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Abstract: The fault slip rate of is critical for understanding strain partitioning within a fault system and assessing seismic hazard.

Tectonic geomorphology method can be used in constraining Quaternary slip rates in general. In the active fault system of Tibetan
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Plateau, the Haiyuan Fault Zone accommodates part of Indo - Asian convergence and its slip rate provides reference for
understanding the mechanics of continental deformation. Thus, several slip rate studies have been carried out along the Haiyuan
fault during the past 3 decades and the results range from 2.3 mm/a to 16 mm/a, which caused controversy and confusion. Based
on a review of the previous studies, we point out that the main reason for the difference in previous studies is the choice of upper
terrace and lower terrace reconstruction models. We infer that the upper and lower bound of slip rates are obtained based on the
two models in general, which cannot be simply equated with the real slip rate value. When there is a lack of observational data to
distinguish the reliability of the two models, a combination of upper and lower terrace abandonment age constraints can be used to
bracket the slip rate. The method shows the respect and recognition of the objective uncertainty in the calculation process of slip

rate. In addition, the evaluation of slip rates of Haiyuan fault zone can provide a basis for the identification of two end models of the

Tibetan Plateau based on the intro-block faults deformation.

Key words: fault slip rates; Haiyuan fault; geomorphology; river terrace risers; the upper and lower bound.
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Wt J2 ¥ Bl o R AR Ry Bk Bl ) 2R g v i
Ze 8, 2 PR 2 A i AR B 43 A 5 T AR Y AR
B A ACRE % 48 75 52 2 B J2 2R 8 19 32 3 2 5 0 78 g
fi %F fF (Thompson etz al., 2002; Bennett et al.,
2004 ; Bird, 2009; Dair and Cooke, 2009; Goren et
al., 2015; Daout et al., 2016) , 3 H 7 /& fi% K Y i
) RURE | 5 Wi 5 3% 2l A i 6 558 op Ll BKOE 1S 4
UL FBLAY 3 (Bergen et al., 2017; Li et al. 2018;
Burgette et al., 20205 Peltzer et al., 2020; Yang et
al., 2020). 55 —J7 T, Wi J= 3l 3 R A S Bk b 2
15 30 P 0 B 2 2 800, ) 25 AR AR RE A R T ) T
LI R R TUART 45 4 (L0 87 )2 25 7 B IX 45 ) Xt 7%
2 4% B 9 42 % /E H (King and Nabélek, 1985;
King, 1986; Acharya, 1997; Wesnousky, 2006;
Klinger, 2010; Biasi and Wesnousky, 2017). i {&
Uik, W72 1 Bl A8 AT LA S i AN [a] Inp s RUJE N T 2
TG B AT Sy, 5 T 2 Ml R R Y A R SR AR
FEWR A A S R RO L ), S M AR P K
ST | M 7= DX R A R b 752 7 4 1 VF o 9 OC B 4
#5 (Friedrich ez al., 2003; Chevalier et al., 2005;
Chéry and Vernant, 2006; Frankel ez al., 2007; Kir-
by et al., 2007; Field ez al., 2014). 1t , Wi 2 ¥ 3h
T A8 N 0 T S 1 Bl R 4 e T ) it T
HNEZ—.

FI T 25 I I8 J22 3 2l A 10 5 ¥ T A 4 R M
D 2 7l MR A M SR A S AL G T T
R 5 2 0 3 22 58 5 GPS 5 InSAR T B
LI s 21 W7 J2 7 ) — 5 9 88 Y Rl I (O 284 7 )2 5
WA 50 km ) B4R B HR 1 AR U AR AR P ik
A 2 R N 7 R AR AR AN B AR R A B AR E 1y

