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  Abstract:TheMoon,whichwasbelievedthatdiedoutabout2.5~3.5billionyearsagowithvolcanicand
tectonicactivityhadessentiallyceasedby2.5Ga.,representsanendmemberintermsofterrestrialplanetevolution
intheinnerSolarSystem.However,theApollodata,especiallycoupledwiththenewdataoftheMoonaboutlunar
tectonic,volcanic,moonquakeandinteriorstructureobtainedbylunarorbitersandlandersduringthepastdozen

years,showsevidencethatsuggeststheMoonremainedactivefromdeepinteriortothesurface,andbynomeansof
diedouttotally.Thiswillchangeourviewofthelunarevolutionhistoryandstatus.
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月球仍然活跃的构造、火成和内部特征等证据

CliveNEAL1,2,平劲松2

(1.诺特丹大学 土木环境工程与地球科学系,诺特丹IN46556,美国;

2.中国科学院国家天文台 月球与深空探测重点实验室,北京100012)

摘 要:月球尽管被作为类地行星演化的最终形态的代表,被认为在25亿年前已经完全冷却,根据阿波罗时

代以来、特别是近十余年的月球轨道器和着陆器获得的关于月球构造、火成活动、月震和内部结构等多种证据,表

明月球从深层内部到表面仍然活跃,尚未彻底冷却“死亡”。这将完全改变人们关于月球演化历史和状态的观念。
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0 Introduction
TheMoonrepresentsanendmemberinterms

ofterrestrialplanetevolution,asitisthesmallest
planetarybody(excludingasteroidsandthemoons
ofMars)intheinnerSolarSystem.Thesmallsize
oftheMoonsuggeststheheatenginethatdrove
theinitialdifferentiationviaamagmaocean(Smith
etal,1970;Woodetal,1970;Warren1974;

Elkins-Tanton etal,2011)[14] and facilitated

subsequentvolcanismbetween3~4Ga(Nyquist
andShih,1992;Snyderetal,2000)[56]thatdied
outabout2.5~3.5billionyearsago(Sheareret
al,2006,andreferencestherein)[7].AstheMoon
cooled,itexperienced a period ofcontraction
around3.5Ga(Binder,1982),andtheimplication
isthatvolcanicandtectonicactivityhadessentially
ceasedby2.5Ga.Thispaperdocumentsevidence
thatsuggeststheMoonremainedactiveformuch
longerthanexpectedandisstillactivetoday.



Using Apollo data coupled with new high-
resolutionimageryoftheLunarReconnaissance
OrbiterCameraandotherorbitaldata,evidenceis
emergingthatwillchangeourviewofhowthe
Mooncontinuestobeactive.

1 EvidenceforanActiveMoon
Characterizationoflunaractivitycanbemade

bydividingobservationsintotwobroadcategories:

TectonicandVolcanic.Ithasbeenknownsince
Apollothatthelunarsurfacecontainedfeatures
associated with tectonic movements, termed
“wrinkleridges”(Lucchitta,1976,1977;Solomon
andHead,1979;PlesciaandGolombeck,1986;

Sharpton and Head,1988)[812].In addition,

recentvolcanic(fumarolic)activitywassuggested
toexplainenhanced222Rnand210Poemissionsatthe
edges of lunar maria and specifically from
Aristarchusand Grimaldi (Bjorkholm etal.,

1973; Gorenstein and Bjorkholm, 1973;

Gorensteinetal.,1973,1974)[1317],aswellasto
explain relatively fresh volcanic constructs
(Schultzetal.,2006)[18].Withtheon-going
Lunar Reconnaissance Orbiter mission, high-
resolution(<1 m/pixel)imageryofthelunar
surfacehasadded much moreevidencethatthe
Moon continued to be active long after the
cessationofmajorvolcanicactivity.Inarecent
study,Haradaetal.,(2014)[19]noticedthestrong
tidalheatinginanultralow-viscosityzoneatthe
core-mantleboundaryoftheMoon.
1.1 ApolloSeismicData

