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Recrystallization of dolomite and its geological significance
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Abstract: Recrystallization is a ubiquitous diagenetic process during dolomite formation, which is always character-
ized as a multi-stage dynamic system. The origin of dolomite, which is referred to as the “dolomite problem”, has
puzzled geologists. One of the most important reasons is that dolomite in dolomites recrystallization results in infor-
mation, such as the petrological and geochemical characteristics, being covered during the process of dolomite for-
mation. The recrystallization of dolomite in ancient strata of the geologic historical period and in modern sediment,
the changes in petrological and geochemical characteristics observed in modern simulation experiments on dolomite
recrystallization were systematically summarized through the investigation of previous national and international stud-
ies on recrystallization. Subsequently, the main conditions and factors influencing dolomite recrystallization are ex-
pounded, and the changes in the diagenetic environment during the diagenetic process, the stages of dolomite re-
crystallization, and the main variation character are analyzed. In addition, the significance of dolomite recrystalliza-
tion is summarized. The purpose of this review is to provide an overview of and guidelines for research on dolomite
recrystallization and benefit the study of the “dolomite problem” and carbonate diagenesis.
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e —FE WA RCEYE T . Folk (1965) 75 5C Tk IR
PRI TR P gl AT RIE “ B R AR IR AR LY
(neomorphism) , =5 H FRERE T A7 1% i P TE
R, AAE . SR (U R 5 AT, B —Fhilk
PREh 22 i BB 7S Oy oy — R ) (FEA I (O A0 ER 4
AT RAT ) RN AL 4G i (VA2 5 il A B R A8 7
fitfr) o X TR A (Rl e H = a) THEA
S THVER], TERRIRER & VR TR AR G A E
L8 WA fE ( Al-Aasm, 2000; Kaczmarek and Sibley,
2014; Lukoczki et al. , 2019; Guo et al. , 2020) . H
BTN B 2 B = A 2 0 I6 T2 Y i
S5 IG H = A To O By IS 8 25 SR Y
¥ ( Kaczmarek and Sibley, 2014) , #ZHIH =& NN,
H = A S AR AR e M S BT T A 1 B
“AMEELATY) O B2 T 28R
2 T (Land, 1985) , Machel ( 1997 ) i3 T Hif A 3¢
BRI, 9T T A s A EEE R E XL, BRI T
“IpFE H 25 5L (significant recrystallization ) A9 HE 2,
HFHTHREAUTEIEZ —MHA s A O Z59728
A CRb AR RS R SR A AR B9 22 4k, 491 4 1A /N A
MR BTS2 ) ; @ M2k (A R A A2
P 5 @ HbERAL A o A (AR R AR TR |
AL T AR AE ) s @ bR
PR (AR X AR A T REVE P IR S W
BEMBASEROZGEAX), EZE, BN
SN R IR AR I HIWT 2 A0 0 15 K A EE 4
YEF B9 FE ( Al-Aasm, 2000; Breesch et al. , 2010;
Rott and Qing, 2013; Fantle, 2015; Li et al. , 2019;
Lukoczki et al. , 2019; Guo et al. , 2020) ,

