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Research progress in the formation mechanisms of impact craters
under’ecomplex impact conditions

MA \Jingtian!2, LV He!, CHEN Xiaowei!

(1. State Key Laboratory of Explosion_Science and Safety Protection, Beijing Institute of Technology, Beijing 100081, China;
2. School af Meehatronical Engineering, Beijing Institute of Technology, Beijing 100081, China)
Abstract: Impact cratering is’an important geological process that shapes the surface morphology of planets and small bodies.
Conventional crateringrtheories and scaling relationships were largely developed for vertical impacts into flat, homogeneous
targets, limiting theit“applicability to natural events. To summarize advances in impact cratering under complex conditions and
clarify the influences/of'impact angle, topography, and target properties on crater formation and ejecta distribution, a literature
review was conducted. Laboratory impact experiments, numerical simulation methods, and classical scaling laws were first
summarized to provide the theoretical and methodological context. Theoretical descriptions of ejection motion under vertical and
oblique impacts were then outlined. Published findings were organized according to impact obliquity, surface topography,
porosity, layering, and preexisting joints and fractures. For impact obliquity, the reported effects on shock pressure distribution,

transient crater evolution, final crater morphology, ejecta distribution, and scaling laws were reviewed. For topography and
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complex targets, the influences on shock wave attenuation, energy dissipation, material deformation, crater collapse, and ejecta
deposition were summarized. The applicability of existing scaling laws was discussed, and unresolved issues in extending
cratering theories to natural impact conditions were identified. These findings show that oblique impacts can generate asymmetric
shock pressure fields and energy deposition patterns, affecting transient crater evolution, final crater morphology, and ejecta
velocities, directions, and spatial distributions. Surface topography alters local impact geometry and can affect excavation and
subsequent crater modification. Porosity promotes energy dissipation through compaction and changes shock wave propagation,
while layering and fractures influence stress transmission, material failure, and crater morphology. Together, these factors can
produce crater structures and ejecta patterns that depart from predictions based on idealized target conditions. However, their
combined effects remain insufficiently quantified, especially across different target types and impact scales. In conclusion, impact
crater formation under natural conditions is governed by interactions among impact angle, surfacerrelief, and internal target
structure. Current research is constrained by limited multifactor experiments, inconsistent descriptions’of farget complexity, and
uncertainties in extending experimental and numerical results to planetary scales. Future, workyshould integrate systematic
experiments, high-resolution three-dimensional simulations, and planetary observations tQ improve scaling relationships and
develop more reliable predictions of crater morphology and ejecta distribution.
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IR BIRR S, (HREE = TERe TR KR, = 4ERUEBAE 5 e di o S5 AT 90 rh IR R P B bl R 2
IEH -

i L R B AN, 7 v 32 B FE A EE M T A T . AR TE B HERRRL (Euler) VEFIRLAS B H
(Lagrange) V5. BRPLER I E 2 [ AR A RHE B)), & BT . s 2 Rk i2
A, JEarEE “RE R AR BRSO AR A S K A UEY B, AR
RSP NAG 7> 3 RS ERZN, MRLA FURIE I, (AT W RN, Je T Woh 77 i S AR 7
f4% Sandia SZIREIT KA 2D CSQ. 2D/3D CTH, LLMAKRZ #rIT &) 2D/3D SOVA 45,

P B HVENAE TSR A B A B — iz 2,  DRAkb g T, seiE T R AL B AR B, 1E AR
AR BRI 5 . AR S o = A KT AR, Rtk B H A 2 5 R A ™ B AT,
2 MRS S ) . AR RX — R, TR B ER R B RS, R R RIS
BRAEIRN . Ml pRg b XA TR SIS A, TR S ABUEREA T B o R
HAGRENR, TEAS R A SIS .

