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Fig. 1 Spatial distribution of mare basalts (light grey areas) in the lunar nearside (a) and farside (b)
JE TR T A BRUE SO R T (Lunar Orbiter Laser Altimeter. LOLA) i JE £ il /5 it 3t 7 2 15 18 5 [/ 8 Oy 42 KT 300 km
I 5 4% 0 (B Head et al. . 20105 Neumann et al. » 2015)

Basemap is a hillshade rendering of Lunar Orbiter Laser Altimeter (LOLA) topography, and circles are impact basins

=300 km in diameter (after Head et al. . 2010; Neumann et al. , 2015)

T Ji& 22 A BRGEINAT: 55 » 0 H I 3 [ 35 22 0T e (19 1
TR H AR L ARAT 1 I B Y 20 5 R ol
SRIESE A BRI 2l B 2 R AR S A TR R A
(14 B s A T B SR A ST R S IR T X A R
LR A TR . AR SCE e 44 H BRI
(10 FE A SR, SR I A 3 Bk L F P Hb S R AE 1
FEBLAR  F T HEXT 7 BRI S A 1 v ) 24 5
DA 55 ] P [R) A7 4 T xk 3 3K s o 2% A R0 A B e
B E R A BRFEAR M —E S %,

L A B AR B A J

1.1 BXWMFTE

T 1 i oA b BR A 2 P A e U e TR S
IO HR XA O A BRI 200 ~ 300 km 4b & #Y
B AT H 0 W) AN [R) A% B2 19 3 29 6 it (Shearer
et al. , 2006), 5L T Ml A B2 55 X0 ) BR IE TH Y
WL e B 5 KA i e T8 SR KR A o At Y
TR Ta) Xt B ARG T — AT H Bk EH]
ML) BT« T B3 6 2 i 1) R 70 4 < 1 FH 2 5 L
B ECT H BRI 3 a7 A RR mE R
IX — B 5] AR B 3 B R B AT 55 22 A o A A
Jt (Baldwin, 1963; Ronca, 1966), HixiE X 5|# T
F L (Michaut et al. , 2018) , AR 3X — W0 5 =2
B 75 S W EHE 1 A E < 1965 4 Hi 5 R R Y
PRI A% 3 %5 (Zond 3) AR T H BRI I & it &= A5

R BAE ] BRIF WAR 22 KB i 4 R O 0 eI
K H B LR A (E 1b) ;1R B BRZ R A A &
JE ARG Al S B AR — B 2 R LT B Y
A FH sF 8] L 425 30 16 T 80 I [R] R 15 3T 10 ACAFE Z A
(Wilhelms, 1987) . BLAE— Bk, Al LA Z
JIF LA K i 78 A 7 A o At P A AT RE AN PR Sy 3
N BB B 3t F AN B Y H 58 A R T E K BT
35 3E (Ivanov et al. s 2003),

KT H BT 3l R 2R AR B A
WIS T 2B, A7 Su R RUA g H BR T A X
B ZE RO YR T B A I iR U IXC L T R T ) A
) 21 ) B 2 S T AT SE AR A A O A Bk
B I 232 1 - A ) J2 B 00 3 i o 22 S 35 AN [ T
JE W 5T 1 FB 0 ds Wl 7 A T O [ B0 o . sk e A
U ARE Y g 4 2K o — AR IR IX L 5 3 Rl AR A
FHH R A2 AR HE A DL HE o 0 - B e R
B (Neal et al. » 1992) , X SERIRY b, AR 57
f& A1 (Cumulate Layer-Cake) B 1A 7] F2 B A X305

JERHE A E BB g A i % i 1 SR TR X2
HBRCE TR 45 2 J5 ) Bk e fb . IR o
B Smith et al. (1970) & Phillpotts et al. (1970) #2&
1. Gk Taylor et al. (1974) XX H AT T 582, M
T B T BR b A0 T T b ek A 2= RRAE A B RN 1R
(Shih et al. , 1975,1976), Taylor et al. (1974) %
HH PR O R IN Oy o 3RO G SRV B 4 O
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A A5 3K o 3 47 7 B S 19 43 2 AR, R i R
BRI T MO A R R M A B HE S 2 (IR X U
TR, B R4 AR 1 HE S )2 GR
PR R CE IR X0 T RHS A 7R A KTE 4 S 4 f
PRk % BE oy g AR T b 3 H B i A4 i A
FEECE W BT BRI DX A
AR AT HE e O BRCE ST 3 R I 45 b o 2 1
P AL T BRI ER BT AL ) 21 A T e K T i L R
U DD E R R R B R A 0 HE A G
TR I 45 0 72 ) 0 T BRI T BR A ERD 2H A
[ A W48 . A BRCa R s 7 2
J& o JEBIE SR SRR VR TR B HE e SR
TGS S S SRR B ) B R IR HE
B2 b AT E MRS BB ERR
P HESS 2 2 B U0, 5 1T H Bk N &8 0 5 i 1k 5%
(Delano, 1980; Spera, 1992), BT & WK ES R
an A 1) 2 HE b e 2 B AR R 2 AR KL R R
HRMBAREER SN ERIATTREGSETA
FE) AN g XA R X R A I 2R

HE it e A5 A e S 0 0 A At T LA R B A
PRI [ 57 38 A1 A 2 43 A BT 48 78 19 3 33K KL 3 3l g i B
BACE AL . SR AR BT SR A7 AR — S b, Lo n
DA e ek X s (e I HE & ) RIRER Ll s (L
WIHE S ED AR TR B Mg™ i, o 15 B A BROA K T
G 53 S 45 i B L RS S Mg ® (B % g
WIZE I Me™ # . h sER AL 2 A
N FUA 1R A BRE KT RARSS SRR B T 500~
70 V00 RHE AT A TF U A S PR vh 46 dt oy 8 25 B
TR RHE AT 0 B 22 17 25 & 1) B o M ot o A 7 S B
R Eu R W R 5 0l XA
T M 45 AN AF S (Neal et al. , 1992),
1.2 ERMEFRBR

1T H BRI % 7 AR i K T R A R
A3 #0 FEIE TR AL o 2 N R (IR D) B DL R A
R KR oV AE T 3K B0 77 A 11 Ui 241 B )2
WAl e SR T A % b JF A9 18 (Solomon et al. ,
1980) , Effi 45 4 K Ry 2 J3 A F T i 4 3 2L 38 8 | T
B BRFETH AR T WE &, SR — WL i &2 B TS 2k
— Z G B 1 ot BE - 5 G AR [l BRAE e S
P[] 57 22 7 4F 43 B 7038 B (R 3 i Ju gk B R W
A ERCKOLE SR8 T L ACAE S i 4 i /E T AE A 52
DAL 7 A= 18 W SR R PT BB DR 73X 4 A I [R] B TR R
& (Melosh, 2001 H, 4 F 558 B9 GRAIL # )
G A R WL 3R 5E 2 W) BT % 20 2550

kg/m®, H 18 1y % Bk 3T 2 3150 ~ 3370 kg/m’
(Wieczorek et al. , 2013), MiHHr 3k T A BRZ A
P it FE DX 3R 8 BE Al T (E 29 2 2980 ~ 3240
kg/m® (Kiefer et al. , 2012), i LA A BRZ &8 it 25 3%
185 B 2 AT A LA ey o (S v T A e R
WEAGTHE A BRI AR 0 I A BE AU Ry
FEIEM S #AHoem EFR AR, HEEX™
A=A K AT RE 2 R O I 0 BT R AR A T kg
W AH 2 23 150 B 7E H S2 IR A8 L A 23 o] S 0 H 52
S MO TR b il o RS S I A e i Y D TR
il 5 3% b T 7 AR 4R AT R T G