H 2z BT UL AR X — B 32 AT TE,
R 25 2419 H 2 3] ( dolomite problem)”, HEIE
SR A s AR FEE . O P amE,
WRIRZE Me™ AR Im A Eai Bz L35, I
BB BRI DI b, TR AE T e, &A=
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b, Z2IHH - A s @ M FER . &
Tk vy JEHGECER S, B e R R AUR SR B = A
B IHIE A 1 2 A 70 26K Y B %) 0] 8 R o it
@ AR, MAEYE T B B A S TR
TR EE AR BEUEE | ] I 8 it oy 12 A B A% o
(MIANR G W) S5AE I SE R 1 = 4208 1 3l ) 2 B
B, & PR, Z IS CEREA P
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AR 1 A AT AR B S2 AT A L s A AR
FH o AHIEAE SR AATRHR A A5 2 1) 4 78 S 45) ol 30 B
BB A a7 T EFE, Rz B A
PO VR I S, I HAS A F 5 2 W1 Ji
IR A KB A3 R = A A A KT REHY
PRI 122 45 200 ¥ A2 3] 27 35 1T 9 J52 %€ ( Tucker and
Wright, 1990; H#FEAHSE, 1997; Warren, 2000; Ma-
chel and Lonnee, 2002; Wright and Wacey, 2004; T
5, 2006; k2 F5F, 2006, 2010; BRIt4], 2008;
McKenzie and Vasconcelos, 2009; #f = 245, 2010;
YA, 20105 BaR AR, 2010; £7°, 20115 Mg
A, 2012; {545, 2020) . BARLL =5 A
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LG A 8 W IE 2 AR 4N Y
s A TS S IR R Y A, DATITTE BB 4 235 48
i, IS el s A kKA EA AR, Je B
X B TR ORATAE BT I R b A bl DI, T 1 55
A5 2584 ( Fliigel and Munnecke, 2010; 2% B &,
2010) . AISRRE 1 SE5 0 SR as i Fgl A IS it
— AR E A A SR N AR AAE

6

EiE

B 1 g8 s o A5 R R R 2578 ( Fliigel and
Munnecke, 2010)

Fig. 1 Various structures and fabric types of recrystallized

dolomite ( Fliigel and Munnecke, 2010)

Nielsen 45 (1994 ) & 45 1 F 2 1 BL45 fin ) BB
RICHIFFIE (&1 2) , I B AR AF R 18 1 AH 5C 52 41
o, W ADIEE S R RRIE (B 2 81 3) . D |
A RARB SRR A RO, @ RO, A
B R ERES IR BEREH 1) /N A LICR B LA
TORASE , AR T R I A = A dh A, (H X
SepE LRI T H o AR X @ TEH =
AT AR P S ASRILOU) () (AR ) 2 ik
1.2 ZEMITILHHE

A0 B2 fb A P S BT O = A 254 58
L UUE R ETE U = A 1 25 G SRR IR IC SR T
ATOKH = 1 28 fE [ 3 72 ( Gregg and Sibley, 1984;
Kupecz et al., 1993; Machel, 1997; #% 5% I 5%,
1997 ; Marrone et al. , 2020) , 2z A1 B 45 i VR )
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el A o
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N (Nielsen et al. , 1994)
Fig. 2 The texture after recrystallization under
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cathodoluminescence ( Nielsen et al. , 1994)

B shn, @ BIAOET BonEL5fiH = A XTHTIK
Ha AR (E 4) o Rtz g, i AR T
BOULER S IR S 245 i 5 B ) B A LR () S5 48 SRR E
LUEEET RN RRTAT C AN S Bl AR P A A D T T S P
GG (IR 5) , 50 1 2 U s PR A R
BAK, BT A — B 58 55 (Kupecz et al.
1993 ; Kaczmarek and Sibley, 2014 ) ,

12,1 fnfRRGE

24 S LB B 2 R AR RO R3S R, X
F 25 B R FLR S IIE ( Otswald ripening the-
ory ) A K, BUITRR BLR PR AL B 4 2 — vl 76 [ 975
PREGR A PSR L, HoAl iR T —Fh R 2
Sl R Bl I 1) 9 B & AR 78 Ak 8 I R BN B )
s A R UL e PR URR B R Y 1 45 i 5
Jee ks [ (Walton, 1969 ; Gregg et al. , 1992) .

TER A AR SAZ A A A W b, A A W
R, Hop—20ki ik 3] Tilm A2 (r7 ), B8
PRI AR T4 o /N Tl FEAR R T2 W i T
W, KPR F o s A K, TBRE K
AR, Il FEEAR A /N ER TR R H h RE AR W
I RERY RA—— Uz IR L BE . TS FU/R TRk
WG TER IR U A AE K B R R th i, 42k
ST Bl I A R EE e N TS R, BE A
FRERRIIE R, B/ T B AR R AR 2V R
T HLIA B2 MR AR R T 3055 T I 2L b R 1) 4 3 i
Br i JF 424 K (Walton, 1969; Hohmann and Kahl-
weit, 1972; Gregg et al. , 1992) , fEX AL FEH, 1K
RN | R R (P X X R LAY RN Y 681
B DL B AR B AR A Y B 8 B — > A
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K3 MR A ORISR (Guo e al. |, 2020)
Fig. 3 Typical cathodoluminescence of dolomites ( Guo et al. , 2020)

