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Introduction

Ihl" .'lll.lll'ilhl ||||?|"'.i1:i'||"|. l!"'\li-ltl].l"iltt'll l!ll."' ."!-t[ll:“l
as a corncisione in planctary science: insights
gamed from this coign of vantage have stimu-
lated research and infuenced ideas for the
Earth and other planets subsequently invesu-

gated using spacecratt. The history of lunar
'-ululllt" empliatically demuonstrates the enor-
mous progress in knowledge and understand-
I —id _HII..-I'IH It".:ll'l—ll]'-ﬂ 15 macle '|-".'I]‘I,"II llii‘lllllll.i‘_':‘i.
trom another planet become available for
study i sophisticated laboratones, A few
pebhles kicked loose are enough to start an
avalanche, and the lunar samples are used as
test beds for hypotheses about planetary, and
even solar, evoluton. The Moon s more ac
cessible than any other body m the Solar Sys-
ter and is a potential home for a periancnt-
]". I-.II.'I.'IIEJJLll |Ir!'\¢.‘ Wll]l I!ll!hll]]! IIIIJI:H.I'\-t"\ Jl
remains an impaortant target for foture work
in planetary science.

We advocate the collection of more samples
trom a variety of sites on the Moon. The eol-
lections could be undertaken solely as a scien-
the program o explore the Moon or could
be part of a program leading 1o the establish
ment of a lunar base, Such an advocaton has
and there have been
several proposals since Apollo lor lunar sain-
ple-return missions [LAPST, 1985, Wilhelms,
1085 MVOOSK, 1986). We already know much
more about the Moon than we do about orh
er planets, in partcular, from studies of the
Apallo and Luna sample collecuons, Al
though we may have samples from other
planets, brought 10 us as meteornes, we can-
F1iat hl’" SLITC 1-';11["'1." [!It"p' UL |.Il.II'H (] | hl_l'li'..'
ane specimen relates to another 1The lunai
sarmiples have beld contexts that permit much
ereater confidence 1o be put in the interences

a him soenbhe base,
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made Trom them; at a mummmum the context
i that they dehniely come rom the Moon.
Fherelore the reasons {or ||:_:+||4:'|_1i,r|:u. e
:i.a1l'|r.li[“"~ {rom the Moon are quitr differem
trom those for colleeting trom other bodies
that are so tar unsampled by spacecrafr, such
as Mars or asterowds; it is not a Arst-cut, ex-
ploratory eftory, but one intended 10 answer
some of the many questons abowt the charac.
teristics of the Moo, us evoluton, and us
environment. | hese answers will signhcancdy
advance our understanding ol planetary bod-
s m general, mncluding the Earth, as did the
Apolio results,

The Apollo and Luna collections, impor-
tant as they are, are from a small area of the
Moon, essentially the central nearside, and
trom a himied set of werran types; therr col
lecuon wus influenced by the exigencies of
the moment. Geulogieal studies show the di-
versity of lunar terrains and the great range
of relative ages of the unsampled terrams;
without samples from them, our knowledge
of the Moon and its evolution will remain ro
dimentary. Terresirial geosciences benefi
from conunual sample collection and analy-
sis; by comparison, our study of the Moo
has been mumumal. Literan soll learn from
Shakespeare. planetologsts continue to learn
trom the Moon,

General Context of Sample
Collection

A collection of 5.'.u1:1T1.|4:5 from the Moon 1.
usetul from three independent ponts of
view: that of pure science, that of the envi-
ronment (past and present) of the Moon, and
that ol planning the logistcs for a lunar base.
For lunar saence and the Moon's environ-
meent, the characternzauon ol the materals
that make up various geological units, deter-
mining thewr ages, and constraiming the pro-
COeSS0S [I'li.ﬂ !'I'I::II!'I‘I' [I'III.' T-n-l"l.'.?i i!!'l'll |ht‘ 'II]"I'i.l.‘i Aare
paramount. Moreover, the Moon 15 used as a

touchstone for the interpretanon of planctary
geologie processes in general: the better we
understand the evolution of this relatively
simple obyect, the better we can le_'rprLr. the
histories of, and the processes operating on,
other Solar System objects. For a lunar base,
a characierzauon of the unis, and in partcu-
lar the regoliths lormed on them, for habia-
uon and resource potential s domimant. We
can already select targets Lor sample return
from existing data, but we assume that by the
time sample return missions are ready, a lu-
nar polar orbiter mission will have Hown
le.g., LGO Scienee Workshop, 1986], Such a
mission will provide chemical, mineralogical,
and petrological maps of the entire lunar sur
lace and will advance owr undersianding of
the Moon, provide 4 basis Tor selecung new
Largrel siles, and elicit new P:ublr.‘l'llh- I licse
advances will actually make new sample re-
turns even maore desirable.

Previous papers in thas senies [Blrake ef al |
1987, Ceoodding of ., 1989] have histed the ad-
vantages that sample returns confer over in
situ analyses. Most of these advamages apply
tor lunar samples, and indeed we sull study lu-
nar samples collected 20 vears ago. The un-
manned '-.;.-tl;ul.lh:' returns o the Soviet Luna
series (16, 20, 24} have shown how uselul
these were [or the Mowon, the ba-
salt fragments collected on Lunas 16 and 24
have been important in establishing not only
chronology hut the processes of hasalt pro-
duction and evolution of the Moon, The
Luna missions actuwally had very hmited sam
ple returns, colleaiing only a small regolich
sample at each sie, and are a pounter o what
mnght be accomphshed by shghtly more ambs-
tous nnssions. Samphing can be performed at
varied levels of sophisticanon, brom simple
grabbing of matenal at the landing site 10
complex automated or telenperated rovers,
and with vaned degrees of other instrumen-
tation appended,

