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Geochemical characteristics of apatite and their geological significance in the
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Abstract: The Jinling skarn-type iron deposit, located in the Zibo area of the northern West Shandong Block,
exhibits close genetic relationships with the Jinling high-Mg diorite intrusion. Through petrographic observations of
diorite intrusions and skarns in the mining area, this study identifies three distinct types of apatite: magmatic Apl
in diorite, early hydrothermal Ap2 in skarn, and late hydrothermal Ap3. Geochemical investigations of these apatite
generations provide critical constraints on the evolution of ore-forming fluids and the controlling mechanisms of iron
mineralization. The diorite-hosted Apl shows elevated Cl content, while the development of hydrous minerals
(e. g., amphibole and biotite) indicates a water- and Cl-rich magmatic system. Such magma generated iron-
enriched fluids through intense hydrothermal exsolution under decompression conditions, establishing the foundation

for iron enrichment. Hydrothermal Ap2 displays higher *’Sr/*Sr ratios compared to Apl, with values approaching
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those of Ordovician gypsum-bearing carbonate strata, suggesting evaporite-derived materials were incorporated into

the mineralization system through fluid-wallrock interactions. From Apl to Ap2,

negative to positive values,

hydrothermal system. This promoted oxidation of Fe’

"o Fe®

the Eu anomaly transitions from

indicating that carbonate assimilation progressively increased oxygen fugacity in the

and subsequent magnetite precipitation. The gradual

depletion of Fe, Mn, and rare earth elements from Ap2 to Ap3 reflects significant consumption of these elements

during late-stage fluid evolution, coinciding decrease and progressive mineralization processes.
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Fig. 1

Geological map of the Luxi block (a), and geological map of the Jinling iron deposit (b) (modified from Lan

et al. , 2019)
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Fig. 2 Representative hand specimen photographs of the Jinling iron deposit
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a—skarn; b—albitized diorite; c—calcite veins in massive magnetite; d—pyrite veins in massive magnetite; Mag—magnetite; Cal—calcite;

Py—pyrite
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Fig. 3  Photomicrographs of three distinct apatite types in the Jinling iron deposit (a, ¢, e: plane-polarized light;
b, d, [: cross-polarized light)
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Cal—F i fa ; Ep—&a &
a, b—Apl in diorite intrusion; ¢, d—Ap2 in skarn zone; e, f—Ap3 in late-stage hydrothermal calcite vein; Hbl—hornblende; Mag—nagnetite ;

Aln—allanite; Cal—calcite; Ep—epidote
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Table 1 Electron probe microanalysis (EPMA ) results of apatite from the Jinling iron deposit