JE LA ¥ 4 B 9 7 (dike propagation) f
RN Ry (I 2) il B 7E 58 IS0 19 25 IS R A i
(diapirs) Hr R I AR & A R #EA BB 521y
R IFH ARG BT R RS BZH T — &R
5 PR AR A A B A A B T S T R A 1
P J5 B v G Y J A H R BR B A Pl A R
PR BT CR — Ml e R AR A P B AL i L A S 5 o
F a0 R B R A 2 4 R | R B i AR
FH B X Jay 8 1 e 1 ol AR 4 (Wilson et al.
1981, 2017; Head et al. , 1992), Kiz H ¥ i
ThAA o B Y SR A RE S P s AR R R S R
PN B DB AR FH T & A= B 0 J il 3 L6 05 i )
R —IE R B 5 % JF (magma reservoirs) ,
LT A Bk A K AE R B IR X (Shearer et al.
2006) , IR IX A RF 5 RS the e HL 2238 1k
() SR B R 28 22— 8/ I R IX AT B AR PRk ¥ 20 [ 25
FH A5 B2 LE T 088 AT 5 X TR A R Y S R X,
JIE LU ] v i ) 0 g AR L 2 TR O A T L
THIE R & A KRS REA 3 . IS REA 3 9 RF K&
TR 52 B 5 3 U8 XU 25 L 0 AF T B A 1L )
YRR A e B SR G R . T A T e
BAK s 2 TE A ST ETE B — A A7 IR 3 25 7E
J g N TR ARSE b TE, HRGR B A e R . RE ok A
35 DX R S AT B T ST 14 DG R A
T f G A 5 DR A N s A T AT 32 B R8T T e K
A AR TE T 7 AR R . R e S TR T 2 LR
B AEH 52 NI T R R a5 (dikes) IR 4
gipm FATRE . E bR LA RS 32252 B s
it BF AR I . Bk S 58 BT A AR
R — e L e S IR AR BR A AR /N — 8 23 AT
10~1000 km® B 2% 19 AL (Wilson et al. » 2017),

EHBEERRTE A ST N e bR R 3z F
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Fig. 2 The status of dike propagation into lunar crust, and the resultant range of volcanic features in the

shallow subsurface and on the surface (modified from Wilson et al. , 2017)

HEERMERARBE LT H 2L 5 ORI A5 T A
FEWNHER L N O 5 2 ok Bt 31 [ i AR
(Y B P BOE IS B0 25 BRI O AT RE e A&
I 45 M AR BE A H 325 @ JRFE A & 1 e 2l fig
LR RS A BOR 58 T 2O Hs A AN 2 DL S 3%
R ETE s © A IR X AT RE R ARAR N AR PRt
FEIR T s @ 55 TOURTS (9 B2 77 568 € ml REAS A2 DAl 1 32
H7eweZd. Brik, A K a 308 lm) KB A A
AR RE O E AR R B TR R
HORJZ RAAME I EHE A R KBRS 3 12 A %
FE A — RN KO MR AE (B 2) 3k 4 L b 3R
HER AR I e 28 45 0L, it a8 30 H 2R KL AR
TR o i 0 Bl B BT Y OC B T X AR L L A & AL
] WA R L IR E IR o B AR e oy
IR DR AE Sz HE 23 A0 45

2 HERCKILAE FH i 4280 3 5 = Ak

AL F b BR S A 2 (A, A R i i
B Z ) T — R W5, A5 K AR 4
It HIR R 43 88 B Wy BRI | 2 3% % 0 30 2,
KRBT T e 1 Y R AR 55 DT 2R B 2 AR Y
5% % JE 3R K 1 b 8 AR AE (Melosh, 20115 Head et
al. » 2017). kA4 IOk A9 KB 0F 58 £ A4

JE R SRR L i 43 A7 BRI B4 45O X ) BR K LT
BT TR 43 A H T 3K L Bl Y b 5
FEC A TENRGMNE . H Bk alfE ™4
() — R I L3 22 R AE AT LAy 56 4 A T a8 55 3 e
Bk g B (& 2; Head et al. , 2017),
2.1 R REREXAR

EZHEN T ZH T —RIERE R GER
L2 i) . & B a] BEASE 0 T T 52 R, AT R BE
B3k A FIFT5 R W R 3 X g2 7 R — RIVR
RLANAH 5G A2 T F00I0 ) 5 2 )22 45 4 B8 4 T JE A
FFALE

SRR N o X e | DR A DI R A ¥ R
1T JF B R A 1% 388 25 JE 1L A 7 e L e
25 . e 50 4 ] 45 Pl it 22 1) i [) B0k T o 45k 1Y) 98
J# M AE 10 4F 19 8t 2 (Wilson et al. » 2017),
XA L AT REACER T H BR B4 R ZBUE Y R AE ]
) e 2 25 3 HAE H 7e R X AT BB S O L b
HAERFF I S X, X Fea K E S A ST &7
Az ARV T SR 36t o AHL I AT AT RE TE i 20 P R 0 3 5
FEAEE E Ik (Purucker et al. , 2012;
Gong Shengxia et al. , 2016),

wREAE I B R AR TR R B
REHE R M T RAEAE & S i IS, 4 R s e
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) A 72k 3R 2 s TR i AR AT e 23 & LR W
W B HEECE J B A G R BUE 1 LR VR
B B R ER L HE TR A RIP ST 3 L ]
HEHI K (Mendeleev) f i 5L 5T IR AL PH AR — K 35 170
km [ G4 (& 3a) . [F] I, 32 31 55 58 00 B S s K AR
AR 4 e 213k H R0 A 5 W] e & 7E ik
A FRIE SR FRY 5K B 7 35 . 4k T 78 5 55 TR E i
A (E 3b) . 7 KA 2 X, 4 Pk S ik 25 i
SR E DGR B, L A 7E A i 85 T H % (Rima
Hyginus) , — % & MG bt B AR %5 9 (& 300,
T BRI a Y RAE NI A 2 A Rbusk s &
5 ) 3 4 M — R DAL X3 M ) 3 T Bt T LR R
2k P R I M 5 44 3% (Solomon et al. , 1980) , i
Gk 0y B B & 2 A R AR L A g
BER S RAER KR R R 2 G %
(Horstman et al., 1989; Melosh et al., 1993;
Xiao Zhiyong et al. , 2010), K T iR Gl A 89" EIE
FSG BT R b R A A B T A A A 2
TR E A5 o B 45 oAt L ™=y Can Ll i i s K D
1o A B A3 B (Klimezak, 2014) %%,
TEHBBR b AR 2 R B A/ A bk b Tl R A1
G SR — SRR AR, WAEH B b, A
TR R AR R BT DA — A HL AT R R
MAPE . HZ R a7 H e b 97 B Jh i) o
w8 ) 48 o bt Bl o A VS AR A RS
B A AT RE 2 S BUE K a0 a1z 7 JE TP i A
PR IR I 46 THEUR B 180 8 Wy 24 2 4 f 40 (&
3d; Floor-fractured craters), HEI/E H £ EC &N
G170 43 A K B 24 A i 5T (Jozwiak et al.
2012)  H.4 K 2 BOER 0 A A6 3 8K IE T 50 A3
T A b DX T AE T BRE TR b M X Ay A A . BR
T RO YU B R B B K B K SR IS AR
ZAT 4 o G F P VAR | Il SN B KD i
HERL Y. 2 Bl ) 2 A e A . Jozwiak et al.
(2015) AR T8 10 22 i i b 284 A0 48 < B0 A0 5 AR A
WHERILABREL, A KNI & K&
1100 km’,
2.2 EREABARHSIEERABRER
whTE EIRR A Rny R T R R K
RS (AR EE N CO M H, O) i 3 B &1
BT A A R B A B BB K
J1 2% s DT 51 ke e Xl & 1 gl JF e A R
SR TS HERR ) . 3k R kLG Bl s R R
U, HAETEAEH FR 50 T 100 4 J il i )5 He

B3 AR R ENE H Rt 78 H 27 E M — RIVESURHE
Fig. 3 Dikes propagate to the shallow crust and produce a
range of volcanic features on the surface of the Moon
Ca)— L F I THE S 52 HU R /9 B4 A4 18 (6. 2°N, 139, 1°E, H 2R
HUIE 2% 98 A A HL (WAC) 32185 (b)—8 Bk K A B (Rima
Réaumur) HB%5 1 3 (2. 8°S. 2.5°E. H 75 % #i B 4 Bl (TC) 3%
85 (O—HHFHE WA B, 8°E, 7.6°N, WAC #14) , o I — & &
TR 70 i LA 55 P99 5 (D — A 2 JE 5 i (Posidonius) JiE 5 i ¢

B 50 (31. 9°N, 30. 0°E, WAC S48 , 1 WL & i it ik 47 7+

(a)—A crater chain on the floor of Mendeleev crater (6.2° N,
139.1° E, Lunar Reconnaissance Orbiter Wide-Angle Camera
(WAC) images); (b)—the Rima Réaumur graben (2. 8°S, 2. 5°E,
Kaguya Terrain Camera (TC) image); (c) —the Hyginus Rille
(6.8°E, 7.6°N, WAC image) , a line of pit craters occur with the
graben; (d)—the Posidonius floor-fractured crater (31. 9°N, 30.0°E,