SeismicactivityontheMoonwasrecordedby
theApolloPassiveSeismicExperiment(APSE:

Lathametal.,1969,1970;Figure1)[2021],a
networkoffourseismometersthatwascompleted
inApril1972,andoperateduntiltheywereall
switched off dueto cost-cutting measures on
30September1977.Duringthetimethenetwork
wasoperational,itclearlydemonstratedthatthe
Moonwasseismicallyactive,albeitonasmaller
scalethanEarth(Nakamura,1980;Nakamuraet
al.,1982)[2223].ThisisbecausetheMoonisa“one

plateplanet”anddoesnot,therefore,containplate
boundarieswheremostofthelargeseismicevents
occurhere on Earth.Ifplate boundariesare
ignored,theMoonexhibitsseismicactivityona
similarscaletothatofanintraplatesettingon
Earth (Nakamura,1980;Goinsetal.,1981;

Oberst,1987; Oberst and Nakamura,1992;

Figure2)[22,2426].Overthelastthreedecades,the
Apollo seismic database (Nakamura et al.,

1981)[27]hasbeenminedandfourdifferenttypesof
lunarseismiceventhavebeenidentified.Theseare
thermal Moonquakes, deep Moonquakes,

meteoroidimpact,andshallowMoonquakes.

Fig.1 LocationsoftheseismometersthatformedtheApollo
PassiveSeismicExperiment(APSE)onthelunarnearside
 

Thermal Moonquakes:theselunarseismic
eventsaresmallandwererecordedmostlybythe
short period components of the Apollo
seismometers. These are related to diurnal
temperaturechangesandwererecognizedbythe
repetition of signals with nearly identical
waveformsatthesametimeduringeachlunation
(DunnebierandSutton,1974a)[28].Manythermal
Moonquakesoriginatingatdifferentlocationshave
beenidentified (e.g.,48atApollo14;245at
Apollo15).Seismicactivitybeginsabruptlytwo
daysafterlunarsunriseandrapidlydeteriorates
afterlunarsunset.The mechanism favoredby
Dunnebierand Sutton (1974a)[28]involvesthe
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slumpingofsoilonslopesinitiatedbythermal
stressesandappeartobeassociatedwithyoung
craters(Duennebier,1976)[29].Ofthefourtypes
of Moonquakes,theseeventsemitthelowest
energy.

Deep Moonquakes: these are the most
abundanttypewith >7000eventshavingbeen
recognized(Nakamura,1974a,2003,2005;Bulow
etal.,2004)[3033].Thesesmall-magnitudeevents
(generally ≤2)occurapproximatelyhalfway
betweenthesurfaceandthecenteroftheMoon
(700~1200km),athighlyregular monthly
intervals,andwerestronglyassociatedwithtidal
pullofthe Earth (Lammelein etal.,1974;

Lammlein,1977)[3435].Thesedeep Moonquakes
originatefrom specificlocations,ornests,that
produceaquakeofuniquewaveform.Todate,

over300nestshavebeenidentifiedfromtheApollo
dataset (Nakamuraetal.,1982;Nakamura,

2003,2005)[3132,36].

Fig.2 Magnitude-frequencyrelationshipsofshallow moonquakes
(redcircles)andintraplateearthquakes(blackline).Theeffectsof
earthquakesofdifferentmagnitudeareindicated.Modifiedfrom
OberstandNakamura(1992)[26]

 

MeteoroidImpacts:whilemostoftheenergy
ofanimpactisexpendedexcavatingacrater,some
isconvertedtoseismicenergyand>1700events
representingmeteoroidmassesbetween0.1and
1000kgwererecordedbetween1969and1977.
Eventsgenerated bysmallerimpacts weretoo
numeroustobecounted(DuennebierandSutton,