##  F  ALO; Si0, Na,0 MgO0 K,0 P,05 CaO TiO, €I SO; SO FeO MnO NiO Cr,0; Total

WWZZK1-37-01 Apl 2.38 0.04 0.16 0.05 O 0 41.64 54.81 0 0.47 0.13 0.07 0.08 0.06 0.03 0 98.81
WWZZK1-37-02  Apl 2.50 0.03 0.16 0.08 0.02 O 42.03 54.56 0 0.47 0.21 0.07 0.01 0.02 0.01 0  99.01
WWZZK1-37-03  Apl 2.48 0.01 0.15 0.07 O 0 41.70 54.70 0 0.38 0.21 0.05 0.05 0.01 O 0 98.68
WWZZK1-37-04 Apl 2.17 0 0.21 0.09 0.02 O 42.46 54.28 0.01 0.61 0.23 0.11 0.19 0.08 O 0  99.41
WWZZK1-37-05 Apl 2.49 0.02 0.26 0.07 0.02 0.01 42.29 53.88 0 0.56 0.12 0.06 0.17 0.10 O 0.0l 98.87
WWZZK1-31-1-01 Apl 2.50 0 0.12 0.09 0.02 O 42.63 54.84 0 0.64 005 0 0.17 0.07 O 0 99.94
WWZZK1-31-1-02 Apl 2.20 0 0.12 0.03 0.02 0.02 41.73 54.16 0 0.8 0.06 0.03 0.15 0.15 O 0.01 98.43
WWZZK1-31-1-03 Apl 2.30 0.01 0.21 0.11 0.01 O 42.80 54.77 0 0.55 0.09 0.06 0.31 0.10 0.02 0O 100.24
WWZZK1-31-2-01 Apl 3.15 0 0.17 0.09 0.02 O 41.77 54.55 0 0.31 0.10 0.08 0.06 0.10 0.01 0 99.02
WWZZK1-31-5-01 Apl 2.73 0.02 0.21 0.12 0.01 0 42.64 54.34 0 0.51 0.38 0.04 0.01 0.05 O 0  99.78
WWZZK1-31-5-02 Apl 2.69 0.04 0.20 0.13 0 0.02 42.80 54.70 0 0.56 0.37 0.08 0.06 0.08 O 0.02 100. 49
WWZZK1-31-7-01 Apl 1.66 0 0.06 0.08 O 0.01 42.57 54.10 0 1.14 0.06 0.06 0.04 0.09 0.01 0 98.92
WWZZK1-31-7-02 Apl 1.68 0 0.14 0.02 0 0.01 42.05 54.29 0 1.24 0.09 0.04 0.07 0.10 0.02 0 98.75
WWZZK1-31-14-01 Apl 2.34 0.01 0.14 0.07 0.03 O 42.47 54.63 0 0.56 0.09 0.09 0.06 0.05 0.01 0 99.42
WWZZ7ZK1-31-14-02 Apl 2.15 0.01 0.07 0.10 O 0 42.18 54.36 0 0.73 0.06 0.05 0.07 0.09 O 0 98.79
WWZZK1-31-14-03 Apl 2.11 0.01 0.09 0.13 0.01 0.01 42.38 54.57 0 0.95 0.09 0.07 0.11 0.09 0.03 0 99.56
WWZZK1-31-20-01 Apl 2.02 0.01 0.08 0.03 0 0.01 42.05 54.41 0.02 0.73 0.07 0.05 0.05 0.07 0.02 0 98.60
WWZZK1-31-21-01 Apl 2.03 0.02 0.19 0.15 0.01 0.01 41.98 53.88 0 0.81 0.39 0.06 0.09 0.09 0 0 98.66
WWZZK1-31-26-01 Apl 2.76 0 0.33 0.17 0.04 0.02 41.21 54.27 0 0.74 0.63 0.06 0.23 0.09 O 0.02 99.23
WWZZK1-31-10-01 Apl 1.92 0.01 0.19 0 0.01 0.03 42.31 54.56 0 0.8 0.15 0.14 0.15 0.08 O 0 99.38
WWZZK1-15-C1-01 Ap2 2.56 0.01 0.05 0.01 0 0 43.16  55.39 0 006 0 0.02 0.13 0.03 O 0.04 100.35
WWZZK1-15-C1-02 Ap2 2.50 0 0.02 O 0 0 42.21 55.17 0 012 0 0.02 0.15 O 0 0 99.11
WWZZK1-15-2-01 Ap2 2.28 0.04 0.07 O 0 0 43.08 54.95 0.01 0.48 0.03 0.07 0.07 0.03 O 0 100.03
WWZZK1-15-2-02 Ap2 2.65 0 0.05 O 0.02 0 43.04 55.16 0 0.10 0.04 0.05 0.06 O 0 0 100.03
WWZZK1-15-C2-01 Ap2 2.35 O 0.18 0.05 0.01 0 42.17 55.19 0 0.38 0.20 0.03 0.02 0.01 0.03 0 99.55
WWZZK1-15-C2-02 Ap2 2.35 0 0.10 O 0.0 0 42.45 55.45 0 0.15 0.04 0.05 0.02 0 0 0 99.60
WWZZK1-15-C3-01 Ap2 2.51 0 0.06 O 0 0.01 42.47 55.22 0 0.07 0.01 0.05 0.09 O 0 0 99.43

