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TR MRS Rz, RZ IR B R RF 7%
FALIAAR XA S 2 K58 3R WA B S i
F(2) XA 5 KALAE A E (Cooke, 1979,
1981 ; Rodriguez-Navarro et al. , 1999a, 1999b; FJii
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M X (#5 70 E 1988) |, T AF K, ok M £ 1 i 9T 3R
B, B AEAS [ Sl th )12 & & (Cooke, 1979,
1981 EbiidE, 2017) J2a AR (J2) mAEBIR
B 4% 0 MLl 2 — ( Cooke, 1979, 1981; Rodriguez-
Navarro et al., 1999a, 1999b; Lindstrom, 2015;
Hebert et al. , 2012; B3I EE, 2017) . 4 Cooke %
(1968, 1981) WFFE I 5 iy XA AE FT, 5 2 6 2
BRI T A AT R IR . 5 i AL PE I T 5
DX, AR5 K IR A s v o O T 2 — , T
EVRBBER B R T R4, Ak (e 2 2545, 19955 I
KAE, 2016; A, 2009; WA R4, 2009; ik
SRR, 2018) o X = XA RBEIE A B, A B Ry
R RIS A8 SRR Eh 4 Ve A

Wi F 399 :2022-12-09 5 28] H 1] :2023-02- 18 5 W45 5 4 :2023-02-20 5 5TAT 4 : TEFINE, Doi: 10. 16509/]. georeview. 2023. 02. 065
YEZ T ATRRE B, 1980 454 0T, 2003 4F Bl T ICAR R LR S0 H2F A2 B RFTll BRl , B2l R 5 %, 0

5T %5058 TAE ; Email ; xyueren@ 163. com,,



2 o

it I 2023 4E

K=, 2019; FEEIESE, 2021), EERKEA
ZIHG ™ E A ()2) AR % iR R BA
B TCRHAE AT R Y KA IR AT T ) (kR
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Fn] i £ 5 A0 A 0 2 TR me B OG &R (B Btk A
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WD A KA & Al 5 R B AR5 B
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12.51" ,db 4k 30°15722. 83", K fib g B 47 %0 3 14
(B 2a) MK, AL VG A 45, &5 15.85 m, %E 11 m,
A7 AT BT 30 07 57 oK 131 Bl 485 20 0% 3
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Fig. 1 Satellite image (a) ( after Baidu Satellite image map) and
profile location ( b) ( Modified from Liu Yali, 2015& ) of the

Niujiaozhai, Renshou County and adjacent area

P B B2 BT AR SRV R AL (T,9) , EARE B35
TH(ys) , ERPGERBA (J3p) , FHESEEREA (K c), T
FERESE AR (K b) , FE R (K, yj) , B H G N4l
(K,g) , SR B (Q)

Strata and code involved in the figure are: Middle JurassicShaximiao
Formation (J,s), Upper Jurassic Suining Formation (J;s), Upper
Jurassic Penglaizhen Formation ( J;p), Lower Cretaceous Cangxi
Formation (K,¢), Lower Cretaceous Belong Formation (Kb),
Cretaceous Jiaguan Formation (K,_,j), Upper Cretaceous Guankou

Formation (K,g), Quaternary loose accumulation ( Q)
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BT — PR A B B b (= R Pk
W2 EARE GEEE SR T B (J,p) , AP S —
PR G RJRHORE 8 A Seiba Je R AL i b B
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WG A R, AR R A R XA A E e RN HAF AR K ER
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Fig. 2 Weathering status and sampling location of Renshou Giant Buddha
(a) TULE 2 LT RINAMER ; (b) T WH BTE A QLR SMCRFEALE (RSF-01) 5 (¢) REbZEREMRH
i (RSF-02) 5 (d) RETFEZRNABCRHEALE (RSF-03) 5 (o) (-5 KM T4 SR FRAENL E (RSF-04)
(a) General view of the Thousand Avalokitesvara Niche and a large rock block weathering off from the top; (b) White salt crystallization and
sampling position (RSF-01) at the top of the Thousand Avalokitesvara Niche; (c¢) The left Heavenly King and the sampling location ( RSF-02) ;

(d) Stratified weathering and sampling location of the giant Buddha arm (RSF-03); (e) Renshou Buddha and sampling location from his shoulder

(RSF-04)
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s KMBJE s TR OB T4 Tl 4 52 ih L & A i
FEI RN, T KA AR Rk 3 R A R (A
2d e) , KA KB ZR ORI , 255, B Bl Bk
Wy ARTE RSB v] Wi (R RO ik
KETERMZATF-FM, 440 T 45240 WAL 3
TN (K 2¢) , BRI T ICEE RSN R,
s B RA E RO UK RARIE T, BBV PR 250 A
FEHEHTIE, KO T2 50m &b A T W35 &
(Bl 2a), BE2 4 m, 58200 7 m, B RS IX ) EE
HAER Sy, TUE B A E R E F2 2 [
KBk B, R U5 L i H AR =AU RE R
SRR, T X T S i X7 5™ B Y X8, A )
A RE DL R TRORE A KR R 45 2 (K1 2b) , 0)
AT S 1 AT A A 24 BRI VE 5 3k
PRI 7% | TR AT BT ) % | AT LA AT e 1)
w AT (8] 2a) .
2 FEMEMRITE
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(1 3a) BURE S ARKR . AR 28 104°10710. 37" Jb46 30°15
21.63" . WARBEIRAE o 78 2 ph 3R e 3Ly, HLAD
FrIRAR 52 0 TR BE — B T 38 50~ 80 em , {H B KUkt
FEAEPAHERZ 10 em DI (EEIEE, 20135 XK
&, ], 2008, 2011) , R %A AR IR
JERTF 1 m, LFRRERE 194 em, N HEFHIXTH
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Fig. 3 Sampling position of core in the same strata near the
right side of Renshou Giant Buddha and Split core sampling
photo
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Table 1 sampling information

Fin | A BOREE
Al (cem)

