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lithospheric thermal structure

GaoWei!, Shu Qing!, Guo Zhihong!, Zhang Kaisong!, Chen Limei? 3
1. China Aero Geophysical survey and Remote Sensing Center for Lang and Resources, Beijing 100083, China

2. Institute of Geology, Chinese Academy of Geological Sciences. Beijing 100037, China
3. School of Earth Sciences and Resources, China University of Geosciences, Beijing 100083, China

Abstract: Analysis and mining of high-precision aeromagnetic data is one of the
important methods to reveal the spatial distribution of regional deep fault zones and
lithospheric thermal structure. In order to reveal the relationship between the
aeromagnetic anomaly and the regional fault zones and estimate the Curie-point depths
and lithospheric thicknesses in Liaoning and its adjacent areas. In this contribution, based
on reduction to pole of aeromagnetic data, the Curie-point depths are calculated by the
power spectrum method in the studied areas. Meanwhile, the lithospheric thicknesses of

the eastern segments of Liaoning are calculated by the 1D stable thermal conduction

equations. Our new aeromagnetic data reveals that there are several NE/NNE striking
aeromagnetic anomaly zones in the eastern and western parts of Liaoning and the Bohai
Bay, which are interpreted as the products of the alternation of long-term extension and
brief compression of the active continental margins under the background of the Pacific
plate subduction since the late Mesozoic. The near NW/NWW striking aeromagnetic
anomaly zones in the northern segments of Liaoning, which are interrupted by the
NE/NNE striking magnetic anomaly zones, are interpreted as the tectonic traces which
were extended and uplifted to the middle crust after the closure of the Paleo-Asian Ocean
during the late collisional orogeny. Our aeromagnetic anomalies also show that the
estimated Cure-point depths of Liaoning and its adjacent areas ranges from 16 to 40 km,
with an average depth of 28 km. The heat flow values of the Fuxin and Panjin Curie
uplifted are relatively higher. However, the heat flow values of the Shenyang and
Liaoyuan Curie depression is relatively lower. The estimated lithospheric thicknesses of
the Liaoning and its adjacent areas are spatially heterogeneity, ranging from 70 km to 150
km with an average of 100 km. The estimated lithospheric thickness of the
Yingkou-Anshan area near the Tan-Lu fault zone is the thinnest with a thicknesses of 60

~ 80 km. The spatial heterogeneity of regional thermal lithospheric thicknesses in the

eastern segments of Liaoning and Bohai Bay most likely result from the combined
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effects of a spatially heterogeneity distribution of wet upwellings triggered by the
subducted Pacific slab and pre-existing weak zones in the cratonic lithosphere since the

Late Mesozoic.