1974b;Duennebieretal.,1975,1976;Lathamet
al., 1978; Oberst and Nakamura, 1989,

1991)[3742].Thesesurfaceseismiceventsexhibit
characteristicamplitudevariationswithdistance,

witharelativeflatteningofamplitudebetween
distancesof20·and90·thoughttorepresentshear
wavespenetratingintothelunarupper mantle
(Nakamuraetal.,1976)[43].
Shallow Moonquakes.Thesewereoriginally

referredtoas“highfrequencyteleseismicevents”
(Nakamuraetal.,1974b;Nakamura,1977a;

Goinsetal.,1981)[24,4445].Thesearerelatively
rarebutarethestrongesttypeof Moonquake,

with seven ofthe 28 recorded events being
magnitude5orgreater(Nakamuraetal.,1979:

Nakamura21,1980;Oberst,1987;Oberstand
Nakamura,1992)[22,2526,46]. Focal depths are
“shallow”,althoughtheexactdepthsandlocations
areunknownbecauseallrecordedeventswereout
sidethe Apolloseismicnetwork (approximate
locations are given in Figure 3). Evidence
(Nakamura21,1980)[22]suggestsfocaldepths
between50~200km,astheseeventsexhibitonset
timesofPandS wavesthatareseparatedby
intervalsappropriatefortransmissionthroughthe
Moon.However,theyarenotcorrelated with
tidesandwhiletheyappeartobeassociatedwith
boundariesbetweendissimilarsurfacefeatures(e.
g.,impactbasinrims-Nakamuraetal.,1979)[46],

theexactoriginoftheseeventsisstillunclear.An
extraSolarSystem originhasbeensuggestedby
NakamuraandFrohlich (2006)[47]andFrohlich
andNakamura[48].Theseauthorspostulatethat
shallow moonquakes may originate from
interactionofthe Moon withnuggetsofhigh-
energyparticles(“strangequark matter”)origi-
natingfrom afixed source outsidethe solar
system.

Shallow moonquakesaredistinctfromother
typesoflunarseismiceventsbecauseoftheirhigh-
frequencycontent.Thedistinctlylargeamplitude
ofthese events recorded by the short-period
vertical seismometer can be ratioed to that
recorded bythelong-period seismometerasa
qualitative measure of frequency content
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Fig.3 Locationmapforrecenttectonicandvolcanicfeatures.Modifiedfrom Wattersetal.(2012).Shallow moonquakelocations
areapproximate

 

(Nakamuraetal.,1974b;Figure4)[44].

Fig.4 SPZ/LPYamplituderatiovs.S-Ptimeintervalofthe
high-frequencyteleseismiceventsandotherselectedeventsat
Apollo14.ThefieldforThermalmoonquakesisapproximate.
ModifiedfromNakamuraetal.(1974)[44]

 

Relevance of Moonquakes.Two types of
Moonquakesposepotential(andveryreal)hazards
toestablishingalong-termhabitablefacilityonthe
Moon.Thesearetheshallow Moonquakesand
those caused by meteoroid impacts. [Note:

althoughtheseismicitygeneratedbythelatter
generallyshouldnotthreatenanystructure,unless
theimpactorisontheorderoftonsinmassandthe
impactiscloseby,adirectimpactatthesiteofthe
Moonbasemostcertainlywould.]Whilesurface
wavesarescattered duetothe natureofthe
regolith and prevent efficient long-range

propagation,lunarseismicwavesaremuchless
attenuatedthaninEarth(NakamuraandKoyama,

1982)[23].Oberstand Nakamura (1989,1991,

1992)[26,3841],presentedevaluationsofthesetypes
oflunarseismiceventsandnotedthatmeteoroid
impacts were somewhat clustered. As with
locating the shallow Moonquake epicenters,

locatingthesitesof meteoroidimpactisalso
difficult.AscanbeseenfromFigure1,theAPSE
seismometerswerelocatedonthelunarnearsidein
atrianglewithabaselengthof1100km.This
positioning,coupledwiththefactthattheMoon’s
rotationalaxisis almost perpendicularto the
eclipticplane (sotheseismicarraywasalways
facingtowardsthesamelatitude),produceda
muchlargererrorinheliocentriclatituderelativeto
longitudefortheradiantmeteoroids(seefigures
4and5ofOberstandNakamura,1991)[42].