0~2 RSX-01
4~6 RSX-02
10~12 RSX-03

TR TR TR B

KA F- M2 50m 4b 2 BE 5

B[ 20~22 | RSX-04 | RHORES BRI 1. Sm,
| 40-42 | RSX-05 | AL S om, BUE K 194
"1 90~92 | RSX-06 | em
140~142 | RSX-07
192~194 | RSX-08
TR A 22 BE 40m T W 3% &
WSEOU T s s by
FEBORA ZE 3R T ek XUk
SF-02
fé SF02 1 v e ok
L33 5] B JZ Bk
) RSF-03 RO 72 F R 2 Ptk il

7 BORBTE /DR BB AR
EEL L ONG ) SRR N A
LSRN

RSF-04

3.2 MImRAZE

TG T A B AR KD A
oA SERE, FE S B AR AL SCR X SR P
T (XRF) ST, 5 4R X S0 AT
SF(XRD) #4725 P SIFE 5 rp ol i 4 B i iR
i, H XRD B4 R — MK 1% ~ 5% (#R8 5t &,
2006) WA FE TP S A AR A BA R &1
T, 226 XRD 5% B D 1m) b 4 i, S 35008 %
S T VE AR AR AS: DT AE T 5 v 55 Ak s 240
RIS ER VR . BAnA 2 16 SR LRk ) KA R 5
o, ORI B2 R D R A V2 AR R VA
SR KA VE P B (E A2 XUEAE 9 XRD 28 43
o AR S s 2 13 A T TR T 3 BOR BEAE
FE PR AT AR AE (B, 20055 2, 2016)
PR A SCE T T TR 3 25 1%, DA SR i P i 5
RS RS EN = S
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25 2450 B BH B A4 o B2 {F, ELV W R RS BAL BH
B FAEZE R A I A5 & VL2 BR T8 Uk e 5 45
A AE , SEPRES i ) S TR T I A —E e e
XL, XL 5 | A AR AR T BAR T R

TEAS SCH R FHC I I 15 0k o S B X ml ¥ £ &
8 R TR IGE B0 T R Sefefr se 2 gl
VLA T R AR AL AR P VAR Y
EE AR R Y R R BUE R 2~ 5 4%, R R0
W B Y L2 T, R I ARIRLAE T2 T4
WS AR T A B AT R SR R
ZRE TR R EEA — 2, Hon] LU AR AT Eh RO 46
A T LA G R A 7 22 i B BH B 1 R RESS B
AN [F) AL & W) B AN B €, $5 R T XRD  EPMA Xf
ATV ER S R AT I 3, RIRT R Y A A A
A B Al R 2R 2

4 B R RE R R L5

T 3 A 0 A AR RSX-01 ~ RSX-08 MEAT4E
YTE IR RIR BE 10 5 T il 25 A 2 R A
Y 22 AR AR T S5 R A A B Ak ab
ARG SRR EE A 0. 1~0. 25mm, %5 53
PREL I, ELUkE R, Uk -5 0RE 22 18] DA S 42 fi
F LB 4, WS & 20 80% , Y & 4
15% , 1 FLHL 5%, WBABR A KA 8T, &
1 25% ~30% , 4408 15 15% ~20% , SEBR LAY i 45

RIWM—F4+AEAEESCRRUER
B XRD £EZRFiTR( %)
Table 3 XRD identification results of core and
weathered samples from Niujiaozhai

Grottoes, Renshou, Sichuan( %)

vome | 4| B # @ r ) H g
ﬁunfﬁﬁ iy K K > e it Pay ;;,
A | A i A | A | A
RSX-01 [40.1(38.1]6.5]7.2|1.3| 6 |0.8| —
RSX-02 [46.8(34.8(5.8 6.9 | 1.8 |59 |1.1| —
RSX-03 [38.1(35.4|5.6 |12.8] 2.2 |3.4 |25 | —
RSX-04 [32.3(41.0|9.6 | 8.6 (3.8 |3.9|0.9
RSX-05 [37.8(31.5|4.1 [17.8] 2.5 3.7 2.7 | —
RSX-06 | 35 [32.5|8.1]16.7|3.3|28|1.6| —
RSX-07 [39.1(32.9|5.7 |14.9|3.2 |2.5|1.7| —
RSX-08 [36.1| 33 | 9.1 |85 |28 |3.8]|6.6| —
RSF-01 33.3(35.1(8.3 |83 (3051|4329
RSF-02 |34.2(26.1|6.5 |24.3]3.3 (1.7 3.1 | —
RSF-03 [36.9(28.1|3.8 ] 19 |59 (3.3]|22]| —
RSF-04 |41.1[30.6| 10 | 6.5 2.8 (7.9 | 1.2 | —

W ARSCITA XRD A6 I35 76 BURR R T R 2= i BHBE XRD 52
K= e, AR AL S A 78 D8 Discover, M3 77 2 R # i
2002 4F

ik & A AR e S A B KA s

4.1 BEEERUHERNUEERRT YWAHK
TEEURE R 20 10 g, B TRIEHIR P, 7S 3 h

450 CHBle 2 h, BREA DL, HFE S TS 2 200 H

J& , FIVEA XRD H XRF A9 IRAE & , FE S b 2E 4l

B XRE R A5 R 026 2 AR 98 7R, B 8 g

R2MICEHFFAFAREACRRUERMUFER XRF SHTERFEITR (%)

Table 2 Results of XRF analysis of sample chemical composition of core and weathered samples

from Niujiaozhai Grottoes, Renshou, Sichuan( %)