AL EPIAE B H-RK AL (impact simplified arbitrary Lagrangian Eulerians NSALE) #5417 RKHL 7%
AR B H 7R R i, 8 S NPT SLIZ B S H PN, 18— 8 R BE b U k) B R AR AR T
AEPRRE ). EIAT BT S s Tz AR b - AR = g B -BRRL (impact-Simplified
Arbitrary Lagrangian Euler, iSALE) 1051 F2F7Hl) & T V) BE AU 2L ALE 2RH2f7 . iSALE Refg At
HEZMEPRAE TR oA, iR SLRRE SER AR ) PR B 2, I ik 4 = 4EA
AR, Bk 2 N TR B2t UK g EMA R E T Tt L. AN, TR
FURRHE . BB IS S AN =R 7T, iSALE  HBEAUEE GV kg o3 H 3 FIAL R S T AL 2 07 U2

To Mg o B AR B2 6 R IR 3)) 71 2% (Stoothed  Particle  Hydrodynamics, SPH)i%.
SPH  JJVEANHLIE 7€ A%, T2 A PR T HA BIRE 5l R AN A% G IR A W A2 ) L, 35 A
KT W WY HUE s AT B R dr g to ool JAp a7 AR Wi 7 iR, T4k
M SR IO A A A R . (2 SPH JTEWAFAE—E R, BB ARG 77 P
X SRS 2 . A B RN o A Y S AR X 5 2456 . Kurosawa et al. 791 XL [ iSALE A1 SPH 77
FEAEAF 2 HEF (cells per projectileadius, CPPR) "ML itk 4 o Jm WU W1is sh 45 R, i 2 s
JAETIRITIE R 73 MR 5 YL AN/ R4S B RS P 23 R) 3 A« 3 Y0 B A 2 2R ) 45 18 B B —
Btk U E R TR R S B ) i . (BRI MRS, iSALE XU R BIES
ARV AT 1 5 1) 52 B R DA A PR

iSALE 250 CPPR
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Fig. 2 Snapshots of the hydrocode calculation results from the iISALE and SPH codes with different CPPR [70]
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IR, MR EH—PEARIC LS SPH  HiE4:E, KIE THRIG—ERFRAks) /4
(finite element — smoothed particle hydrodynamics, FE-SPH) HIi&MN /ji%. Z AR R PR IA
IR BHE R ooy SPH R4k 4k 2 Hig |, e 1 R oollbris i) RaaeEaik, FHER%A
JE/ SPH K+ S5FRA PR ootk AR 5 B BHERE . Wi A EvE i f2 . FE-SPH H3& B 7
O Rl R A B2 UYL, Ly et al3) 78 4B 24 {# ] FE-SPH J7 AL 1A Rl
L) B T S, BRI T S R () S A R LA R T R FE AR AT A S
A7, 5 iSALE BULSE RXTEE AL, FE-SPH JA/ERIK CPPR 7p#i% (BPaKES5HITRN 2
tt) NRIFI3RMSYS iSALE Um0 HR el U ER, HERe i e B S I AN . BRI
JZILR UL A A R X S R X 2 (A (I . Ma et al. 24 jE—2bi@id =4 FE-SPH J7ikbf 7t fH i

(a) Comparison of pressure distributions ¢b) Comparison of temperature and density distributions
Pl 3 iISALE-2DUSVHI = 4k FE-SPHMG 18 RN & 7 VA I oH 545 Fonf bg i)
Fig. 3 Comparison of calculation results obtained by iSALE-2D [7¢] and the 3D FE-SPH adaptive coupling method [24]

LKW, FE-SPH HIEN A A REHES It Ik 70 IR 8 B Al AR 1618 i MR
BRRE, IEREVS AT RIS WU ORI 083, K1 2 18] AR ELAF AT A — s e
JEE PRI A AT 2 TB) ORI fiEs 7 PR B W UL 81 ey B i R RS AR 2 PSR B IR 7 V% [l %07
PHE ] TR G S A R, iSALE  BU R TR A 8 W BONE S A ELARLL, KTk
M HGEE . A ARy BELAR R R S 40T ) S B RE T AR AT IR

BAKRE, AFEUELESAE . YRS & 5 E s T A SR T, = 4ERE
R RATRATRE AR R AR B R BRELTIEA ALE J7iRd G omefdn. KA Z AR
Wizhid#e, SPHLMH FB-SPH Jjik & AR, Wit ia Bus sh A2 RS54 i f . 7ESEPrit 7t
, BRLEREARIRT T R  RETE L A BUAAR SR S ) B RR LR A TR E

