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WAEAE T2 M 22 B R 1T T AR A% 3R Be-10 ROMREE AT S EURA SR R B B2 AR, nfor i B A 58 7 4R R 4B
B 1 Tl 0 | ST PR A A 3 % i DM Al A A A S, B A AR S v S 5 X, )
T AME Be-10 e FalAFEARN E HAT 22 52 WAL B AL b 2 R IR R AR, IF 455 22 5 LB BER A T AE o 9 1=
ThHR X 6 NAEREA R 12 1> Be-10 ARAURE S BOWFFE S5 R R BT, 30 ka LUK, Rty vk DX A b 2 42 ok 3l
1.3 ~3.6 mm/ka, ZWFTE N TR R B EEMAEBOR AL A R R A S P 3t T TSR 251K 8

KEEIR T AR B WAETT 1 5 Be- 105 4654 27 5 (R0l 3% Rl oty vk e

R0 A A J2 5 U 20 vk 1 i Ak 5 20 05 8 A 10 G
Bt D A T I R (IR A R)
(in-situ terrestrial cosmogenic nuclides TCN) "Be
% AL B 58 TN AFH A B FT oK )1 3t 35 fme S 2
71 Z — (Gosse and Phillips, 2001 ; jifi #E X455,
2011; Balco, 2020) , 2+ A7 5 H#55 PU 28 7 vk
284k (Dong Guocheng et al, 2016; Adams et al. ,
2022) | 7 9K = SR K1 E AL ( Wang Jie et al.
2013; Zhang Zhigang et al. , 2023 ; Dong Guocheng et
al., 2024) ARIF A YUK A I R b2 BR UK R
FUASE B 2 B[] 2 A — 3K ( Schaefer et al., 2006;
Clark et al. , 2009) | X3 A YR oK 36 HA 1K Uk vk i 1
KA TR oK1 AR T g s B HE RS (Smith et al.
2005; Zhao Jingdong et al. , 2023) %5 FHI{EH T E
RTTHR, SRT, o T AE R 22 S5 I AL X S i) | 3 35
Y 2 g A AUBCUE AR D g i T Al A BT 5T R
(Balco, 2011), Ptk $25 TCN Fe 88 M AEH AR AYHT
JEE FIAE R B J2 A R AF 5% 8 55 2 — ( Phillips et al.
2016; Balco, 2020) ,
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weathering) " BUH FR 0 25 AR BE T % i i S
H1 Dahl (1967) $2H}, 2RI T UK IWE S B4 40
I (EGI BEOR A5 T HRUB R AR
JEA R T AR5 A7 2 T A Tl s 22, FRad i i0a 1
JIT AR 3R 10 Ml 3 AR AR A B3 4 ol R % T BT
(Wang Jian et al. , 2006; Larsen et al. , 2012), —
BT AR R R MR Iy gk k&
(Lal, 1991) 4@t H 23207 ¥k I A AR 2% A A
eS| g S TR NN N (TR = BB 5y N
AR IR, VFZ AR RE G QAR U UK R By o 1
T, R N AV, HCHk B2 IR R R B RR A VR BE, A B
A R AR R B SO R (B2, 2019) . =0
“RAE R EVH AR B KU 2 AR K S iR A A
SRAEFAR I AR (IREAE, 2019) , HHTAH CAFFE 4L
o DU oK Ak ROV A ) 5 T KA B
FH B - LA LB R A 5 A S B e A i1k
= AL R PR 3 38 AR A e B[] L2 AR A A
o T XA A B9 KR R (Gaillardet et al.
1997 ; Fernandes et al. , 2016; 5%, 2021) ,

LT 6 5 AR R o A R ot A B 7 S D 2 30
], 5 Z2 YO Bt KR I B8R R 8 vk 1 535850
T HARA A T L B 2 B Kt 28, B TP AR
T R WIAF AT 26 S AR P IR S A b 12 b i 238 1) AR
DA (KB A 4R L Bk e, 19955 Ja] 1 41 55, 2004) .
PRI, 2855 25 DARR I ot e DO R IX, B T A%
2 Be-10 22 MAEEORI E B A7 M7 22 55 WAL FFAE
18 TR B B T T R AE B R b R = E T