Reah 2 Si0, Al 0, Ca0 Fe, 0, S0, MgO K,0 Na, 0 TiO, MnO P,0;5 cl
RSX-01 | 57.16 11.22 19. 46 3.82 0.09 2.04 2.14 2.70 0.76 0.19 0.18 —
RSX-02 | 63.72 12. 47 11.10 3.84 0.07 2.25 2.35 2.94 0.73 0.12 0.18 —
RSX-03 | 62.89 12.57 11.57 3.88 0.08 2.36 2.39 2.95 0.78 0.13 0.19 —
RSX-04 | 59.33 12.75 13.91 4.02 0.32 2.86 2.52 2.78 0.84 0.12 0.20 0.06
RSX-05 | 62.33 12.96 11.01 4.07 0.06 2.68 2.60 2.84 0.86 0.12 0.22 —
RSX-06 | 62.38 13.12 10. 80 4.06 0.06 2.75 2.63 2.78 0.85 0.11 0.22 —
RSX-07 | 63.41 13.40 9.29 4.17 0.06 2.69 2.72 2.88 0.83 0.10 0.22 —
RSX-08 | 63.09 12. 69 10. 87 3.98 0.06 2.50 2.53 2.95 0.78 0.11 0.19 —
A | 61,79 12.65 12.25 3.98 0.10 2.52 2.49 2.85 0.80 0.13 0.20 —
RSF-01 56.98 12.29 9.66 6.06 5.62 2.98 2.65 2.23 0.77 0.27 0.21 0.05
RSF-02 | 62.31 13.48 7.81 5.82 0.36 3.32 2.93 2.35 1.00 0.17 0.26 —
RSF-03 | 63.85 12.22 9.97 4.49 0.37 2.50 2.44 2.85 0.76 0.17 0.19 —
RSF-04 | 64.86 12.38 8.87 4.38 0.41 2.53 2.47 2.81 0.72 0.14 0.19 —
WAL | 62.00 12.59 9.08 5.19 1.69 2.83 2.62 2.56 0.81 0.19 0.21 —
TE A By AR E TR AR MR S A2 A T2 B, 2021 Kr AL 2%« H A2 L0 7] XRF-1800 7Y X SR 9 I (XRF) 5 Kl 7 ik .

BRI %,
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AR 2 AL/NE AR ST A L XRD TS
W3,

WA B UIRUA , FE i Z R SRAF 1 — S 1 25 57
PRI R A5 O A R Bl 2 43 1 o A — R B

LA Bl (HAR A o015 — o AR LA, s
RALAE R 520, S Z5 AT

(1) 5521 RSX-01 #F 5 14k 24 20 i Fn
YA B 5 RS 2 A A A A A B R AN TR 4k
SN L, CaO B i 2 0 =5 1M Si0, AL 05\ MgO
K,O & m Ak, o 4 b, a9 KA i
SR, BB SR A S R A R O
A REABEIRZELSRESMBRE, REE
HAERI S HAA 2 /5, XREFEES Ca0 SR
Fmm ) EERE 45 A o T 5 OB R
B, L R T 28 v R FLBR K 4 A
CO,* \HCO,™ \Ca™ [ fERJZHE K KM KRS T Co,
IREI T, CaCO, TE5 A1 R JZVIVE & H s, Had fi
PN A A= DUBUE

(2) WALFE S 5 5 AR i I 225 57 TRk~
AR I, BRI RAEHE D B &8 SO, & i,
SO, TEREFE P B B & il 5. 62% , P40 1. 69%,
MA SRR RSN 0.32%, FHUH 0. 1%,
SO, 1ERALHFE T35 B B A AR T Y 16,9 £,
G RAERE MRS, J& LU R 5 1 IE
XAFAE, % WK RA CaSO, \Na,S0, MgSO, %5y nf
LA EEESE, 19955 A4, 2019; sKAE
85, 1996) , 45 5AR 8 KARFE S T 3505 B R 46 6 2R
F, BANKRALEE B Fe,0, & A i REmg
e Mo R T A A TE XARE R, B f b Dl iE A
K WA AW WAL EF R (221 A, 2022)

(3) TET AL -, & ERAERE RSF-01 Hr Gl
) 2. 9% CaSO, ,iX B 2Z A LUETE/K CaSO, S K
B AT WL T BOA B 25 KRR I8, AR
LA RARAE AR BEAGE HH A R 48 A7 7, (R LA XU R
H SO, B RAE 0.36% ~ 0. 41% Z ] A5 2 7 b ke
i SO, F Y 3.6 5 LA I, Z i LR RE 7E 3438 KAk
FE b R H AR R L, B XRD AR H PR A =
SRR, I, AT XRD K A & B R £
SERTY AR VU XA S i T R A T A B R AR
4.2 HRMAESBSRRSEKEN
4.2.1 NEFBFENA

AW B 1%, S5 IR AR 4y B 1 0
PRk BRI B FRICRE i 10 ~ 30g (55t
FEIE 8 HL 20 ~ 30g , WARAEEL 10g 2247 BIAT) A

T W e A A8 1 O e T s 28 TG K KL | 6 A 9
FRE AT A 30ml £B FK)E, BT k%
Uk 4h, UREiAL BEAT LIRS A o B IO AR
BbALS B RE SR A 500mL BEAR TR, A 250mL 2=
BT B E TR RGN, B 1 h SR
Yoy B, BB A I8 B0 2R 54 % 31 300mL = f4 Y,
KEWZIE, Frk — et R E, e EIER T, Bl
RITA S =T & T AL ST 1 L S W =
B e Sy K B 2 B T A R T D R R B
AT AR A B R R I o A, R N DR
WA ek & UG LT FR R s kT
=R/ Rn

T R BSF 0] F9 A S AR B = 3 O 3 5 b Y
Stoke’ s "EHEHAE 1, RIS (7K) TR 3851 50 A0 14 43
R AE K A2 O VR R R A DUk Y )
57 (A B gk 1) P, kAR Sy TR, I
ik R A S5 R AR P 8 B S 2 AR S E
L, S R R AU L, R Ny

2 grz(Pl -p,)

=
o VO ¢ B UK AE K A TR (em/
s),g ME I (981 em/s”) ,r Ay ok 242
(em) ,p, AR (HL 2. 65 g/cm’) .y A kL
(1 g/em’) 0 ARG ER R ECCIEE 20 C R
I 1.005x107Pa » s) . WIARVTFERIIEE R S(em) ,
WP RP IR ] . T = S/V(RD) o