HUE BN SE 58 % S0 A2 48 Ty T 7 vh B EAN R R o SRR 3 S RE WS Dy S A R S (1L 0 UE 4
P, B LD T 7 S0 DA o 2 B0 Bl g R AL 5, R SEIR TR BHR . AN, AER
Bl BE s . KRN BUE SRS IRIESSR 1ORE m  eR ld U s, OB AN B B AL 45
REIGUESR AL 7 H BRI = 20 . BUEBUAT B 14 &, IERHES) 1 et
NI R . Herh, W YIE SRR R AR . RS DU B S A S AR ) B
WA F 0K E R 4 I T AR i 2 1 T W IS s B A TR

3 MEEEEhEARIE R
i ot (A e A R 2 R, O L R W AR RO A T it
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BUURL iR A2 IR s S 05 2, B AR R I AR N . AL RTE R /N R A5t
e DA S i i 2 B SO R BB . DRI, AR AR A R R 2R B A T RE RO REA 2 R, A
FO WL VI B K A B HEAT P o

M SRF P I A Hh B — WL P A, TR R BT TR AN RIBT BE . Kurosawa et al. UOURSEMISS IR [A] L 7
B B T ELRE T T TR IS B0 3 9 SHRUS 71, R0 80 SURIE AZ4Z 40 1631 63 82 = 3 & 4
Pioso b, SRR E R TS AEH B, JRIRWE R A T R R A B BOR I 42 98 5 Bewyl, 42
PSS I A AE TSR B Hld A 0 CE SOt i 7 17 S EEARSR T R A D B Bl
AR IS 03 S RUURTT RIAVR ALY, SRR SRRE L REAN T L A6 10, 79
83.841, Okamoto et al. 6] 4% & il AR SR 50 AN SPH BERLR L, 45° AHE S FRIWTEES W5
—AEE” ik, WA S Fros: Hor 1R AT AR, ] TR R Ay 2 e R R DT
HOFIR M AT R 5l, P MBS . 1Z80RRY], RHET & 825 003 R SRBT VIR IR
HPEAZ BT I o

Projectile

Vertical impact

Component 2

: o Kink |
pansion WAV o Component 1 lmpact
SR S ~a direction
Point-source b 3 € QJM
approximation is not valid U}o""\ | P——
4 WESHIAE B 3 BT B0 ] 5 4o s 5 A 4 #166)
Fig. 4 Analytical model for ejecta motionl’! Fig. 5 Ejection structure under oblique impact (6]

BT EIRGR, RN E SN ARl R 48 BOTS R T Bk A A sh A RIS A R
7 RS BN DL A H R T B S BUR B RS HLH ;s 555 SRR T2 IR B 42 48 s S| AR Y 4
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T 4 VR 4 ok S T S % GO RS LSS 861, SRR i o L e SRR ISOR A I I A% ) L SR IUE 5,
WG H BRIERR A ELDEIORL A B KR A TR TR B R 85 ) AH 5179, 87, 881,

FH SRS BSR4 B AR R AL I 5256 . Walsh et al. 3913 T Rankine-Hugoniot 2% & 54 /1
FRFFA, HEF TMIZE T 564 A PIREE TH  [8) B2 A I — I S, 3l B R e
SRR AL AKINPIRES , AORCVEA G 58— RIS 76 e, Fs 7R JBCRE T8k v s ) Jo 158 S5 S
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TEs Ao C IR ] . )5, Melosh FI Sonnett 831, Vickery P9, Ang 781 S04 HIZK D I e 2K
TE R 2 T PR ), TR SRR LR I TB] | SR I B DA S SRR RS 4 ) . Sugita A
Schultz®' i — 7% fE de 7 1 FE AN S BE o BE BT RO 52, NP AR SRR B AT 2 1E, W& 6 s,
Fdi H RV BT DTN FASE DR 3R AT BEX S iR B AR A P A e . Hodb, 0 s A GAEFE DT A A
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Collisional

frame
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Slip plane
ek, Colh:siona! Shocked target
larg, point A Collision point A Cheg large,
(a) Laboratory coordinate system: a spherical projectile (b) Impact-point coordinate system< propagation velocities
impacts the stationary target at velocity U and angle 8 of shock waves and partjCles relativerto the impact point