Manv quesuons could be answered with a
sunple sample collecuon, whale others migln
requaire a great degree ol soplusticauon. For
example, on some flat mare terrain. a rego-
lith sample would provide the essennal chem-
isiry of the terram and rught provide enough
busalt particles to satisfy most analytical re-
quirements, e.g.. radiometric dating of lava
Aows. In contrast, at a wrrain of complex
iloines ol i_:u:.e;.lhlt. vl anig u:||._||||, seve il
regobith samples trom vanous spots, as well as
stnall rock samples selected alter some chenn-
cal screening by an instrumented rover,
H'nil!ll!] hl" Ilt'l‘t!i'l* I l!lll'll'r:‘.l.i-ll"l[l Tl'llt' gt'l’lll’ll’;‘:i—
cal context of the teatures and crustal pro-
cesses. We suggest that some fairly simple col-
lection without much mobility, but with the
abnlity o rake both small rocks and collea
regolith within armes length of the lander,
world be satustactory lor many parposes. In
[III:& ll..ti.l‘l'l . Wi lil“ LL®sS Il'h‘lllll'p' li.llllEl-l!' I.{'llh'l -
twm, but a lander could also carry geaphysical
mnstruments, perform in siu measurements,
and make other ohservations about the Moon
and 1ts environment.

IlH s LaATCe,

Fdutars Note: This o5 e thod in a seres of arii-
cles published i Eos on scienfific value of sample
returns from Solar Svstem bistaes



Questions, Samples and
Solutions

The analysis of samples 1s the key to an-
5wenng many gquestions about the Moon, and
unproves our incheate understanding of tha
body. 'These questions range from those ol
l'lf;l.l Iﬁ]!'.l-fll'lillll'tf [CH 1I'IIZI$I:' lf_:l'! HEU'LIHII ;-1111_1 Ill"-
damental importance, and from scientific to
technalogical. In the following paragraphs,
we outhne some of the general kinds of ques-
tions that can be addressed by a sample re-
turn, and why they are signihicant., Subse-
guent secions will outline sample return
technuques, and will discuss some specihic
sample rewwrn sites and the questons that
they address.

(higin of the Moon A Tundamental con-
stramt on the ongin of the Moon 1s its chermm-
cal compaosition, The Moon is a differenniated
body, so its surface has a composition differ-
ent from s interior. Geophysical constraints
and current sample daa provide some infor-
mavon on the lunar bulk composition [Heod
and fornes, V987, Mueller e al., 1988]. Howev-
©er, iy sene tl:l]'i lIIE}] [Ilt_" (IIHQ’P'I:'I'“;H';I[]]'I 'I't_"[,!llill't'!i
as much knowledge as possible about the sur-
face camposition atself (its average and s

ariability), as well as about the rocks that ex-
st in the crust. Regolith samples from a large
number of locatons would enable an accurate

calibravon of the global geochemistry data w
be obtamed Irom a [uture lunar orbater and

lead o knowledge of both a global average
compaosition and lateral regional and local
variations for a large number of chemical ele-
ments. Rock samples are needed o under-
stand the specific processes of differentauon
that are also required o read through the
plexus of crustal composinons 1o the lunar
bulk composition.

Magmaiie History of the Crusi lgneous rocks
dle |]"|1: maost [ii]’l‘:l'l H_IJIdt_." Lk 1'“‘,‘.‘ .I[i.l.t'l'l'l;_"ll
workings of the Moon, providing information
on what actually happened and when 1t hap-
pened. There is a paucity ol igneous rocks
from the lunar highlands in the current sam-
ple collections, yet there are enough 1o show
that the production of the crust comprised a
complex and prolonged set of events, Most
highlands rocks are breccias, but even these
preserve some bragments of igneous rocks,
and brecoa components help us o establish
the probable nature of precursor rock types.
Average compositions of specific volumes of
the lunar crust can be obtained from impact
mclis sampled from craters. Melt sheets from
large basins, like the one sampled at the
Apollo 17 landing site, contain clasts of deep-
seated igneous Tocks and can be targeted for
sampling. Selected spots in the highlands, -
cluding those with anomalous composinons
{as determined [rom orbital data), would pro-
vide sigmihcant samples that can eluadate the
materials and processes of lunar crustal for-
A,

Characteristics of Lunar Mare Basalts Many
of the dark plains units on the Moon are
crystallized lava Hows: other dark paiches are
probably composed of glass beads and shards
erupied as pyrocasoc deposis. Mare basal
magmas lormed by mternal melung ol the
Moon and provide informaton on the ther-
mal history of the Moon, its internal composi-
non, and the processes of magma generation
and modification. Remote ohservauons show
that a myriad of distinct mare flows occur on

the Moon, with a wide range of compositions
of these were not
sampled by the Apollo or Luna missions, so
although we have a general idea of their
compositions and relative ages, we lack data
on the all-important minor-element chemistry
and radiogemic isowpes, which permit abso-
lure daung, these data are among the lunda-
mental tools of modern studies ol petrogene-
s15. For most of the lava Hows, we lack even
the major-clement data that 1s required to use
the results of experimental petrology 1o con-
strain the depths of ongin of the magmas.
Sample returns from mare plains of varied
compositions and ages would considerably
advance our knowledge of the evolution of
the lunar mterior and the thermal hisiory of
the Moon I

{me Cafthration of Lunar Siratigraphy  1The
stratigraphie sequence of events on the Moon
i5 rather well known from numerous detailed
mapping studies that started prior to Apollo
and continue at present | Wilfielms, 1087
calibration of this sequence with absalute time
18 partially available from the Apolle and
Luna samples, which allow radiogemc dating
ol specithe umits. However, the hmited cover-
age ol the 5-;i|'|1|.‘|:||:1;._.r|I imissrons s ol sifhoient
o date mast of the mapped units. For exam-
ple, further sampling of specthe units for ra-
diometric dating would ensure a betier un-
derstanding of whether or nor there was a
steady declining bombardment in early lunar
history or a late (3.8-3.9 Ga) resurgence of
bombardment, ol the duraton ol mare volca-
nism, and of the ages ol speahc craters of
stratigraphic importance. Further details are
provided in the following paragraphs.