WAC image) . obvious crater floor uplift is observed

W (Gaddis et al. , 2003), ZEEIFHLBR [ AY k1l
W% & 1% ] R 2k I ek i Sl A2 B R
ST A B BT N AR A 0y R LR S A
T 22 Lt 248 A 1 s R 08 2CF 7 2 8 . SR, i
T RAE BRG] A0 455 F 7 s B2yt BR
A 1/6 2ty ] R E A REESE Bk S A g il
Wt e Y A T BRI BRI L 23 5 BOA [F] 58 & E K
A=) (Head et al. , 2017),

R b 3 5d 1A 2 (strombolian) W % 1% 3
R AHETE ] BRI 1) I A 2 B B U L e AL 3t L HE 32
7 R4 A 4H i (&) 4a) . Stopar et al. (2014) F]
o PR LROC AR 8 2 RPN T 180 £
A KL A 3 2 R ORI 43 o3 A E 9 X I, Herp
76 B0 3 1l (Marius Hills) X 380 1 85 4 (&
4a) I3 A T 100 A K. TEH R Jl i
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Fig. 4 Dikes propagate to the surface and cause explosive

eruptions, and the resultant range of volcanic
features on the surface of the Moon

() T 5 B 5 37 1L (Marius Hills) Jb ¥ 89 % 4§ (14, 2°N,
55.1°W, TC #1485 (b)— i F FE 3 X(Secchi X0 E B vi M 13 km
b B K LLHE BE (0. 4°S, 43.0°E, TC #1%); (o —fir T IR 5 (Sinus
Aestuum) g HB 1 K1l % 8 HEFLY) (6. 2°N, 7.8°W, WAC ¥1%2);
(D—PFTEE 17 SAL 5575 7T R IF R 4L 1 & &8 6 SOl B
H 8 (Apollo % i 32 1% AS17-137-20990); Ce)—Ai T ] 5 &
(Alphonsus) LI B 4 A 1 1 5 U BE # 3& (14. 4°S, 1. 9"W. TC j
A8 5 (D) — o4 T 4% 65 £ b g P9 000 19 B T L i 3 BT 4R AIE (30. 0°S,
97.8°W. WAC R 1%

(a)—A group of volcanic cones in the northern Marius Hills (14. 2°N,
55.1°W, TC image); (b)—a chain of volcanic cones in the 13 km
west of Secchi X crater (0.4°S, 43. 0°E, TC image); (c¢)—regional
pyroclastic deposits in the southern Sinus Aestuum (6.2°N, 7.8 W,
WAC image) ; (d)—lunar soils with abundant orange volcanic glass
beads observed and sampled by the Apollo 17 mission ( Apollo
surface image AS17-137-20990); (e)—a dark-halo crater in the
southeastern floor of Alphonsus crater (14.4°S, 1.9°W, TC
image) ; (f)—a pyroclastic ring in the southwestern Orientale Basin

(30.0°S, 97.8°W, WAC reflectance image)

— P B T A R LR R A i AR D
T2 km, JT 3R K HE A B 5 4 ML R 4 A (&
4b) X AT REAC R T DR W & R 0 1 e KA
AR ZA SARBEE

HiEk b0 E 3 5 Chawaiian) B % 36 3h 18 ] F
JBRFR A 25 77 A DX 1) oKL S HE AR (8T o)
HATETEH ZR 90 H T 100 £ 40 k1l 1 5 4 He TR
Wy, 78 55 T AR KA AT 50000 km® (Gaddis et al. ,
2003; Gustafson et al. , 2012) , i 1o 3% OB 1RE EUE
G3AT T DAE PR BE 24 TR IX 8 1L R S HE AR Y
g5 AR RE L E AL TE R BEE AR L A, BT TS B
(Aristarchus) /& J5 3t X F) 1L w8 HE AL P 2 A AR
SHR 118 38 3 400 o R WAC AR AIE BT A FE 4t R EE ARG TR
%5 (Sinus Aestuum) Hly [X kL5 5 HE TR 1 36 385 )
JO MR VAT A A D A 5383 45 o B KT 8 i (Wetz et
al. , 1998),

AE 4 5 014 88 3 Ak JE X Cultraplinian) & % )
) 2 45 0 43 R OB B8 4 3R 78R [T 1Y
JV SR by R B R R Y K1l 3 B ) I, Delano
(1986) 43 #r 1 JLT- A4~ F 3R ok 1L 3 56 40 3 I8 4 43
25 A5, Apollo 17 54T 55 72 A R WM 2] 1
KA R ol 33 1 A 58 (&l 4d) , Saal et al.
(2008) X 1 #6 & gk 1l B 38 A1 Apollo 15 541452k
B PAIRBR Il B B AT T Rk B DU L R B T
BRI B 7K A UE 5 X BR PN B 43 K b iR T AL
A TN

R R 3 (vuleanian) BER 3% 3 M 2 G H0a
KAR A HE AR E 45 8 B R AR e &5 KRR
WS R L TE R A L 0 G 2 M f A i (& de) s fH
3 VE BB T R H LI B 1 15 2 111 B A 3 0 A
Z PRI HL A4 b3 il ms &k 8 R (Head et
al. , 1979) 4 i k5 b ) i (Pieters et al. , 1994) &
i AE A2 0 90 5 R AR A ¥ 9 BT (Schultz et al.
1983) S FR I HLRE B2 51 2 19 016 B 27 8% (Kaydash et
al. 2014, B TA H 2 i 4% [0 (6 14 8 S 5 K1l mg
R R RLE AR &4  HC A I B 2 A B R 0 Sk B L B
H& KL JE 4

7 28 0L A AR T — b8 I 3 Y <ok g kB 2
(Strom et al. , 198DAE T H BRI HE 1 25 77 £ 251
(R RIE I LU 8 HE AR . B R AE 2R 1 25 4t 7 75
KT —AEARK 154 km B 3028 85 A (& 4D,
Head et al. (2002) 73 A T H B M 50 B 99 o i 4
HERIEFAE R LR HIH T —4 16 km X 7.5
km /N B il 01, IA ok B F iz ko B AR
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A K 1 B L i TS S e AR AR HL R L P
IIERHE . X WK T S Ik T oA il bk B2 3
~4 km REEER A LRGSR RS ETFL R
TR o) T IR B AR A A B TOOTE  d A B
Bl . K S &0 Bl B L AR I PR TR R AR Z BT LAAE
HRAET I W] R F L AR H BRI T H EE R
Mo REFIR A K 3~4 km &b,
2.3 R EABARHFSIEERXBLED

T dm B3 A FIF 51 Jlmg & T g iy L4
W B o il T A R S gt 25 0T S B R R Y
24 U AT 2l L R0 F A K il TR o & IR
T K 158 5 T 2B Sy v D X & o A P4 2R U
AT IR B 43 A Y B AR TR A 2 i U = R
WS 2 a R e A K AR A 3%, H— &
M RFAE A O B 2, DTS S 3K L 7 O] B 2
AT R AL FE R T ZEX 4. B i 28 & 15 5l
R PN e U S RN R NN R )
YA AR T R I RAR S R R £k G e N TTE
I 2548 5 1 KL S AR AE

Vi BE BN A S BT A R AT RE 2 g |k R ER N
FRAECLLE K 16 3, JF A8 A 2877 A b S i) /N B o
TLARFAE o 33X AR A T 1 RS R I 2 AR R AR 4 L 44
AN ARJRTEAR R BH w8 B2 A 5218 1 — e a] DL iE) R
(El 5a) , HimE & 1 — AR M 48 3, w] 8 2 B ol 78 58
RARMIW G KA T 8 2 9 I 1B AL AE AR ih
BT

2 25 IR T AT DA KL T R R
AR T 20 A PRI X R BT L R A BR A
AWK (— BT 10 kmD B EER K, BWAEH
TE RGNS Tl B9 3 FE b by T R R AR ol 75 26
SRR S DT 55 1k 9 sl (U0 BRI B A R .
RV T BIR ] B9 S U K U AR il 11 R L OB
WH S MG (& 5b) . AlSEEA XK NY
1 bR R AR AR L R s UL A X G
HEAT TR S B 53 BT . Head et al. (1980)£545 Fl
JH b, 5 B 7 5 R0 ] BRI TE 1R R AR L AR R
B 200 2 HlE@E. KAIHERN T 3~17 km
ZIE] B AR LA K H B A e ] BROE T IR 4
B X ., Wohler et al. (2006) F]| F§ Clementine YGii%
A o3 A 7 N KU AR TR M X i S B R )
F oy Rk BRAR 2 5 J B i X K Ca A A AL )
ST 20 7 WA AR 225 B A 3t mT RE 2 A B ) T X A
AR R s