Therearedistinctdifferencesintermsof
seismicwavetransmissionbetweentheMoonand
Earth.Forexample,themaximumsignalfroma
shallowMoonquakecanlastupto10minuteswith
aslowtailingoffthatcancontinueforhoursin
totalduration,demonstratingthatdampingisless
efficientintheMoonthanitisintheEarth.This
suggeststhemechanicalpropertiesoflunarrocks
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areunique,whichisdemonstratedbytheirhigh
“seismicQ”(theattenuationofseismicenergy;or
seismicdissipation- Q-1)valueofthe Moon
relativetotheEarth,whichisinexcessofanorder
of magnitude greater (Warren etal.,1974;

Tittmannetal.,1976,1977,1978,1979,1980;

RichardsonandTittmann,1980;Nakamuraand
Koyama,1982)[2,36,4954].Studieshavedemons-
tratedthedramaticdampingeffectwaterhason
seismicenergy(PanditandTozer,1970;Tittmann
etal.,1976,1980)[49,53,55].Asseismicenergyis
moreefficientlypropagatedthroughtheMoonand
isnotdampedaseffectivelyasitisthroughthe
Earth,especiallyathigherfrequencies(Tittmann
etal.,1980;NakamuraandKoyama,1982)[36,53],

thelunarinterior mustbedry.Therefore,the
recentidentification of significant volatilesin
volcanicglassbeads (Saaletal.,2008)[56],in
olivine-hosted meltinclusions (Hauriet al.,

2011)[57],andinphosphatesfrom marebasalts
(Boyceetal.,2010;McCubbinetal.,2010)[5859]

presentadichotomy withthisobservationthat
remainstoberesolved.

Significantly,moonquakestendto produce
seismic wavesofhigherfrequencythanearth-
quakes.Thisisanimportantconsiderationfor
wavetransmissionthroughthelunarinterioras
wellasinteractionwiththeregolith.Thelunar
regolith has been formed through continual
comminution ofrock through both micro-and
macro-meteoroidimpact.Thisdryunconsolidated
materialtendstoscatterseismicwaves.Modeling
of this scattering using frequency-dependent
diffusionappearstoallowastatisticalapproachto
quantifying the data recorded by the APSE
network(Nakamura,1977;Blanchette-Guertinet
al.,2012)[6061].Thediffusionmodelaccountsfor
theapparentlackofcoherencebetweenthethree
orthogonalcomponentsofgroundmotionandthe
extremely prolonged signal. Among others,

Nakamura (1977b)[60]highlightedthefactthat
thereisverylow attenuationof wavesinthe
surfacezone.Blanchette-Guertinetal.(2012)[58]

suggestedthatscatteringinanear-surfaceglobal
layerdominatestherecordsofshallow events
(thermaland shallow moonquakes, meteoroid
impacts),especiallyatfrequenciesabove2Hz.
1.2 SurfaceTectonicActivity

Apollo-eraimageryfacilitatedthediscoveryof
bothcompressionalandextensionalfeaturesonthe
surfaceoftheMoon.Suchfeatureswereconfined
exclusivelyto marebasaltregionsandincluded
wrinkle ridges, graben, and floor-fractured
craters.However,Apolloimagerydidnotprovide
globalcoverage.Withthecoveragenowprovided
by LRO with boththe wide-and narrow-angle
camerasofthe LROC system, moretectonic
featureshavebeendiscovered.