Few lunar samples, even from the high-
lands, show ages older than 3.9 Ga. The lim-
ied 5..Jm]1rlmg 15 seen by some workers as per-
mitting the interpretation that these ages are
dominated by one or a lew events. Sampling
from a greater number of specific units, par-
ticularly Trom areas distant from the Apollo
and Luna sites and stratigraphacally as old as
possible, would resolve this gquestion, which
has important ramifications for the early dy-
namical environment of the Moon.

The imerpretation of the thermal evelution
of the Moon requires a thorough understand-
ing ol the tming of lunar volcanism, The
voungest samples collected on the Apollo and
Luna missions are more than 3.0 Ga old, ver
Hows strangraphuaally younger have been
identified from geological and remote sens-
ing studics; how much younger cannot be
certainly known without samples of them to
permit radiometric datnng

Clast-poor impact melis can be dated isoto-
pically and provide a precise age for a crater-
g event, The youngest basin, Onentale, was

created after Imbrivm, but exacily how much
later 1s not known; it s possibly as much as
10 mallion years vounger, but could be as li-
tle as a tew hours younger. Its units include
some interpreted as impact melts, and its age
could be deternined precisely and unambag-
uwously in a way that older basins, whose ex-
tant deposits do not include clearly exposed
undisturbed melt units, cannot. Other large
craters that have been used as vounger strau-
graphic markers, such as Copernicus and Ty-
cho, could also be dated, allowing precise cor-
relanon of the strangraphic sequence with ab-
solute ages.

The Regolith and the Sun’s Histery  The
Moon's surface is a complicated, powdery

blanket ol broken rock, mineral, and glass
|[EHIIIEII|.‘\ I]] I.I.."n Elrhr i."l.. I.ﬂllt'ri 'ngh.l]L Wads
produced by meteoroid mmpacts that frag-
mented rocks, melted soils, and mixed the
regolith vertically and, 10 a lesser extem, lat-
erally. Most m]!:lnl.'nl‘L.*lrnl*jr1 the regolith has
been exposed to the solar wind and 1o solar
Hares for billions of years. The lunar regolith
15 the zone of interactuion between the solid
Moon and the extralunar environment. Rego-
hith processes are by tar the most dynamic of
those occurring on the Moon today, and their
study prowvides a framework for predicting
what to expect when we land on other plane-
tary bodies. In principle, it 1s also possible to
use lunar regolith samples 10 unravel the
Sun's history, For example, Apollo data indi-
cate that the ""N/™N rauo ol solar wind-im-
planted gases on lunar dust grams has -
creased with time, probably due to nuclea
reactions in the Sun [Clayton and Thiemans,
1980]. David Mckay, Johnson Space Center,
Houston, Tex., refers to the lunar regolith as
a solar telescaope with a tape recorder. The
problem is that the wpe recorder has a com-
phcated playback button. Much more work
and many more core samples are needed be-
tore we can determine with conhdence when
wlentihable layvers i the regolith formed, 1n-
formation essential to quantitatively decipher
secular changes in the Sun, and before we
are able to quantity regolith dynamics of the
present and the past.

Crigins of Lunar Paleomagnetive A surpris-
g result of the study ol Apollo samples was
that some samples cooled in the presence of a
relatively strong magnetic held, even though
the current magnetic held at the lunar sur-
face is negligible [Haad, 1986). In addition,
several peologic features, such as high-albedo
surtace swirls, appear to be associared with
high-intensity remnant magnetic ficlds; the
origins ol both the swirls and magneue anom-
alies remain unknown. Sample returns from
carelully selected areas on the Moon can ad-
dress these problems. Samples ol onented
mare basalts brom Hows ol various ages can
scitie the question of whether there was a
peak in magnetic intensity between 3.9 and
3.6 Ga ago; such studies would help address
the guestion of a possible early core dynamo
and hence, may lead 10 a bener determuna-
tuon ol the presence of a lunar core. Sample
returns from the enigmatic swirls can help re-
solve both the ongins of the swirls and then
assoctated magnetism. Finally, it will be im-
portant to sample impact melt glass lining the
foors of small fresh craters: these samples
can test the idea that transient magneric fields
are generated during hypervelocity impact
evenls.,

Characterizalion of Lunar Resources A great
deal about the surface chemistry and mineral-
ogy and thewr vanatuons over the entire Moon
will be learned [ollowing the Hight of a polar
arbiter. Samples from specific sites will then
be needed 1o evaluate then 'p:‘]trmi;—ll i cle-
tail, including any possible water trapped in

ermanently shadowed crater Hoors near the
unar poles [Arnold, 1979], or particular min-
eral or chemical resources. One of the major
resources contamed m the lunar regolith are
menable quantties of solar wind gases mclud-
ing hydrogen (for the manufaciure of rocker
Pmpc'.llanri and the terrestrially rare isotope
He, which ulimately may be used in nuclear
fusion reactors on the Earth [Wtﬂmbfrg el al.,
1986]. The evaluauon of gas resources in the



TABLE L

Geologic Reconnaissance Sites Where Objectives Can be Accomplished by Simple, Unmanned Sample Returners

Turger

Uhje-cliw:s

Landing Point

Comments

Mﬂl'iil

Crater Meht Sheets

Basin Melt Sheers

Highlands

Lunar Resources

Characterize diverse mare basalts in terms of age and
composition. Determine boundary conditions on lu-
nar thermal history; when did mare volcanism starnt
and stop? Calibrate crater densities with isotopic
ages. Determine chemical differences between near-
and far-side maria, Determine lateral and verucal
heterogeneity of lunar mantle.