Key words Liaoning; aeromagnetic anomaly; Cure-point depth; lithospheric thickness
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(Liu et al., 1992), F19.5~18.54CF fg Z si fi i@t (Zhao er al., 2005, 2012; Zhai
and Santosh, 2011, 2013), F18.5Z4F whiidfh— B RFeMX faE, HARHAEEEM
HAEMR Ghbr SR E, 1996; Gao et al., 2002). {HLEM: AR A, Hdb5eh:
MU F AR X, A P TS I Rk, R RN ) A P S e AR AR
AR RV A B IS BT IR, TSR 25 T s B R E M, IR AN IR R RR
AL RLEBIR (Wu et al., 2014, 2018; Zhu and Xu, 2019; Zhu and Sun, 2021). 3120
ok, ENAMRZ - RIE A IR Oy T T TR R G 2 AR SRS
i (Wu et al., 2014, 2018; Zhu and Xu, 2019; Zhu and Sun, 2021), FEUE KEEIH T
WEFURR, b hEaR O 2. ke, MR, ORI A, [FIAL
F U 22 S e 5 A ST 45 B T UESE (Chen et al., 2009, 2014; Wu et al., 2014,
2018; Zheng et-al., 2018; Zhu et al., 2018; Zhu and Xu, 2019; Lin et al., 2021; Zheng et
al.,2021), FFIERET — SR AR, A b AR ORISR 52 18 18 K 5 78 I AR TR
AR A e b B REOA 1 A 2 AR IE B A AR (Wuer al., 2014, 2018); FERF
TERO IR AR e A2 P2 i) 4 AL ve R B A IR K — 28 /2 L] (Zhu and Xu, 2019).
EHEFD T RnE A A R R 7 ) A RHAIE 5 4R b sehnm sl i) JAk
SN 1R SR HAFAEAS R AR (Wu et al., 2014, 2018; Zhu and Xu, 2019). 41,
Xu et al. (2018) KFA BRI ET AR, X ek e Hir 3 X ek s 43 1 s B i AT
THHIBAEWTTT, IR 1AL s RnE AR A DA 1 Bl R (IR AE 45l ARA 2]
Y, RGN Z A vw 38 AR A = R S MR R T B — DT R 2 R SR A
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FERLHR (FHT75E, 2015; Xu et al., 2018), [FRF, ST lE3E 1L ) 75 2B i F )
A0 55 AR BRI SUAR R IR . ST ik, ARSI 7 R AR X AR 75T R,
T AR R SRAT 1) 5 3 W R, FE X R A AR Atk 1, SR Zh ik,
SIEA 5K 5 B R AR A S50 AR iE s R —4ERS 3t SO0/, 254 KRRt
o, b I IX A A P JE B B AR ATRRAE: 285 oAb 5 - SR B BERE, 3 AT i
Wl S 5 XN O B R T I AR - L X B IVR B L A0 R AR 4R
JETEROE IR BRI E R TEMRERAL b, 29 i L AR AE A, R T AEAR
) 3= F W R AL &

1 MR E RS S A RERE

7 AL T AR AR RE AR AL ES, P ALREES A — G BT, AR IE-IF
JE R g, AEMDy A G Ly ARG AR s, e A R SR A R AL A
JRHES, A0 DA SR W28 oy F S e B R AR U AT (18] 1 30 4
77 J5, 1989; Zhao et al., 2005; Liu et al., 2018, 2019a; Gu et al., 2018) o L7 K HARIX
HA KR 2 ks s A B, AR X KR 38 12 M A, A B AT B
A IX B EHIE T (Liuetal., 1992) o fEIZR. b, TSI 2K E
HH R AR AR L G 7 & HU5i T 77 A1, 1989; Wang et al., 2015) , 2B i A 4 A
KIA-TTG hiks G- KRS, DR ED BIF (WARRRRE ElEED
SARFME R S 01 T G A AR-RRRLE AR T, W E T AL vE R 3
SR RRED AARSCHIMEBIY) N (Zhao et al., 2005; Zhai and Santosh, 2013) . fEIL]k
o RGPS I r R ez 18] 3 e A& Ly, R A T ol AL E BT 22~21
CFEIL-EE KA, Dl —2) LIS 3G A 7, BRI Bt — 2 X4 Ak
ILE TR I A B, 8 T 2 VR I AR T L —UURE RAR, &0 TR
SR — R ORLE A AR BT, DX T R E ) A R PE ] (Li et al., 2005; Li and
Zhao, 2007; Liu et al., 2019b; XI°F4E, 2020; k324 2022) . WFARRHIL T HIX K
B - G AR O R SR A FR AR BOR , SRR IR AR S A A R R
Hy SR AING . SRR RN S SR TUE S, X A R
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£ 1000 X 10-5ST P L, PR ZAE 3800x10-5ST, EE AR FILAbL . AR 515
JEAEH, LGN RIL PG 5 B A, RIUVIRZIT S IE R E . SRt
HER T E A AN AR A AR A IR A SRR, %A AR T 300 ~
800x10-5ST Z ], “FIJHGALZRAE 550x10-5SI, EEAGLEIL ILPRIN L 3L PH ™ 5 2544,
EARMM AR A, RIA A= IE T 590 IR 3 B HR & Q-
HARAE B RRA 2L, EAL R AT 50 ~ 200 x10-5ST, RBUN R EF 5528 T 1E 73 5
T LA s AR e AR DTRUE B TC e, PIHA e = (AL
&, 2004; FHAEELE, 2016) .