M R R (101 ~10° m* /) if L Mk

LU 0 ¥ 3t T A i R T 2 R R K AT Gk
200 km 245, TR EAT 10~20 km 2Z (8], B ik 10
m ZE AT . X RIS R IR e TR A R 0 A il
JE AT SR s B A LU 2l 1) S PR 3R (08 R BR ] B
T s 2 U B PR Dy Ui B A AV 45 1k R Bl A
L I R A 2 T O R K R R A
VLI i CRE ST LT B AR X g o i A iR B AT
PR IR OB RS R . R 2R AT
B Kl D R E R H 3R AR AL E SR s
Tio XA AR A AT REANR TR 2 HE i A
DERCEA =l W & v NIRRT I a8
JUARPIE 253 5 AN KLU & 3t 0 A2 AR R AE A He 5 s » L
52 3| e W I8 B AR HT A 52 ), HOE B R AL CHE An s
AT G R ED AR ME AR BRI 3 AH 2 AT LU
3 PR ARG RE OB B 1R ok (B Ses Qiao Le
et al. , 2016),

2 T A A T R I, K ) (24 100~ 300
) {3 i =X A T Sl 2 ok 2R i ok F R e
I IE B g e 7 A R (] 5d) . Hurwitz et al.
(2013) F| i Kaguya F1 LRO 5 43 B R 5 1% K 3 P
s oo ] i gE R R AT T R gk A, PO
1200 AR AWEKERD R T INAT A B A T 2~ 566
km Z 8], FeE A F 0. 16~4. 3 km Z 0] , &K E H 4. 8
~534 m, i BE RS BN 102~ 2.1, Hofim — 2
(4820 1) o W 7Y 7Y Y A B AE ) BR XUBR VE L IX
Hurwitz et al. (2013) R 258 T H 2% g Wt 59 H 1EZ 19
TE BN [, & 348 R 2 BRI # A T 3. 8~3.0 Ga
Z ), 54 1V A g e i 39— B, T de 4R AR 1Y
Wy A TR Y Y Y B A BT R S0 B v L DXL AR IR T LS
~1.0 Ga Z 8], @3 9H X 2504, Hurwitz et
al. (2012)3A 4y Hi BUAE H i 3 DX o 8 70 H 33 (o 4
o e 7 F VR BRI 78 0600 I 2% T R AR T
TE JH o T 2 VR T v i e DX 1 o W TRY ) R T e B
st T AU 452 I A T REA) B oy v 3t 3 X ) 3
BIE EE S M. (E15— 50 FRE WS
SRR THREKRABE-Z LR
(Rima Sharp)—p4 ] 17 km B2 E I 0% H E R
R RIS L s 25 1% 2y P BE S0 2 s 0K T SR A A T
L B PR Sk 0 R T 0k R R e A ARl
TRATATE T 3 i 1 7 ) 98 1) 8 A1 L ) 412 438 O 5 15
(Qiao Le et al. , 2021).,

20 IR R T IR R I DA i 3 T
R T e R AR R X R B0 T L TR X o R
2 B BRI A B (s LA A D 7
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Fig. 5 Dikes propagate to the surface and cause effusive eruptions, and the resultant range

of volcanic features on the surface of the Moon

(a) — 7 T R TE R AR H » Encake C i ST ] ~ 20 km 4b # —/NEVE A3 (0. 3°N, 37.5°W, TC3448) 5 (b)— i T#HfE A ¥ #Y Cauchy 1 A
#E BE (7. 2°N, 38. 3°E, SLDEM2015 3t JB 84 & e TC 5218 1) 5 (o) — B T T v 3 4t X 10 B A& 1 55 9 (36. 8°N, 21, 8°W. LOLA M
B B INTE WAC 5218 1) 5 ()7 T RUER P w3 1 3 bk ¢ i 98 7 ¥Z (Rimae Prinz, 27. 3°N, 44. 3°W, WAC #1%) 5 (o) — {3 T 1 ¥ 1 74 i
1 KT 54 T (26. T°N, 28, 1°W, Apollo 15 S HU# $18 ASI5-M-1557) 3 () — {3 T KU ¥ F 70 9 2 B30 11 k1l 2 444k (12, 8°N, 53, 4°W,
SLDEM2015 HuJE %045 & e WAC S2A% FD A7 WK Gk Kl B ok s @8, o T i e 70 5 &

(a)—A small lava flow in the ~20 km west of Encake C crater, southeastern Oceanus Procellarum (0. 3°N, 37. 5°W, TC image); (b)—the
Cauchy 1 mare in the eastern Mare Tranquillitatis (7. 2°N, 38. 3°E, SLDEM2015 topography overlain on TC image); (¢)—compound lava
flow fields in the central Mare Imbrium (36. 8°N, 21. 8°W, LOLA topography overlain on WAC image) ; (d)—the Rimae Prinz sinuous rilles
in the central Oceanus Procellarum (27. 3°N, 44. 3°W, WAC image) ; (e)—Extensive lava flows in the southeastern Mare Imbrium (26. 7°N,
28.1°W, Apollo 15 orbital image AS15-M-1557); (f)—the Marius Hills volcanic complex in the southern Oceanus Procellarum (12. 8°N,

53.4°W, SLDEM2015 topography overlain on WAC image) , abundant volcanic cones and mare domes, and several sinuous rilles are observed
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HER-— I aii gk g e H R 3, B 3 X
RIS S T LG B S AT AR DR AR T AR R TR
T PER SR AR R b 2 /R B IR R R S D . X
Tt R RIS e A P e 24 2 7 H I8 R A B4 6 it
FRAE B WY S A 5 T T 2% 55 M R AIE L AR 25 5 TE
T SRR S I Bt R R ok (] Se) . HATX
Fofr R TR 45 25 VL AU TE TV 1 P A A K R K
Al 3k 1200 km, JEFEAF 10~30 m Z [8] . 7 75 i F
ik 2X10° km? , ¥ A A 5 4 X 10" km® (Schaber,
1973), Wilson et al. (2017) AR 4f& b iR I 55 45 S . 3
U Q1=K XY o NN B I A AR A R ISR IE o S
(89 LT By 5 H % 3 AT ik 1.5 10° ~ 1. 9 X
10° m® /s, W§ & B 258 70~90 h,

A LLVE T R 2 R e S R Y
ANTRl s H 2 i 2 mE & T B 2377 4k — R AR A (A
(T8 BRRAIE & [ ISF o Jay 3 1 194 22 S99k KL g 2 3%
FIRES 77 AR 2 ULl b 3 Y 52 5 1A L o o 5 S Y R
AT ARV ML X = R LA < 5 L 3 Ly ]
3 1 v Ji M2 B A8 5 1l (Mons Riimker) . 3% =
KA AILAL 2R B0 3 AE 5 AS [8] 09 L Hl BT Re AE 437 T
S AEFR Y 5 4 vt B AR B /s o b T A2 5000
km®, H BRI T 29 15 g kS & s o7 F B g i
14 E 5L S 1 AR ASE AR 22, i AR GA 35000 km®, |
0204 1T JLE A O HE R K LS 58 DL BT 45 i
WETRY P % H 32 05 18 0 AR A 2 (] 50) 5 i H A
{18 ] A1) 35 B o i D B B K T ARG 40000 k', 3
T E AR T b USSR T 9% KT AR KL R
HEFR M S kI E 7. Wilson et al. (2017)30 K,
X =R AR Y 22 57 AT RE 32 B2 TR T2 X
255 H 32 B Rk 38 hE i 4 ] e rp e )
Hr 8 v v D A S R S R SR R, TR T R iR
H5E 0o Mo 8 2 L S HE R T T BR b RRE AR K k1L R
JE HERR Yy 5 1 B 1 Rl e B4R T o e S
KRG By A5 2 B 0 DA 05 {1 o 1 O 0 2 o 3 B LB
BT R KOS B LT RS BN B Al
DAy L5 3 1 A0 A 5 LU AN K AT R XU T b XK
T TR TR DX T BR) R T 3 il s R A AT
R A2 J [ i = Py g U5k .

