnadield
urd e oo i ;9 miny more samxl:u!yves vece lx;ke'ydur:'acfwumed ¢ return 1o Sample (just as dentists and doctors use X-rays ta inform L ) program. bn or parts
g roboti systems. Rue records  for in the collection. ressing the breadth of science Ecienti Follovir i )
it v o el ) cientifically treatment plans), Folloving mechanical preparation, DIMPLE will be delivered to the Moon by a Commercial
LPS-1: Uncover the record of solar system orgin g Quiest P Y Ie tsorrovers  researchers use additional optical and  electran Y payload Services [CLFS) lander. Its i i
4nd early hetory, by de1arMinng ho nd when lindamental ~ requires analyses of many different types of samples Imaterials in  microscopy technalogies and arious spectroscopies over unar Payload Services (CLPS) lander. ts instrument sulte
seantiate o h Which: b b& collactad ! quire long- includes the Chemistry Crganic and Dating Experiment 3
o J samples. peesent: Within:a ghven tervain; which.can. ba collectes e type. This  awide range of the electromagnetic spectrum ta provide o, i
the impact chranology of the inner either by crewed extravehicular activity or uncrewed e Sl Fth by even a few (CODEX), which will yield the first in-situ dating of samples. [ achieving
sla gysiem 35 recorded on the Moon and Mars beting vastly - much higher resclution views of the sample interiors, for sample on the linar surfacs bne sample
and characterize how 10 inner solar planetary  rovers, ol 4 L chers to
£ystem have changed over ime 43 recarded on the Once basic sample characterization is complete, more [Fapabilities . Bt context
o @ bd surfaces lg.. grinding  detailed types of analyses can be conducted to evaluate CODEX has an estimated precision of + 375 million years, ,dam‘é“"
wanding of the seciosic ~— = chemical the history of the sample and its components, For leveraging the rubidium-strontium (Rb-Sr) radiometric Luhich were
et Dh‘m“ Sods % = = Jrless bodies fu analyses, example, scanning electron microscopes and electron system. While this precision would not be suitable for
determining the inlericr ructures, characterising [=n ] fever, many  microprobes enable chemical and mineralogical analyses most lunar chronology analyses, it is suffident to achieve
sgnic hstores, charsaerzing ancnt o L and later jplex, small-  at nanometer to micrameter scales, At these scales, A the specific goal of the mission: determining whether the
::L"?fl:."d,fﬁ”w?.f:ff::"ff,.'fﬁ“.:ﬁifu"ﬁ == [itu sample  important records of lunar processes are recorded by Jricroscopy . uniqu tervain o s, n urwssad dapression on the lunar -
2 processes - o Jerm's history situations,  variations in chemistry and mineralogy. Similarly, focused B ey Surface. is andient (approsimately 3.75 billion years) or inscrument
™~ < : Bivery of a ion beam instuments enable extraction of electron- "‘ "‘r:‘ n: young (approximately 10-100 million years}. can enable
LPS-3: Reveal Innee solge systém volatiie orgin and = ., curate and  transparent wafers for analysis by transmission electron i for flehe. - . Lole return,
Qe procatses by demmaiing e sgs. o ~ 2 [garding the microscopy. This method provides exceptionally detailed omeer. T ivsitu analyses, such as the detection of volaics =turn.
ity ] b and Mars, views of chemical and mineralogical variations at sub o, 8. waterl, are central to other CLPS missions, NASA's e 1evel of
= ization and nanometer resalution, lemical and  Volatiles Investigating Polar Exploration Rover (VIPER], el
LPS.4: advance understanding of the erigin ef ¥e in lcomponent resolution, and multiple concept missions and instruments, Volatiles A
the salar system by ientfying where and when d prepared  These are workhorse techniques — required analytical inging from  are central to many science goals and 1o the broader fous ravers,
putertially habkable emronmencs exired]. what ke Definition conducted capabilities — for understanding lunar samples. The the effects Moon to Mars Objectives. Low-mass, uncrewed missions ’F~"f”"'~'e:|
Srirbnments and habitabke comibons ave do. 2., LP5 1-4} ing team at  data produced by these techniques are imperative for jhomable to  can explore far more sites and the results can inform [ of such
svolved over time, and whether there is evidence of [ of science Center in achieving many Moon to Mars Objectives. porting such  strategic site selection for larger and crewed missions in Fyment of
past orpresent s in the slar 3y:2em beyond Earth. ; bats around the future, fer excellent
e ons, inform
ples, which g
pentation to - Returned samples - -
feades after w o has value  Laboratories on Earth have significantly higher accuracy v
Inents, such  and precision than is passible with in-situ instruments. In
P P
(2. H, most instances, this accuracy and precision is required to
Unlocking the events and processes recorded by lunar O, HZO, CH4, NH3) are integral to Artemis science and  answer driving science questions
samples includes a significant challenge: the histary exploration abjectives in the lunar South Pole region
reserved in each rack is extremely complex. Unravellin or example, the vast majority of questions regarding the
P ly compl g . For example, the vast majority of questions regarding th
this complexity requires detailed knowledge of the Hydrogen is also one of almast 60 elements that have  ages of terrains, regians, and volcanic or impact events on
samples’ origins and locations, careful preparation of more than ane stable isotope (elements with the same  the Moon (LPS-1,2,3; &g, the age of the Sauth Pole-Aitken
Pl g 3 prep:
samples, detailed sample characterization, and many Figure 1. Apollo sample 60019 (top) is @ breccia with stomic number but additional neutrons resulting in  basin require significantly better precision than current
ples, p ) y  Fig i p {top)
types of analyses with high accuracy, high precision, and  distinct light and dark clasts. Other samples, such as 60025 different atomic mass). For these elements, fractionation  flight instruments offer. For comparison, laboratories
high spatial resolution. Obtaining this knowledge will ~ (bottom) appear more uniform at the surface but overlaid of light and heavy isotopes preserves the effects of on Earth in the Apalla era had comparable precision to
require many specialized types of analytical techniques  X-ray imaging of the interior (lower right portion of the important physical and chemical pracesses (e.g,, melting,  CODEX, while modern terrestrial laboratories are capable
and instruments, sample) reveals pervasive heterogeneity. Both somples evaparation, crystallization, metal-silicate fractionation  of Rb-Sr dating with precision of approximately 30 million
were collected during Apollo 16. (Images from NASA's during core formation). years, 10 times better than the CODEX instrument.
Astromaterials 3D project).
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future mission decisions, and support contemporaneous
or future sample return activitles.