WWZZK1-15-C3-02 Ap2 2.69 0 0.08 O 0 0 42.82 55.29 0 0.08 0.03 0.07 0.06 0.01 0.03 0 100
WWZZK1-15-C4-01 Ap2 2.63 0.01 0.06 O 0 0 42.34 55.14 0 0.18 0.01 O 0.08 0.01 0.01 0.02 99.34
WWZZK1-15-C8-01 Ap2 2.30 0.02 0.06 0.06 0.03 O 42.79 54.91 0 0.44 0.03 0.21 0.14 0.03 0.04 0.01 100.01
WWZZK1-15-C8-02 Ap2 2.28 0 0.02 0.06 0.04 0.02 42.98 54.33° 0 0.46 O 0.53 0.12 0.04 0.01 0  99.85
WWZZK1-15-C8-03 Ap2 2.44 0 0.05 O 0 0 42.12 55.23 0 0.34 0.05 0.05 0.09 0.01 O 0 99.29
WWZZK1-15-12-01 Ap2 2.79 0.03 0 0.06 0.01 O 42.14 54.67 0 0.47 0.01 0.61 0.12 0.01 O 0.01 99.64
WWZZK1-15-12-02 Ap2 2.79 0.05 0.01 0.04 0.03 O 42.70 54.74 0 0.47 0 0.30 0.08 0.03 O 0  99.95
WWZZK1-15-12-03 Ap2 2.75 0.08 0.09 0.15 0.05 O 43.01 54.77 0 0.49 0.23 0 0.12 0.05 O 0 100.51
WWZZK1-15-C12-01 Ap2 2.82 0.01 O 0 0.03 0.01 41.14 55.08 0 0.42 0.03 0.28 0.07 0.04 O 0 98.63
WWZZK1-15-C12-02 Ap2 2.61 0 0.01 0.07 0.01 0.01 41.58 54.91 0 0.53 0.02 0.45 0.07 0.06 0.01 0.01 99.13
WWZZK1-15-C12-03 Ap2 2.60 O 0.09 0.16 0.03 O 42.86 55.26 0.02 0.45 0.19 0.05 0.10 0.02 O 0 100.63
WWZZK1-15-C15-01 Ap2 2.75 0.02 0 0.03 0.03 0.02 42.77 54.50 0.03 0.44 0.02 0.48 0.14 0.04 0.03 0O 100.05
WWZZK1-16-4-01 Ap3 2.71 0.02 0.01 0 0 0.02 43.27 55.48 0 0.11 0.01 0.07 0.01 0 0 0.01 100.57
WWZZK1-16-4-02 Ap3 2.36 0.02 0.15 O 0 0 41.77 55.12 0 0.27 0.06 0.02 0.04 0.05 0.03 0 98.83
WWZZK1-16-4-03 Ap3 2.65 0.03 0.01 0.02 O 0 43.27 55.45 0.01 0.10 O 0.08 0.05 O 0 0 100.53
WWZZK1-16-4-04 Ap3 2.09 0.01 0.05 0 0.02 0 43.16 55.41 0 0.42 0.05 0.05 O 0 0 0 100.29
WWZZK1-16-4-05 Ap3 2.76 0.01 0.32 0.04 O 0 41.95 54.74 0 0.17 0.21 0.01 0.04 0.04 O 0 99.09
WWZZK1-16-C4-01 Ap3 2.59 0 0.06 0.01 0.01 0.02 41.97 55.32 0 0.29 0.03 0.05 0 0.02 O 0.03 99.25
WWZZK1-16-C4-02 Ap3 2.62 0.02 0.02 0.02 0 0.03 42.49 55.32 0 0.30 0,04 0 0.03 0.01 O 0 99.72
WWZZK1-16-C4-03 Ap3 2.27 0 0.01 0 0 0 43.11 55.32 0 0.11 0.01 0.05 O 0 0.01 0 99.92
WWZZK1-16-C4-04 Ap3 2.90 0 0.03 0.04 O 0 43.05 55.59 0 0.08 0 0.04 0 0.01 0.02 0.02 100.53
WWZZK1-16-C4-05 Ap3 2.42 0.01 0 0 0 0.01 43.13 55.61 0 0.12 0.01 0.02 0.03 0.02 0.01 0 100.36
WWZZK1-16-C4-06 Ap3 2.30 0.01 0.01 0.02 O 0 42.47 54.24 0 0.23 0.03 0.02 0.02 O 0 0 98.32
WWZZK1-16-C4-07 Ap3 2.60 O 0 002 0 0.01 42.78 55.58 0 0.08 0.02 0.02 0 0.01 O 0 100.01
WWZZK1-16-C4-08 Ap3 2.67 0 0.04 O 0 0 43.07 55.20 0 0.07 0.01 0.04 0.05 O 0 0 100.02
WWZZK1-16-9-01 Ap3 2.05 0.01 0.19 O 0 0.02 42.48 54.82 0 0.53 0.22 0.02 0.08 O 0 0.03 99.47
WWZZK1-16-9-02 Ap3 2.69 0.01 0.10 0.04 O 0 42.76 55.26 0 0.29 0.10 0.02 0.13 0.01 O 0.01 100.21
WWZZK1-16-9-03 Ap3 2.64 0.02 0.04 O 0 0 42.15 55.10 0.02 0.09 0.03 0.09 0.02 0.01 O 0.01 99.07
WWZZK1-16-C9-01 Ap3 2.54 0 0.05 O 0 0.01 42.65 55.59 0 008 0 0.03 0.06 0.02 O 0.01 99.96
WWZZ7ZK1-16-C9-02 Ap3 3.26 0 0.06 0.02 0.01 0 42.04 55.79 0 0.17 0.09 0.05 0.06 O 0 0 100. 14