3 A AR SRl 5

BR T bk — &R 50 Rl SR AE 7 A R
WL T — e AR R R 9 S L T R T I 4R
AR IR 22 80 2 BE AR AR HOE AT - 2050t
T FRLLAN TS S5 RO - 15 7% 1 3 LU S TR 3t AR

MARZ 407 . 3 ZE4E B X e AR IR A 1 5 K IR
FHAEDIAR O o AH S HELAA R R AL AT A7 AR B R
R A B AR I 0 53 At A7 R AR A 0] H b 5 R AR
FOSRBERL B E AR . X BRS040 = ) R AR
TR0 1L i 355 A < AN BRI ¥ BE B (Trregular Mare
Patches), ¥ £ M 4 & I (Ring Moat Dome
Structures) X3k H 1 & ik 515 1% .
3.1 FHNAERHR

TET AT BT 2 15 57 6 F 1971 45 8 AfEH
BRPE AR R 7 3R o R B I BT AT
SR A BB - BEAS E (Ewen A,
Whitaker, 1992 ~ 2016) 7£ . 3 7 1 ik ( Montes
Apenninus) Fl 1 ¥ 8 1) ik ( Montes Haemus) Z [f]
0 3 Tl DX R BT — A R R A /)N B T B A
(Whitaker, 1972a) . M & R+ 240 2 km X 3
ke, B8 B8 R B M P 8RS FREDYIE L i DL Y
A B A D A Kl 17 )5 22 8 0E U 44 8 Ina.
Ina 3T B BR AR R A9 1 e 3 00 o 2 B2 5 FE IR
Rl 32 B8 5T 2 AR H B 5 1 0 B2 S (8] 6a) o
Ak w7 BT S Y b A RO IS RRAE B W] AT B R ) R AR
SRR TR S L T SR Tz R . R
1972 48 12 A #EATRYBTI S 17 SAT 55 0, 48 2 e 5
Wi B - #8277 #r (Ronald E. Evans) 5t A A 8k
BB XS Ina M35 #4717 2 UCTF 4000 B 18 2R 0
TER e % TR 5 30 . SR 48 H BR M 5 i B0 1l /R R i
PR R E ERE AR — LWATERT I 2 17 54T 55
& Bl DR 3 A 1 R LR S A RO TEAT: 55 A
Lo 3 k5 N 50 A R 26 ok Ll S A BB G b
B D B2 B R H AT g 2 H BRAE 4 4% Al
VERT s BBR JE R b 0 BT 45 5 R B 26 1L )
RARAEH W& AR AR 3.5 Ga, LB & HLR >
FEIEH Ry KW A A R AL B b A
BB AR P (Wolfe et al. , 1981), BL4F v FLIR
R dr 1 R BRELE TR (Lunar Orbiter) 4048519 H
FFAR (Bl BT 55 FL R S 3k bk = 22 02 B T
BHE) KA BRPLER 4 SHIIAEE T Ina ty
SN (SN A A (O T 7% i SR A B
(Whitaker, 1972a) , 2 BURBE S| #E 24 I B 27 ] BA Y
TR AW Ina 14 38 n] G823 B AR H A 1 11 Bl 9%
BT 55 4 A Bl

Ji S 58 TR 3 T T B B L R G R R
P IR BT = 4251 Ina AYAG & (Schultz, 19765
Masursky, 1978). 2009 4 NASA % 4% H £k ith
BB AT A R B 2 M A BL (LROC NAC) 4k
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Tr AR5 BROK AR T A 385 2 R AIE 2687

BT ARRKE 1 m 72400 B AR B . k5
AR MM ESRAE T 481l 22 . Stooke(2012) F]
T LROC NAC SR8 16 A R ALE T 23 4B Y
28l Ina BY#5 3 , Braden et al. (2014) #H4T T2 A H
BT BRI R E R BIRY R T 70 A,
Hap B AN A e, ik, B4 09 B4
BN RGN R S T — D& 91 AN
1 B H A 15 1 B0 2 (TR 6D o 5 DA b ot 1 5% B
KL T 1) £ BE S 43 S H BRAS BN A g BE B AT T
43425 (Qiao Le et al. s 2020a),

X T BRAS U] 1A B B AL 1 0 b o 8 IR, H
il & 28 BEAC A R 2 1l LR A S A 2 FL A R AT AL
il AAETE R R A L, Ho 56 A 3RO i 3 AR5
IR ] A B R U, B i (H ROk . O T BROR
TR D vt TR e 11 ol PR 2 8, 5 22 UM ST Y I S I R
W Bl (Strain et al. , 1980) .3& 10 Ma D 3k [a] &k 14 19
O AR S AE A (Schultz et al. , 2006) | 44 & i & Bk
2 (Garry et al., 2012). & 1l # )8 B &% 7% 3
(Carter et al. , 2013), Braden et al. (2014) ]
LROC 5 73 B F 2 B HAEG 0 7 3R KL A i 5 e
AT VIRS S BRI YU Ge 48 0 A AT g
JEIT 100 Ma DU KL e A 1) 7 99y » Wk 3 4R e T A
WL AN 1 7 BRI B 25 I [R] (25 1 Ga A2
£, Hiesinger et al. , 2011), 2E5F (0 A M
DN i B B v b o R A R AT T TR AR O A OF A S X
i BR KL Y B AT B A A BT O T BRI
F B & T RETE BT H Bkl 2 a W #E (>3
Ga) , I P B A e LB J3E 2 % ) o A W & T ] g
S S 3 3T 3t S50 Bl 1 7 . T BROKC LI S 5 R
Bl R 4 1 Ga Z£47 (Qiao Le et al. , 2017, 2018,
2019, 2020b) . SR, H A< T A BRAHLIN H i 5
HRr) 35 1) T 20 b 5 R AE B R AL AT A AR — £ A
[5) A 1 A R AR AT: 55 S Bk 27 0 90 25 i ke, A 45 3
4 ] A5 (B o3 A R AE L M B SR B R AR IR L 8 B
YEAE A
3.2 BEMBER

TE 53 A BREUE 1130 R 94T 55 R U H R 2 AR
BAEmE, Schultz et al. (1976a, 1976b) ¥ H i b [X.
KRBT —BEER I M B A 3 AL (I 6b) R A e
W % TG b 20 6 o Ak B R AR AE . Zhang
Feng et al. (2017, 2020) F] 387 B9 & 43 ¥ K LROC
SAAGBUE UL T 8000 AN LM 5 L U W] HAE
F AR W IFH Hodim 42 0 BRE M B 5 e (K] 6D,
d . XEIRIE MEE S 250 i A 5 .

JRZ VT S 4 S I Y A P S 7 A T e BR
HHES KD, XS @RI ERHELY R 200
m, & EAFILKEF] 20 m ZjE (BEZ K 3.5 m),
T00 R 4t T Wk B — e /N 5°, i HL R OB 1 4 B B Ol )L
TR Z M 200 m. EE H A JLK ., Zhang Feng et
al. (202038 &I . RIE M4 5 Fr fii i) i 90T 8K 5
B i H X

X FERE MBE S b i B s R AL H AT
SEIB I . Zhang Feng et al. (2017 4RFR T 1Y
Tl V5 7 1 o RIS TR L v 0 o 4SS 7R A Sy PR TR I 8 &5
Fr 5 JE L ol 2 0 3 T 0 U A (] S8R A
(4 AL HE « O DT 95 5 I P R L A 2 8 3 O B
(455 %5 B Chornito) s @ 7E H W I 5 It W5 & 1 2l 1)
M 30 o L BT 25 SR S0 DA 25 T P A o HE AR AE
IETEVR BB 25 W i oe 2 B B 4851 & & #8
Froe N UL T8 R B0 R % 1914 4 . i b 7 b
BRITA Ry PRE 1M1 B 55 P ) 38 L Sl Bl oy 2 1 g Xl
HRARZ P E R R — I 8 0 a4 . O 7E JH
Bl ¥ ¢ LUV 45 SR DL e 266 B 8 2R 40 Jo 1 it e
@ H R T Dy s 3 H/NRASE K L R A . X PR
BRI AL S5 53 0 n] LA AR T30 4 SO0 00 225 2L, (L2 475
SR FNAR 22 WL 45 SR AR v 5 5 Ll B 575 — 28 o PR A AU T
DU REIR R MBS e 5 8 B 2 A X S E ) R
J 53 B ARARAE K 2 18] 73 A 5 A ) O BR M L fH 2 A BE
i B — S 1l JZ 3 B 25 R A HE O FE LR T MBS
5N YU )2 S O R A RAE MG S
el Re b [ A AR AR 25 Q AR B M IR S e
A T & W 23 ) KA AR 45 78 3L 300 T B R
(2D 4~5 m) i — 2 5P T X 2 DA 55 1R 2 3%
T MG S BRG0P AR AR . T 35 28 i IR A
TR DL B A M1 B 55 B Al AR R A AR I L (U 5K
5548 8 0 1R ) BR B bR R B DA SRR . LR
R IR Z A A T8 8% . RKTEZ RHER
I Ke 3 53 0 A A SR IR FRIE 1M B 55 e i .
3.3 EREEHRE®