w1 R, LARKE., IR I AR S IX I B A - e AR
5 RS AERRZRTBME, g AR TIRUE FZ - A0RiE 8 5 IRk
MDA Vet BRIRER A A, Fb AR AR a0 RE Fe € MM E &R, LA
AR ha A, TR > B REE e B AAA R— B RB IR
M, HAHEZURE . TRRACE TS N BT X A A AR AR LI RR 7t
JZRE (B D, Wi e R R B SRS A B G,
ORI AR 2 M ok 2t — 5 S A, DR g R A R — R B . ARG BT
KW (LRAEE, 2002; FALESE, 2004; &AEASE, 2016) , i THUX A= oo 7
HAES AR FURUE AR SR S RIS B, TR O 2

T X A R A R BT RCT Wt AR AR, M AR A T
IAEHIX, CAARAE R A N, AR E RSB INKE . AN KE FITE R A K
He TAMRERE FEEP M TUARSIAMX, HFURARHANE, =845
TP B R E R CRAEIEEE, 2005) , ARLERERAIRKI AT E#H. A
By SRS WA SN BN BB, AN ES BRI E LT HRIX
FAENRPFRRMERNGE, LR ANT 20~400 X105SI, REABHEKE. WKSE,
A HEL R BEIEF] 1000 X 10-5ST LA (VIAPAAE, 2002; dEA %%, 2016)
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KRR I M R T 98:, SHTHEAT IR R B 347 7 Ak B AL #E (Baranov, 1957;
A%, 2003) , HRGWA-8.5°, MEIIAWIH58.9°. ST, BRI AR
BEACEEMAIRES , B BEMRHE TSN . REVEAR DO AL E L A VE I OGS HRHER T
B, SR RGO A A A AR EEANTE 2R, R RN IR SRR I R R A
POLM A ERE, JEESE R OARFREENIE, RGNS SHR A B
AT B IR

2.2 JE BT R

MRS FBE TR BT EAZ, FEAFERE (REY S5 RE,
1985) Fifaj#zvk (Spector et al., 1970; Shuey et al., 1977; Connard et al., 1983; Okubo
et al., 1985; Blakely et al., 1988; Tanaka et al., 1999; Ravat et al., 2007) , 73 ik $#[A]
Bk O T I Sh 3tk , %5155 T Spector-Grant 7 4t V145 7L ) L it _E- 42 HH 119
SGRFRR (Spector-Grant, 1970) , W% T AT 3508 P FH 45 8 )R TR AR AL Dh 238 1R
RAE, VLD 2 B R 3R i M S R R, [ AR 2 38 iz o i TR
T Y S B AN F (Tanaka et al., 1999; Li et al., 2012; Wang and Li, 2015, 2018; = 4E%%,
2020).

Tanaka (1999) f£ Blakely (1988) Z5H[{IHESTH IR @, (k, k) FI5ERE L,
T T AR M D SR Rk =

2K =e 1= | o

Horb K 2 (km'D); Z, AREHEARTIIIREE (km)s Z, NRETHEAR R E (km); Ae
se SRR RS . B TREE T [ ARG 7 1) R B i /N T AR R B

12 fi0F, xF (1) NRIAFF T IR E, TR
In[®,(K])"*]=InB-|K|Z,

2)

Ho BoAWEL i (2) Rmrsn, Bzl s 42 a5 Rk 1R R nr Ak 5 e
RTRTHARE Z, (km)o 5545, HFE (1) dnlfan 481k
D, (|K|)1/2 — Ce Kz [e*\K\(ZﬁZo) _ e*\K\(ZrZo)} .
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N