Bl 6 A AR A ss)
Fig. 6 Jet model for oblique impact [85]

HE 6 Frow, BREFEAURHE SRR, SRRl R A e EINE 221, RTRIRN:
a(t) = arccos(—a — U; it 0) (13)
K, a 9ifctAe, UNETRE, 0 9T AR, « BRI SRR MG S ), B o N
PR EE 5 @1 AT o 2 F . L6 (b)) &5t 1 B E FE AR R T ) R AL bR &, AEIZARBR R, AL
A AR T2 A AT RO L 23 T g A, AT ATATS 910,
_<Usind
sin‘a/?) (14)
Usno
" tan a(t)
%Eﬁf%ﬁﬁﬁﬁ‘]fﬁ%ﬁ%ﬁt%ﬁﬁ%ﬁ% @c I, TERUE. Walsh et al. (891 3 ] i 3ok ¥ # 12 A
PRI TE SR oA o VRS TR RS R Ak AL AL I A 1, 2N ST AL R VR BT IR g, AR
A 1 AH 45 HL ) i Qﬂ;c 258/ Rankine-Hugoniot ¢ & Ay [k /11 464, Al AR SR AT 1 0 4
Feft1 o1 1 @y

+U cost

1-P (15)
1_a)+2

o+1

X, BRI PSP pu} (PONMEES, =1, 2 05005, SERAROERED, BRETTE
THHRASE), MEELGE o = p, / p, —1, HH p, ARAEEL, po WVIIHEE .

Hk, R B 15 SR g W 7 B, T4 EWiEIRE, #id Rankine-Hugoniot
J7 FEHE S 2 YD UK B 4y & Uy AR BDEE 0 & Uy R R, FFAE Ug—Uy P I B2 A ] fg
MRS TR B i B 2k . i RN, iR S SV A AR AE A i, AR AT aE e B R
WO e %, (Regular Regime); 4w MR 2RI FHERS, VHWEL S k&), B—R%
W TR R IR ER, B AABPIRES (Irregular Regime)  FF 7 U it -
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Fig. 7 Graphical method for calculating the critical deflection anglé [

FESREG ZARBR R rh, S h ety S AL AR 77 A IR SRR . wjer s A1 0t DVGHELRE 550 L BESAFDO) H28 o7 LT
B RO FE uj A up THE:

U, = ju, cos @, +u,(i =1 for projectile, and i*= 2 ‘for target) (16
K, jJNEREE, RonG T SRR AR RN ST S D, 8 HUE Y 1 (89,
B, jucosp, Rt mAAAR R, ALY B VR SR R Al (A bl is ) B FE 73 s ol RURE XS
IS S E, AL IR AT 7 R AL BR BRI 4 B SIS 2 ARER IR T8

AR, BE AN SR S e it — 0 R PPUREE . Johnson et al. ) FJf] iSALE-2D #%
BRI AL 2 B i R, Sl 1 S il 2 R T VAL B B B2 . Kurosawa et al. 1851 il i i
o A AR S B I R 3 AR T R B SRR, ISR T /INE T AR SR T SR AN S A A R
Wakita et al. (3¢ F|F] iSALE-3D BLAUMHNE SR 0RHE BOE A BRI AR, R T AT 45° IR
FERYE T3NS A 75 IR DL B A . Sugandhi AT Agarwal 9294 gE—2E 4R,
SSP IR AR I [A) AR BT 2 4 o R FE . b MR Pl BHPUAT Hugoniot ZCIL[AFM], S i i BE @ i 72
Hh S A B A B R R E

SEKRE, A SRS EA L SLIRMREEREIR, 2R SEMERAER R
AR E P TR0 AEXPRNG O &5 84 . PIAR AR AR i AR R E M B = R 9T S
TR BN 2% (8] 43 FE AR AR, AR E AR R () ISR A 2 . Maetal. 24 F|H] FE-SPH
EOE S VAT 1 RS FETRAR SR LG, B 1 i A X SRR A0 SRR TR B 4 AT 1) 5
Wal, MUY ARSI v i i AR 5 A 4 J2 43 A BT U AL
3.2 BHMER

F ind H 248 BB RN Z 8 B BT J01340 T B H I8 FU 55 26 SRR A S RO SR S5 R . oy,
S FEORRAR PER N S R S R TR 77 [l R 2R B L T )2 2R I 0 3 B e i 5 1 B T S
M EAER IR, —FRAENBOAHIL, (HEEILEIAR.