20 et SE AR B o BURE TR R A
Y Ik (Zwicky) F AR XS A BRIEAT T 4148, 3745 550 ik
B (~0. 36 pm) it 5 FIE L0 40 BE (~0. 76 pm) IE
F&mE— &, f/ETHXRE @ E5 8K
(Whitaker, 1972b), 138 B Al DU i 5 36 s B
KA NMESHFREEHMBHOEES ., £
TR 33k 6 JR R I, BURR o R B Bk Y (R 2 S —
FEEAR AR W 055 E e H Bk IE 1V 358 24 i X
I 3 T AR 22 R ik b A OB B AR 21 22 43 1R
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Fig. 6 Unusual volcanic landforms on the Moon
Ca)— i T JF FL 407 32 3t 407 390 1990 AS 0 000 A ¥ BE Bk Tna(18. 7°N, 5. 3°E, LRCO NAC 14 M119815703) 5 (b)—1i T £ & 5 Hb X 1) 7 B
MBE 25 B2 (4. 3°S, 49. 5°E,LRCO NAC 28 M117168690R) 5 () {i T I 8 £ 3 VG 7 19 4% €+ & 47 2% (Gruithuisen) 3E ] i & i 5
FERF(36. 6°N, 40. 5°W, TC 15 s (D) — A4 7 1975 [0 53 4 (% Qiao Le et al. , 2020a; Zhang Feng et al. , 2020)
(a)—The Ina irregular mare patch feature in Lacus Felicitatis (18. 7°N, 5. 3°E, LRCO NAC image M119815703) ; (b)—a ring moat
dome structure in Mare Tranquillitatis (4. 3°S, 49. 5°E. LRCO NAC image M162100653LR) ; (¢)—the Gruithuisen non-mare silicic

domes in the western Imbrium Basin (36. 6°N, 40. 5°W, TC image); (d)—their spatial distribution on the global Moon (after Qiao

Le et al. , 2020a; Zhang Feng et al. , 2020)

A s EEAR B L IF K LR B 4L BE 57 (Red
Spots), Scott et al. (1977)7EF| A H BR¥LIE %% 14
BOHE R AT H 2 Hb 5 PSP 4 AT €6 B N
SR — S i HE R AR v A B AR R BE O 09 Ll A
1 (B 60) . J5 22 5 I 4 0 T 30 2 B3 B o
Br s & Bk 265 7 BT AR 5 R IR I OG5 RRAE L AR I
FIRBTE LT 6 B2 3 W 10 4 9 (Malin, 19745 Head
etal., 1978) . Hrif H BREE M 25 3K B 22 U5 1= o0 HF
RV AR B G H 2 LRO F48 39 Diviner 3k
I A RIALTAME RS Bt AR T R R e Fax s
7 5 Y 4 ) 40 A (P 6D L TR i 5 K 9 S B 4 4
W, B EA AR & RO R & L H A AR s T
AE R WM BUT Y (Glotch et al. » 2010,

SR G F H Bk fE 005 02 09 B L H iR
FAAERE KRG, Jolliff et al. (2011) ) J§ LROC §%
& ¥ I Diviner $AZ1 4G 1% S 804 . 047 747 F

J Bk 75 T A HE % 4550 AL 4E % (Compton-Bel”
kovich) J Il g it . & iz ok I RSP 2928 35 km X
25 ke, & LA 26 400~600 m, H 2 0 M 40 5 Y
G FRRME GRS . AL d s LA T —&
GINRLKINE @, BN T 1~6 km Z [0, H—4&
LA BEN . JET bR M TR AE 23 A7 L Jolliff
et al. (201 1A X 5 B IE WL T A 58 w4k % 5
ULAAE H W J il /5 - ok B H F2 & v B & ik
R ARAR TR R TE KRB A K D k2
BAL O T A T AR & R A I T R AT )
H T8 S BE W 1 S 7 R B 1 L T DL A S TR X ]
AR H & LT H 7 N ER B AN ] T R i k1l
VEFRPE X EE ., M Head et al. (2017)3d 13 k 111
TG BB A A A FE A BRI Dy sk B B 7E A BRI
PR A K R 2 4 07 4y = 5 AL B R RE
(8 3K AR 228 BE B K 2 BT 5 3% AT RE R R B
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FIA 2 Ak A EI A 72 N ER i AR BT AY &
fE A S 28 5 LIB335 18 JOlims % 15 3 .
I I BE U 5 1 i 3 . T A H R RE KIS
(19 5 H DX T BEATY SR T R W i A 2 T
ALK EEE 97

4 EEi5REE

LTS Bl e A Bk R N B ) B 2
— B RIC S T H BRI AR B a3 PR S B H
i T SR AE ST H BR3P S A A A A B 1
HERKE S e A 2574 T — R 51 R 2R k1
MBS R AT T H B LIS B A IR AL It A BR
B CERMERMEENREN L. KAXELRENA
T H BRI B JE A B 65 2 3R 0 7 A e I
DREPE E I BT RWE K ML R R 4 T A e
PREVRIRL T R AR SCHN A T AR AE H se
AR ETHREBE R BT - AR H 27 A 1 2 R Sk
G2 R AR ZREAL R LRI . TR I d 2 T
T AFE R TR ) 2 & T A Al 180l SR R AL - £
TEA KL H g e IR IE M B 5 e S AR H i R
B X SE R IR KL AR B T A R A S B AR R
DRI TR AT A7 AR B K 4 U0 A7 7 R R H BRI AT 55
IR MG LA vk . Bk DE 3 — B2 H 2R
S IR T ST R G A B SCRE D R E R R
N L 28N A BRI A B 2 F R K o HE AT 58 4 11— 22
2%,

References

Baldwin R B. 1963. The Measure of the Moon. Chicago: University
of Chicago Press.

Braden S E, Stopar J] D, Robinson M S, Lawrence S J, van der
Bogert C H, Hiesinger H. 2014. Evidence for basaltic
volcanism on the Moon within the past 100 million years.
Nature Geoscience, 7: 787~791.

Carter L M, Hawke B R, Garry W B, Campbell B A, Giguere T A,
Bussey D B J. 2013. Radar observations of lunar hollow
terrain. Proceedings of 44th Lunar and Planetary Science
Conference.

Delano J W. 1980. Chemistry and liquidus phase relations of Apollo
15 red glass: implications for the deep lunar interior.
Proceedings of 11th Lunar and Planetary Institute Science
Conference, 251~288.

Delano ] W. 1986. Pristine lunar glasses: Criteria, data, and
implications. Journal of Geophysical Research: Solid Earth, 91
(B4). 201~213.

Gaddis I R, Staid M I, Tyburczy J] A, Hawke B R, Petro N E.
2003. Compositional analyses of lunar pyroclastic deposits.
Icarus, 161(2): 262~280.

Garry W, Robinson M, Zimbelman J, Bleacher J, Hawke B,
Crumpler L, Braden S, Sato H. 2012. The origin of Ina:
evidence for inflated lava flows on the Moon. Journal of
Geophysical Research: Planets, 117. EO0H31.

Glotch T D, Lucey P G, Bandfield J L., Greenhagen B T, Thomas I

R, Elphic R C, Bowles N, Wyatt M B, Allen C C, Hanna K
D. 2010. Highly silicic compositions on the Moon. Science,
329: 1510~1513.

Gong Shengxia, Wieczorek M A, Nimmo F, Kiefer W S, Head ]
W, Huang Chengli, Smith D E, Zuber M T. 2016.
Thicknesses of mare basalts on the Moon from gravity and
topography. Journal of Geophysical Research: Planets, 121
(5): 854~870.

Gustafson J O, Bell J, Gaddis L., Hawke B, Giguere T. 2012.
Characterization of previously unidentified lunar pyroclastic
deposits using Lunar Reconnaissance Orbiter Camera data.
Journal of Geophysical Research: Planets, 117(E12): doi: org/
10.1029/2011JE003893.

Head J] W. 1976. Lunar volcanism in space and time. Reviews of
Geophysics, 14(2): 265~300.