WIS, M UIRERT AR 30 min B, f3gEr r=
2 (R RI AT 232 (R s AR S i A B
WA WER R e il X HLSE G K ORI [R] 52 A
12 h,
4.2.2 FHEHERILESBEERN XRD iR

EBFEANZE 12h U4 25,50 °C T 48 24h HLT
JE ) XRD JEEI WLE 4,0 P a5 R 4, 45 R B
INESEERER T A KA ERIERK, =
B LRl 7 A i RN, DR 4y A
v S A3 0 388 7K T RS RE AA  YA () s W o — 2 1)
TR P RUkL , S BORE S AT AT — 2 13 A ) %
B MRS R BR 1.2 .3 4 SR A B A E I,

B RIE0.3%~0.6% 20,11 5~8 SHMEH

AF W ST AT A, SR A
1.2.3.4 SRR 0~22 em WIE &2 XLAE
SN A R AR S 1T i 2 B AR A 1], 4t 2R S R
W AT S R EEA B, D4, Bl A s &
B, HARKS Y NaCl Fl Na,SO, , 36 75 2 th 18 52 XAk

|4
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Fig. 4 XRD contrast pattern of core samples after

12h settlement separation

VEFIR RS | 31X 5 2t a2k H XA AR e85 1Y
E%i’%fﬁgiio

RAMNNC-HFFREARIESBERSES
M YA K XRD ST 4R (%)
Table 4 XRD analysis of mineral composition of
core samples after sedimentation and separation
from Niujiaozhai Grottoes, Renshou, Sichuan
(%)

) D-RSX
R]

01 02 03 04 05 06 07 08

LF | 0.4 10603
YW | 1.6 | 1.6 | 1.4 | 1.5 [ 0.9 | 1.6 | 1.4 | 1.2
JfEA | 5.6 | 5.4 5358515248155
KA 6 | 53555951 ]64| 6 |6.1
GWRA| 8.7 7.6 7486 |11.4]8.9 |152]12.1
A [17.6(18.9(22.2(18.9| 18 [17.7]16.3|19.1
=B | 17.7118.4] 17 |17.7] 17 | 20 [17.4|18.9
IR AT [42.2(42.2(40.8| 41 [42.2/39.9(38.8| 37

4.2.3 RULHERIBESEER XRD ik

Bl Na,SO, SE RIS £E  FELETORE L 2R & 45
i /KASIE A, HOHR B B SRR R, AT
TSR W BE AR P X 235 S RS R S e, WLk o3 B
Ji B XAERE RSF-01 % RSF-04 % FHAS[A] ()AL 35 2
PEATHET HEFIRE KK A 50 °C,60 °C,70 °C, 80
C ,BETBF ] g 24h, 4T 04[] B 805 /48 B T
XPHEFE PN 2 AR B RS T I, Ay B ah e
(1) XRD 3% LI S, 5 W 25 3R R )
SIHTEE RS,

BEEMEAR IR N 50 °C i, ST LS 2R N

S1-CaS04-0.5H20
S2 - CaS04-2H20
1 X - Na2S04

S2 ‘
s

X Y - NaCl

Y

v

RSF-04

w - RSF-03
AL N Y WYY
e
VY (W T RSF-02
v Ul \/uwwwﬁuwmp;,

2,

Intensity (a.u.)
'Y

RSF-01

10 20 30 40 50
20.(%)
Pl s KRS 120 DTS B S XRD X i
Fig. 5 Comparison of XRD patterns of weathering samples

after 12h sedimentation and separation

48.5 °C WBJE K 22% , LI CaSO, J& DL /K AH
PIEAAAE . MIE R EETE 60 C &L BT, CaSO,
eI LKA B TR 2UAF , LA B A P 30 B T
T FEE A VR AT, 2438 FE 3 80 °C I, B 7 B T4 4
BRI LA, s AL PA A% 38 B2 02 1 70 °C I 1Y

xS5MI-HEFRAERERESBEERL
i XRD EENER( %)
Table 5 Quantitative XRD analysis results of
weathering samples after sedimentation and
separation from Niujiaozhai Grottoes, Renshou,
Sichuan( %)

W25 A BT 2H RSF-01 | RSF-02 | RSF-03 | RSF-04
BOEREE(C) 50 60 70 80
SEIMEE (C) 48.5 | 59.2 | 70.6 | 81.3

SR (RA%) 22 17 11 —
VaE 0.5 | 12.5 | 14.2 | 14.5
=h) 0.3 | 10.5 | 10.1 | 9.4

" 3l 1 1| 1s

1=

= J7 A 45 | 42.2 | 37.1

% EFya — 1 1 0.9
BHA — 17.4 | 18.6 | 24.5
ik A 1.7 1.6 1.7
pINZRN 1.5 1.2 0.7
NaCl 0.4 | 09 | 0.9 | 0.8

AR
il Na, S0, 3.6 | 2.0 | 2.6 | 2.9
- CaS0, - 2H,0 95.2 | — _ _
CaS0, - 0.5H,0 6.4 | 6.5 | 5.9
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Table 6 Table for Calculation of whole rock soluble salt content of samples in Niujiaozhai Grottoes, Renshou, Sichuan