Elbeshausen et al.321 CRHICA FERHE S T 5 AAERNLEI 2 =28, WK 8 Frux. (1) LENLH]
(6=20° ), W Z-PAT TR, SRS, (2) #BkHLE] (6=10° ), #IREZFEHIR, TR
Y SZ IR BN, TR SRR, A 90% 3 AR} 52 18 i 7 o1 A1 58 AR R
(Hugoniot elastic limit, HEL) [Pyl & /8291 (3) gLl (0=5° O, #JLFFAT TRIMEZE),
b EREEAR Y BbR, B —/Nsr sz 2@ HEL fFrhdy, SR nT 5E & A B 24 H 22 P s, 26, 32,
96-981, Ma et al. P41 i — R HT MR BE B K -3 2 I ALV BE T T 17138 BN R 35 FUIBE 5 W0 0 SO ST
S, FEPEH 7RSS ARG S B E T, WE 9 B . B TR R AR AR R R
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Fig. 8 Distinct acting mechanisms of projectiles at low impact angles P21

B9 SALIRGT B R

Fig. 9 Grazing mechanism of projectile [24]
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NFRAT BRI A M A BRI B LN — . R T i Rt B R MG R, SBdE T
FARE KT IR,

Melosh 81 15 CEE S Tk RRANTIR (] 10D A BRURE A 7 7 AR (1827 ik i AU Ay AR
d RETEAME S ) = f TR I i GRGEDN c)» FFRIRTE I IS I F 56, R RN M e S RO ok
H BEAR IR IR ko o 5 GO NET SBR E 07 2d A6 (110 (b)) H AR I — ST R 4f— &
Dy SERT NS s A0 RSNt e e 1k B I 7R o 7 R S s L B s 4 5 32k 381 e {2 T b PR gt
WUiZ% 5 AT REHEN RS H i A 258 o UT R T RLRL 533 B AT M A RO WY AR [ RO Ab PR B A
T PSE R B A D B B o JL PR L) b AR A 2 R S o A AR T B 1 A A
IR, EAE LRI 7 B A S 2 AR MR AR, e DU R LSt SRR R B O T AL AN Y
JSRMI o

N

'IIIIIIIIITIIII?if[

(a) The compressive wave propagates from the equivalent (b) Schematic geometry of the equivalent mirror
explosion center, and the particle velocity behind the wave is uy, explosion center
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K10 82 AR AR R 81
Fig. 10 Stress wave propagation model 1811

1o 7 R B AN — D 7R 1 R R B 5 AL . SRR, W T R 1R R T N T
FIAREI I EAE ] . Melosh et al. OB, 3 B o7 o P drpcdd G 2 T AN S X Girregular
reflection  wedge), RIHH H I BRI A T 28 A C 32 AR BURIE =M AR R X3, X
FORA SRR AR . A6 G R R TN 5k B2 EBRZIO 200000, Forp w DO AR RS T
KL 5~ 8. Kurosawa et al. 700 3 —2D &8, i T3 S A v OBk 808, 3R AN R T a6
BV BA AR R R, S BORH RE ST AR ES A E Y BOHERR AR B i, TR R SR RE T
BT E AR S B R — N . 0 TS E R AL R T 1R DL BRI L, RS R
RUEFELI N2 u O AE ERBPININEAE R T, #8220 M i P S i L A 2 w00 (BT 1D,
X HUHIRE 1 AR B b i RES T I R U IR SR ] o /5 BEE RO, IR A 0 R AN L2
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‘ Downward expansion wave | Pressure gradient
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shock propagation
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Fig. 11 Schematic diagram of spallation formation [
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A PE AN B o0 A B U WU RS . W B UTRE B AR S LY R T R
Maxwell ) $2 H AR EEKE STz ian) z B8, Wl 12 (a) fios. AR T~ Y)
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u, =¢(0)/r” am
Hrh, QO RNZ TS A OCHREE, r AW YRGS O IR R, Z NI R AR, T
A O AR P S o A6 TR TR B R S I B R . Z BRI O S, e RRIES . IR
WTEN R RE . TSN AR L O M RN NP
tans, =Z -2 (18
R4 T B B ' E A DAE 1S st P SR B I INEERMRECC R, HHRY
UG EE TR R T, KFEEGIESFEMEE. Croft B2 5l AW OIRE 4, HiisHo
TREREANT, EREIEMZ EE (K12 (b)), BIEERBUE M EARXA:
tan A/ cosA—tan’ A+(Z —2)
1/cosA—tan A(Z —-1)
K, tanA=d /7, rg AL E SR ORKFIEE .. MZ RS ] i Re 1 B4 o wi i A
FEBESTIAR K R AL, BB O e . X T RHEE DT, ASEID7 A7 R R ] B B AN RS 4
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403 A4, B [E E S O HME DU AT 7 IR/ AR BEMES L TS R RS TR R AR R AR IR . XU,
404 Anderson et al. B @i 15° -90° T SLIe KM, RHES ) Z HRA BE T AN, FTRRN:
405