Determine melt compositions for crater target. Deter-
mine projectile signatures. lsotopic ages for crater
events to calibrate relative ime scale for Moon and
other planets, Determine melt homogeneity and
clas ProveEance.

Determine melt composition as a sample of the crustal
average. Determine lateral hewerogeneity of lunar
crust, Isotopic age of basin impacts to calibrate geo-
logic tume scale, Samples ol crustal rock vypes as
clasis within basin mehs. Determine projecile signa-
tures lfor ancient large impacts

Characterize chemistry and petrology of a varety ol
highlands arcas. Deternmune magmatic and impact
events in highlands evalunon. qul’l"ll'}lr_" anamalous
regions 1o determine differences with average high-
lands. [sotopic dates for magmatic events in high-
lands history. Address thermal evolution, cratering
hastory,

Sample and charactenze sites for Tuture resource ex
ploitanon. Assess pyvroclasuc deposis for volailes,
high-Al regions, and possible volanle deposits at
poles. Characterize compositions and ages ol re-
KOUTCE t]l"EH].‘-:I[ﬁ:_ Tmhy‘niral processes responsible tor
their existence.

1. Im Flamsteed
3°5, 44°E

2. Near Lichtenberg
32°N. B7°F

3. Tsiolkovsky
20°E, 13078

4. Mare Ingeni
36"%, 165°E

. Mare Moscoviense
ZR°N, 14B°E

b, Mare Smythn
"™, HI°E

7. Mare Marginis
12N, H°E

8. Mare Australe
35878, 91°E

9. Schickard
55°E, 45°S

10, Imbrium Hows
2UON, 29°W

[ 1. Mare Serenunans
20PN, 20°E

12, Capernicus
10°N, 20°E

| 3. Eratosthenes
14°MN, 12°E

4. King
5°M, 121°E

5. T'ycho
43%, |FE

16, Caordano Bruno
36°N, 105°E

17. Onentale
2578, 96°W

|8, Humbolduanum
B5°N, TT°E

9. Schrodinger
74758, |25°E

M Near Mutus
LS, 3O0°E

21. Near Lebedinsky

| OFN, 165™W

. Van De Graaf

2678, |TO°E

. Prolemaeus

1075, 12°W

« ltrusprung Hiser

475, 124°W

5. West of Tsander

TN, 153°W
Crmthusen Gamma
36°N, 41°W

. Rima Bode

|3°N, 4°W

. Sulpicius Gallus

I9°N, 10°E

. Aristarchus Platean

25N, R1"W

. North of Oricntale

0, 11w

. Permunently shad-

owed areas near
poles at 90°N and
LTS

Hl.lr'l.-'r}'r}r I shows thin
regolith; age about 1 Ga

Basalts embavy rayed
crater; age about | G

Apollo 11 composition
and age

Reiner Gamma-type swirls
overlie basalis

I'ypical far-side mare hil

Hagh-T1, very young (<%
{aa)

Young (<2.5 Ca); high
I'h

Ol mare covered hy
Imbrian age light plains

Old maria covered by
Orientale light plains

Young (1-2 Ga), high-Ti
and KREEP-nich

Spectral standard, nea
major age (I-E) boundary

Major strangraphic
horizon, complex target

Major stratigraphic
horizon

Far-side crust, very vounyg

Young major crater;
complex rock types m
target

Youngest large crater on
Moon

Youngest multinmg basin
nn the Moon

Interesting “middle-age™
basin on NE limb

Young, 2-ring basin near
south pole

“Average” ancent neas
sicle highlands

"Average ancicnt tar-side
highlands

KREEPy basalts or Mg-suite

KREEPy basalts or Mg-suite
Myg-suite pluton (%)

Mabho Terroan oo ks ol
ancient mare basilts

Spectral anomaly; age
and com position

Major regional pyroclaste
deposit: hugh Th

Mapor regronal |..I'iil::I1.].i.I.":|I!jl.
deposit hugh ‘I

H.EHII..II]dJ l.l'..]{j'L].:l."g.llL
deposit; appecars krecp-
rich

Nearly pure ferroan
anorthaosites

Sample only it 1O finds ev
idence of water ice in po-
lar regions

regolith cannot be accomplished from orbir;
sample returns are required. Samples might
also be needed [or engineering purposes (ma-
turity of regolith, geotechnical properties)
and for characterizing a site for the potential
of building a lunar base,

(eeolngy and Petrology of Complex Sites
ough many lunar features are at least superh-
cially rathier simple, and thus sampling could
be simple, others are more complex and re-
quire a sophisticated level of sampling w0 en-
sure adequate eluadation rather than addi-

Alth-

tonal confusion. The formation of gant
ringed basins, so important in lanar straugra-
phy and well illustrated by the Orientale ba-
sin, cannot be underswood with samples from
a single locauon, A
would need o be sampled, covening the radi-

wide vanety of locations



TABLE 2.