CompressionalFeatures.Theobservationof
“wrinkleridges”inmareregionsoftheMoonhas
beenattributedto reversetothrustfaulting,

indicating compressionalstresses (Plescia and
Golombeck,1986;Watters,1988)[11,62].How-
ever,itwasunclearastotheapproximateagethat
deformationtookplace.Wattersetal.(2010)[63]

usedthe high-resolutionimagery ofthe LRO
camera (LROC)to not only discover new
compressionalstructures(Figure3),butalsoto
suggestarelativelyyoungagefortheirformation
(<1billionyears)assomeofthesefeaturecross-
cutCopernicanage(about800Ma)craters.Using
thetopographyandslopedatafrom theLunar
OrbitalLaserAltimeter(LOLA),Wattersetal.
(2010)[63]estimatedthemagnitudeofthethrust/

reversefaultsareconsistentwiththermalmodels
fora Moonwithanearly magmaocean (either
wholeorpartial Moon melting;Solomon and
Chaiken,1976;Binder,1982,1986;Binderand
Oberst,1985;Solomon,1986)[6468],butthatthe
new observations suggest late-stage global
contraction.

Lobatescarpswerealsoknownfrom Apollo
imagery (BinderandGunga,1985)[69].Results
fromLROCsuggestthatthesefaultsoccurfrom
thesurfacedowntodepthsofhundredsofmeters,

havedipanglesof35·~40·,andhavetypical
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maximumslipsoftensofmeters(Williamsetal.,

2013)[70].
Extensional Features. Prior to LRO,

extensionalfeatures wereonly knownin mare
basalt-filled basins and floor-fractured craters.
Thesepresumablyformedduetoviscousrelaxation
and/origneousintrusions(LuchittaandWatkins,

1978;Halletal.,1981;WichmanandSchultz,

1995;DombardandGillis,2001)[7174].Luchitta
and Watkins (1978)[71] suggestedthatgraben
formationstoppedabout3.6±0.2b.y.ago.

Wattersetal. (2012)reportedthefirst
extensional structures from the non-mare
highlandsregionsaswellasnewstructuresinthe
maria.Relativelysmall-scalegrabenswerenoted,

withverticalmotionusuallyresultingin<15mof
relief. Using cross-cutting relationships with
impactcratersassmallas10mdiameter,alackof
superposedcraters,andgrabendepthsasshallow
as~1m,ledWattersetal.(2012)[75]toconclude
thattheseextensionalfeaturesare<50m.y.old.
Therelativelypristineappearanceofthesefeatures
supports the young age. These results are
inconsistentwithatheMoonhavingsupporteda
magma ocean that encompassed whole-Moon
melting,as this would produce larger scale
extensionalfeaturesthatwouldbeolderthanthe
observationssuggest.Rather,a more modest
magmaoceanencompassingtheouter~500kmof
theMoonismorelikely.

The distribution oftectonic features and
shallow moonquakeepicenterscanbefoundin
Figure3.Theimplicationsfromthepresenceof
thesefeatures place constraints on the early
evolution of the Moon. For example,the
compressional features argue for a global
contraction,butnotimmediatelyafterthemagma
ocean had solidified. However the lack of
distributedlarge-scalelobatescarpsandthrust
faultsarguesagainstsecularcoolingofanentirely
moltenearly Moon (Wattersetal.,2012)[75].
Similarly, the presence and distribution of
extensionalfeaturesalsoarguesagainstatotally

moltenearlyMoonbecausethermalhistorymodels
forthisscenariopredictahighleveloflate-stage
compressionalstressthatwouldlikelysuppress
grabenformation.Therefore,thesefeaturesgive
usapotentialconstraintonthesizeofthelunar
magmaoceanthatcanaidourunderstandingofthe
earlyevolutionoftheMoon.
1.3 VolcanicActivity

ThereturnofApollosamplesfacilitatedtwo
majorbreakthroughsintermsofunderstanding
lunarvolcanicactivity:1)directagedatingofthe
samplessuggestedthat majorlunarvolcanism
ceasedabout3billionyearsago (Nyquistand
Shih,1992;Shearer et al.,2006)[5,7];2)

constraintsonrelativeagedatingusingimpact
crater counts could be made,thus allowing
volcanicterrainsawayfrom the Apollolanding
sitestobesemi-quantitativelyagedated.With
highresolutionimagerybecomingavailablefrom
spacecraftthat have visited the Moon since
2000 (SMART-1;Selene/Kaguya;Chang’e-1,

-2,-3;Chandrayaan-1;LunarReconnaissance
Orbiter)bettercratercountshavebeenconducted
andhaveshownthatsome marebasaltterrains
maybeasyoungas1billionyears(Hiesingeret
al., 2000, 2010)[7677]. Significantly, these
youngerbasaltterrainsliewithintheProcellarum
KREEPTerrain(PKT:Jolliffetal.,2000)[78],

whichischaracterizedbyrelativelyhighThorium
(andotherheat-producingelements).