B AR 24 AS RE W B HE T SR TR s 2R B ) o
#5H (Chéry and Vernant, 2006). i #i 5 2% Jy 7% %
BT BRAE T2 48 78 i DU 2 AR B Ok 3k AS — R B
T R 0 L B, R AR I A A AR A A
SE L Az B I 1), AT BR ZE 100~10 000 a i ] R
Ji P9 B4 07 2 ¥ 3 3 3 (MeGill and Sieh, 1991; Mec-
Gill and Rubin, 1999; Weldon et al., 2005; Scharer
et al., 2007; Scharer et al., 2011). 3L T VL _EFFh 7
P LR eI S 3N IP S R B ) B S e
AL, S 6 iy 550 8 B B 2 (] 3 o 3 ot B B
T KB 2855 ) RTRAE 10 T Z K, F B T3 5
i 22 A MR T T A A B ) RUEE P ST 1 3 Bl
% (Weldon and Sieh, 1985; Zhang er al., 1988a;
Lasserre ez al., 1999). Wit i F EE — KW 2R
) B 7% b 22 A 3t 550 007 5 e S 11 98 3 5, AT LR B
W )22 16 2l P B 25 18] A OC & 45 T AL T 5 (Frankel er
al., 2007; Kirby et al., 2007; Hoeft and Frankel,
2010; Gold and Cowgill, 2011; Rood et al., 2011;
Blisniuk ez al., 2013; Gold et al., 2017). f£i% £ 1
T A b A5 A e YT I b E I TR G R G g P e A
FEAE , B 1 T E 53 g R v R w A M SR AR
AR 8 T 3 42 ok A 1 A SR s 4t T B R
A5 T G b TR A T A O AR Y AR (1 3 U A
i S 2R O B A9 A% O [A) B 2 — (Lensen, 1968;
Sieh and Jahns, 1984; Weldon and Sieh, 1985;
Cowgill, 2007). b, i it % 48 o Jot = J7 ik , %o Wi
J2 PN A7 A X8 075G A& 1 b BT A Cln A8 i 5 4 il 2
FH 2 ) AT 60 F% D 2k R b 5T AR AR 27 5 AR, AT K 3K
Al B8t T A I E) RUBE (% WY 2 T B R (Yue er
al., 2001; Yin et al., 2002).
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AR "R RY A SR A I R A T R T A P
I3 A T R 5 AR OB A R B 2R3
R SE 1 W 24347 (Avouac and Tapponnier, 1993;
Peltzer and Saucier, 1996; Tapponnier ez al.,
2001) 5 Jm 4 W IA Oy o B AR I A 2 (] Ot B 4
B, BEAT 32 20 0CCE IR 2R X, B s A TR
R 5 SE W W RTE e R 3 AR R A B b i AR
(Molnar and Tapponnier, 1975; England and House-
man, 1986; England and Molnar, 2005). A 1t , i A
XoF T e D 3 B E W e 2 3 S R AT T
o A R WE ST R B T BRI (.
Peltzer et al., 1989; Meyer et al., 1996; Van Der
Woerd et al., 1998, 2002, 2006; Lasserre et al.,
1999, 2002; Meériaux et al., 2004, 2005, 2012;
Cowgill, 2007; Kirby et al., 2007; Zhang et al.,
2007; Cowgill et al., 2009; Liet al., 2009; Gold et
al., 2011; Chevalier et al., 2016).
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(R 28 B A0 2 (R ET 58 45, 2003). Rif A e 9o % I I
Al IF T 15 2k A OG5, OF 7 T 3R EE B
Wi 24 BIF 5% v — 2 B A SR (S S, 1922,
[ 5 M 72 R Hb BT T LT B IRD A YA XM R R
1990; AP A4 %5, 2011). BLAb, ZW M5 T H i
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i (Tapponnier and Molnar, 1976; Zhang ez al.,
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1988b; Burchfiel ez al., 1991; Gaudemer ez al., 1995;
Lasserre et al., 1999; Matrau ez al., 2019). W S 5iE fifi
F IRV 7S B LU P00 2 e W e e S S B L
X 11%) 45 3 BF W A (Zheng ez al., 2006). §if A JE T Wi
ZUE w24 B DX B SR RN T SR T T 1 ) AR
X3 R 7 B MR AR B VR R 0s B AR B LB
BB e R B B (5 SO) DL RS BB (18] 2).
Horp v Je i B 5 4 v I BEAS SAd IR — v T3 3
W 584 1] 7 B A T, JR A 24 350 km J5 % ki ma b E 1
I S A o] 5 B 30 55 v S DR AT Dy SR BERRC R
Vi JE T R 5 BT L 1709 4R Hh T M 7.5 R |
1920 4 M ~8 M7= 5 1927 4F IR M 8.0 it 5=
S5 RGP K R W 2L, 10K 2 by 52 447 %of DT R4 4 IXC
TR T " A 3K (Deng ez al., 1984 ; Gaudemer et
al., 1995).