1274 HOoAOOF W ¥ & 544 %
0.35 0.16
2 e Apl b . e Apl
030} . aAp2 Gk aAp2
mAp3 o = Ap3
0.25 i |
* - 010f .
£ 020 < ¢ o *
Q . * 2 0.08f e e o .
o L) =
Y 0.15 A " . . Y L] L4
. & 0.06f, .
0.10 F N a on .
4 ap . % 0.044 .
)
. ay t“ % * . " 4 n‘
0.05 g L] . L 0.02% - i .
L] 1 [ ] s ‘l
- " a & A . H & A, L] "
I} 8- N : iy - - - 0l e A . et . :
0.05 0.10 0.15 0.20 0,25 0.30 0.35 0.05 0.10 0.15 0.20 0.25 0.30 0.35
W(Si0,)/% w(8i0,)/%

K5 S B KA FeO-Si0, K (a) Fil MnO-Si0, K (b)

Fig. 5 FeO vs.

A BRI 24488 (Li and Zhou, 2015; Zhao et al. ,
2015; Zeng et al., 2016, 2020) . 524 %G 98 3% W
3, RPAFVRER Sr AL EAE, 762 WS
AV EHCE Sy {5 558 >0. 5 V IR S A7 GRS
SRERAS IR ) (Li et al. , 2018) . m N
K Apl B AT ™ St 55 {4 0. 88~2.43 V, St/ Sr
{H4 0. 705 0~0.705 6. WA 0 Ap2 B K
£18Sr {5 5{EM 0.82~8.69 V,¥Sr/%Sr 2 0. 707 9~
0.708 4,0 &5 T Apl, M HGRIE MR Ap3 B K
AT S st I, JoR Y Se R RAE, A,
BT IS4 05 AR Sr/%Se 24 0. 704 9~0. 705 9( 4
T4, 2017), 5 Apl @mEVA (B ELT Ap2,

5 g
5.1 REEHERTL

M T 08 g U R 7 BBk A A A
Wy, TR HG A AR DA 5 e s B kT AR X
— b P P AR FH A 5 1 78 T ke IR i it Ak 4k i
AAEATE O . T KA T Bu 59 (Euw/Eu” ) VR4
AR S URTR bR, T A AR T LA A PR 1 SRR
$F1E ( Drake, 1975; Streck and Dilles, 1998; Prowat-
ke and Klemme, 2006; Cao et al., 2012; Miles et
al. , 2014; Pan et al. , 2016; Economos et al. , 2017;
Chen and Zhang, 2018; Mercer et al. , 2020; Zafar et al. ,
2020) . XF Eu™ 5 Ca™ B T2A2 A1) ( Belousova
et al. , 2002) , MHE T Eu® ,Eu™ B 58 Ca™ HEA
WA W (Sha and Chappell, 1999) . I, 7554k

Si0,(a) and MnO vs. SiO,(b) binary diagrams of apatite from the Jinling iron deposit

g WA Eu S EAB SR S Eu BYIE
S8 (Mercer et al. , 2020) .