Geologic Field Sites That Require Intensive Field Work With Human Interaction

Ohjectives

L:mding Pomnt

Comments

Cratering

Volcamism

Highlands

al extent and vanety of vmits of a basin. Thas
requires either muluple landings or a sophis-
tcated rover capable of traveling hundreds of
kilometers. On a smaller scale, volcanic and
tectonic features, including vemt complexes,
domes, and wrinkle ndges, sull require sam-

Determine details of crater and basin formaton. Study
central peaks and basin nngs o determine ongings).
Study melt sheet homogemeation, clast provenance,
particle motions during craterning flow. Study walls,
terraces, and slump blocks. Investigate continuous
depaosits; primary versus local ejecta fractions as a
function of radial range. Reconstruct stratigraphy of
arget. Investigate absolute ages; shock metamor-
phism of crater materials. Projeciile types and
changes with time.

Charactenization of vent and Aow systems. Determine
eruption and emplacement styles. Determine chemi-
cal differenuanon through ume, Determine origin of
volcanic landforms. Determine details of assstmilauon
i mare magmas; search [or mantle xencliths in ba-
salt Hows, Vanabihty of mantle sources in space and
tnime. Investigate possible intrusions and ore bodies.

Determine small-scale geologic setting of ancient crust,
lutonic intrusions, and ancent volcanics. Search for
Eltu:kﬁ displaying primary igneous layering. Deter-
mine compositon and ongin of anomalous mater-
als. Sample and inwvesugate all plutomc unis denu-
hed remotely. Determine provenance of lunar mete-
orites. Characternize cratening process at all scales.

Geologic oddballs  Unusual morphologic teatures indicate either rare

geologic processes or unknown {acets ol commaon
ones. Determine ages, compasitions of units. Deter-
mine ongin{s) of landforms. Search for exotic pro-
cesses and materials.

L1}

34

40,

41.
42,
43,
44,

45,

47,
48.
44,

5.

5l.

. Copernicus

10°N, 20°W

. Tycho

4375, 11I°W

. Aristarchus

23°N, 48°W

. Aristillus

34°N, I'E

ﬁpenuines."f_‘.-:mun
22°N, 2°E

. Eudoxus

44°N, 16°E

Montes Pyrenaeus

15°S, 40°E

Onentale Hoor

1 5°5, HH W

South Pole-Aitken
basin massifs 25°S,
155°E

Marius Hills

12°N, 55°W
Horensius domes
78, 28"W
Riimker plateau
41°N, H8"W
Hergonius rilles
12°8, 36°W
Aristarchus plateau
24°N, "W

Ina {(“D-caldera™)
19°N, 5°E

Alphonsus venis
15°5, 2°W

MNear Lassell
14°8, 10°W
Silver Spur
25°N, 4°W

Montes Caucasus
S2°N, T"W
Tsiolkovsky peak
20FS, 129°E

. Mons La Hire

28°N, 25°W

. Gruithuisen domes

36N, 40°W
Hansteen Alpha
12°S, 50"W

. Struve L

21°N, TH"W

6, [onut crater in

57.
58.

59,

phing brom more than a single spot and re-
quire mobility of a sample collector, These
features are important 1o sample if lunar vol-
canic processes, or the genesis of other com-
plex landforms, are to be understood.

Humbaold:

26°S, 83°E
Crater in Barbier
2475, |B8E
Reiner Gamma
6°N, H9°W
Margins swirls

[ 5N, 9°E

KREEP/Mg-suite target:
central peaks
Gabbronortes in central
peak; melt sheet surtace
Gabbro in central peak.
high Th:; KREEP mtrusives?
Mare basalKREEF arget;
ray material spectrally
disunc
Excavated through Imbrium
ejecta to pl bedrock,
KREEP-LKFM transmion
rone
Alpes Fm., Imbrium
depaosits; what is origin
of knobby basin deposiis?
Nectaris ring and melt
sheet. pure anorthosie
OULCTOPS
Melt sheet, mare basalt
ponds, and Montes Rook Fm.
Largest basin on Moon, chemically
anomalous

Central vent volcanos;
sinuous rilles

Small basaltic shield
valcanos

Sumlar 1o Marnius Hills
but smaller complex

Sinunons rille and vent
system atop wrinkle ridge

Dark mamle; light plains
with high Th content
(KREEP basalt?), Schrover's Val-
ley sinuous rille complex

Small collapse leature
associated with very young
basalt Hows

Small cinder cones in
fAoor-fractured crater

Small cones and mare Aows

Layered materials in
Apennines; igenous or
sedimentary layering:

Uphfied pl crust in
rectilinear Fault blocks

Liphiied far-side crust
crater central peak

Part of Imbrium ring;
spectral anomaly

Rhyaolitic domes or basin
massifs?

Speciral anomaly; volanic
or basin massif-

Ornentale hasin secondary;
melt-hined foor:

Concentric crater,
possibly a secondary

Volcanic complex or basin
secondary crater?

Swirl material, magneu
anomaly; comet impact?

Swirl matenal, magneti
anomaly; comet impact?

How to Sample

Ihe unresolved FT(]I'I-'J'II'I'«G- ciithned above
will not vield their solution easily. They re-
quil'r- an int:ngmrf-d program designfd [0 B%-

plore the Moon at increasing levels of detail



and complexity. Such a program involves a
series of orbital missions, surface exploration
missions, sample returns, network soence,
and ultimately, detailed geologic held work
on the Moon

We distinguish reconnaissance from field
study in surface scientific activities. Recon-
naissance is the guick and superficial exami-
nation of @ given site or region with the aim
of understanding what wypes ol processes and
events are w0 be studied. Field study mvolves
extensive and protracted work in which spe-
cihe scwentihe r|1:|r-l|:'|1:1.i -rlr:-illng with H’rnlngir
processes and history are formulated and an-
swered. Both are needed but require differ-
ent hardware and philosophies of surface op-
CTALIONS.