Returned samples -
Just as with the Mars rovers, even long-duration
explaration with a comprehensive instrument suite wil
leave many significant science questions unanswered.
The expense and complexity of the Mars Sample Return
missioniswellknown, yet the callfor the mission continues
for asimple reason: in-situ instruments cannot match the
fidelity of science enabled by returned samples.

The same is true for the Maon and, thankfully, the return

of samples from the lunar surface s highly feasiole,
Returned samples allow researchers to employ many
different approaches on the same sample and multiple
sub-samples using dozens of instruments across the best v physical  Collectively, the retum of specimens and samples from
laboratories on Earth. back to the Moon s important to gain a complete understanding
hple retun  cf biological and physical systams. This understanding is
bments and  critical to advancement o scientific knowiedge, closure
ity studies  of knowledgs gaps, and develapment of biological and
Bnddevelop  predictive modals that can be used to advance safe and
jts created  productive human exploration, deep space travel, and
bindamental  long-term self-sustaining habitation on the Moon and
faction, and  other worlds.

Such approaches enable deep understanding of how,
where, and when a sample was formed — and what
this tells us about the origin and evolution of the Moon,
as well as other bodies within the solar system. A huge
advantage of returned samples is that they also enable
new analyses to be conducted as technology develops
over many decades

Iporian: i
unar in-situ
[These must
The bulk of this paper is dedicated to sample science B c-urments
from a broad geological perspective, but similar needs in addition,
for sample retum exist in other disciplines. im of data

For biological and physical s
lunar surface or in cislunar g

for detailed analyses i
critical.  Biclogical  iny
types of analyses at va
identify underlying 1
by and gowerning resy
enviranment by under:
integrated multi-organ

Microbiolagy ecosyster
require analysis of ind
level through hast-mig
to-microbe interaction
important _rudimenta
expansive follow-up
techniques that, for n)
based laboratories.

In addition, the return
live return or_conditi
enables high-fidelity
for morphology, bioch|
analyses, Cold stowag|
ranspart af accessory 4
analysis instruments a
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