@, (| K|)”2 — Ce ¥l [ oKD _ e%K\(d)} ~ Ce 2Kl | K| d "
2d FHEVEARE R L. X (4) BT #, mI15 3

In| @, (K])" /|K||=1n D-|K|Z, (5)

SLrb DA, 4R (5D SR, Hh R WA LTSS R T (5 e
PR DIRIE 7, (km), Z B AT (km), BT LR (R ITVRRE AT 958 2,
(km)
Z,=27,-7,
% FE R AT BT 7 R A 0 LT S R S A A 38, A R 4
0, A TAE S MM 0 R 04T T 10 R0 7 B e R s
D L AR B 9 kem, B 90 11K/ K100 kmx 100 ki, AR5 % K0
ST BB P O Z TR k) AIZ, 0 VRRE (k) AT ] e
TR -

23 ARBEEETE

) R R FE T i 202 3 SS0°CIRH gl P 2 6 A i vk, T DA L T — e A
REEF T HEMEARK R A (Lietal., 2012) , AT T BT 78 X 5 4 P8 I 7
AR B S (AR, AT S BT R P S s 5 SRt b, stk — 2Dt R A
JERE RS L AR R e W FUR A, SR A S DR AR I 5 A BV e TR B S 24
M — 4t 358, WLt E S AEEESIRE (Lieral., 2012; Wang and Li,
2015,2018) AEA W FEH, R EIRIERT AL IX N 5 el )8 B AT T 5,
FARTH R RN SRR Un R Bt A P A i SOOE TR M) Bk A, A A
A B R FE RGN AR, LA R SR R N JE R 550°C, HiRIR
JERE NS5 (Lietal,2012), G4l SR L A6, FIH BN —eidxt A
A B Z A R AT AR RN A, 13 5L 2R 350 3 A A N f B TR B2 1
KAE KRR SRR (E3), Bl =2.65 Wm°C, [FIFRIAEIRG R
R H=3.50W/m3, AE A Fh=15 km.
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Fig.4 The distribution of reduction-to-pole of acromagnetic anomalies and regional fault zones in
Liaoning and its adjacent areas
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SEHh R ILE R RHIE, R R LR B AR 16 ~ 25 kmZ A IL EIIRA X EE
AT 22 EROOESE M, MR XOEES 2 rdbE R, JE BRI
b i B B AR S, AR T30 ~ 36 kmZ 7] W ARBEEX AT TUhE . B,
g, TBARINCLHE IR, HIREEEWT 16 ~ 28 km [A]; LI X 4045
FEVERE . RS S5 5EH, o BLIVRFE N34 ~ 40 km,  AHXTIT B ) F X HRR BT R,
I A X AEBRIE 3T — AR R AE m TR 2040 km, B il L FE X Hi7e B
A BT REIREA, SETR KT 550°C,

R M AR fH
30-50 mW/m’

Ak 3
50-60 mW/m’

oK i A A
60-80 mW/m"

A A
>80 mW/m’

0
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K5 G0 KA BRI CRIARUETE Jiang er al.(2019))
Fig.5 The distribution of estimated Curie-point depths and terrestrial heat flow in Liaoning and its
adjacent areas (the terrestrial heat flow data from Jiang et al. (2019))

33 5AEEE

n Eprid, R LRSS IR A, ARBE TR IR - X s
Bl S, M6 LA Y, IL 2K e 15 s 1 X s A P J3 R AR ARV R BOR, A2 Ak

F60~150km 28] (E 6), Bk L, JTARMESEEIX A B ERE A2 HAE
Ve (6, MIuNaEEE, 2001). XFEE BIEERE R (ES) fEfEEREE (86)
I, IR M X R R S A A B EERA 8RR R, KikE-

