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Seismic observation on the Moon during the Apollo project from 1969 to 1977 discovered
tidally induced moonquakes occurring at depths about halfway to the center of the Moon.
The identification of these deep moonquakes and also of other events was made by visual
inspection of long-period seismograms, resulting in 12,558 catalogued events. A new com-
puter analysis of the Apollo lunar seismic data using a combination of waveform cross-
correlation and single-link cluster analyses revealed about 609 of the identified and
catalogued events are deep moonquakes, and increased the number of identified deep
moonquakes by more than a factor of five (Nakamura, 2003, 2005). We have applied a
nonlinear method of Poincaré map to time distribution in the new catalogue and it reveals
previously undetected features of hidden periodic components on the deep moonquake
activity. We could classify the deep moonquake activities as (1) monthly-periodic, (2)
semi-monthly periodic, (3) successive multiple events within a few days accompanied by a
monthly event, (4) chaotic activities, (5) large scatters in periodicities, and (6) random-like
activities. The activities of (1) and (4) are understood considering various threshold level to
trigger deep moonquakes, those of (4) and (5) are interrelated and that of (6) would be very
low threshold level. The threshold trigger levels differ from one deep moonquake source to
another, and such difference among deep moonquakes is relevant to the above various types
of activities. This would be partly due to the degree of heterogeneity in each source region,
making the fluctuation of periodicities of deep moornquake occurrences.
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1971). ZoBRH L, AL &) ZERSBEBLZ 1A EICRWZEN, A X IR0 ICBI%
L72HABE R I000km DBRIICEEL TWEZ E0HLRICINS., £ DHFRHEDEITIC &
N, TNLOBRFBAEL 3D, RENIMERFIGE, 5 12,558 o A BBEREEI B LN TS
(Nakamura, 1982).

Bt Z 7 RatBEMT— 725, BUEBOHEEENE 7725 —@ir2HEL T, HL
WHEIRY } 7w 7otk & e (Nakamura, 2003), ZHH L WA F 0 7d 5 3ERNR,
BRI TR b LD > B b RAIFEE DD, 2& 218, MBI
Ry b9h, SPUCELEDHOHIREABRTH 22 ehbh -7, BEABRIBRMERD
MBI VI s, H—BEREE, L VERLABEFREL Twd L2 LT3 (Lammmlein,
1977). 2D E D LRBRBEBABED I N—THKERK 108 T N—TH LN T hdrEH L WAl Tii%
NPT IN—TICHRIN, 2512, EOBRE A TEEOHBEIFRWIDIZTTL 89T
N—THF L5 Z L2 % » 72 (Nakamura, 2003, 2005). %9 9 bREBEMEIH#ESIN
TwbHAEIX 52 P - 7247 (Nakamura et al,, 1982), Nakamura (2005) Ic & 33772 2@t
b, FERP LHLN TN T N—7"Th ZDHERFIEN 60 EIcH 2, S HIHICHEESZN
Fe I N—7DH Ty 4648, F 106 EicZ Y, BEMEIC OV THFHRL 2HU T -7,

HLNABH Y S CRENFRNDABRII N—TICREI N2 F ok b REH, 514500
Lickz, PERANELW 1 A0RMELZ TS EEZ LN T A—71Cd, BERPCOS
EHHDI i blrol, FRERMLN TV D -2 L) ZIEFMNFEHNREHL RBINT
V3 UL, 2004), T &) wHMELIRD B R T ARERINCIE, LIE U ISTER L @iiEocH
Wb, RRRFIDBIZE S LT 5 B2 Ml L Cv 3 (72 & 218, Koyama and Hara,
1992 ; Trulla et al,, 1996). Z Z CRFLICRO LNTREABROBEEREBEZ 2T, AR
DHEIEEN D ZBHIN - BN E L5 T VI DWW TEHLCEZ L EiTT 5.