a b—HEE S Mo A RO ARG, BORGALE, HRSMNH RIS AN, o d—HRE A AR H AT &,
EfR R R LG, A ARUNBSE R RSG5 e f—h-HAE oA AP EA TR BB RIME &, B A MRS A (FikAL)
2 A0 PR B 2 0 LG IR T 14 2 25 R 018 o L RS 55251 — 5 I ' P4 7 BT 19320
a, b—medium crystalline ; cores of dolomite crystals are dull red luminescent, with non-luminescent rims followed by outmost zones of bright red lumi-
nescence; ¢, d—coarsely crystalline: showing nonplanar anhedral crystal. Cores of dolomite crystals are dull red luminescent, with irregular brightly
lumi-nescent boundaries; e, f—medium to coarsely crystalline: nonplanar subhedral to anhedral crystal, with local preservation of grain ghosts (ar-

rows ) , the dolomite crystals have a weak cloudy center and clear rim, showing dull red luminescence and non- to very dull luminescence, respectively

SR f R R /N F TR S, 3k 31 #1387 4 ( Hohmann
and Kahlweit, 1972) , BHrRE FL/R 8 GBI K 3
N2 R W RS A K (Gregg et al.
1992) , Horp, iR K H oA A2 R R, B
Sy it AR S T A A A T AT e — B2 T g O T 2 7
1. (Baronet, 1982) . [Htt, 2 WA H) K& A i B4 i
(4 2 A R BT BRI R
1.2.2  fLBR%5H

PR R rp R AR I S U 2 R 2 AL 1
EE T AR, R A2 LB & B B
AR, LSS BRI EHE, S
AR, ARBBIN, A R 22 TR B K 1R A
FL, MG T FLBREE (£ &4, 20205 XN L0455,
2021) , BEEREE(2013) AN H = A1 I E 45 S AE R T

DB SR B 25 A FFL B Y KN, BETE BE 2 11
L, JFE B A0/ s FL, DL & A s fLBR
JERBER, I A A B ESE B R RE H I
KIGGELEEZS (], (HATRE SO O FLBRZ5 4, T
B AR S [,
1.2.3 BB A i SRk

HHE Gregg Ml Sibley (1984) By #F 5% W%, 1E
50C LA NI, Ao A fidn iz R ZEAK N FH
i 1T A ZE BT TS A9 I FORLAR IR EE ™ (CRT) DI L,
6 B U 2, (H R AELE B, 3R
VE SR H A WA PIFE CRT PUT MR RS, s
FE SR TP BT Y ( Nielsen, 1994) , F4% bt 2
— e i A U R T v U A B B e TR R
BB A S A, AT B 5 2 285 EUE B
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Fig. 4 Evidence of recrystallization of dolomite under cathodoluminescence
a—J% B RIT A M E YA A AL MG A5 T 45 I (AL ) o b—PIR R /R T4 S G SE 406 A = A b [ R i e 45 14
MPREEME; c— R B RITRAMAY A SUZHM MRS MR (B EFTEL) ; =PI RR TS NG TEA G oA AT SUR SR f Pk

a—recrystallization of comb shell structures of microbial botryoidal lace of Sinian Dengying Formation (yellow arrow) ; b—the preservation of the bright

red dolomite crystals to the comb shell structures following recrystallization is shown under cathodoluminescence; c—recrystallization of microbial la-

mellar fabric of Sinian Dengying Formation ( yellow arrow) ; d—the preservation of the bright red dolomite crystals to the original lamellar fabric follow-

ing recrystallization is shown under cathodoluminescence

S5 1 TR B RN W A AR R AR AN BE AT G
1.2.4 GBS

Kaczmarek £ Sibley (2014 ) ¥ [ = £1 W) IE il
FEOPIE T B — R E A D S TR E A
an 4 B, IR R AR R ) R A R
S AT R GOR R T S5, R T AR RO
TSR EFN = A A Y SRS (E5) o