W25 H -l B AR X A 0 R (A Z)75 1K), REOH R X A
KWt —RE P 287, 2% i LIRS AE AR X R, P R L 32 TK,
LA VTR TR ARG RRIE s A A L2 R X 1) 2 A Pl J5 E AR K
I KR JEIE1S0ToK, X LA BLIR BE (RO, 2930 T2K, A “rseiti8” 1
RIBHCIRAS AL AR EA 7 5 - -2 it X B h 85 B 0 Bl E 2, 0 B &
BRI, 20920 T0K. £R ERE, AWFFUIXCE £ RS i IR
HA RPN DR R, HRE ARt —BIRAWE I, X AT RE 5 X A58 N B
S 70 2RI A 7 A L R S DX SRk BT 24T AT ok

4 1B

m A

A

4.1 EEMEHH ST AT

H 1L 7 AR X M e e AN 2, B A X 58 RO PR R i A AT AT
Z Fe MR, TR H R A SR DU R f 5, HURAT A X S s A
RRAE, MR S 8 T AR A 14 Js BRI A BT 12 DX PR S R P A AR M B JEC e A e 3
R L T R AR X R R e (2D SAkiis R (E4) WA,
MR i AR S 0 DX IR W21 5 AN R b i B e R A A 2 57 2 i 5 SE VS, AN[R]
(FIRES I 35t S e T AN R )3 B e ik JE A (R PR IR o AERRRAT AR R 5 1 (14)
AT R BT P ZELAS [R5 TR U e
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119°10" 120°00" 120°50' 121°40) 122°30* 123°20° 124°10"'

B 6 TR e A
Fig. 6 The distribution of estimated thermal lithosphere thicknesses in Liaoning Province and its
adjacent areas

(D) dERFAECR RS B D4R, T R % A2 LR
/ACACZR [ LR S W AR TR ) R BT AR LR AR R R (PBD (Fy)
fRE-EWTR (Fy) o S-Sl (Fo  Bal-@eiday (Fs . i
TLWIH (Fo) Hui-SABH WA (Fp) &5, XUl HEs ] PAT AT, W
FRAS (X 5 6 JE AL 1 B e AR O T8 HUB 0 7 51, 1989) .« B 4hia Sk 5 B kg it
fiEbT M, IX AR /AL AR AR S WAl T AR R AT RN T E BT
AT EM IEENFRE, 2 AR R DRI FER P 5 50 R, S KRia gk
Wi 5 R B RS B AR R =) (Kl4; Hsiao et al., 2004; Gu ef al, 2016; Liu
et al., 2018, 2019a; Zhang et al., 2018; Zhu et al., 2021) . ME4F &I, WX 53
AT ] 2R 0 e RS PR e T 2Ry — 20 I Ry, 7RIS 2 T BOZ M
R BRI — AR ML i, W SR I 37 o 8 A R 2 P S i S 1
FHIE, Wi RN TP ET &S = LB M e, A ER ST = -
SNSRI PEE T, WA 5% S P SR L T S T R A e el i R L o
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PEAR PRI B S it o b4, WnEIAF7R, ) I A I DL R S 2 NS, SO
R =-HEWT R, RSOV FA-% LR (Guer al., 2018; Liu et al., 2019a) .

(2) JbF/AbF T R R E Y W EAETT LUE 1, bR i X R & E Ik
ARAACAC AR J7 IR S H i o, 38 B A /AL VS 7 R, 7RI ARVE T
JE TR S X R B, AR S A A AR A A AR R A - A e (D
MFA TSR H (B2 W P0EL B, XD HI5¢ R LWL va/A6 v v ) 7
Hoar T ACAERACAR F R W A KR . MR R M (Gu er al., 2018; Liu et al.,
2019a; BAFFIRAE, 20215 AR, 202 DAERAL e hnE b4 5 LG Ly 2 18] B9 2R -
TFJE IR — A W th 5% — B e A AR AR A (AR IR AR Ao ) |, B N
KE— R HALVE R ST vE R ), BIVI RS A AN A R A
F T AR TR 17 Ay AB AL 2R 1) (RIS BRI AE 1 5 U-P AR R R 7= I TR G A=
Aoty AL P P8 R BT D) O RO [R] T @ 4R - =B 44] (270~250Ma)  (Gu
etal.,2018; Liu et al., 2019a; F &%, 2021) &AL Bl sn, JbvE it/ i i i
Tl S B A 3 iy g I3 L s AR B SIS AL JE b S hd 5 AR R . e Sl
Joi 0% 1 R Ao R A T 2 b M 5 R AR B ) LT AR BB 7 R, 1989; Gu et
al., 2018; Liu et al., 2019a; X FHF S, 2021)