1 W XA

R T VKME (99°48" ~ 100°30"E, 29°02' ~ 30°
08'N) 12 T 75 ik 1 J 7 A 2 B W L Lt ok AR AL b 5 L
Ly bRy JE DX (8T 1), AR 20 e 1 o
FECI 191 T6 P 3L L RN 3 B 2 ] A T L 3R T THT A
HAR A B, AU 65 30 225 A B0 2 kb, AR
T R L 23 b R TG i Y T 2T S A ot R AR ST
2, K29 135 km, 2 VGILAREEAE [, 1HIFE 3600 km?,
— B 4500~4700 m |, AP E R EN S IATE G A
DA AR o (20N 055, 1982 255 144 | 19865 VX1
el 2004; JRIMPTEE, 2004; #E75, 2010)

H i RE 3k % 7 10 © IS AR VK, (EL7E 27 DY 2 Bisf
W1 X 2R B UKIE IR B T KR k)1 kb 3k
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Fig. 1 The map of the palaco-Daocheng Ice Cap
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Fig. 2 Differential erosion samoles form the palaeo-Daocheng ice cap

(Kl 2d) WEERREEA . BIARRMEGFR IR 1,
2.2 WRFAE
2.2.1 FAZEEBRNEFRESXEITRE
FEOR A TR R T LA T2t 5 KA
H N O S5 5T & A A RN I 7= AR R R T 2
BT X G T A SR T RN W 2% o R T R
A AT 555 A e B AR T & A R Y
BB PIAZZR , FR Ry i bl A 5 i A PRI A% 3 ( SC T T RR
FAEBER) ., AATERNTFAERRRE RS A2
o o [A] 52 T A ) PR AR, R R R A, AR
FAER R TR EE KR, 76 B b R A% 2 ARl
HERK 0 APESL T, o] DA A (B ) Y
% 4t (Lal, 1991; Dunai, 2001; Gosse and
Phillips, 2001) , H &35 8 0F WSCHk ok & NI
40 2013)
FESBY RIS TR 0. 25~0. 9 mm RiAR A kL
i N T Bk 3E | Ak B8 Fn gl fk, P2 B4l A gk

(Brown et al. , 1991; Kohl and Nishiizumi, 1992) , fi
J5 BAT BERE S A I AE £ 19 Be 44 (24
0.25~0.5 mg) , G IA 40% 1946 HF %t . IR
AL & HCIO, J& , 7% T )5 4 H HCl % i, 20 7
MR — D R, HAR D IR S5 52
SRR, LUK ST S 500 FE rh PR AR T S ARG T BESZ
SRR IE L B 5 S K TR Be Ar Bk, BERTED
A Be SLRMEEWTINA NH,OH (AW pH A1k %)
8 ZeA7, MMM Be(OH), MULTHE, A Z KA
Bk B ICR YR, #4576 1000°C & il 1Y 5 of
Wi, fifi Be(OH), #40h BeO, &), L - HE47 0
RS (Accelerator Mass Spectrometry , AMS ) i
(TKENIZE, 2003)

AR SO s ) TS0 A P i DO R 2 AR R
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Table 1 Information and ""Be ages of differential erosion samples from palaeo-Daocheng ice cap
\ g | s |wd | REEE | aoBe) | CBedik |0 apy | T e
P *) (m) | E(em) | n(°B ‘ BE L ey | T
m Z(em n(”Be) (x10"atoms/g) (mm) a (ka BP) mj a
XYC-001 29.40673 | 100. 13137 | 4437 2.0 5.92E-13 0.90+0. 02 200 16.5+0.4 5.1 13.2
XYC-002 29.40673 | 100. 13137 | 4437 2.0 5.21E-13 0.74+0. 02 13.9+0.5
HZS-0611-TCN-01 29.41258 | 100. 17689 | 4657 6.0 2.61E-12 1. 81+0. 04 100 28.2+0.6 7.7 16
HZS-0611-TCN-02 29.41258 | 100. 17689 | 4657 2.0 2.34E-12 1.80+0. 04 27.2+0.6
HZS-0611-TCN-03 29.41258 | 100. 17689 | 4657 2.0 1.39E-12 0.93+0. 03 30 15.4+0.4 15.3 2.0
HZS-0611-TCN-04 29.41258 | 100. 17689 | 4657 2.0 1.27E-12 0.91+0.03 15.1+0.3
HZS-0611-TCN-05 29.41304 | 100. 17667 | 4642 2.0 1.31E-12 0.950.02 20 15.9+0.5 15.1 L3
HZS-0611-TCN-06 29.41304 | 100. 17667 | 4642 2.0 1. 16E-12 0. 84+0. 03 14.2+0.5
HZS-0612-TCN-01 29.37338 | 100. 14026 | 4454 2.0 1.34E-12 0.94+0. 02 40 17.1+0.4 16.4 4
HZS-0612-TCN-02 29.3733 | 100. 14026 | 4454 2.0 1. 19E-12 0. 86x0. 02 15.7+0.4
HZS-0612-TCN-03 29.37327 | 100. 13989 | 4455 2.5 4.65E-13 0.84+0.05 30 15.5+0.8 16.0 L9
HZS-0612-TCN-04 29.37327 | 100. 13989 | 4455 2.0 1.22E-12 0.92+0. 03 16.8+0.5
Blank - - - - 3. 11E-15 - - - - -