WA S firzs, TEIA & A HAS fhVE TR B4
F A S DG TEMT (18 5a) , AT LAE ] ok
REW (K 5b); M= MuirBENH s A, &
TADGH, B M T, 2308 Wk G IR K (B
5¢.5d) o [RINFER ) B S AR R B B =
A HIUES BA AR RAAE, BB A= AR
TAT B 29 2K 2% 1) £ 3 7Y 58 1 7 75 ( Kaczmarek and Sib-
ley, 2014) . M5 ZMf, &HESERNH S A
KA T BAZILRIR MYz, XL A
KR A = A HE M 2L 3] ( Kaczmarek and Sibley,
2014) .

1.3 Bk FTUAHFE

HAE G o BRI A R AR 2 R A — s
fb, EBAHE, IR T RSN 870 FRAR
(8°C WA FTRERHR) ; VALV T 1 TR &
I (A Se A Na) 5 I EURBORT 1 IROE IR &
TN Fe F1 Mn) 5 ¥Se/*Sr {HHL 23 & A28, M
TR 25 i T A8 PO AR B ( Kupecez et al. , 1993)
13,1 @k SRR

L i e P AR R B o AL LA
S Z 6 W) 50 Z 6] 1Y R 3 584 2 v
T SR 2R B4 SO 1Y) it BE SRR A A5 S ) o2 3R
LRI A R RE i R AR, AR R R TR 22
MRGE, fLBUK I = A diis v 8 2 s (SRR
45, 19905 BUEHER, 2010), AUk, FEEL4AS Sl f
AR R R G eI 2k (Kupecz et al. , 1993) . X
AR, FLBR AR 80 T Ak vl R ik 12
5. O BRSNS R R B AR @ WAk - A
HAERIG A2 O iR TR A
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E5 Az AR S (Kaczmarek and Sibley, 2014)
Fig. 5 Scanning electron microscopy of synthetic dolomite ( Kaczmarck and Sibley, 2014)
a—E B G A S (<97% A1) 1Y SEM EHR /R H V-1 09 S A AR AT, SR B S R A B P RS 4, B3] s b—E BB & L
Hz AR SEM B, BRI, SRk, B3 c— SIS A (>97% 11 A1) 1Y SEM G H S AR il W AL
Had AR, EEEAE; d—3 8 MR WK Az A 3K R — 807 10 W ZE A A R, T4 65

a—SEM image of non-ideal synthetic dolomite ( <97% dolomite) exhibiting smooth crystal growth faces. Sharp edges and corners indicate that there is

no evidence of dissolution during the replacement period; b—SEM image of non-ideal synthetic dolomite growth surface showing flat layers separated by

steps during replacement period; c—SEM image of ideal synthetic dolomite (>97% dolomite) indicating that the growth surfaces of the ideal dolomite

are very irregular and overgrown afier secondary recrystallization, unlike the non-ideal dolomite; d—higher magnification indicates that the dolomite

surfaces are composed of rhombic, consistently oriented sub-crystals after secondary recrystallization

AAEAE B 255 A1 (Al-Aasm, 2000) . HE 45 i
VP8 DA O o2 TR R il B K A A 2
SRR ZRAE D TR Y R, 7 T 4G A A v B I R
F T e I B, B —E R N

ARXS TR AL 3R, H 4 i A btk [e] o 2% J0) 5
FE, MR A BN 87 C ARG v REJE H
TAEA e P B [R) 6 3R S0 TR AL 5 T 1Y ( Gocke
et al. , 2012; Lukoczki et al., 2019; Ryan et al. ,
2021)
1.3.2 HREAER

BRERERD )™ St/*° Sr (B 14 28 A6 A e TV B
K AYY St/ % Sr {H ( Kupecz et al. , 1993) . FE45AAE
FEHE A oA BT, BEWRE B EACs
PR EES AR A R A 2 R BUR A S BRI (L
et al. , 2019) , Wi SEPRE 45 FAE 8 51 3 = A
(¥ St/ % Se fE T, U8 EE 45 A R s A BUA T
PR ERERIFIAL R 4318, i HBR IR 07 2 A SR 4 2 ok
ZREFE AN AR P
1.3.3 AR