SR TV L S %f;ij“
= =N A | T
sy PV VOBERISY 505 | Bk it FE(%) =R (%) Sy | 0
B (g) | Fii(g) | Fig(g) (g) NaCl+ NaCl+
NaCl Na, SO, Vak-1 NaCl Na, SO, Var-1 Na, S0,
Na, SO, N
+AF
RSX-01 23.21 22.274 0. 847 0. 089 — — 0.4 — — 0.0146 — —
RSX-02 25.239 24. 467 0. 668 0. 105 — — 0.6 — — 0.0159 — —
RSX-03 24.458 23.778 0.615 0. 065 — — 0.3 — — 0. 0075 — —
RSX-04 29.99 28.981 0. 898 0.111 — — 0.5 — — 0.015 — —
RSX-05 28. 856 28.002 0.738 0.116 — — — — — — — —
RSX-06 29. 347 28. 501 0.732 0.114 — — — — — — — —
RSX-07 33. 669 32. 688 0. 845 0.136 — — — — — — — —
RSX-08 24.517 23.854 0. 585 0.077 — — — — — — — —
RSF-01 6.565 5.418 1.122 0.025 0.4 3.6 95.2 0. 068 0.615 16.270 0. 683 16.953
RSF-02 8.219 7.855 0.34 0.024 0.9 2 7.59 0.037 0. 083 0.314 0.120 0.434
RSF-03 8.534 8.078 0.423 0.033 0.9 2.6 7.71 0. 045 0.129 0. 382 0.174 0.556
RSF-04 7.425 7.08 0.316 0.029 0.8 2.8 7 0.034 0.119 0.298 0.153 0.451

T AR A BRI AE

1%L, ERLBAE LIRS, A F K
S MRS RIVE 255 Ko s IR R oK 4>
PHGH B 2 F R R B A R K A
P, RRE LW, AFRANEKAEEE, E
XRD & 1) 2Theta = 31. 7° /248 T IR AT HT I, 5
Na,S0, F1 NaCl (% F= W o7 8 8 | XF J5 35 19 7% &= 0
FEAE—E WG, PR AR T Ao %) R e e AN
it 50 °C

UL G, DULE R RE S v 4G s T
AL AR S SR NaCl Na,SO, FIhiEEh A8, H
oA E SRR, 4 B R i RSF-01 ik 3]
95.2% ,TE— M MALFE 3 B A i & 128 5. 9% ~
6. 4% (FIKAE) 5 UL 4 B A i P Y Na,SO, 7 it
K 2.0%~3. 6% ,NaCl %584 0.4%~0.9%,

4.2.4 EEHGPARRSEITE

FR AR it b L 5 2 ) 4% 350 0 PR o, &5
A XRD 22 s AT S, G IR B AR
FES Y 45 AT AR S AT T (R

H RN B Y 16.27% , Na,SO, 15 0. 615% , NaCl
/D e N 0.068%, 4 5 AR B A E R
16.953% , HB oW AR =4S XU FE (RSF-02
RSF-03, RSF-04) H, AT 5 £h 0 & R AH T, A
Fr M 0.298% ~0. 314% ,Na,SO, &4 0. 083% ~
0.129% ,NaCl & 1M 0. 034% ~ 0. 045% , 4= A W] ¥
R ETE0.434% ~0. 556%

BRI St . ok F A 20 3R 2 B XU i XL
POFREE SR, WV AR 5 it e O AR KB AR BE IR
AT ER B IC, [l ISV 2 2 0 F IR e e T ) i 32
AR, 2 5 O it RS H ) i A B B IE B X —
Mo R LA AR R SRS s AR A
EIEM R F87R XA TG A e 5 Rl i 2R i 7
HEREZVINLR,

R7TONM-EHFRAERE RSF-01 7 ELERERM

EPMA FiEEHRFEETELER( %)

Table 7 Qualitative and semi-quantitative calculation results of

EPMA ( %) for sample RSF-01 after Separated from Niujiaozhai

6).

Grottoes, Renshou, Sichuan

IR BN, fE A DA T AR 2R EIE
N P = N < Y
(0~22 em) { PUA-HE 8 TP AT BORAO A1 W) N0 | M0 | 8Os || K0 | G0 e
= A B - 7 A 4 82904
L8N 0.0075% ~ 0.016%, ¥ 38— o e [ ros | o | a2 | 178 | 334
0. 01325% , P& A for s At AT 46 2 | 42.47 | 3.88 | 15.02 | 23.23 | 4.54 | 10.85 | 38.29 | 50.80
RUALAE A ke i e oA 4 3 | 495 | 1225 | 3179 | 3.93 | 11.99 | 290.4 | 6.48 | 3.47

A AN, YR AT % R Na,SO, K

NaCl, H-Ap&Eh#E 8 RSF-01 A4 F & &

TE . AR BT . BT FE TR 2 M ERBLF A B, 2022, 075 K I AL 2% . B AR K5 e
EPMA-1720 %1 B B BT (EPMA) 5 K 7 i . By oK i
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Pl 6 RSF-01 Ff it 43 B A R4S
Fig. 6 Salt crystallization after separation
of sample DRSF-01

4.3 FABNERRESH

M RSF-01 43 B8 45 b B nT S R FE i, R KA 2
KGEPIR AR (K 6a) , FH T R BIBOCR 5 )5 2 8
JREKAAR (] 6b) o B Hy A T v e Al M b &
BT T IE (EPMA) HE T

it EPMA A998 HUH K& (BSE) 43 BT & 3, 2
IR EEON A (K 7a) . AF HIERRELS, ik
BRI, K2 200 ~ 500mm, &K 8947 8 ik
AN, AR AR R T 530 T B R Z ], 484
a7 R e S s L Y ek = UL bW T A B NI E

BSE (7 M4t %)

Najt 2 446 K A B

STL & 4 i

CLILE 7 fi

F2MEEF] NaCl F1 Na,SO, fbfA

JFFE NaCl Al Na,SO, AYREAFARZS , X BE 5 ep
Na,Cl.S Ca S0 M7 T HEA (B 7) , 458 IR
Na K 5 Cl FZ0 M TRARRD BT,

fE Bl TR ES Y Mapping BT A
48T CL Na S ZF BT R A0 AT 47 T Cl+
Na DL S+Na JTTR WA A R HT (K 8) , 454
7~ Cl+Na( [ 8a) DL F S+Na( &l 8b) B34 #4752 it
R TR A E (K 8¢) Z IR IB AR AR Y T 22 v,
WEDEFE AT S, HY5 S+Ca /1R 2 B A
B (E 8d) .