II. R¥ERAROERPBIEENR

BEABOFEICIS, AN JERPNLER S 25 (L, 2004). 20k ) LEMELRRY
OMWE E— N KRBT B 720510, kDL S % Poincaré B4 2 LT3 (Faure el al,
2000 ; Trulla et al., 1996). Poincaré %4513, 7> S LALBHR 2RO NIFERL LB
BT 52 L DTE B, Fiz, RERNLNFRIT, TNTOERSEFIEBROIEHESR TRe
WCERFEFLRTHBL, X ATFERI AT LHWRERITH »TLH, THREETH 5. Poincaré
BB 5L ThHAANFERE DRRNWICRHHTIT 52 TE 3,

HLEBOBB L VR LFENHY L X2 %, Z0kEH L+ 1 BBOUM»ESR S T

I{k+1)=f(I{K))
EREIND LT B, ZTNEREMLEBOBN % LK) (E+1)FHE E (AEZM) osngE ) Tk
BY230Thd 5IN%i 7NV—T7TOREABDLEE-1EHO I F ORERUOE L
T2, FRIC LA+ DI E+1E EFEB OBBZETH 5. Poincaréd Map(PM) iz =0 & 5 e I{k+1)



Fig. 1. Poincaré map (PM) for deep moon-

quake category A034. In this figure,
relationship between two successive
event intervals, I(») and I(n+1), is dis-
played as a scatter plot. Monthly-
periodicity of about 27 days is plotted
like as an attractor point.
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Fig. 2. Poincaré map for deep moonquake

category A001. Large scattering of
plots is of two to three days. Successive
three and more events in a month gather
near the origin. Diagonal distribution is
obvious including successive events to
the monthly periodicity.
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Fig. 3. Threshold model by Faure et al.(2000) is slightly modified to explain an
activity above the threshold 1 with anomalistic or draconic month-
periodicity(period of TA). At threshold 2, another sequence of activity
(period of TD) is intermingled to give rise to diagonal pattern like as one in
Fig.2 due to the slight difference in two periodicities.
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. N . . Fig. 4. Synthetic Poincaré map from
NTDIN=THEPNTLPNP 5 EIFK anomalistic and draconic activities for
X2, 1 AoEEEY R eight years. Two events in‘ each
anomalistic month and one event in each
LIV T U T AREETLES draconic month are assumed, both of
. . = e - which have an occurrence probability of
&, TXTCORMEL 7> FLlkTd, 20 70%. The fluctuation of up to two days
B, W3 LD I(k+ 1)FE Lic—fic o is assumed in the periodicities, which is

generated by uniform random number.
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DTH 555, MO T A DB EHE L 7 —712, A025, A032, A073, A097,
A224, A284 BB, ZNHINZ T, Fig. 1IcBENTHML T3 4 53, 1 AR
BOIXY M HRELZBAET, 205 )% 1 AORPHICE EHRERED Y F o RET S
BFEMLIZEAEDIN—7TRHENE, ZD ) b TRICHEL L I3, A005 A007, A0l4,
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Table 1. Classification of characteristic periodicities of deep moonquake activities.

Nest  Number (1) (2) Remarks Nest  Number (1) (2) Remarks
A 003 42 0.06 0.18 M A 224 52 0.06 0.79 H
A 009 121 0.20 0.02 M A 284 53 0.25 0.34 H
A 013 57 0.10 0.18 M A 005 76 0.26 0.06 Z
A 015 50 0.08 0.03 M A 007 85 0.23 0.07 Z
A 016 50 0.20 0.00 M A 014 108 0.37 0.08 Z
A 019 45 0.00 0.00 M A 017 49 0.37 0.00 Z
A 022 48 0.05 0.00 M A 021 69 0.26 0.05 Z
A 030 45 0.07 0.00 M A 023 79 0.23 .01 VA
A 033 57 0.09 0.11 M A 028 39 0.23 0.03 Z
A 034 39 0.09 0.00 M A 036 43 0.37 0.10 Z
A 037 46 0.03 0.00 M A 051 50 0.25 0.07 Z
A 040 35 0.07 0.11 M A 075 49 0.31 0.14 Z
A 041 44 0.03 0.06 M A 202 36 0.28 0.00 VA
A 042 50 0.10 0.16 M A 204 85 0.41 0.02 VA
A 065 35 0.17 0.03 M A 234 4 0.22 0.03 VA
A 104 49 0.17 0.12 M A 257 45 0.34 0.03 Z
A 223 47 0.04 0.12 M A 001 318 0.41 0.23 D
A 238 36 0.12 0.00 M A 006 125 0.32 0.22 D
A 008 229 0.48 0.52 R A 018 143 0.43 0.16 D
A 010 180 0.44 0.42 R A 038 41 0.23 0.18 D
A 026 54 0.50 0.56 R A 039 63 0.29 0.41 D
A 035 70 0.41 0.54 R A 044 86 0.31 0.23 D
A 100 62 0.46 0.68 R A 086 46 0.49 0.15 D
A 256 55 0.70 0.52 R A 094 38 0.88 0.21 D
A 025 72 0.14 0.28 H A 218 74 0.32 0.26 D
A 032 35 0.15 0.40 H A271 35 0.24 0.29 D
A073 36 0.17 0.45 H A 020 126 0.31 1.00 H/R
A 097 44 0.04 0.64 H A 201 69 0.21 0.23 M/D