406 Z=Z,+ Acos¢ (20D

407 A, Zo AWEIEFATNH ZH, 4 WRHRIRSANIRRE, ¢ NI (EATIIR 4=0° ).
408 AZARIUEHT,  RHE o AN RS )RR A B, IR 2 R R AN B K S R S5

409
(a) Maxwell Z model (b) Croft-modified Z model with the introduction
of/flow field central depth d
410 Kl 12 Maxwell Z fBAVRBAR 7 fE7L BU
411 Fig. 12 Maxwell Z model and'wmodified Croft Z model [31]
412

413 Rt — DR R RHE TN AR RS FRYZ 38 R s Andéerson et al. B $&H T XIS S A, AR
414 HfEG ARG S S RIS S fiE 3 5 R YU OR R RS R AE R, EE
415 B E IR YA Y . BEJS, Anderson et al. 1001 $2iH [ “iER2imY 0" Cshifted flow field
416 center, FFC) Mt (B 13). ZRUEIHN, FHEGIRERCA R B — i s A, A —A
417  BEET [A] ) B4R AR AT 7 ISR S VR KBRS R e AT AT AT, A S T A
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(a) Geometric configuration of FFC (b) Schematic diagram for Schematic segmentation of the initial
evaluating errors arising from the ejecta curtain divided based on the
geometric assumption of FFC above geometric configuration

421 Kl 13 RS ITE R RUIA ORISR 0000 CEIR % ol 2D
422 Fig. 13 Structure of the FFC under oblique impact 1% ( The figure is not drawn to scale)
423

424 Kurosawa 1 Takada (305 Z BRI FIN AR 0 NP2 IR ANOLRE 70 B (B 14D 240 70 B0 N A5 4t
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Fig. 14 Schematic diagram of flow field excavation and displacement components, in the Z model (3
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Fig. 22 Transient cavities of the Chicxulub crater at different impact angles '8 (L=17 km, U=12 km/s)
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Fig. 24 Transient craters formed by a 1 km-diameter projectile impacting at 6.5 km/s under various impact angles and target
friction coefficients ['17]

HI BB TORT LA Y, RHE TSR T UURBIRIGTR  f BEAB 1R 2% R B BB AR RS HL KA .
AR Z AP A PO R R SEARIE B 8 2 0 B S T LR AR TR, BRI A AR IR
RSN S HOEA R E G2, AE B R FHAT B U M. N T RS

25



701
702
703
704
705

w5 o f
Explosion and Shock Waves

HRAZA MY AR oG AR, R 1IEE T (32) — (35) MBI RIE S 7%, SRR,
ZHGEE SEH KM TR L A IR S E SRS R .