2 ¥ ( hitp://hess. ess.
(Balco et al. , 2008 ; Marrero et al. , 2016) . ARWF5E
H B B I 4F 24 R ) LSDn AE J s SR A5 B ( Lifton et
al. , 2014) ,""Be 2 W& 1. 387%x 10%a ( Chmeleff et
al. , 2010; Korschinek et al. , 2010) , k{1 % &N
2.7 g/cm’ , 1R ZFEN 0 mm/ka, BRI 1, 5
R RITRSE R TE 1,
2.2.2 EBHEEMGHE

TAERECE B A R 2 AR U TR
W RETHEA AT B AR AR A TR AR AR (2,
BAAL s ka) T R S T FRARRASE T 22 [ 14 1 25 (L, B0
mm) WIZR7R 22 S = il it A6 B 10 4R ol R (B
i :mm/ka) WKy . Hye o PRUORAERE St R BR AEAR T3
T BRI AR 0, PRI T3 1 5 B8 AR A
/N R AR IR 4, AR ot s A ) S A B ) — A i
NI

3 WA

FES Ty VKR X 6 A s 12 AR 5 Y 72 A 4%
£ '"Be BT H K 13.920.5 ~28.220.6 ka,
Xof Ak 4L B R R 256 58 B 313 HL A 2 44K,
SERTEFIN15.1 ~27.7 ka (& 3) , %R T MIS 2.
PR, 2638 8 R MIS 2 DL SR AE 5 2 1 43 ol i %%
] —AN A B 2 AR I B B AR 45 A E [R]— > IR
JEJEE N, B HZS-0612-TCN-03 ( & {37 A i ) 2 5%
AEARLE SRR T HZS-0612-TCN-04 (fI A7 T RE 5 ) 1Y 52
FRARAREE AN HiAy 5 AL RE A4 J2 v o7 T 2 R AR AR

washington. edu/math/)

KPR Y FR 2 AEAR  UREALRE & i InASCF- Y47
FRAE R IZ S i ) 2 R B (), 45 5 22 AR b IR
(CREXT 22 ), ATAR SR R T A RUBE A6 1 6 R A= Tl TR
H 1.3 ~13.2 mm/ka, [H & FHFEM 4 XYC-001 Fl
XYC-002 2 [a] (A RH X 1 22 1T BEAS A2 R 22 S AR i g
B (CPEILTTIE TR 43) , Jr LA S5 2 T A B4 1 g 3 oty vk i
XA X5 R BRI 1.3 ~3.6 mm/ka,

4 HHE
4.1 HRHREM

ANRLIE B SR AE RO AR Al 2 B T A SCECR AR 22 57
R e — D SCBE IR A 2 — e LR R, T
SR RAIERE AL AT R i 22 S g A0SR AT IE T 2

SRS, 1, RN S S R b AR
ANTRIESFT]RUBE (CBRAR K X0 Ay vk X sk vk 1]
PR IR 25 7T LASE 230 PR e 77 2 22 5 4R
M, ANIEL 4 B, AN (5] 5 8 i E) R 8 vk 1
TRAE A, ] da b JEREICH VIR DXy o3 1 S DX 3
AEB A DR TR, P 4a il T THOAT IR BR DR i 52 B
HH A A 22 S AR el BT 4b 20K AR B R I Y 22
SR b T T R , 3K A IR i 2 TR 2 T A B A
BRI T — W R R R, 18] 4e J2
TR AR A A I DX A B o oK TR , 1] 4 AR
L AT 25 BRI X ok 1 R, 3 M 26
R TR 5 2 8 I [ L, HG SR T 52 1 3R
o Wi RS, RATEER B T4
AR RN P SR i e (] A4 RS 80114 22 57 4R Tl e i ]
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Fig. 3 Landform map of differential erosion samples in palaeo-Daocheng ice cap