(1) indicates the ratio of number of time intervals from 0 to 1/4 month to that from 3/4 to 5/4 month, (2) indicates the
ratio of number of time intervals from 1/4 to 3/4 month to that from 3/4 to 5/4 month. On remarks: M indicates deep
moonquake groups which show monthly activity, R those sparse and random distribution, H those a particular
semi-monthly activity, D those scattered diagonal distribution and Z those dominant successive multiple events within
a few days. They are classified according to approximate values of (1) and (2) as M for (1)<0.2 and (2)<0.2, R for (1)>
0.4 and (2)>0.4, H for (1)<0.25 and (2)>0.25, D for (1)>0.25 and (2)>0.15 and Z for (1)>0.2 and (2)<0.15.

Table1iZ, D& ) A BRFEABOREHE Z LD TRT., EXLIBICABND I N—T4, ZDHx
Ry MR, 06 1/ARICRELZRV M E VA5 3/ AlcRBE Lo~ b 22N
FN3/4255/4 AITREL Y PTH- e 2N FNO ARFEHOREEZRT.
HOER, OBEOMIC3EZZWL ZhU Eo x>y F>FET 2550 Q%8 o B
EHZe 1 AOBBEIC R TENC L WBETH I E TR L T 5,

En)E@DEDEDIZ0.2 ENAEWIA—T1F, 1 ROBRBINCEHETH L. T
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)@ fEdsE Hiz 0.4 £V KE L 7 NV—7TIF, Poincaré map #5808 TT > & LIk W4
2R T. RAOFRUESFEEL 7 N—7"Tld, (DOEH0.25 L D/S L, QfEA0.25 &Y
KEL%GL, PMETIELDENKEL, —BICUAP - THET LI NM—7Ti2 PM LCiax
ABRLEOSTEE DO, (DD50.25 XD KEL, 227015 & DKE W, 72, KR 3ELW
LENU DT> bR A H B 70— 7T, U502 LD KEL, @270.15 &Y
A&, I b Dl A BEE) & RT3 BB L5l T3 e v 2%, Poincaré map LiCBih 54
BEEBICEL T3,
ZNFNDIIN—7TREFBOBREESA L R 5 L, NEHMH L) L0 IBESAHICE
WEDHNIEAETH S, TNEBEDOHERICLBERT 52, SETHOBFTEIHNTWEH 7
N DT, BT ERESHEISEVIDE k> TwbDh b Ltk v (Koyama, 1999).

IV. Poincaré Map O4SE LS

—REICR SN S 1 AoRBMEL IS, Fig 2 i2RT L) AR ENTH LB L RBE
na, 72k, A001, A006, A018, A038, A039, A044, A086, A094, A218, A271 7%
EThHaH, ZNEZ1IADEICOSD > TRET IV M HDLZEERLTWS, Fig. 2 nEE
Ens»7-2 i, BEOMIC3IMLWL 2N EDZY MR L 2D TH B,