HRETC R AR EIR T RSF-01 A4 h 3
A Na Fra s 0L B (B 7d) 3547 T o0 R P
MR e BT, 25 R WL 7, 45 R WoR,3 A
F % Na,Ca Mg K M S Cl 4%, 25200 o048 7~
WAL EIFA R — G, 2 2R &Y IR
AW N, = A0 B Na,0 SR N 2.4% .
42.47% .4.95%, C1 & #AKIK N 1.08% ,23.23% .
3.93%,S0, & wAKIK A 46.1% ,15.02% ,31.79%,
s BB B s TS ER A BRI S 1k . AR )
AT EhIEAE Z 0P AT 58 (B FTR XRD M s, A
mn B TR AR SR LA CaSO, S E, /0 i Na,S0, 5
NaCl A9, HF B+ R A5 C1 &% SO, Wifp, A ik Ab
ARG Cl TR FRRIE T NaCl, 1Ml Na JCE A T

Kyt & 7 fii

Pl 7 RSF-01 £h45 i (70 28 T4 i P15 S0 a5 00

Fig. 7 Scanning image of the elemental plane of the RSF-01 salt crystal sample and test point location
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Fig. 8 Element association combination analysis of DRSF-01 salt crystal sample

NaCl 55 Na,S0, H, A%} =M £ #% NaCl F1 Na,SO,
M RIIE & AT TR, 25 A R = AN
NaCl & iz 5 1l 3k 38.29% , Na, S0, &t fig i il ik
50. 8%,

LIRS HTULEA VTR K 4 b, CaSO, 2 i
FLF NaCl Fl Na,SO, 45 & 09, BT & A4 8K, i
NaCl I Na,SO, B T & 8K H A B R,
BAEZE R AN R 78 R 58 AR A 5 H AR R Y
—iEHTHAY, BARAE K Na,S0, #EA MIEKER
Tia) 5 7K BRI A T AR FRUBZ ke 190 1 I, AL 5 1 285 i 2%
25 S AN TR) 1 B TR A A s A R T
YER 225 B R 2SR AR 5 Seh e — 25

5 Al ERAE KA AR R AR IR
AR B 2 {7 £ D 4 0 LA 5 7T v

CaS0, \Na,S0, NaCl ¢, R HFIH = Fhdh 8 7E K1k
TR AR FHAILER A SO = Ffrh 28 o o K e K
R AKARAE A6 AT T VRSO T , LAH 2 e Kfk
TR AR FHAL
5.1 Na,SO, ERHEEHHER

Na,SO, , 8" ¥ %~ oK T4, s iR R &7 dh &
(IR , 8 WA s bR R, th 25 RN JT A #
e Gh ¥ FK A SRR, 7R s b B oKk Ak
AL K ER R WL E KR Ra AW Na,SO, -
10H,0 (574 ) FIFa A5 H9 Na,S0, - 7H,0, 5 #TETE
VR IABE T 23 1a] 25 i %% A ( Steiger et al., 2008;
Bharmoria et al. , 2014) .

Na,S0,—H,0 KR HE (&l 9) n] i By AT THF 5%
Na,SO, TEANIRIRBE ASRIRLEE 2500 B i 7K & 45 divtk
SRS A, B R, SR ETE-1.3 CULF



2 A FERHESE U3 A4 fa 28 A0 R Eh A A LB g i 11

365f &
1 2INa2S04
5 1 A T
234
25 I ;‘ﬁﬂigiNazSOzz
= a0 LR 75
o R W
=
-H
324} <
= %P sz s pmmenenls s s s sz s
23'; Nai$0i“10m0" | ot
b Y a > .
<1.3 3¢ kil +#} 7iNa2804
S T R 2 Yo YRET): o I I
T
0 5 44.1
p (Na2S04)

&l 9 Na,S0,—H,0 &R (¥ Steiger 55,2008 )
Fig. 9 Phase diagram of Na,SO,H,0 system
(after Steiger et al. , 2008)

FiF 5 PR TRV YA ) [ A S A e Uk
JETE-1.3~32. 4 CI, 5100 R R 52 - 1 [ AR 2
T2 (Na,S0, + 10H,0) , i 247 A ik F] 32. 4 C LI
B, 5500 VT 1) T A4 AR Te K B R A, R
32. 4 °COZ oA A AR AS &5, R AT I IR B2 I Na, SO,
- 10H,0 &l AHAE A TE7K Na,SO, A IF Rk
4K .

R 7 BE 2% A, 1 RE 2% 1 B AR A AT DL i
Na,SO0, B9 7K & 45 &Ik 4 (Lindstrom et al. , 2015;
Angeli et al. , 2010) , Rodriguez-Navarro 55 ( 1999a,
1999b) Fi Na,SO, #hah fi A 1E FA LU0 171 1) e 53
At iE &I . Na, SO, TEAHXTREEE /N T 50% Ht 4 il B
TC/KEERH (TR BRIREA ) | T ARSI B R T 50% s )
TE BT (S K BRRR G ) |, 156 WA L 198 b %o 1 8 19 e
PEABAR 5, 2y Bl S 00 1Y AR AT e AR K B 7K
AL

ATV ER I TC K A 2 5 /K 45 ik 2 18] i 6 AR A1 b

20
10 (B) +EW
NaCl ¥k NaCl (es 81T
o o +0.1°C
~ JL R
10 - [+ NaCl-2H20+
F\a 7/J<+ s \,-ﬂ__ .
T NaCl [+ NaCl ¥ HaGHILEa
: NaCl( &)
20
Yk+NaCl-2H20 (&)
-30 L T I23.3'26.3| I\\\GLS‘ T T T 7
10 20 30 40 70 80 90 100
p (NaCD

& 10 NaCl—H, 0 {4 Z A1 & ($% Bharmoria 45,2014 )
Fig. 10 Phase diagram of NaCl—H,O system
(after Bharmoria et al. , 2014)