Head J] W, McCord T B. 1978. Imbrian-age highland volcanism on
the Moon: the Gruithuisen and Mairan domes. Science, 199.

1433~1436.
Head ] W, Wilson L. 1979. Alphonsus-type dark-halo craters:
morphology,  morphometry, and eruption conditions.

Proceedings of 10th Lunar and Planetary Science Conference.
Head ] W, Gifford A. 1980. Lunar mare domes: classification and
modes of origin. The Moon and the Planets, 22. 235~258.
Head J] W, Wilson L. 1992. Lunar mare volcanism: stratigraphy,
eruption conditions, and the evolution of secondary crusts.

Geochimica et Cosmochimica Acta, 56(6): 2155~2175.

Head J] W, Wilson L, Weitz C M. 2002. Dark ring in southwestern
Orientale Basin: origin as a single pyroclastic eruption. Journal
of  Geophysical Research; Planets, 107, doi; 10.
1029/2000JE001438.

Head ] W, Fassett C I, Kadish S J, Smith D E, Zuber M T,
Neumann G A, Mazarico E. 2010. Global distribution of large
lunar craters: implications for resurfacing and impactor
populations. Science, 329(5998): 1504~1507.

Head ] W, Wilson L. 2017. Generation, ascent and eruption of
magma on the Moon: new insights into source depths, magma
supply, intrusions and effusive/explosive eruptions (Part 2.
Predicted emplacement processes and observations). Icarus,
283: 176~223.

Hiesinger H, Head ] W, Wolf U, Jaumann R, Neukum G. 2011.
Ages and stratigraphy of lunar mare basalts: a synthesis.
Geological Society of America Special Papers, 477; 1~51.

Horstman K C, Melosh H J. 1989. Drainage pits in cohesionless
materials: implications for the surface of Phobos. Journal of
Geophysical Research: Solid Earth, 94(B9): 12433~12441.

Hurwitz D M, Head ] W, Wilson L, Hiesinger H. 2012. Origin of
lunar sinuous rilles; modeling effects of gravity, surface slope,
and lava composition on erosion rates during the formation of
Rima Prinz. Journal of Geophysical Research: Planets,
117. EOOH14.

Hurwitz D M, Head ] W, Hiesinger H. 2013. Lunar sinuous rilles:
distribution, characteristics, and implications for their origin.
Planetary and Space Science, 79-80: 1~38.

Ivanov B A, Melosh H J. 2003. Impacts do not initiate volcanic
eruptions: eruptions close to the crater. Geology, 31(10): 869
~872.

Jolliff B L, Wiseman S A, Lawrence SJ, Tran T N, Robinson M S,
Sato H, Hawke B R, Scholten F, Oberst J, Hiesinger H.
2011. Non-mare silicic volcanism on the lunar farside at
Compton-Belkovich. Nature Geoscience, 4(8): 566~571.

Jozwiak L M, Head ] W, Zuber M T, Smith D E, Neumann G A.
2012. Lunar floor-fractured craters: classification, distribution,
origin and implications for magmatism and shallow crustal
structure.  Journal of Geophysical Research: Planets,
117. E11005.

Jozwiak L M, Head ] W, Wilson L. 2015. Lunar floor-fractured
craters as magmatic intrusions: geometry, modes of

emplacement, associated tectonic and volcanic features, and

implications for gravity anomalies. Icarus, 248. 424~447,



wooB

=
2690 http://www. geojournals. cn/dzxb/ch/index. aspx

2021 4

Kaydash V, Shkuratov Y, Videen G. 2014. Dark halos and rays of
young lunar craters: a new insight into interpretation. Icarus,
231: 22~33.

Kiefer W S, Macke R J, Britt D T, Irving A J, Consolmagno G J.
2012. The density and porosity of lunar rocks. Geophysical
Research Letters, 39(7): L07201.

Klimczak C. 2014. Geomorphology of lunar grabens requires igneous
dikes at depth. Geology, 42(11): 963~966.

Malin M C. 1974. Lunar red spots: possible pre-mare materials.
Earth and Planetary Science Letters, 21(4);: 331~341.

Masursky H, Colton G W, El-Baz F. 1978. Apollo over the moon:
a view from orbit (NASA SP-362). Washington, DC. Scientific
and Technical Information Office.

Melosh H J, Schenk P. 1993. Split comets and the origin of crater
chains on Ganymede and Callisto. Nature, 365 (6448);: 731
~733.

Melosh H J. 2001. Can impacts induce volcanic eruptions?
International Conference on Catastrophic Events and Mass
Extinctions: Impacts and Beyond., 141~142.

Melosh H J. 2011. Planetary Surface Processes. Cambridge:
Cambridge University Press.

Michaut C, Pinel V. 2018. Magma ascent and eruption triggered by
cratering on the Moon. Geophysical Research Letters, 45(13)
6408~6416.

Neal C R, Taylor L. A. 1992. Petrogenesis of mare basalts: a record
of lunar volcanism. Geochimica et Cosmochimica Acta, 56(6)
2177~2211.

Neumann G A, Zuber M T, Wieczorek M A, Head ] W, Baker D M
H, Solomon S C, Smith D E, Lemoine F G, Mazarico E,
Sabaka T J, Goossens S J, Melosh H J, Phillips R J, Asmar S
W, Konopliv A’ S, Williams J G, Sori M M, Soderblom ] M,
Miljkovi¢ K, Andrews-Hanna ] C, Nimmo F, Kiefer W S.
2015. Lunar impact basins revealed by Gravity Recovery and
Interior Laboratory measurements. Science Advances, 1
(9): el500852.

Philpotts J A, Schnetzler C C. 1970. Apollo 11 lunar samples: K,
Rb, Sr, Ba and rare-earth concentrations in some rocks and
separated phases. Proceedings of Apollo 11 Lunar Science
Conference, 1471~1486.

Pieters C, Staid M, Fischer E, Tompkins S, He G. 1994. A
sharper view of impact craters from Clementine data. Science,
266(5192) . 1844~1848.

Purucker M E, Head ] W, Wilson L. 2012. Magnetic signature of
the lunar South Pole-Aitken basin: character, origin, and age.
Journal of Geophysical Research; Planets, 117; E05001.

Qiao Le, Head ] W, Wilson L., Kreslavsky M A, Xiao Long. 2016.
Compound flow fields in southwest Mare Imbrium:
geomorphology, source regions, and implications for lunar basin
filling. Proceedings of 47th Lunar and Planetary Science
Conference.

Qiao Le, Head J, Wilson L, Xiao Long, Kreslavsky M, Dufek J.
2017. Ina pit crater on the Moon: extrusion of waning-stage
lava lake magmatic foam results in extremely young crater
retention ages. Geology, 45;: 455~458,

Qiao Le, Head ] W, Xiao Long., Wilson L, Dufek J] D. 2018. The
role of substrate characteristics in producing anomalously young
crater retention ages in volcanic deposits on the Moon:
morphology, topography, subresolution roughness, and mode
of emplacement of the Sosigenes lunar irregular mare patch.
Meteoritics & Planetary Science, 53(4): 778~812.

Qiao Le, Head ] W, Ling Zongcheng, Wilson L, Xiao Long, Dufek
J D, Yan Jianguo. 2019 Geological characterization of the Ina
shield volcano summit pit crater on the Moon: evidence for
extrusion of waning-stage lava lake magmatic foams and
anomalously young crater retention ages. Journal of
Geophysical Research; Planets, 124; 1100~1140.

Qiao Le, Head J] W, Ling Zongcheng, Wilson L. 2020a. Lunar
irregular mare patches: classification, characteristics, geologic

settings, updated catalog, origin, and outstanding questions.

Journal of Geophysical Research: Planets,
125 €2019JE006362.

Qiao Le, Head J] W, Wilson L, Ling Zongcheng. 2020b. The
Cauchy 5 small, low-volume lunar shield volcano: Evidence for
volatile exsolution-eruption patterns and type 1/type 2 hybrid
irregular mare patch formation. Journal of Geophysical
Research: Planets, 125: e2019JE006171.

Qiao Le, Chen Jian, Xu Luyuan, Wan Sheng, Cao Haijun, Li Bo,
Ling Zongcheng. 2021. Geology of the Chang’e-5 landing site:
constraints on the sources of samples returned from a young
nearside mare. Icarus, 364. 114480.

Ronca L B. 1966. Meteoritic impact and volcanism. Icarus, 5(1):
515~520.