4.2 fUR R R AL T hnE 5 A WG LD I £

AP, AL Ab-EH R, b T i S T L R S S bR R TR
FE W IAT (Guetal, 2018; Liu et al., 2019a) o PR Ab-55 Ll 245 A4 2% -
BB AL AR /AL ZR [ Wr R SR ZU e AT R T AR AL S RnE S I YR A A L A, A
oW AR AR ZU A AR S 5 DY L0 R 7 26 A6 TR R, H A2 R Fon Ak e bl
XL VR 3G A 25 5 1S ) R T S R AR R A L DA R S AL AR /b b AR T B 2
ST, VA I A0 1) AR AR A R R, I ARAS ) B AR

LAy AR UL ALMURE 5 55 R AE LA B S0 I i 3 1 S T 903 e R L ([El4; Gueet al.,
2018; Liu et al., 2019a) , FEMUREACARE (4D o, JTIRMAE AT ER R, ThE.
DA 1R U1 T 12N AT 7D e 15 B 27 7 P = R - 2 T 4
AR 5T R RS L B HOIR P AT ) i LE e, g i S o ARl I IR T (FD o G
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FAESHR B, TR E R R X R ZU ) 20 A SR A S 3 MU 40 7 v 7™
IR A A o I K =2 - a2 S5 BE TS 1 PSS A 5 v A B R AN R (LT 4
HOJSH 7 R, 1989) , ABAEMIREMAR 8 8 (4D b, ke o I v v m) SRR 5
B LRI A 2 A AR R S VR B DX T AT L, AT AR R R U X A 2R
VU 2078 o R e v AR A A

M4 IR R I A, DK 2Bl 5 2il- 2 1L bR ARG 2R 1) W 2t s B 1) A
ITENIEE), FEUEILTCROE SRR A AT I R ORiE-TT R IRF D RAET
R, HEAFRMS, KB EHEAR, KE-ghEliss (F) MAETA
AR N, DA it e B Al ST, AR 8035 km/Ae s (4D
M HA-5 LW (Fy) BIZEATA RS BB R AR R, 2K T100 km (EIE o X
AT ANGHR 24 B 5 -2 L R 5 IR AR A R IE R AT B RN
WA O HIF AL R RS ARG AR AT EREA—H (Guetal., 2018)
MEL B HTRI AR, 37 S A AR DXTR A 3G 45 v A G B A IR AP RO XT R R &R,
R A XGRS RE I B ARG A A

4.3 JEEEEAE KR HAR R

AFTE AN, KB (B A I Ta] P DA S B0 iR 7 U sk A . 23
(R [EA FETHT ) SMEIR RS, T 5 B RORAS I Re & P4, 28308 £ 3 I
HERY BN ER S A 2215 B, RN SR A ARG FE . MIEIE . HR ks Kt
TR b8 45 H 5 PR 5% (Bouligand et al., 2009; Li ef al., 2010, 2013; Bansal et al.,
2011; Wang et al., 2018) o FHICH 5T 3R B K M #AGm 5 B AR B B 5 Bk R
(Okubo et al., 1985; X|J6H 55, 1996; Tanaka et al., 1999;Lin et al., 2005; Nuri et
al., 2005 ; ZGEZE, 2016; Jiang et al., 2019) , WA K¥EIET 23k E BRIIRE 5K
Hb PR B AR SC PR 7T, B T AR U R TR B T DA SRR M B IR 1 O ik
(Idarraga-Garcia and Vargas, 2018) .