b 2% = AR TN SR I R AT TG TR
B G I 22 J5 T 2 SET ST ) A0 BT SO D B
T B B Tl R T ST AR R T MR AT LA R AR
T 22 e Sl 22 2% T 4 1 IR 2, LA I TR) R |
% N (Zhang et al., 1988b, 2003; £ 5 F
21997 M2 K%, 19985 Wil B2, 1998; Jing
etal., 2007, 2015) ; ABF 5T R R B FR 25 X 5
1920 4F 765 Jit M 752 3 3% 5 281 Ak T P Bk 25 (] 2,
Gaudemer ez al., 1995) , {H 3z # (1) K b I &= F 5% 48
7 Hh R AL Hb 78 25 X N AEAE 2 30~35 km 11 1% J2% i 1
M4 (Cavalié ez al., 2008; Jolivet et al., 2013; Li et
al., 2021) ; T B X5 ¥ i W 28 1 3l R, /i A F 5045
B8 HEEA T 2.3~16 mm/a Z [8] (Zhang et

al., 1988a, 1988b; Burchfiel ez al., 1991; Gaude-
mer ez al., 1995; 3 18 PH &%, 1997; m % & &,
1998; lasserre er al., 1999, 2002; fa] 3¢ 5% &% ,
2000, 2010; Hetzel et al., 2002; Jing et al., 2007;
Li et al., 2009; Zheng et al., 2013; Jiang et al.,
2017 X4 Fi4E, 2018; Matrau ez al., 2019; Yao et
al., 2019; Shao et al., 2021).
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(B — 7 AIE 3t 550 1A 1 2 B 5 L K A 78 2R AR Y R
B [8] (Lensen, 1968; Sieh and Jahns, 1984; Weldon
and Sieh, 1985; Cowgill, 2007). o, i@ i K 48 W
Hb A R yan 3 B b AR A Dt ) A ) B B
MY 2GS WA 2k b, R FH b 5 4 (back —
slipping) AT AR A5 A7 #8 5t . AHXS 1T 7 , A28 R AR & i
I ] 458 M B 5 (Cowgill, 2007; Yao ez al., 2019) ,
FEHR M AR R A7 A 538 58 I L AR AR A L L
1 8 T b 355 B )22 42 2l A9 I R OC R 3 B (Lensen,
1968; Sieh and Jahns, 1984; Weldon and Sich,
1985; Cowgill, 2007; Gold ez al., 2009).
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Fig.2 Map showing distribution of active faults in Haiyuan Fault area
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al., 1989; Meyer et al., 1998; lLasserre et al.,
1999; Klinger ez al., 2011; Middleton ez al., 2016;
BREAF, 2017) 5 A0, L0 T IBHOR (ALS) 1Y
W Y B K Sk B T (Hudnut ez al., 2002; Oskin
et al., 2007; Arrowsmith and Zielke, 2009; I it
M, 20115 XI##4F, 2013) , %07 ¥k AT LA SE 90 2 0K 2%
s b AR B DR IR, i B 3 36 i o HE R AT
Hb % BCHE T LUK 40 220 1 G0 b 550 T 25 R A i AR T
FEAE R W 2 W 2l s Y 2R A% (Hudnut ez al.,
2002; Oskin ez al., 2007; Arrowsmith and Zielke,
2009; Zielke et al., 2010). ¥4k, PR EHEARD
oz T T i K 284 ) 52 62 B8 AR AR, b R AR
& & VL K 1 gl i 58 b (Chen ez al., 2014,
2018; Ren er al., 2016;Yao et al., 2019; Ou et al.,
2020 Han et al., 2021; Shao et al., 2021).