2a HHEAT T IRIGIE . L, FoATT00 28 Wi 28 4%
KAEMIRE S BR XYC-001 1 XYC-002 #£ 5% (& 2a)
Ab A SR T 22 SR AR A B SRR
BUR, JEEANE 4a R RE SR BIHR FR AT B —
R RURAEIFE S
4.2 HBHIRTEH

FES Tty VK 6 A~ s 57 A UK T SR RE i SR A TR vk
BRI KN A vk stale , AR RS R 13, 9+0. 5
~28.2+0. 6 ka, X T MIS 2, FHI2AEWF5EH£ M
FES T PRI VK AE MIS 2 88 % A 3 JOUAR I vk )11
4 (Fu Ping et al. , 2013; Zhang Zhigang et al. ,
2014; 2025;Wang Jiangtao et al. , 2023) , i H A Aff
FERINARE S5 SR ARG AT SR T RAE s A X 15
AYAT AT (B 3)  REIE UKE s DX 4 ARG (BR
HZS-0611-TCN-01 F1 HZS-0611-TCN-02 , iZ#E & i1 T
K H LS 6 AR B 5w 1y, Tl RE R A UK
Wi e, R B AR 27,7 ka) XA T 15 ka Y
VKN FAT:, WAL TR 2 ALRE S X R T 16 ka ()
PRI X AT A R0 oty PO M 320 2 1) ot 388 8

THIB By A2 (P XS 25 2004 8 745 2004) o It
G HEANTE [ 2 AR I i i U AR 2E R L,
] — N (LA ) AR o 0 T A 2 R A AR 45 SR AR X
— B0, I TS U B I AR5 SR A T SR
4.3 BEHKEXREREEMER
FETF 2 SR M A S A R PKIE X 6 A a5,
BLAIAE 5 B AR Tk 28 43 50l Oy 13.2 mm/ka 3.6
mm/ka, 2.0 mm/ka, 1.3 mm/ka.2.4 mm/ka, 1.9
mm/ka, HH AR XYC-001 F1 XYC-002 541
{RIMHCR R XA S5 R IE TR, %
i 21 7R 07 T AR, 17 I 22 524 200 mm, HA2 H
AR, AT REARAL A T A R B AR 7 a3 J2 UK
JAE T i v 32 3048 o I 240 1Y, A 0 22 5 KAk i
BCAY, PR ICHERR S0 i B A B AR sk 8, A i 4
HZS-0612-TCN-03 F1 HZS-0612-TCN-04 FIf A i 2. )
2l N 1.9 mm/ka, SR, & 07 1 BE & HZS-
0612-TCN-03 1) % &8 - A8 /N T A7 1 A 5 HZS-
0612-TCN-04 (R FFAEMA, X 5HEH M4 L L%
SR SIORFF X 0T RE St T I AR R 22 B H e R
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Fig. 4 Boulders at different exposure time scales

TR (HE AN ] A DA ) R il 4 1Y 2% 88 AR AR L8R
— B, G55 RN 22 IR S 4R AR B8 1Y) 42 okt
Ru[UMERSH , I, 286 5 A SN Al 545

RO K 264 2 19 2R 20 1.3~ 3.6
mm/ka(SEA{E N :2. 2 mm/ka) , Dahl (1967) F
“THIORAL” A8 T Narvik Mountains F 5 19 {2 1 7 2K
A1 mm/ka, Andre (2002) 333 52 Hir 55 40 44 4 W
JEERHL X 2 3200 A~ WSS AR o S
FUA R M R KR 0.2 ~ 1.2 mm/ka, Wang
Jian 55 (2006) 38 32 AIF 58 A 30l v R R DI ot i S T R
AR AL (A BRI 55 ) RS2 B DA 1Y
AFXS 22 S A B30 L0 DK b 48 1 2 6 A T ) e o 3 3 Dy
0. 69 mm/ka; 1% 45 H 5 AW 5 A Al 3 ) e/ M bl
FAH (1.3 mm/ka) #1iT, Ballantyne (2010) . Larsen

S5(2012) F 22 S A ol i) 5 kAl S & A A
AAZE R 508 2 mm/ka 1. 8 mm/ka .1 mm/ka,
WFFEEE RS AW T AR i d A A (E (2. 2 mm/
ka) FH—3,