BIABIGEAE ), S0 AR R I Bm ik
W FEURINA R FeO MRHIE, 5 IR A R AR f
INAFHLL  FeO F it 22 520 3%, 29 5 5 3K B it 41
B 0. 26% R TE T AR Hh i ok A2 rh it IR oA
kA W R AT Y Y ORI (& T3,
2017) o ZEEHy R AR PRI L VE AT, AT L T 1
W I AR 42 e Y A R

HY T IR AL T il o 2 R AR R
IR BN BRI A v B A S0 T 11 722 A R Y - o A
PR B R, TR AR R A
R ERAE T ARG 2™ JE 045 i (Toplis and Car-
roll, 1995) , 324 i #¥ 1Y A it 14 rp 855 B0, A
TG AR, SR, ZE PR AR T AL B B, Bk
W R 1 0 7 05 v 9 SR B, ISR FE SRR TS
PRty S 2L ST IERAAAE, 5 Fe 45 B TE AL
PO TE AT PR AR BT H | 3 SR T R Y
P, AHRL, AR B IR T S BL SO TEUfF
TE, BH R PR A 9 2k DL B gk T DT 0E (SRR 52
4, 2014) , BEAL, BRI B9 BRZ L B T
& AFA4E ( Crerar and Barnes, 1976; Chou and Eug-
ster, 1977; Eugster and Chou, 1979) , i fiGEkw =
OrZ B SRR X IR A B AR A TR B Y
IR A (4 R BE LU i Fe™ ALl Fe™ o A3
BRI Apl BEKA 2 Bu U, SR B 52K 11
SRR L AR X AR (18 6) . AT (Lan et al.
2019 ) %k 45 4 v BE TN A IR A [ 5k i WG Bk i 4 7
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Table 3 In situ Sr isotopic analytical results of apatite from the Jinling iron deposit

FE AT E3i] $Sr/%08r 20 8 Rb/50sr 20 87Sr/%0 8y 20
wwzzk1-31-14-1 Apl 0.057 02 0.001 75 0.000 173 0. 000 142 0.704 96 0. 000 48
wwazk1-35-12-1 Apl 0. 056 63 0.000 76 0. 000 182 0. 000 068 0.705 55 0.000 27
wwazk 1-35-2-1 Apl 0.057 94 0.000 53 0. 000 096 0. 000 034 0.705 31 0. 000 25
wwzzk1-15-12-1 Ap2 0. 056 68 0.000 14 0.000 016 0. 000 006 0.708 39 0. 000 22
wwazk 1-15-8-1 Ap2 0.056 33 0. 000 58 0. 000 009 0. 000 029 0.708 44 0. 000 29
wwzzk 1-16-9-1 Ap2 0.058 77 0.001 46 0. 000 078 0. 000 072 0.707 90 0. 000 41
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Fig. 6 Chondrite-normalized REE distribution patterns of

apatite from the Jinling iron deposit ( standardized data are

cited from Sun and McDonough, 1989)
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PR AERE S P a R R s T oy T A,
FRARH R Apl 2R BIHGEIE BLH Ap2, Eu 5%

TG IE A8 7~ R B G JE RR S T, MRG0T 1Y
RARVIERE TH AR (E 7)), EHEEENE,
Ap3 I FHIRZ Eu BIE T4, XA fE H 5 Sk
JERARRE TR Ap3 I BT £k i Ak 0 o B, BBy
B[l it % B B S AL, 16 B A B R
AL AR S 5 2 R A IR R AR S . AT AR
JE AT LASE et s o B 1) 80P 8 bR 285 D8 T 42 52 i 4
WY Eu 59, m RSP R Eu™ 0ROk L
Fil, T PORIR R 1 Eu® BEINARE (Bau, 1991) , @ik
I AT 5 B IR AR T K DL Bt
N (Sverjensky, 1984) , LTIl T K H L 7>
P A A ERLEE P A LR M E M e R M T
BR A UR E R L L E Fu IE S W ARRAE (X
#e, 2018) , 5 Ap3 B KA1 s A e 4158 CAH 4B
It Ap3 S SRE Eu (4 1E 5 % 1R o7 BEJ& B T ™ e
ST R AR A R K I AR AR R Bu i
BN P EOR R Eu’ i Ca> kA Ap3,f#if5 Ap3
TN LT K 9 HG 0 E B/ RRIE
5.2 mikiEERE
ARPGT B, R HGBOE i1 Ap2 #5 K A
SR AROE Y Ap3 B KA, (Sm/Yb)  TEFFEAK
(El 8a) , UiH —HEL M EM e Z 57T
B X PTREA PIFPIR N . — WA A AR a s A
HFEBEW L TR W4 5 (Stepanov et al. |
2012) 5 &R Cl #R A 28 L o R M E B AE
o BIASEEG R R M T rp M o ®R, &
Cl #1253 0 e i B 5% F 90 R (Flynn and
Burnham, 1978; Keppler, 1996; Chen et al. , 2009;
Li and Hermann, 2017) , 8 U AH2AHFFE HOR 52 2]
WA AR, FRBE K A (Sm/Yb) B 1 FEARAZ
FTHEA AW, 75 F/C 5 (La/Yb), K fi#
(EI8b) i, — % 2 B A OC & &, W UL ik K A
(La/Yb) \ {HRIFFEARB AT RER & Cl BRI T B 5%
Wi 1 ICR TS, Ap2 BEKA St & EBEWIEL, 52
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FEARE] S Ap3 WA HY Sr & AH Y, 26 W R0k
SRR A S I FE TR T Y Sr, S B0 IR
W B i Se i A