PIARFR I K 5 04 2 AT s EhAe A KAk f v ™2k
SEEN T A A PR B R R 2 —, AR
RIS fb AR A B 158 T R R AN e T B i R P 4%
TR KA 5 15 416. 83% (35 8) , i R T4 8 7k 1k
Af 319% (5K, 1993) MARBUEZ K , iX )2 Na,SO,
TEER AR F B A B s Y i R 22—

g5 b BRER N AR A A KAk B v n /R 5 K]
MEE R ARG (<32, 4 °C) W (>50% ) RO &4
TeAKPEAE MK () 25 e i, P B 2 A RR
JiK Xk A P AR I B 5 I ROK B RS P AT B
TR ER BRI, B A /K B R 3 D AR TR M 7
WAL, 75 W) Y PRI A 0 ) 2% % AR, B R AN VA R
SCRT PR AR NG i AR VLA PR 8 7E — R TR
Wb AT DU ARG dE ] . FEZE R Y
JERELL 32. 4 ColE RIS T, oA AT s AR AR
WK IE BCTCK B R B, AR R 4 . Wi K 1) 4 PR 4
TEF — AR AT, O] PR R 5 1k R v
fiff o BRIREN 13X — 1 Jo fiff HC ] me) 1 H 742 52 5 1 T
FE R A A R A RO W AR AT, AT

*® 8 MBI R THA R E B R B AKELR

Table 8 Crystal constants and expanded ratio of sodium sulfate and mirabilite

[laed7] BARERRES | ESR 25 [E) LY e Y RN A
=0.56nm, b = 0.895 nm, ¢ = 0.699 nm;
Na,SO, | PDF-75-1979 | 41)7 | Pbnn(52) “ nm e " 0.35034 nm®
a=B=vy=90°7Z=4
Na, SO, PDF-75-1077 Wi P2L/e( 14) a = 11.512 nm, b = 10.37 nm, ¢ = 12. 847 nm; L 46034
10H,0 o ¢ a=y=90°,8=107.78; Z = 4 : o

IEMAEE E = 1.46034/0. 35034x100% = 416. 83%
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ifi Na,SO, Bk Xk XUEAE R 2 i e K k2 2 — 23
5.2 NaCl ErASAERKTEFMNIER [ 25°C

[ 10 % NaCl—H,0 fKZ A FIHL Na,SO, 1 20K

7 ,NaCl 7 0 C LA R A ##7E & /K #h NaCl - 2H,0, 2
UREEVK AL B, NaCl M IZE it B Ak ED°
BUBMKEON . FFLASAININ 3, NaCl FO3RZE B FIXE 2
A IR A ) Na,SO, ( Kwaad, 19705 & [n] 4 ; Ho A: Na:2SOs- 10H20

4, 2022; Ik ER, 2017),

(HAE R AR R B AR 3R 24 A S AN R 1)
o 1 LU R R T s A oK AP BT A 5 (I
=i, 2017), WK 11  Na,SO,—NaCl—H,0 f&
FAH L, A E R B A TR AR & T NaCl & it iy 32
151, Na, SO, JI AR 22 504 1 B2 3B T AR, 28 Xy =
0. 87 I35 Fe AR 15, Na, SO, FRIAHZS JIi 7K 15 N 32. 4
CF% % 17. 6 °C ( Bharmoria et al. , 2014) ,iZ 1 mif#
(1) Na, SO, FAHZR R BT 5257 75 Ml IX A0 118 Tt 2
T f 3R XA AR T 25 5 52 SR SR A A 5 il

100

90 -

80

70
© 60 TR (R
e
B
ui]

17.6C
10 [ Na2S04 * 10H20 X=0.87
0 1 1 1 1 1 1 1 1
0.1 0.2 03 04 05 06 07 08 09 1.0
Na2S04 NaCl

NaCl B& /R 73 B Xnac)
& 11 Na,SO,—NaCl—H,0 £ &

M (PR A8, 2017 #)
Fig. 11 Phase diagram of Na,SO,—NaCl—H, 0

system (after Shen Yunxia, 2017)

AN, NaCl B FEAEXT Na,SO, YV i & A 5%
Wi, AN 12 g 25 °C B NaCl— Na,SO, RS KR
i E T2 P81, AT R T 20 B 75 NaCl 5 5 A 36,
Na,SO, MR B Bk ta s A TR & L
BIRAS ], AR A AT 0 R S R W], 3 L 7
M—A X [EE A0RIRT 250, A A—B X ], BF
HAYJE J K Na,SO,, 76 B—N X [&], ) M7 H i) &
NaCl, BPF NaCl (477E 23 BEARAR b AV A B2, i 30T
T 5 5 15 B 3k AL T AT £ 45 b, DT R 3] 780 K A

5Na2S04(f1 77 ) HF R

i B: Na:SO4(# 77 ) 5NaCLHEAT R

3 4
m exacy (Mol/L)
[ 12 25 C T Na,SO,—NaCl ¥ %
2k (Hik = #,2017 )
Fig. 12 Sodium chloride — sodium sulfate solubility
curve at 25 °C (after Shen Yunxia, 2017)

PEAEER S S E R JEHUZ Na, SO, 12 4
K R 2SR &R AR R
5.3 ABERMERESRMIER

FE A 20 SR AR AE i v A R i UL 1 XL
fer= =z — i HH A A i A v s R 15
22 W0 AT DA BRI A | DR T A B
N B (R K — M A 2 A8 i 3 1 A AR 45 1R i
FEH R (R, 2020; sRPEMSF, 1993; Sk
S5, 2011) ;1 A S 2m g i SR R R B, A
(R 285 fi VE W 5 A 7= 26 1 B 3K 1 FHAR 59 ( Kwaad,
1970) , KRIBEAS SO A8 B9, Rl 2 ok k2
FrKER Z [R5 A8 25 EAT T BT AR TR, 45 2R
T