BRI R B A B B B 1A 28 AT A A g 7K

ORI i 53 (TR B, A [ TR B8 1) ol ot A e i
S KUY FL UK AN [ R B AR5 2R, 1T
HE IS 570 43 41 38 S U A % A R FNTURR ) 22 e
KZ (Ahm et al. , 2018; Higgins et al. , 2018) , H:
VARG AR B TS SZ KON A R R, B
W b BAE B UUAR M — 7K S B TR AR R oL
B BRIRER DR 1 b Bk A 2215 B 2 K52, A
MK IR 25 5, TR 22 i 5% 114
FLBR K o7 3 B A2 45 1 IRUAR Bk 92 £ 4 ) v Ak A X A=
IR YW TIVE, P b AR B LAY -k 3t
TR R AL S, Had sk i b5 5 3R
FRE Bk 7 BARRUE R

7T W H T K Y 6% Ca {38, TAKRZE o
RRIE N o A AkK T K%L R 8 Ca (HRFE;
TME M T IURR 2 A R P = A0, AR7R IR ik
R LR WA 8 Ca {H4FAE ( Blitter et al. , 2015;
Higgins et al. , 2018; Ahm et al. , 2018; Wei et al. ,
2019), Mo A IS R BEA TR A -4 A M
YEFI SR, ANl 28 mB X i S48 P E X H =
A IR A AR B el B 22 5%, IR FE BT o8 4%



554 1

F S, Ao Emgs e A R b & L 811

MmN = A 8% Ca (A fLE), BEZE % B 45 &
AR A A R AR X, (% e A T 2 A
(A R R &R
1.3.4 EE[FMER

F oA ER Mg fF R # rp it 35 B2 AE
Btk E = 7 i Mg R4 28 0T A St $i W7 b 5 s s
Tk KA A T K AR, Mg YEM A A = A
Mz LILR, HES 58N Akd®, IF5<A
A AR TR B VI OC, PR, B E
W T Ha AT 2 AR M Y ES 8, EXE
oA Mg R R AL AN BB, X & i TR
ST B B 1) JE 25 R SEAE A BUAL B T A HE
FLBREE it 22 FEAG, i 2 A7 5 7 v K 22 8] i A
VERZ BB, B ALB AR i Mg R %K i &
B ARG v (g K G2 o) AR R 2 DU 92 o (&
BRHZTAZMW) (Higgins et al. , 2018) , TiX A H
T ESS BE A ek s, 7EX RSN, BES
FLER AR 5K B H b B, MR FURYI = AT
Mg (8 i, FLER WA T ik Mg (A R, FLER
AR Mg R RS EA R IZEE 2 4a T Mg
RN ZA N, FL, A AEY SRR Y
AR TR AL T RE A KA & ARk, 1T Mg [R] 43
KT MN8N PR SF (Geske et al. , 2015; Hu et
al. , 20175 Liet al. , 2019), BB A TR A S
A1 5L IR B A7 Mg [R RAEARL, 1560
MR 200 ~ 350°C 3 Bl P9 51K T 350°C B, i
SR Mg R Z M BIEAHE, B, AxAE
S5 BN BE R R AR R
1.3.5 IR

S5 T R G | R T R IR &R AR R
FERIT TR M TR R L, TR M5B R R
HA—E WM, I BBl R B — 2 AN
PECERE, 2010) , ERCA SR, IREN S T
FITEB I R R N BE Y R R R Y
AU, —LW5h, AR AT SRR
PRIETE I 2= 0 1Y F1 45 ik 72 v 52 3] 1 $2 46000 52
(R f) AR o A R R 7 2 L A 40K T 31
A= A ) (Machel et al. , 1996; Fantle and DePa-
olo, 2006; Fantle, 2015) . HHAYHEH &0 1 = A 78
B, DL RA S (2 3 a1 i -
FEUUTE AR E i B 2 B BUCHR U B2 [%MIK ( Fantle and
DePaolo, 2006) , M S50 = A8 W) A4 1 B A
Sr &R MM (Li er al. , 2019) , HAh2EE %