T AT T 7 B b 550 AR B9 8 4F 7 125 B 97 28 X E
AR5 ARX R AR AR X AR T B ] T A 0
A I RE Y SR B B T BE SROE 25 4 L A
T 43 B 3 A 6 &R 45 (Rockwell ez al., 1984; Hanks
and Schwartz, 1987; Knuepfer, 1992; Koehler,
2019; Wells ez al., 2020). 4% 5 4F F BL7E 55 U 40
T Bl AR 50 b e HoeT L RO 7k £

A HC OB LA R T R A% 3R B B AR N C AR
T2 B D AT S PRI T 3 0 A G T R4 R (R R R
F18) 4 dile A B ) T LT T gl o e F g U 1 L
B (OSL) & 4E 1 H bR 9 2 A s FiK A, 7]
W 7E 10 a~100 ka (14 4 W FF i, 3205 5 SR HE 1
DU B BEOGAR 5 0 58 208 25, DUBUG Y 2L 6L AF 3% 7]
FH S (0N i, De) 5 45 03 R (AR 57 oK
Dr) /) HAB K %R (B 3b, 1 8SF FIRK B 38, 2013).
TR R R E R ER BT YRR R R
T SR R ST T O (B 3a) , A% 2 Uk R T A o
B A8, T 0B 2 i B R 1 R R AR A
A5 45 B b T A5 A R 1 R A I R R
R A B i W B 5 SR R TR B UL A% 3R Ak R Uk 2 B
TR AR AL il 26 (1 3e) , A A A T3 45 3] b
S50 T 11 2 R AT

3 T IR O DU 20 1 Bl AR AT 5T

31 BREERTENLENERARR
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H 8 mm/a®2 mm/a B ¥ 3 # #* . Burchfiel ez al.
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Fig.3 Cartoon showing geochronological techniques used in slip rate researches
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(1991) 3 3o T 20 Y A4 35 b 57 431 P 58 1 Tk o 4 AT
a0 I, AR 5 TR D R 24 A e 02 Bl B 1 (R
SRy S A R ECHE I A5 3 e SO T B T AT b BT B
(8] ] ) 9 Bl R A 5~10 mm/a, B T4 R =
AR EE S 37, I 2 7% 38 U B . Gaudemer ez al.
(1995) 3 xF 43 Bt 4 5 3T B LA B2 ¥8 e 0% Bt [ M I AR
FUHT A R G R A D B i TR T ) A2 R Ok vk A
SRS MR, O A A A R T B RN YA e 04 B I T B
MR ~11 mm/a Fl ~15 mm/a. 3= i8 PH &
(1997 )38 32 XA [m) #5180 4647 C 5 B E 4 T
XF F PG b b DXCBE A F T SRR E T BB
B Z b 3 T AR IR R A L TS T B E LWL
Bt B b st e DOk B sh MR 2.3~3.9 mm/
a. [n] 7% & A5 (1998) X 75 & 1 BeAu i vy i 47 T A2
JRE AL H (0 I i, 25 G BOREOG E 4R 45 2R DL RO X I
7K R I B A B HE D, Ak B8 A5 33 Be 9 2 i i B
R 2]l 1~3 mm/a. Lasserre ez al. (1999) DA% 1%
Ly B PR AE 0T 1 6 BT I b A M 30 b s 2 T kG
SR HEAT 1AL 3 B A Y TR AR AR O L JT A AT B
MY C AR I TS B B BRAR T B AR 11.6
mm/at1.1 mm/a. fif 3¢ 5% 5§ (2000) 76 ¥ Je 08 B 77
G T RUALEEAT T IVBOLE AR 25 G bR v T
DA K vl A HE W7 45 A Sk GO Y8 L B X R Y R 4 B
(] At B0 v e 0 B 4t LA (1% 3 2 R R 3.2~
4.3 mm/a, M5 Bt DLk G i gl RN 2.9~4.1
mm/a. [FIFETER B BE, Lasserre ef al. (2002) 1K JJ
UK ) 200 m (7K SF 67 B B 45 A 5 I % R
(TCNs) & 4F 3K 45 ¥ Jb I Be iy ol 3 % E R 19
mm/a+5 mm/a, FBR A 11 mm/a+3 mm/a. Li ez
al. (2009) T P40 /Y b 5 S 1 5 C 4, R
T % B Ml AT % W) B BRIk L R S
B O e = S A B ke SO B B
RG5> 5 K 4.2 mm/a+0.8 mm/a 4.5 mm/a+
0.7 mm/a 5 5.0 mm/a®+2.5 mm/a. Yuan ez al.
(2008) #H 19 AGU i Z2 % Bt = 15 5)) 3 S 0F 52 19 i
Priy B AT T A IR E , 454 "C 5 OSL @ 4F R
25 R HL 2 b 55 vk TT A5 4 1 Bl R 43 ) R 1.6
mm/a+0.3 mm/a5 4.7 mm/a=®0.4 mm/a. {i] 3 5t
45 (2010) FI I 85 43 38 3 SPOT 8 A% A1 4 3l A it JE
SN T B ¥ e 0 B P AN AR R AT T TR A
R 1 AR L S5 A OB 5 C B A T L
TG BY Hb AR TR A 3098 e 1A B [ M TR Dok
MY 3h K 4.3 mm/a=+0.7 mm/a, 48t 4] 2L