Reconnaissance sampling can be performed
by an mexpensive seres ol sumple spacecralt
of the Soviet “Luna”-class [ folinson, 19749], Be-
cause many lunar unis are geologically com-
plex and difhcult toointerpret, this phase of
h:ll’ﬁ'l]lli]“ HII[IIII(I !'Il' restri "."'II [N |HIE!'|.‘|
where interpretation of the returned samples
15 expected 1o be relatively straightforward
Such targets include samples of compuosition-
ally uniform bu distinet mare basalt unas,
the mel sheets of large craters and basins,
and regonal chemical provinces wlenuhed
from orbat, These mussions will also gude Tu-
lLire t"!l.IJIH-I :ﬂl.{lll... S10L I] A% 1'“' Ht'it'! 1i.|.!l|. lll.. a Jl!-
nar base sate. The long-range goaals of hiuman
colonization and use of the Moon require
that we perform an adequate reconnaissance
o plan the next generation of geological
study.

We envision these simple, sample-return
velucles as bemyg much hke the Luna space-
cralt that returned samples from three local-
ies on the Moon. Reconnassance samples
could also be abtained by automated rovers
aoperated from the Earth. The cost effective-
ness of these two approaches needs to be de-

termined; both methods of sample collection
may be necessary. Either spacecraft must be
capable of collecting two types of samples—
raked rocks and regolith.

Rake Samples  Much was learned from wal-
nut-sized rocks collected by pulling a rake
through the lunar regolith during the Apollo
15, 16, and 17 missions. The rake colleced
samples larger than | cm, each large enough
o allow mineralogic, chemcal, and sotopic
studies. For each landing site for which we
propose sample-return reconnaissance mis-
stons, about 100 rake samples wounld give a
reasnnahle sampling of the rocks present. Ex-
trapolating from the Apollo rake samples, A.
Binder (unpublished manuscript, 1984) esu-
mnted tha a spacecralt would have 1o rake
about 5 m® to obtain 100 fragments 1-4 cm
i size, a mass of about | kg, To ensure col-
lecuny 100 rocks, the lander ought 1o be ca-
pable of raking about 10 m® If the sampling
arm could collect over a range of 180° and
was hinged | m above the surface, 1t would
need to be at least 2.7 m long to sample the
required area.

Regolith Samples  Some regolith would be
contdined in the rake sample. This material
would be usetul saenuhcally, but would be
compromised because Inable rake samples
tend (o break up during sampling and wrans-
port o Earth, possibly leading 1o unrepresen-
tative regolith compositions and physical
characteristics. A bulk regolith sample would
hetter characterize the site and serve as
ground truth for calibrating the orbital geo-
chemical data. A 200-g sample would proba-
bly serve this purpose. Also, 1o understand
the regolith siratigraphy at the site and the
deposiuonal mechanws of possible pyroclasuc
deposits, a core sample should also be taken.
For a care 2 cm in diameter and a regolith
density of 2 gfem”, a 150-cm core would have
a mass of 900 g. Thus 1100 g of regolith

would be returned. For the rake, bulk rego-
lith, and core samples, the spacecraft would
return a total payload of 2.1 kg,

This sample-return spacecraft would be al-
most entirely autonomous, programmed to
collect the samples, store them, and then re-
turn to Earth. It could also carry geophysical
instrwments and deploy them on the Moon.
The cost ellecuveness ol combining sample-
return and geophysical muissions needs 1o be
evaluated.

Human mvolvement in intensive H’Enfﬂgif
held study of promising areas on the Moan 15
necessary for complicated areas, Such work is
guided by the results from orbital and sur-
face reconnaissance and comhines geologic
held work with sample collection. Examples
of wargews mclude the cenmral peaks of cravers,
where complex outcrops occur, megablocks
ol brecoiated highland crust that occur as cra-
ter cjecta and are exposed within crater walls,
i situ mare basalt exposures such as occur
within the walls of sinuous rilles and craters,
crater and basin ejecta deposits, and study of
the genesis of specific lunar landforms such
as volcanic vents and wrinkle ridges. A Luna-
type sample return from such argets might
produce more confusion than enhghtenment;
direct human imvolvement and control 15 re-
epaareel at thas level of study

Sites to Sample

I he Moon 1s umque among planetary bod-
1es in that we already possess enough infor-
mation to identify some specific sites where
fairly detailed and sophisticated quesuons can
be answered by sample return missions, We
present a list of such sites in Tables | and 2,
the locauons of these sites are shown in Fig-
ure |. We emphasize that these lists are wenta-
tive and should be extensively revised and

Fzg. 1.
reler (o snes listed in Tables | and 2.

Map of the Moon {equal-area projection) showing the locations of recommended sites for sample-return missions. Numbers



prioritized after the acquisition of global re-
mote sensing data. Moreover, we do not ad-
vocate that all of these sites be visited within a
single program series or even several mission
programs. The lisis presented here are shown
as examples o indicate the diversity of geo-
logic processes and umits {rom which sample
return missions can contribute signiheant so-
entthe results.

."nm:u']"rf-r Weley I."-.'.l:r' Loetra- 1 v "'.I"nrrr:*rh'll.":r A se
ries of relanvely simple sample return mis-
sions can be planned to address the need for
BEHH]LLE reconnaissance of the Moon. A series
of landing sites can be idenuhed from the
global remote sensing data returned by the
Lunar Observer and other possible orbital
mussions Trom which a |l -1y pe '-u}ll'|1=|h'5|" -
turn will provide both first-order saientibe in-
formanon and a guide 10 the detalled plan
nming of future geologic held work.