Recently,as global datasets have been
acquired by the spacecraftlisted above,and
combinedwiththosefromtheLunarProspector
andClementinemissions,itisbecomingevident
thatsomevolcanicfeaturescouldbyasyoungas
10 Ma.Schultz et al.[18]suggested the Ina
structureneartheApenineMountainsonthelunar
nearside(Figure3)representedevidenceforrecent
(<10Ma)gasrelease.Thiswasbaseduponthe
preservation state of relief,the number of
superimposedsmallcraters,andthe ‘freshness’
(spectralmaturity)oftheregolith.Interestingly,

theApollo missionsnotedincreased Radonand
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Poloniumlevelsovermareregions,especiallyat
theedgesofmarebasins,MareImbrium,andthe
Aristarchu Plateau (Bjorkholm et al.,1973;

GorensteinandBjorkholm,1973;Gorensteinet
al.,1973,1974a,b)[1317].Onthebasisofthese
observations,Schultzetal.(2006)[18]suggested
thattheInastructurewasstillactivetoday.

Bradenetal.(2013,2014)[7980]haveused
LROCnarrowanglecameraimagerytodefineover
75structuressimilartoIna.Thesehavebeen
calledIrregular Mare Patches (IMPs,100~
5000m maximumdimension;Figure3).Crater
countagesonthelargestthreeIMPs(Cauchy-5,

Ina,andSosigenes)suggestanupperagelimitof
100Ma.
1.4 Ultra-LowViscosityZone

Nakamura(1973,2005,2012)[32,42]foundthat
theattenuationofseismicwavesinthedeeplunar
interiorisconsistentwithalow-viscositylayerat
thecore-mantleboundary.Afterreprocessingdeep
moonquakedataoftheApolloerausingmodern
computationalmethods,Weberetal.(2011)[81]

wereabletoshowthattheMoonhadasolidinner
coreofradius240kmwithaliquidoutercorelayer
about90kmthick,andapartialmoltenlower
mantlelayer about 150 km thick. Recently,

Haradaetal.(2014)[19]noticedthestrongtidal
heatinginanultralow-viscosityzoneatthecore-
mantleboundaryoftheMoon.Thefullscenariois
similartotheEarth.Usually,thetidalheatingof
aplanetarybodysuchasthe Moonoccursby
viscousdissipationoforbitalandrotationalenergy
(Ross et al., 1986, Khan et al., 2004,

2005)[8284]. Considering the viscoelastic tidal
responseofaMoonthatcontainsalow-viscosity
layeratthecore-mantleboundary,Haradaetal
(2014)[19]calculatedtheresponseoftheMoonto
tidal forces considered the Moon’s interior
structure using a numerical model.In this
calculation,thepresenceofalayerwithaviscosity
ofabout2×1016Pasleadstofrequency-dependent
tidaldissipation withinthe Moonthat matches
tidaldissipation measurementsatboth monthly

andannualperiods.Thecalculatedviscosityvalues
areextremelylow,andareconsistentwithpartial
meltingatthelunarcore-mantleboundary.This
calculation also finds that simulated tidal
dissipationisnotevenlydistributedinthelunar
interior,butlocalized withinthislow-viscosity
layer,whichimpliesthatthelow-viscositylayer
mayactasathermalblanket (Stegmanetal.
2003)[85]onthelunarcoreandmayhaveinfluenced
theMoon’sthermalevolution.Thestrongtidal
heatingatthecore-mantleboundaryoftheMoon
impliesthatthelunarinteriorisstillveryhotand
dynamic.