AR, N Ap2 2] Ap3, B KA 1 £ TR Y &
TR (K 9) , 2R W HGR AR TE B (1Y 3 72 vh
SEWHHFE H ST ER 3 MK OBt R S

AR DA UE 13X — A (B 5) o BT ABFR TS
H ¥ A 41 [ (Ca,REE),FeAlSi,0,,( OH) | HI45 5T
S + R A5 LR (Budzyn et al. , 2011) , [H
I Ap2 B KA sk /b i A - e R T RE AR L N R
B o P DT UE T RS 715 A /N UK T DU AT e T
TR AR 5 e R R B A i S ARAE (181 10)
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Fig. 8 (Sm/Yb) vs. Sr (a) and F/Cl vs. (La/Yb)(b) diagrams of apatite
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2R ERE N 2R ENESZ, R
SMNERAERD 2 U M EE o a2 58k
W2 IR G OC R Fe R HEA G & L, 4%
A2 (1980) , BEAMREE (1987 ) Wik W FE AR &
JERTREAERY = 5 BV L™ 1 2 R P ke T S AR
Mo R T Ap2 B KA BAA W A PR 5 4R
FRAE, @ X Ap2 (A Apl I8 R L) I

FrB AR JZ Y BB 2 AR R R A Sr TRl R AT
Xt H A BT ST, AT DA 7R BT SRR 1R 1) 1k 5 ok
Ui, FHIRROIE LY Ap2 Y Se/*Sr fHM 0. 708 1,
AR A Apl 25 Se/%Se {5 (0. 705 3) , 1M
Apl 9 F YSe/%Se (H W 4b F 4 18 5 1K 4 5
B¥Sr/%Se {H 5 H (0. 704 9 ~0. 705 9; 4 T,
2017) N, B 7R LA R A T AL B R o ARk i T
PERLRY Se A BTAFSE & 3R, BB 22 0 AH ik R
b A B AR R v 1 TR) At U9 v K A Sl v R HUAE
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57Sr/50Sr (E B HE A IR . - S P 4 Vg A B BR ER ( Qing et al. |
1998; McArthur et al. , 2001) , WF R F )2 (BO:, 2019) i
WA (ETHR, 2017)
data sources for %" St/*°Sr ratios: Middle-Lower Ordovician marine
carbonate ( Qing et al. , 1998; McArthur et al. , 2001) ; Ordovician
evaporite layers (Duan Zhuang, 2019) ; Zibo Jinling intrusion ( Jin
Ziliang, 2017)

BZ 5, HANET AR HBIR#h DXy -~ 5 B gk
PO R B SRR A B R a2 3R IS R W R A
R 1T h BB G AR R (B B, 19865 AR SET]
4% 2013; Zhu et al. , 2015; Wen et al. , 2017) ,[H
WE AR E AT REXT R I U5 T AR, 456
B SCIA A YA T A e R v SRR B e B N Y,
AT BETE I AT A e A PR B T R R PR
SR E WL, B 5 T2 T A B SRR IR SR AT P R A AR
VROV AT LK Bt 1A T 48507 19 M Bk SR A S =0 Bk
DA B 1 B U0 UE T ok, & A 1 IR R
12 Fe* +S07 + 12 H,0=4 Fe,0,+HS +23 H*, HT
NI H AR SO AW A TR ) HY X2
5 A R RE AR R A RO 35 ORI A R A 1)
fiff o TITK N5 PR DA B R A 1Y) PR v L R 4 1 A
FH BRFRER AT LA H SN, A W T8 #8535 A2 i H
B S0 A W M 1 A R AT DTS 2R I W R A
WIEBUE A, RIS O 2 8 o 2 P Y
SO; # Fe® I ARAN S B, RN S B2 5 =
PRGBS RGP 34 (BT, 1984;
ZSFE[ 45 20135 Wen et al. , 2017) . XWHEE T 4
WS BRAT 5 WA e AR 42 fk 4 B v, U S S ik
MR A LA KB Y0 ol A M (b s veA
LA w0k A B fi A8 A TS R &
7RIRNHEE
5.3 HRTEXRE BIFHIZ