P ORI T AR K FAAE v &0 (Jiang ez al., 2019) , B FLIX K HE
TR A =y FLARA TS B R, M29~104 mW/m2, 3{E N63.2 mW/m?, H4EdL5h:
M 2R R M 4 — B (64 mW/m?2; {TRENEEEE, 2001; L%, 2016,
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Jiang et al., 2019; Zheng et al., 2021) , B & T A KRR E whid (<50mW/m?,
Pollack,1993; Li et al., 2017) , XA Re5Zh Kk i A A B &% B AR SHERE
DRERESOE . A R ZIRE . e hom A A g B e A 45 5 R R AT G
(AT INEE %%, 2001; Zheng et al., 2021)

N b BRI T RAR X AR AR S R BRI RO &R AT 109K
MGG 22 70T T X R R R (IS, Fedr 70508 32 B rp 1 4055
ZUHVE R R M IR B R S T AR AUE R A IX (5, AR,
1990; BHEAREE, 2001; ZEGIEZE, 2016; Jiang ef al., 2019) . MEISATLAE H, L7
X K HAE 5 o BT R AR B — 58 AR OGHE, s M AR IRE 7 A T J BT B S 1
AR I, AR, i T RKE O, SRR mEEX, BARm
R IAAE, AT 71~ 85 mW/mPZ [H] (EEER7SE, 2012) , HRAH =591 mW/m?,
XA AE 5 1% X T 7 SO I SR AN R A DI R R T S B R,
1993; RARICE, 2005) o 1A PRI R b AR AR 43 A1 T J HELTHI P 35 74 DX BRIRA X i 2%,
A ALk ARG 3R 225 B R X B A B R B, R RRAE A
F29~53 mW/m2Z [i] (ZGEEE, 2016) o

4.4 FH B G HRE

a0 FBTR AR YR FEIRAT I 2R e 8 15 v [X 2 4 P V2 P A AR A Y R K
BAGTF60 ~ 150 kme 2 [7] (] 60 3% — 45 55 AR L& o - h R P 3 07 193845
b T 38 2R A BB P AR — 3, M SR b o i AR A A P R R A T
Jt3&Superior. 4 JEKaapvaal 5 SR K Hy e il X (ATETAE 4SS, 2001, 2Z20E5E,
2016; Lee et al., 2011; Furlong and Chapman, 2013; Jiang et al., 2019) , ‘Ef1F EAHE
1) FH - AR AR K U T b 08 A 2 TR P HTIR E 5 7, Zheng e al.
(2021) RS AR EL T A6t v B i) 1 B B FEAE 23 ) LR REAE, B T
FE N AL 5 B0 2R S0 DX T - AR AR B 485 i 1 b 08 2 2 A A R
TR 67 25 Bt X 0 Bl S5 20980 ~ 140 km, G A7 X stk e 2447 B
EERL T80 kmo  (2) GGT-13Z5 & Hu i - MRV FEH T 4R 78 O & i 5 5 0 5,
1993) + TE T 1T 3 B 5 4800 )75 W 284y B 30 A7 72 I S (R i Pl v, FG o A el S P
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AR, N85 ~95 km, TR A AN AR IL AR M X 1 55 A P R AR R R, AR A
F110 ~ 125 km 5 S5 E MG, 1993) o (3) A TIHER SRR S R EIR,
M b T L 2R A 0 BB BN 75 ~ 90 km (ZERABKEE, 2011; EIMZESE 2014; %i&
5, 2015), P AN SR HENS ok 5 BR 5 1 46 b S b I AR S X )25 A P P P AR 170 ~
110km, {X#EHPEREZAE3140 km (Chen et al., 2014); T Z M RS AE B LI R
BB A7 B )5 H70 ~ 140 km (Huang ef al., 2009). 44 LA B ral &, F)H & B A
JE 5 R IR B T SR AR IR I T2 e AT X F 25 A0 el B R R T 3 1