CaSO, ) WA £ °H (CaSO, - 2H,0 1B FRAE
AF) A E (CaS0, - 0.5H,0) A7 (JoK
CaSO0,) —F , 7E— ML DT R s KR 7= 4 vh 1 4
FE N A E (Alexander et al. | 2017) A E AL
I AR K AE Ry B B s TR AR, A Tl
IR AT R IR EEAE 65 °C 2247, /K M 5 18 52 1R
R AE R R 152, IR AR (IKF 65 C) AF
IRAR AN K (Ht B AR R 2218, s 107 C 4
ATBE AR P K B A b B Ui A 2 T K
JnBe 7E 160 ~ 190 °C i, /K A7 8 7T LLAR B 4 i 7K
ARy o BER B AU K A1 E (Alexander et al. , 2017;
Granneman et al. , 2017)

A7 IR T SRR AR SR U, A
(CaSO, + 2H,0) 7EIE WG B AR R 1, S 451
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AR IR 915 & A8 oK KARAE . BAR A
BIERIRTE BT, BHIE b RE™ Az — 5 1Y 45 i g ik g
71 {8 Kwaad (1970) $f 1€ & 7 £ 5 43 3R i F
Na,S0,,NaCl, CaSO, W T IFFE Eh &5 ikl 41 KAk
FIF2 485 5 % B Na, SO, X2 1 H Bk 3K iz % | NaCl
WZ 1M CaSO, WIS XA A A 452,

AR EPMA MK Z5 R0, A T
i BE RS BLAIG  FEZE A SR T 4 b R 2 e A
TR 55 o B A T AR 465 ot , S ISP ) 98 1 = B2 A7
TrahRERS, ABEHARZMETZ N,
FHEE I S Na,S0, K NaCl ZAEFAASE & 5a Nt A 45
fn, TEK B R IR ) S B AN Ve T sk
N 12040 TR B A A DY IR 22 ) B2 1 s, 2R )
ZEBRIN, 24 Na,SO, M NaCl 255, F5 502 Na,S0, [
TR AL PERE R ZURZ K | W0 SR TE B/ IN A B PN
GG ET T VARIIR =R SR Uik A 157 N [ = )
LERTEZ IR . 4 Na,SO, HATBERE J0E 21k
MR 277 A i il —is B —45 f— i K ot B i h 28
AT AE A SREET e L= A i & B I K —
KRG AERTT

BARAF XA A RS e s/ B i T
CaSO, HIIRMRIE RS Na,SO, Ik, fh2FFa e kv, i LA
A AT HA DB H Ca™ W B3 & B B
T,80, 7 Mz 5 Ca® 456 A, R &4
AENACAVER TR EL RS — 1, KRE50h
XA ARZT L) Bk Ca® M2 T Na*
(HREHLEE, 20165 X FLAF, 2022) , X2 AFREAER
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Fig. 13 Temperature distribution at the hands of
Renshou Giant Buddha in 2021
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F AT (RENSE, 2022) , HEEAF RO XA 250
PEATRFSE B AR, 78 2020 4F, 100 H 78 5 K %
X6 T A RAEIRET WML &, X Kb AL R Y 4%
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IZEAT M ARSI BT 1 A 8 H 8 B, A
0.2 C, i T 8 4 2 H 10 B 20 43,
h54.2 C, &F AR 18.45 C, P H 2=
12.33 C, Hrpdm KT 32. 4 °C (46 Na,S0, -
10H,0 FHAS B /K IR ) I KRB 92 K, R iR e T
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10H,0 FRARFZE IR IE) 1 RBAT 268 K,
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Fig. 14 Humidity distribution at the hands of
Renshou Giant Buddha in 2021
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Fig. 17 Comparison chart of daily isochronal average

temperature and humidity values in August 2021
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Salt weathering mechanism and climate response in
Niujiaozhai Grottoes, Renshou, Sichuan

REN Kefa" ,XIE Zhenbin® ,WANG Ling” , JIANG pengdong® ,ZHAO Fufeng" , CHEN Si" ,SUN Fengyun®
1) College of Earth Sciences, Chengdu University of Technology, Chengdu 610059
2) The Sichuan Provincial Cultural and Archeology Research Institute Chengdu, 610041
3) College of Materials and Chemisiry & Chemical Engineering, Chengdu University of Technology, Chengdu 610059;

4) Sichuan Shugong Highway Engineering Test and Detect Company, Chengdu 610199 ;
5) School of Mechanical Engineering, Chengdu University, Chengdu 610100

Objectives: Salt weathering is one of the important reasons of weathering deterioration of stone cultural relics,
but its internal mechanism and process need to be further studied.

Methods: In this paper, we collected the core and weathered samples of Buddha Grottoes from Niujiaozhai of
Renshou to do the study. Their mineral and chemical compositions were compared and researched, the composition
and crystallization state of soluble salt in samples are Focused.

Results: Researches show that (i) the weathered samples have 16 times higher contents of SO, than the core
samples; (ii) the core samples were detected to have trace amounts of gypsum only in the 0 ~22 cm surface,
whereas the weathered samples contain 17. 5 times higher content of gypsum, and a few Na,SO, and NaCl. This
indicates that the weathering deterioration of grottoes is related to soluble salt, especially sulfate. Further studies on
the properties of Na,S0,, NaCl and gypsum show that Na,SO, can undergo repeated crystallization reaction of
Na,SO,+H,0 ==Na,S0, - 10H,0 in response to climatic conditions, the volume expansion during crystallization
is 416% , especially in humid climate, the secondary crystallization of Na2S04 can cause more damage to rocks.
NaCl can reduce the phase transition temperature (to 17.6 “C) and solubility of Na,SO,, and amplify its role in
the process of rock weathering. CaSO4 has slight effect on rock weathering, but it can be used as an indicator for
the accumulation of soluble salts. Combined with the studies on the temperature and humidity monitoring data of
Renshou Giant Buddha, it was found that the changes of daily temperature and humidity with time naturally fit the
transition conditions of Na,SO,—NaCl system.

Conclusions; Climate changes coupled with salt weathering is the main weathering mode of the sandstone in
Niujiaozhai Grottoes.

Keywords: Renshou Buddha; weathering mechanism; salt weathering; Na,SO,—NaCl system; climatic
conditions; conservation of stone cultural relics
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