MR NS Fig. 30 & ) il e T N TE2 Lits (Faure et al., 2000). Fig. 3 ¢it
B TA ORI L ESH»H ), ZOIRIE (BEHEER) »R4ED ) & —1L~UL Threshold 1 &
D RELEBZEZ S, ABTE, ToORMERRTSARB 2 WiiES AR TH S, i
BoE2NE LA ERT IN—TESE % 5, MOFY TD 2 >BN L EE»A ),
ZDIRNE (BAEMER) 3PE0H ) A= INHEnE B cHAEETSE, FDOF)H—1L
~J)v% Threshold2ic 2 ¢ 55, /2, TOBEHDOEETA L TD LTI TNTVWE LT
5, Wi REA L ESARY, 03208 THE, bTFrLABMOTNAH» S Fig.3nDich
5 &5 Ic—AOMIcaAT AARENES»ETND, 2 TEEL LT EWIT Lvwoil,
bL, SNSDZO0RAMNLEHIBRWEL WINTHD %6, RAA - BHARAD 2->D
MNARECSHmTZ iz s, L L, HEEIZNEWIZ0.3 BREELANL, Fig.2icRS
NEMAREDGHIZ2 ~3HOKRE LWL EXR LN DI RFHTH 5.

ERz Fig 4 TS ARIC L 72> TRBET 2 22002y P ERAARYIC L9 1
DNDIRY | EBREER 70% TREI 2 & 20 Poincaré Map T 5, 72750, BEDOERMICIT
ELLDEBICLRA2HOWL ¥ ~FEEKTE 22, RTIR7 Ko oBilglic by 5 8
EGNFERHRTH S, Fig. 210 H bNAKR LML ABRESH» L CEREINTVWS, T4b
b, ZODEF - AEMEN TN LI DL ) AxtAR EOEEB»EL 50T H 505, ERBIC
BRIENT 23032205 EBP L b b L JIC, BETE L L WOREENLERE, A
—HEREY DREIMEL 2 ) ClE D W KRE LW L EDPFEL, FLRBFUT LI E0TELWE
ETH 5,
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Fig. 5. Poincaré map for deep moonquake
category A014. Monthly, semi-monthly,
diagonal, and successive activities are
clearly seen.
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Fig. 7. Poincaré map for deep moonquake
category A010. Successive and semi-
monthly activities are very high, showing
a sparse distribution like as random.
Note the difference between this and
those in Figs.3 and 5.
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Fig. 6. Synthetic Poincaré map for A014 in
Fig.5. Three events in each anomalistic
month are assumed, which have occur-
rence probability of 55%. Another three
event in each draconic month are
assumed, which have occurrence proba-
bility of 5%. The fluctuation of up to
two days is also assumed in both per-
iodicities. This strong probability con-
trast gives rise to the monthly attractor
point, though the diagonal distribution
can be observed.
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Fig. 8. Poincaré map for deep moonquake
category A035. The distribution looks
like almost uniform on I{»)I(»+1) plane.
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THEAE A 014 o Poincare Map # Fig. 5 I2R$. klicii~722(66)F TOBRREABEHD
BB ENWICRZ 5, Fig. 613EIZIE R L Yz, 2 20BN LER L RKHLETH S,

ZTR, anFNL AR 3By P EEL T, 2NEFNDERHNESAREITIE 5%

FeRT, THRABY TR ROMERTEETLE L TEHELL S%RHZ ETiEd b5 Fig.sic
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DUENH DL, T TrEHERETEET LIV FTLREDEREICNARE S 7 58 %
BABNZIL LT Ed bbb 5, Fig.5 T Fig.6 TL#H 15 Bfhalick BT Ebn 3
7oy b AH DD, FREELT P77 R Tl %L, MEFERNICTNL TV EDHFRT
BNns, MMoEAOBEIEELABD I N—TTLIHELRADT V779 —8HE%BLD
2% <, Fig. 5 & RRICAEAIGERINICELL Tw B D%\, 2% ) Z 2 ToFA 0%
2, WAEALEEARMYG L L 5 CEAMTNBICRET L IV P THY, M1 HTE
RALDOTHTCwBZ 2 Bbe s, Figs. 1,36 DWTNOBFETL, BENEYPECOLE
TREL, TUARTHL V) ETRAAANLEE THLI LHEL 5.