Sites that we identfy for a series of Luna-
wype sample return missions are presented m
Table 1 and Figure 1; examples are shown n
Fu_:un;' 2 This mussion series serves thie most
PICssIng TCCOnTidissance needl s, "!I.IILI:'I'IIH 1T
problems 1o be addressed are the mare basalt
mventory on the Moon (sites 1-11) and the
calibranon of the lunar relatiwve nme scale
thronigh the sampling of crater and basin 1m
pact melt sheets (sies 12-19); these same sies
permit the dewerminavon ol regional lateral
variatuons in crustal composinons by using
impact melts as crustal probes. The early
magmatic history ot the crust may be ad-
dressed by ianni]ling regions on the Moon
identified from the orbital dara as being pet-
rologically imteresnng (sites 20-26). This se-
ries of mussions can characwenize the resource
].JH[I:'IIIi.-!'. of Wdentified Jwina: PrOs pects. such
as regional pyroclasocs, volaule-rich areas,
and zones composed ol relatvely "pure” rock
types (sites 27-31)

Ihe suggested sites of Fable | are tenta-
tive, and a more detalled and revised List
should be prepared atier global remote sens-
ing dara are obtained. The ability 10 rh. 31
}:rlt' ml.T'ITPl.L"I!: turn missions should be a re-
guired elemernt of the t[l.l!-_l‘:-lllJ'.JLI[L‘ SLUpPOrL-
.ill|.'L |ll|]..|:! II..th' -i.llt'."-“." Illih-"-\-ilﬂlh- Elll'l'l-ii_l{"
important scienubic data, but they also will
'Q;I.II.".it! III|II|"."'. ore ljl;_‘“-l.ill'[l I.:l_"l_.l‘l.UH“. ITNIVEesLI-
gations to be conducted as the base 1s cstab-
i.l‘qll-t'[! dIIII l'?'..l].rlll!h‘ll.

Sanmiple Sites Requiring Interuave Exploration
avd Field Study  As the peological reconnais-
sance of the Moon progresses, we will un-
doubtedly encounter scientific questions of
such detal and complexity as to require the
.:L-:Llll'l.nl:llull ol addimonal data !|I[HU.HIJ ILern-
sive hield study. In contrast to the missions
previously described, these studies will re-
quire long site visits, intensive work capahih-
ties, and the option to revisit the site. The
H'I-HI'I.] is (0¥ 1.|T'|I':|I!"5"'11HT|I'I |IJT'|HI' '|I|"l'l['|'Z‘1QI.""1 :IT'II‘
evolution at whatever levels of detail may be
appropriate. The key element that distin-
guishes this type of study from reconnais-
sance 15 human mteractuon duning the work
|||lIII.-III |:I|l"'il"T|l:I:' TELA |.'1L.l!' 'll'l- Ilf-llrl'l "|:| ﬂ‘l—|i]|-||
human held _1{m'-|n-g1:1-: ar T 11']{'[]i]t'ril-
ons; either method proceeds along the same
methodological lines [Spudis and Taylor, 1988]

We suggest targets for i mwnme field inves
ugation in Figure 1 and Table 2; some exam-
|,|1'-.-:- are shown in ]'-|5.=L]|‘l‘_' 3. At this level of
study, we are asking lundamental :|'.:|r-.\|':u|:|.'-.
about the basic geologic processes of the
Moon and we are deaphering the detailed
history of selected regions. The mechanics of




Fig. 2, Some examples of simple, reconnaissance landing sites—see Table | for de-
scription and Figure 1 for location, (a) Mare Ingenii (site 4) on the far side. Orbital data
show that this maria is geochemically anomalous, possibly rich in KREEP. Swirl material
covers the mare in part amd could be included in the sample retarn. South looking
oblique; large hlled crater an left center 15 Thomson (112 km diameter). AS15-9]1-12375.
(#) Young mare basalt Hows i Mare Imbrum (site 10). Well-developed How lobes out-
linie 1|,-=|.|I|'Lt-'|}-' young baaszlt Hoow (.l!ml:q | .5 L) wilh relatively KEREEP-rnich LT RS-
ton. North looking ||l1||1|1||'. field of view at bottom abowt 1M km. AS15-1555 (metric).
(¢} Ancient cratered highlands of the far side (site 21). We have no documented samples
of the far side and none of relatively |1ri~2ljrzt' highlands (uncontaminated by recent basin
ejecta). South lookmg obligque; prominent crater near center with 'Y ih.ip{'d central peak
% hmg (77 km diameter). AS 16-3032 (mermric). (@) Rima Bode region (site 27). Dark de
posits discontinuously mantle the highlands; these deposits are |1mh’+h!1. pum‘hqn:
glasses, similar to those sampled by the Apollo 17 astronauts. Such units are important
to sample both w undersiznd voleanic processes and the lunar mantle and also o evalu-

ate the resource potental ol these volatile rich glasses, North at wp; framelet widdh 12
km. LO IV-104 H2.