R 1AL, BB S ST A B LR EOF ARG WA, HBUE SRR BT . T 3 S AL
FYURPERAE T AE VIO Ak, BRI 3 2 2 T 50 = RUBE R4 oy S0 R A2 261 R I 3UE
Rl HAEAT B R S o i PR RR i — P IiiE . BRI, &R R & S 1E vk 28X (A

706 WA ECEAEWAEIE, A S BEEEME, BREHAAGMEH. R KA BOCRE, Nas 5k
707  HEESTPTRAE R RS EGE R, R R AR EE T AR R TS B AT 0 R B 2 HA
708 MBI
709 F1 fHELR THBS BRIMR BN XRIERAEE
710 Table 1  Applicability of selected crater scaling relationships to oblique impacts
KA HURRE ERCKE BROUREAER & F S BV 3PS R BR
ke U=1.8-6.8 km/s ﬁﬁﬁé%%%; . R, R
(32) e TR 6=0-90° W T I AN E sing s -
ST 1=1.6-12.5 mm g oAt S sR A
. . K3 B A AR R W]
ET GhL mEARER LS o W A
e WHIRT, JEiEK R
(34) SCHERUNTY ERVREEE 6=30°-90° U=6.5km/s  FJJHEHI T Z A (sind) o BB S
) #, 0.7 L=0.325-3 km JEE ¥ ) R R B 54 5
(sind); MRIEE  ARMFIEEH, EEEE
(35) [ (34) A (34) [F (34) H Q34 JEHIPEEER  HERMBURE E
#E 7=0.33 W) £ B
711 F T T LTS oA RN 18T, A0 52 T T A B R AT A B Ao o o MR [ A 5 7 S
712 AR KBRS R/INEZRZ, FHXTE UL IARNR S E B SU SRS S5 H 0 19, )
713 WA R B R R T A LRI, L BRI i A RE SRR« AR B R TR AR A, AN BB T E )
714 ARIE R IX JR) BT BTG — (e AV . RHE R IE B K 2 s o] AR S SR R S R AR B
715 FIREE: M)55A 2 I BV AEX FRYERS, RAYTEA 2R B W 2 E%FE . Elbeshausen 25
716 BAETIE 800 ZH =4 ey i f2 T AEA0L, 2 H TR RO 0 0 P e R 38 o7 A 5 Onie P 28 N BRI B0 1) R B
717
718 6,,=90 (D,/L)" (36)

719

720
721
722
723
724
725

726
727

Hrp, D OREEBEGVTAE LN ES. ZRAERY, WUREE (DL BAK, TR ST 7

Ryl F Ja ol I ASOK s AR P RN OS2 fiE o f B P, S e A RS S AR SR BE AN e ML
K. WAL QSR ER L 1038 PV PRl R 5 78 K T I 5 A PR ey 4

Michikami’ g, dl. 1 33— 0l e PERE ARSI AL, AT 5 A BE AR AR o BE T v T 38K, LA
A A SRR ST, Wk 25 PR ZECRATEAR 7.14 mm. $EHEE 2.3 km/s B2 AL
XA BRI R L e #EAE TR R R ST A I S A O 15°~200,  HI R A S i
GUR RS SMEIES, DUERETF MY
f=5°  6=10° @=15° #=20° 6=30° 6=45°  =90°

(s1933) (s1308) (s1936) (s1942) (s1935) (s1939) (s1941)
JAEIE (T B G5 SRR
e e e b 2

(a) Cratering result of solid target

26



728
729

730
731
732

733
734
735
736
737
738
739

740

741
742
743

744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761

S S L U
Explosion and Shock Waves

6=2° 6=10°  6=15° 6=20° 6=30°  6=90°
(1711) - (s1306)  (s1712) (s1305) (51309)  (s806)

4 .'{V 7. ‘.7.:‘. & l.'-.: 2. ’f."..
Ii_-:.‘_ @,:? . A
ciaill |

2T AP
FLEL s £

—
2cm

(b) Cratering result of target with subsurface cavity
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Fig. 25 Craters formed in solid targets and targets containing subsurface cavities at different impact angles ['1]
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Fig. 26 Crater morphologies on Mars formed at different impact angles [47]
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Fig, 27 Exataples of impact craters in terrestrial mountains and on a Martian slope
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Fig. 29 Crater m logyi following vertical impacts into granular targets with different slope angles [!34]. Photographs are
taken normal to the target surface, with downbhill to the left
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Fig. 34 Structural comparison of simple and complex impact craters in layered targets withxdi strengths [150]
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regolith layer at 17 km/s [130]
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