BRESCEHIMEOW L EAMFICKE L, Ty 7allivwamnft Fig 710Ry, ZIUTERRE
HEn A 010 @ Poincaré Map TH» 5. Fig. 3= Fig. 5 472 2B Big oM Th 5
ZEDFRTMNSL. Fig. 81232 LICBIR LA TH 5 A035 0Pl #RE, T2 P DRERKIT
Z i3 v, BEICZIES TRRICEWS iR L T b, Fig. 9ici3, kR A - A A
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Fig. 9. Synthetic Poincaré map calculated Fig. 10. Synthetic Poincaré map calculated
from anomalistic and draconic per- from anomalistic and draconic per-
iodicities, where three events in each iodicities. Two events in each month
month with probability 509 are with probability 4096 are assumed.
assumed. The fluctuation of up to four Others are the same as those in Fig.9.

days is assumed in the periodicities.
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DENZE S, Zhuc k), ZOo0RMETHRETT LN ARERHO M) -3 05 AENFR
Y, BEIF LTRSS E2RTEEZLND. 1 AORAYMEsHEL 7 v—7, EHDHE
D GEE L 7 N—7, RO P U EICRET 2ERMEITRNTN—T, FEDFMY
P L EPKRECTN—T, S FLuL) BBELGHERT 7 N—7DEEZZNTN
FRTHBEORAPHICOL EXNLE W L b, E&III TR TS+ ARG ESD—H %
RTwaZdichoTwa EHBEX NS, Faureetal.(2000) i3 / 4 22T, oD FH
BB hy TN T2 T B L
T, Poincaré map O itAK L5
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WBEEZ B LY, BREOKEN
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KELFEEBHOOLESZAELHL
T3 EEZ LB,

FNENREBRN L RFEA BEHD
- = Fig. 11. Epicenters of deep moonquakes (Nakamura,
B % % Nakamura (2005) 7 #:# 2 2005) are plotted on the whole lunar surface by an
F—%#» 5 Fig. 11 I R4 5, equal area projection. Solid circles indicate those

. N N for groups with prevailing monthly periodicity,

% 1 ADRGEERT 7 V-7, diamonds for significant semi-monthly, triangles for

JHOEMME, &t AL IER, chaotic ( including diagonal, successive, large scat-
e ’ ter ) and solid squares for sparse distribution like

VT AIEWEB BN ENEN random.
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Fig. 12. Libration of the Earth on the moon, which is the footprint on the lunar surface
connecting the mass centers of the Earth and the Moon. Longitudinal and latitudinal
libration angles are enlarged five times for the convenience of plotting. Selecting the most
active two years for each deep moonquake source, its epicenter is plotted for each year on
the equal area projection of the whole surface of the Moon. Those groups of deep
moonquakes of which annual activities were less than five events are omitted. Other
symbols are the same as those in Fig.11 except for small dots which indicate epicenters
unclassified because of the small number of events. Year of 1969 is not shown since the
observation period was very short.

B bEHNRR L2 R TREABODMIIEL > T T, FEOHIRIZ L » TRHFBIIC DR
ERREZTRL V2L 5B RI Ty, HEROMBRFEOHEBICHED A = XL 2FHOHE
BREELTWSEZE (72& 213, Lay and Wallace, 1995) #»»5#2 5 &, BRAEIEE & Ik
DHBIER) & DBNHDFHETH 5.

REHABROWERICIE, ZhF TRoBNLE#ENII»IZ, BREOBELERIKEOEE % %
T#1207 HEBITEALT 2 01K T 2 H, 72, Ab o RAHIRMES W 6 EFTEHT LD
IARES 2MWE D H 5 1TV 3 (Lammlein, 1977). AT —E0 BEHE CHEL 72 5 Bk
DREN 75— BET L5, A-HEROEEP.LERESAWLEOAE (subearth point) 75
BEHmICEALT 5 (EERE). £72, FOBHE#ME HOBEREWTWw5 Z &z kY, subearth
point IZER ML BT 5. ZNZHIRBEN L1958, ZREFNHNELTESH S, 6 E3L 5D
KEETH2 (K&, 1994). EEFEILESARC, SEFEIIZSARAMTELT 5.

B2 ) 2 2846 B Mk FEE) # Chapront and Chapront (1983) iz & % #4718 (ELP 2000-82)
ERAWTEHRL, Fig 12129, AR LS R RAMDEIC & ) HERFFEE) T 6 F 0 A
THE R )Y Y 2 —R%# <, Fig. 12 WO MIRKFBHOMEIIRART B8R ES L ChrhTw
5., ZoORICH 7212 Nakamura (2005) 12 & D BIEMEBEFREZIN T3 106 HOBRRAED 7
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