Saal A E, Hauri E H, Cascio M L, Van Orman J A, Rutherford M
C, Cooper R F. 2008. Volatile content of lunar volcanic glasses
and the presence of water in the Moon’s interior. Nature, 454
192.

Schaber G G. 1973. Lava flows in Mare Imbrium: geologic
evaluation from Apollo orbital photography. Proceedings of 4th
Lunar and Planetary Science Conference, 73.

Schultz P H. 1976. Moon Morphology, Austin: University of
Texas Press.

Schultz P H, Greeley R. 1976a. Ring-moat structures: preserved
flow morphology on lunar maria. Proceedings of 7th Lunar and
Planetary Science Conference, 788~789

Schultz P H, Greeley R, Gault D E. 1976b. Degradation of small
lunar surface features. Seventh Lunar Science Conference.
Proceedings of 7th Lunar and Planetary Science Conference.

Schultz P H, Spudis P. 1983. Beginning and end of lunar mare
volcanism. Nature, 302(5905): 233~236.

Schultz P H, Staid M I, Pieters C M. 2006. Lunar activity from
recent gas release. Nature, 444, 184~186.

Scott D H, McCauley J] F, West M N. 1977. Geologic map of the
west side of the Moon. The U. S. Geological Survey, Map I-
1034, scale 1 : 5,000,000.

Shearer C K, Hess P C, Wieczorek M A, Pritchard M E,
Parmentier E M, Borg L. E, Longhi J, Elkins-Tanton L T,
Neal C R, Antonenko I, Canup R M, Halliday A N, Grove T
L, Hager B H, Lee D-C, Wiechert U. 2006. Thermal and
magmatic evolution of the Moon. Reviews in Mineralogy and
Geochemistry, 60(1): 365~518.

Shih C Y, Wiesmann H W, Haskin L A. 1975. On the origin of
high-Ti mare basalts. Proceedings of 6th Lunar Science
Conference.

Shih C Y, Schonfeld E. 1976. Mare basalt genesis: a cumulate-
remelting model. Proceedings of 7th Lunar Science Conference,
1757~1792.

Smith J V, Anderson A T, Newton R C, Olsen E J, Wyllie P J,
Crewe A V, Isaacson M S, Johnson D. 1970. Petrologic
history of the Moon inferred from petrography, mineralogy and
petrogenesis of Apollo 11 rocks. Proceedings of Apollo 11
Lunar Science Conference, 897~925.

Solomon S C, Head ] W. 1980. Lunar Mascon Basins: Lava filling,
tectonics, and evolution of the lithosphere. Reviews of
Geophysics, 18(1): 107~141.

Spera F J. 1992. Lunar magma transport phenomena. Geochimica et
Cosmochimica Acta, 56(6): 2253~2265.

Stoffler D, Ryder G. 2001. Stratigraphy and isotope ages of lunar
geologic units; chronological standard for the inner solar
system. Space Science Reviews, 96(1-4) ;. 9~54,

Stooke P J. 2012. Lunar meniscus hollows. Proceedings of 43rd
Lunar and Planetary Science Conference.

Stopar J D, Hawke B R, Lawrence S J, Robinson M S, Giguere T
A. 2014. Basaltic cones: a relatively common and distinct style
of lunar volcanism. Proceedings of 45th Lunar and Planetary
Science Conference.

Strain P L, El-Baz F. 1980. The geology and morphology of Ina.
Proceedings of 11th Lunar and Planetary Science Conference,
2437~2446.



%09

Tr AR5 BROK AR T A 385 2 R AIE 2691

Strom R G, Schneider N M, Terrile R J, Cook A F, Hansen C.
1981. Volcanic eruptions on lo. Journal of Geophysical
Research: Space Physics, 86: 8593~8620.

Taylor SR, Jakes P. 1974. The geochemical evolution of the Moon.
Proceedings of 5th Lunar Science Conference, 1287~1305.
Weitz C M, Head ] W, Pieters C M. 1998. Lunar regional dark
mantle deposits: geologic, multispectral, and modeling studies.
Journal of Geophysical Research: Planets, 103 (E10). 22725

~22759.

Whitaker E A. 1972a. An unusual mare feature. In: Apollo 15
Preliminary Science Report (NASA SP-289), 25-84~25-85.
Whitaker E A. 1972b. Lunar color boundaries and their relationship
to topographic features: a preliminary survey. The Moon, 4

348~355.

Whitten J L, Head ] W. 2015. Lunar cryptomaria: physical
characteristics, distribution, and implications for ancient
volcanism. Icarus, 247 150~171.

Wieczorek M A, Neumann G A, Nimmo F, Kiefer W S, Taylor G
J, Melosh H J, Phillips R J, Solomon S C, Andrews-Hanna J
C, Asmar S W. 2013. The crust of the Moon as seen by
GRAIL. Science, 339(6120): 671~675.

Wilhelms D E 1987. The geologic history of the Moon. U. S.
Geological Survey Professional Paper 1348.

magma on the Moon: new insights into source depths, magma
supply. intrusions and effusive/explosive eruptions (Part 1:
Theory). Icarus, 283: 146~175.

Weahler C, Lena R, Lazzarotti P, Phillips J, Wirths M, Pujic Z.
2006. A combined spectrophotometric and morphometric study
of the lunar mare dome fields near Cauchy, Arago, Hortensius,
and Milichius. Icarus, 183. 237~264.

Wolfe E W, Bailey N G, Lucchitta B K, Muehlberger W R, Scott D
H, Sutton R L, Wilshire H G. 1981. The geologic
investigation of the Taurus-Littrow Valley: Apollo 17 landing
site. U. S. Geological Survey Professional Paper 1080, US
Government Printing Office.

Xiao Zhiyong, Zeng Zuoxun, Xiao Long, Fa Wenzhe, Huang Qian.
2010. Origin of pit chains in the floor of lunar Copernican
craters. Science China Physics, Mechanics and Astronomy. 53
2145~2159.

Zhang Feng, Head J] W, Basilevsky A T, Bugiolacchi R, Komatsu
G, Wilson L, Fa Wenzhe, Zhu Menghua. 2017. Newly
discovered ring-moat dome structures in the lunar maria:
Possible origins and implications. Geophysical Research
Letters, 44: 9216~9224.

Zhang Feng, Head ] W, Wohler C, Bugiolacchi R, Wilson L,
Basilevsky A T, Grumpe A, Zou Yong Liao. 2020. Ring-moat

Wilson L, Head J] W. 1981. Ascent and eruption of basaltic magma dome structures ( RMDSs) in the lunar Maria: Statistical,

on the Earth and Moon. Journal of Geophysical Research: Solid characterization  and
Earth, 86(B4): 2971~3001.

Wilson L., Head J] W. 2017. Generation, ascent and eruption of

compositional, and  morphological

assessment of theories of origin. Journal of Geophysical
Research: Planets, 125: e2019JE005967.

Volcanic landforms on the Moon

QIAO Le", CHEN Jian, LING Zongcheng

Shandong Key Laboratory of Optical Astronomy and Solar-Terrestrial Environment . School of Space
Science and Physics . Institute of Space Sciences, Shandong University , Weihai, Shandong 264209, China

* Corresponding author . leqiao. geo@gmail. com, leqiao@sdu. edu. cn
Abstract

Volcanism, one of the major endogenic geological processes on Moon, provides an important window
into lunar geological and thermal evolution history and is an important objective of lunar science and
explorations. In this contribution, we first summarize the basic principles of lunar volcanism, especially
the dike propagation model. In this scenario, depending on the differing status of dike emplacement,
eruptive activities of different styles are envisaged, leading to the production of a wide range of volcanic
landforms on the surface of the Moon: (1) dikes that propagate to the shallow crust and stall would not
cause eruptions but produce crater chains, graben or floor-fractured craters; (2) dikes that propagate to
the surface and cause explosive eruptions would produce small volcanic cones, regional pyroclastic
deposits, Moon-wide dispersal of magma and gas droplets, dark-halo craters, and a dark pyroclastic ring;
(3) dikes that propagate to the surface and cause effusive eruption, depending on the magma effusion
rates, would produce small lava flows, mare domes, compound lava flow fields, sinuous rilles, extensive
lava flows, and volcanic complexes. We also introduce some uncommon volcanic landforms observed on the
lunar surface, including irregular mare patches, ring moat dome structures and silicic non-mare domes.
Recent lunar exploration and analyses have provided many insights into these unusual volcanic features,
while more details concerning their nature and origin are yet to be explored by future lunar missions and

studies.

Key words: volcanism; mare basalts; dike, thermal evolution; Moon