MEl6HIE T LLE H, i 78 X 55 Pl dm A A7 5 2R S 380 W 2 78 1 A el
X )R J5, N60 ~80 km (FE6), iXEChen et al. (2006) ) F & e % J5 %
SRAFHLE WA 1L 7R B B IX R 7 i (60 ~ 80 km) [ A P8l JELFE — 5k, JL A48
7R T FR I T B A - AR AR AR AL T B8 AR SRR B B3 R A P A A
AIAEEE B EEAEA (Chen ef al., 2006; Zheng etal., 2021). AL, (EILHRFEHFHEZR
W R AN B A B HE A, B IA 150 km, WE/R AR X A HSE i T
7T REAFLEARN 8 SR o 1 A P, S b el 5 R I 2 b s A AN B 2
fa~ 1 Al v hE AR IR B 2 (RIS S PE (Xu et al., 2018; Zheng et al., 2021) .

LREAR ST FLR Y, AL v b AR S A B JE AR R, /N ROBE A [ T
JE 25 W) AR AR AIE 5 3 A P L P o R R A e BN A AR A (Xuer al., 2018;
Zheng et al., 2021), FL[EHE/R T RIC T HodE REBAE SIWIAB S, w5
PO 25 A ] e 2 i P S DX I A 2 S 3 A R P A T S s AR T 2 . 4
HRTANIBE TSR (Zheng et al., 2021), A SCHEN AL AR 5025 A7 P8 I B 5 b 3 1
(23 (RS S M B ) 2 S AT R 0 R AR e AR AR DR, b B AR bR e
T3 BRSPS RS S KR S 8 st 2 A TS0 (14 b D o A A 30 0 44
Rl il B R BT AR B BRI R U A B AR E 1 e B A A AR, AE
HA R SO R IR AR EFAERTT, XU R el A R A
XoF YRS 1 X3 Rl I Ly BRIX Ik BT 3y ) 4kl BTk Rt  ARdb e hnE AR i s
A BB 5L 5 M T 38 S P T BB Tt P A3 50 00 A 1 X T A R o
A P A [ PR A S T P R R R R L AL IR &5
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5 &8

AR SCHERSAL T Fe H AR 0 X e bl B AL S o B AT T AR A B kit |, R
I ThZei:, RIETHE T I RAABIX & IR, 456 AR X ORI R -Hh 3k
PIERGERL, R4S T A RAIE IR

(1) L EIHAX R E 2 &R /AR i T w7, & AR RR
SEREROT I P R 50N, TEEN R S K AR =, AR N AT T
AR AR A B E T, T L G DX A 2R 1o T i 2 i T 1) L 1 P ) A S e
VUL SN A i, PP A Ly i 0 S Al A 12 1 L G e FE e T 2 b e SR I
FRIRAE TETZE s 3L 3 B AT AT 1 DX R A 12 5 s A L AR IR DR 3R, TR A
R T A DRI B AR AR I A A

(2) L7 AR B B R AR T 16 ~ 40 km 2 (8], “PIJIREE A28 km, FH
Hh, TP R X R TR B S R AN 16 kmy, R A e 114 DK R A A
ICACIRA X PR RH I I S H T felR s IR BE ARG FEI34 ~ 40 km, 6 B IR R b A
TAE SRR A -

(3) AR B 5 )i A X 1 B S AR AR, A T760 ~ 150 kmZ [, &7
TAEAE SR AR A S (R AR S0, ORI T RE S e R AR AR USROS AR
AT 3 0 U P U 15 e 308 A A 350 ] A P ) s T 17 [ [ A K

Bog. RO E SRS CERD SRRAMEER, BRI YRR OB B
¥, WIEEZEEE. P ERER R S R ET ST 2B ERE T R, P E
JRRE 2 et BRIE 78 T AT S S A 7 4, A R M SR 2 e b it g 20t S Pl 5% 5 1 255
BHRAEACEGE R TRMRIR S 5.
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