b

Fig. 3. bSome examples of complex sites requinng intensive held siudy—see [able 2
for description and Figure | for locanon. (o) Ornientale basin Hoor (site 59). Fractured
deposit consists of basin impact melt sheet, samples of which could both date the Ornen-
tale impact and provide a crustal average composition. Mare basalt ponds of Lacus Veris
(dark plains) could be studied 1o decipher basin volcanic history, Crater Kopft (lower
center: 42-km diameter) has unusual morphology and could result from an impact into
a still parually molten basin mel sheet. North at top; framelet widith 12 km, LO IV-187
H2. (&) Aristarchus Plateau (sites 29, 34, 45). Thus site 15 extremely complex and diverse
wcluding Imbriwm basimn deposits (Alpes Formauon), plateau Lavas (KREEP-rich, possi-
ble KREEF basalt), dark pyroclastic deposits, and the crater Aristarchus (40-km diame-
ter], which is both a geochemical anomaly (high Thy and shows evidence for highland
gabbrone rocks exposed in the central peaks. South looking obligue. AS15-2604 (meurnc).
{r] Tsiolkovsky crater, tar side (sites 3, 51 ), Crater s 190 km in diameter and Hoor s
covered by relatively old mare basalts (crater density comparable to Apollo 11 site); ba-
salts are [i-rich (Erom Apollo gamma-ray data), Central peak averages about 30 km in
diameter and rises a spectacular 34000 m above the crater Aoor; based on analogy to ter-
restrial craters, materials exposed within this peak complex prohably come from depths
of preater than 10 km in the Moon, East ttmkil'l!:-'.' HI}IIIIE{IH_' ASL5-91-12383. () Mare Mar-
winis on the east himb (sie 349). [n additnon o the mare deposits, which are relatively
voung (abour 2 Ga) and KREEP-rich, high-albedo swirl deposits cover the surface. The
onigin of these Teatures, which are accompamed by intense magnetic anomalies, 1s un-
known; they could represent the site of a verv recent cometary impact. Grooved terrain
(top center) is antipodal o Orenale basin and could be related w that evem, either as
anupodal gjecta or catastrophuc seismic shaking. Crater at bouom center 1s Al-Biruni (78
km diameter). East looking oblique. AS16-122-19591,



formation of large craters and basins (sites
42-40) may be addressed by the study of the
geology of these structures; such work n
cludes nndrramndu'ng the detailed ‘.Ir.ile:{'.-'.J
phy and structure of the crater targets. the
relative amounts of primary and secondary
gjecta in the conunuous deposis, the nature
of the impact meltung process, and the eng-
mas of central peak and basin rmg lormaton
Many large craters appear to be our hest ac-
Cosg b dr‘rp-wmwl T'|I11:nr|ir q'n|r|.r.-|-t"q|-~1' that
make up the crust; lunar igneous processes
are on display within the central [_H.-'.J.I- g and

walls of large craters. Basin interiors may vet
vield evidence of rocks excavated from the
upper mantle ot the Moon; the suructural re-
lations of rocks exposed within basin rings
may likewise provide some constraimis on
ring genesis.

I'he processes and products of lunar volca-
nism are suited for protracied held study
{ Table 2; sites 41-48). Field study of veni
structures and products, sinuous nlles, and
small domes and shields will allow a more
complete reconstruction of the epoch of mare
Hooding, andiorm genesis
posed by lunar geomorphology require inuri-
cate, close-up mspecuon. For example, the
l.'li;-_!l.ll *.:II. 'n-'n'lil]l\.l!" 'IHIH'II:"- |IEH"'| !“"H '.1.""'{!"1 |'|]||'.II
students and cross-sectional exposures occur
on the Moon (associated with nl]{:f'r[lcuq'ﬂ Im-
pact craters or volcanic vents; Table 2, sites
1] and 44). These sites would be ideal candi-
dates for field study to understand the mech-
anisms of wrinkle nidge formation and hence,
regional tectomc history,

Une ol the most exaung capabiites resuli-
1['I.:E.|' I1|'PI'II !'E|r||11t’||. I"ll.lrl'lilll ]'Ilt"""h-l"lll'." iri 1|'“."

Moon 1s the one 1o examine bizarre and emg-
manc teatures. Such landformes incude cra-
ters with cracked or concentric Hoor hil, bul-
hous domes in lighland areas, irregular de-
pressions within the mana {possble vent
sites), and unusual ligh albedo swarl-hke
markings. These teatures span the Maoon
g||~i1:|||'u. and m tme and ar probably hints 1o
the existence of rare processes (sites 58 and
59) or unknown facets of common ones, such
as impact cratering (sies 53-57). Early recon
nassance by Luna-type spacecratt would not
solve the questions rased by these leatures
Bl may be h-c'||-';-|| i the |.IE..H|I'|-'I..|..'| ol laten
more advanced held siudy

Each ot the targets histed in Tahle 2 re-
quires intensive investigation, but this need
not be done on separate missions. [he long
geologic traverse descnbed by Cinfula ot al
[14853] includes at least 289 stops thar study a
wicle range ol |unar Processes and geologic
units, including virtually all the processes list-
ed in Tahle 2. Such a traverse could take
vears to camplete but would provide an
abundance of information |-|-|r1'|1~:'T|1 1oy fuan
damental problems in lunar soience.

Conclusions

[ he Mowin s one of the most T POrtant
planetar bodies: 1t s a natural laboratory [om
the study ot planetary geological processes, 1t
provides us with a guide for the interpreta
tion of the history of other werrestrial planets
1 ludmg our own Earth, and its proximity
Lo | R :'Ir"-. LY Lk LIs&s I‘ b ol "-“.‘.I I..l-lll_L" SLOENE [0 |.|JI!'
rest of the Solar System. The six manned
.'JlLl:.H:lIl'.l -Illlj 1.|i:l'l'|..' |.I|.I.t|.l-l|!:|l|:'|.|. [-llll.-l H.i]lli_]‘l.l.‘f‘-l.t_‘f-
turn mssions have provided us with a tanta-
|i.i'1n1.', ]J'I.'E K al |'H' Hll'“l'llﬂ'h:l.l evol UL r]! CALL



surprisingly complex Moon. The sampling of
the Moon is tar from being complete; the re-
sults from each Apollo and Luna mission re-
gquired a signibicant revision 1o our conoepts
of lunar history and there can be no doulba
that addaowmal 'i:-lllll'!l-]l"l- [rom carelully select-
ed sites will result in more revision. Because
of s accessibility, the Maoon 15 the mast likely
place for extended human presence in space
bevond low Earth orbit; we must understand
the evolution and history ot the Moon 1w
maxunize our poterdial use of that body. The
return of addimwonal samples trom the Moon
15 an essential step i our inexorable drive
INto space.
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