R RGN B RITR N IBBRICR FEZ
Cl™ F~ S S5 4% [ & T 45 il ( Heinrich et al. , 1999;
Seo et al. , 2009; McPhie et al., 2011; Williams-
Jones and Migdisov, 2014; Xing et al. , 2019; Alex
and Zajacz, 2022 ; Gammons and Allin, 2022) , #RTf,
G F O CL & 3 3 A, H 5 32 R A A1 i
MELAMERRRAE A6 0K F ORI CL RO 3 SRR B AT
WA F A CLE S E8OTR , & E8m B KO
A G HUNACRE J7 58, BEAE HE 75 B JK A0 TE 10 R B v
FORCL & i, P, B W BSR4, ]
AROLFA WK - R R F AT CL AR L7
114 ( Boudreau and McCallum, 1989; Boudreau and
Kruger, 1990; Boyce and Hervig, 2009 ; Schisa et al. ,
2015) .

B AR IFTE R, T R R AR Bk
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FEGAL G R 1) AL G W & 5 8 (Whit-
ney et al. , 1985; Simon et al. , 2005; Bell and Si-
mon, 2011; Xing et al. , 2019) , 1A %Rk A
Wk B AR Y (Simon et al. , 2005; Bell and
Simon, 2011) o ARUKHFFEAE S W BT A& I & K Al
Apl B IRA A& AR B, AT RE IR A = —
SRR S E S AW R AR R A R A
S a K bl & T R a KA S
EK BIAFFE R, B KA Cl & mHk 759K
W Cl ¥ B 17K & & ( Treloar and Colley, 1996; Web-
ster et al. , 1999) , KELIRFR], C1 Fl F 78 MK
AR S rb 4 TE A 46 1 1A ], C B g ) 30 A
KA AR T F ) B ] TR AR R A
(Webster et al. , 1999; Webster and DeVivo, 2002;
Mathez and Webster, 2005) , R, £ K A1 76 & 7K
BRI, R PR KSRt s CLkE, §
BOV B IR A Cl & B8 . AR, A H R 1
Apl BE KA Se/%Sr {5 4 08 R 4 5 Se/%Sr fH
A, BART &8 B R a Bla AL soE
JR Ap2 IR AT St/ Y Se (H, X HERR T Apl BEK A1
B L AR JE i T A K 5w & S e
BarZ R iR e T REE . Apl BE KAt
F ORI CL A AL SRR S ARG (18] 4) , R AT R
LT EKpREE S AR F/CL W R BT
W oadoK S BB, WA, AT WA &Ik s
R BB MINA R = B R E KT ), 11
DN B4 0 B R T 25 K & i ah B 4% (K I Ak
8, 2021) ,WALTE T AR HA R &K S &,
Tk R &R T Ris Hay E A T, Bm K & & n)
PRI ) T ) AR T R R I

(1) INAR T T G0 5 | e LR AT R 7 3 2R AN ]
R AT R TR AT AE W W22 57 R KON
PURIBE AT Apl flie DO 2 75 o fie iy, IS BABOIE I
MK A1 Ap3 & i fe A%, 57 01 IR RO B i K A
Ap2 FHRA THH Z I

(2) WA Eu SR TR W, N Apl 5
Ap2,Eu S i 05 W 0 IR SR, Ul A B TR

TE AR fb 2o 7 S0 B S W 4 0, ARG 1) T
KSR AL ILTE . Ap3 3821 Eu AY1E 55 vl g
5 R AKIRARIRAR R A L

(3) B KA SRS St [R)7 285 4 06 2 AR A B Bl 2%
WRBRER 5 A 45 Sr R ZXF L A R W, 2 &
B TR RHZHEA)Z S S8R a1
T BB VIAH O 5

(4) A Apl BE KA Cl Fim, Hé
W RAEE R AN A R B 5K, 7T hE
B A S B K & A, BB 7 K 3k 4 i
SRR B , A B T IR INIE A%
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