WAL, WA F M A AR (F#
J2""Be FIPAL) Ve Al B 4t R 5L 7R bl A H2 H
TAZIT N R S A A it & 23K 3 Al 1
HRARAE” R OG22 38 DA AR R A i R UK LK
AR DK THEE R | 2% 8 I [) J6L, Lok 38 0 R 38 348 25 0k
JE | MR TR R B R 2 A% ot e 19 i AR o i %
BN K (B 9R %, 2019) o PRI, 38 B R A IR &
AR il SR AT R T %, Smith 45 (2005) A1 3
T2 B i R R (873 ka A1 1. 15 Ma (T 4
fin ) Al B AR AR R R 0. 3~0. 5 mm/ka; Seong
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(2009 ) ) FH 0 2 R v AR AR B R i A SRR
BRAY AR R 2 1 mm/ka; Owen 55 (2010) F1 ]
AR B S8 AL 3 A AR MR R 208 1.2 mm/
ka, WAFETETERRZ ML R P RIAE R
IR T AR IE AR S5 2R . Chai 25 (2024) fi
K 1 mm/ka .2 mm/ka F1 3 mm/ka B4 1 3 2ok
KB MAE S,

L5 ERTR i T IARBOR AR DR 22 | 22 S ik
FEOOF g 28I R 22 U A IR R A
RIS )y A R e 0 N [R] ROBE S5 Y 28 5, e 22
SRR AT B Y A AR D A — i R 2
JENMELRE R o RIS [ 70 8 4oty K DX ] £
SEROR AV RS BRI RS S R
TR AL b A R i R — 2
I, AR BT T T T3 R 2 A R A 00 R
AT T B W S8 0TS 4E 2R

5 %5t

EHEILTF AN "Be 288 WAEJ7 0 & 75
It VKR IX 5 A AL 10 A FA 22 20 RRAE Y
AR A A B BR B AR AN, IR A5 5 22 S AR TR i 22
AL B A IR T R BTSRRI AR
30 ka LK, Rt VKR X AE B A AR s 0 1.3
~3.6 mm/ka, ZWFIE 0T AN R B EE AR BOR
B A R E A AR AR ARAE R T R 2 K
Y, AR RE AT AR OB AR 1 o 4R 3 R Y — Fof
gLzl

& £ X #
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Estimation of erosion rate of granite surfaces

Based oncosmogenic nuclide Be-10 dating study in Daocheng Palaeo-Ice Cap, western Sichuan

LIANG Xingjiang" , CHEN Luming” , ZHANG Zhigang” > * | ZHENG Chaogang” ,
ZHAO Dan” , LI Yiman” , LU Nanxin® , ZHANG Hongmei®’

1) Geological Exploration Technology Institute of Jiangsu Province, Nanjing, 210049 ;
2) School of Geography, Nanjing Normal University, Nanjing, 210023 ;
3) Key Laboratory of Virtual Geographic Environment ( Nanjing Normal University) , Ministry of Education, Nanjing, 210023 ;
4) State Key Laboratory Cultivation Base of Geographical Environment Evolution ( Jiangsu Province) , Nanjing, 210023

Abstract; Terrestrial in situ cosmogenic nuclide (TCN) '*Be exposure dating method is currently one of the
most successful dating methods for glacier geomorphology, and this technology has made significant contributions to
global glacier geomorphological dating. During the dating process, granite samples are usually selected for dating.
However, granite exposed over millennia is subject to weathering, which reduces the concentration of cosmogenic
nuclide Be-10 on the surface, leading to an underestimation of the exposure age of the landform. Thus, we aim to
quantify the erosion rate of granite over millennial timescales to improve the accuracy of cosmogenic nuclide
exposure dating. This application is crucial for understanding evolution of glacial landforms. This study focuses on
the palaeo-Daocheng ice cap, where the Be-10 exposure dating technique was applied to determine the surface
exposure ages of granites with varying degrees of weathering. Six granite samples sites and twelve Be-10 age
samples were processed. By combining the weathering thickness difference, the erosion rates of granite samples
were estimated. The results from six granite sample sites and twelve Be-10 age samples indicate that the erosion rate
of granite in the palaeo-Daocheng ice cap area ranges from 1.3 mm/ka to 3. 6 mm/ka over the past 30 ka. This
study provides a reliable reference for estimating sample erosion rates in cosmogenic nuclide exposure dating.

Keywords: terrestrial in situ cosmogenic nuclides exposure dating; Beryllium-10; granite; erosion rate;
palaeo-Daocheng ice cap
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