K 11 B 3R K 3.9 mm/a=+0.36 mm/a. Zheng et
al. (2013) ZEAA] 3C 5% %5 (2010) P SEAily - 53 BR 2
TR S B AT ) B b BE SRR R A R
B LR A 1 2l MUK TR A 4.4 mm/a£ 0.7 mm/a.

HEA 214, BE B & R T 5215 5 bR $i 4 2R
19 H 2 (58 B DL K2R D 20 A5 A2 D aORg B8 09 92 2, Bl
SR I — it 32 R T GOR T ARORS AN R Y T
Bl R 5T . Jiang ez al. (2017) K H5 M3 LiDAR 4=
P v A T b B AT T TR A A A 3 b A A
3 3 X B T C R OSL AR 4 3 47 0 550, BT 3
153 30V e 08 7R B i B 3 R 29 8 6.6 mm/a+0.3
mm/a. XI| 4 55 55 (2018) 76 & J% 1L BL i Hh il gk K08
DL R 3 SIS AL X B b B IR 4 AT TR E L 4
G 1C L BB AR T B, e AR 5 R IS LA
T T RILBL A 45 ka Lok 4.3 mm/a+0.16
mm/a i B . Yao es al. (2019) F FH 3 FHL 2K
LiDAR Az 14 w5 K B2 3 % B0 %) 22 52 10 BEAS A
D7 HEAT T P PEAL 38 R 20 A TR T A R DA %
T4 T AR AR 2 O 8 A2 R TR T DL Y
B R H A 5.0~8.9 mm/a. Matrau ez al. (2019)
XF e b B R SR AT TR AR A AR 22 90 b
T 9 B T4 B PR Z 2 AR BRE T A 15 ka LK%
aob e JEL L LU AT Y 1920 4F Ui I b 52 K 7R W 2 04 1 B
HE K 2.7 mm/a£0.5 mm/a. Shao et al. (2021) %
Gaudemer ez al. (1995) 3CH Y = A~ B A5 A7 5 B 4
BT, 5 T S T A 09 B b L A R O O — RS
AE T BB E T B b TR EAK R S ] 5 A )
5~8 mm/af g sl E Z . Yao ez al. (2022) T /NRI
Jo NHLAH R AR 1 Bl LA B 22 9% B i i) "B TR J32 31
A1 H BT A T PR L B s R L B F 13 ka RLR Y
Wah#ZR TR 4.1 mm/a+0.6 mm/a.

DL B IE = A R B3R T 4 ) P A 32 b 5
27 AR R TR D BT ST 5 D 40 o Bl AR I S A
(R 1B 4), b, R M 2 7 g )8 W 141
KBS, /T AT InSAR 5 GPS T B4 316 i i 4
W B & 4~9 mm/a(Gan et al., 2007 ; Cavalié et
al., 2008; Lietal., 2009; Jolivet et al., 2013 ; 2218
&, 2015; Daout et al., 2016; Wang et al., 2017;
Huang et al., 2022) , 127715 1T DL 24 516 Ji7 T 24 1 i 44
A F T SCOK LA Yao et al.(2019) 5 Shao ez al.
(2021) B 3CF Ay 451 o] v it 0 284 3 )y R 3R A0 5% o AN
B 2 P R 2 AT VR A TT AL, DA 5 By 38 ik Vg i 2
A T Bl I ST A R AN TR 2 P R S
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1. (1.6+0.3) mm/a, Yuan et al. (2008) 8.(6.6+0.3) mm/a, Jiang ef al. (2017) 15. (4.14£0.6) mm/a, Yao ef al. (2022)
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Fig.6 Geomorphic map and topographic profiles at Sangedun site of the Haiyuan Fault
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Fig.7 Schematic diagrams showing the upper terrace and lower terrace reconstruction model
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