2 Discussion
TheevidencefromtheApolloseismicdata,

coupled withthetectonicandvolcanicfeatures
documented by Apollo and LROC data,

demonstratethattheMoonremainedactivelong
afterthecessationofmajorvolcanism atabout
3Ga.Theseismicdatashowtherearethreetypes
ofinducedlunarseismicity:

1)Thermal moonquakes-induced by the
expansion/contraction of the regolith as the
terminatorpassesoveragivenregion;

2)Deepmoonquakes-induceddueprimarilyto
thegravitationalinfluenceoftheEarth;

3)Meteoroid impact-seismicity induced by
impacts.

Shallowmoonquakes,whichhavethehighest
magnitudeofanyrecordedlunarseismicevent,

maybetheonlytrueendogenoustypeofseismicity
recordedonthe Moon,althoughanextra-Solar-
Systemoriginfortheseseismiceventshasalso
beenpostulated (NakamuraandFrohlich,2006;

FrohlichandNakamura,2006)[4748].
ThenarrowapertureoftheAPSEonthelunar

nearside(Figure1)hadtwomajordrawbacks:1)

locationsofseismiceventsoutsideofthenetwork
arepoorlyconstrained;2)informationregarding
the nature of the lunar interior below
approximately 500 km depth is limited,as
solutions are non-unique. It is important,
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therefore,toestablishagloballunargeophysical
network.AftertheVisionforSpaceExploration
wasannouncedbyPresidentGeorgeW.Bushin
2004[86],NASA led an efforttoestablish an
internationallunarnetwork.Thisresultedina
ScienceDefinitionTeamfinalreportthatdescribed
theconcept(Cohen,Veverka,etal.,2009)[87].
WhileNASAhasabandonedtheILNconceptsince
the change of administration, the idea of
establishingagloballunargeophysicalnetwork
liveson.ThelatestdecadalsurveyfortheNASA
Planetary Sciences division has a Lunar
GeophysicalNetworkmissionasanamedmedium-
class (New Frontiers)missionthatshouldbe
accomplished (subject to the New Frontiers
competitionthroughtheproposalprocess)inthe
nextdecade (NRC,2011)[88].Thisdoesnot,

however,meanthatsuchamissionwilloccur.
It is imperative for both science and

exploration reasons that a global geophysical
networkbeestablishedonthesurfaceoftheMoon
(includingthefarside)assoonaspossible.For
science, the Moon is an end-member for
understandingplanetaryevolution(Figure5)and
theinteriorstructure may preservetheinitial
differentiationallterrestrialplanetsexperienced.
Theenhancedheatenginesofterrestrialplanets
largerthantheMoonhavedestroyedallevidenceof
thisinitialdifferentiation.The Moonrepresents
outbestchanceofdefininghowterrestrialplanets
underwentinitialdifferentiation.Forexploration,

the exact locations and causes of shallow
moonquakesneedtobeidentifiedespeciallyifa
permanentbaseistobeestablished.

Fig.5 Comparisonofinnerplanetarybodydiametersinkilometersandmiles.TheMoonisthesmallestterrestrialplanetarybodyinthe
innerSolarSystem (notincludingthesmallMartianmoons,PhobosandDeimos)and,byinference,hasthesmallestheatengineso
planetarydifferentiationstoppedatanearlystage
 

  Shallow moonquakesrepresentanenigma.
Aretheyaresultofmovementsalongthefaults
involvedwiththesurfacefeaturesthatarevisible
withLROCimagery(i.e.,couldtheybearesult
of movementsalongfaultsassociated withthe
lobatescarpsand/orgrabens)?Aretheyassociated
withrecentvolcanicactivity? Thelocationson
Figure3wouldseemtosuggestnot.However,

muchremainsto belearnedaboutrecentand
currentlunaractivityandaglobalgeophysical
networkwillbeanimportantpartinimprovingour
understanding of how the Moon continuesto

evolve,notleastofwhichwillbepinpointingthe
epicentersofshallow moonquakesandpossibly
tracingnormalandreverse/thrustintotheinterior
oftheMoon.
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