5% Sr #e BE VA R T R A K A o A7 B E 45 ( Ma-
lone et al. , 1996) , il i JH %€ H 2 f1 5 45 i )5 58k
FERAR AL RT LUHEN A = A S8 FC R 8, JEit—2
ARG A A SR ALEE

J 7 3 A R VS A — TR DOV 19 7 SRR AT R
PR ER A T A= AR T AE P sl At o 45 v/ FH & — A4~ A
XTSRS, B RTE T AT RS A
[ R B T s (B R ER, 2010) . S22 M, IR
IR A2 s AE A 2E R S 300 CaCo, B
UUVE AR, PRI 43 B RS RR IR, X &
TR R ER 0 W Bk iR & AN, S M E
S YRR R ER A P04k A A T R B R R 2 — (R
#r, 2010; Liet al. , 2019)

2 HEAEEFHRR T N 2 bR

TEIT 3t 3R AT b ih K 808 & ) KB I B =
AT A WASTE A, P S0 R v I B A T Y
The VL S/ s A oy i, A B S KAE
250t (Lukoczki et al. , 2019) . 15 T A HLA B
%, HafBEaEH a2 B 2N ZE R0,

2.1 THBESFHE

HAE AR, R E S S KB
AR A PP B 23, A3 = A A 7
ELURAR =R A s A ea it ik =0 CaMg
(COy), I XS E & A — E Ry 2R, 45 G R B
MEIER E & A B2 L1 & (Kupecz et al. |
1993) , Nielsen %5 (1994) X T 1 25 £1 H 25 iy (1 3K )
JIE A . @ g Ry, BN A f e B,
T R 2 5 0 = A AR A e,
Dy TUR R AE T AR 28, AT 368 o V8 At — P T
RIE R B A AL A P I o 1 (Katz
and Matthews, 1977; Reeder, 1981; Gregg and Sib-
ley, 1984; Sibley, 1990); @ FKMAREM IR/, RI%L
20 it A 4 O BORL R 19 3 ( Gregg and
Sibley, 1984 ; Gregg and Shelton, 1990; Gregg et al. ,
1992) ; @ FhiABREA R/ (Sibley, 1990)

HTK 250 75 A 32 T e AR R/ B 28 A
LEIRE . B A8 YRR (e i AP
AR ) | SR /N | R P Y 2% 5 D B
TR A SE 5 EOR Y B = AR A/ B =
LR PR B = A AR 15 28 2 e A E 45 i Y 52
Mg A1 2 (Rott and Qing, 2013) .
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Malone %5 ( 1996 ) FYSEIR R, H oA WSS W
TSN T S ) A A PR ), (B o S e ] Y S
SO R S U S R e R AR TR,
ZATE 200°C 1 5T 286 /NI N SE R TS, T
£ 50°C 244 336 RINEL A 30% (Kl 6), H
AT RAGER i PR B A B AR A X T = LA
mn R DL SRR B B BB 5

100°C

50°C

L b
3000 4000

| UJ[}U l 2[]‘(-](}

Wi/
K6 MESHAELSMEEREER(Malone et dl. |
1996)

Fig. 6 Relationship between temperature and recrystallization

degree of dolomite (Malone et al. , 1996)

R0t BESCEG LASN, WA S b AT TN 52
5, TERASO I EA T A kR S b, &
2 it AL PO S B 38 A ) 2 f 1) 7 25 i 1) R T
AR o N 2 T AR AR ) 2 T80 19 P R T AL
BRTRER Y, 72 R A R D 42 o T 4% oty e L 2
MIPIER SR, FERRSERG b, R A i BE ) FEAR
SE A ME—BKZ) ), A RON R T R R Eh
2 B T R ( Baker et al. , 1980)

2.3 HMEXR

TEH = A EEG Rl B 2 — A N R
mey, BEGRAR -5 A B9 AH ELAE T AH G 9 B2 3L
H A A A E AR A . K K-
/KRB 7K BB 7K DL R A 3 5 ( LAWT)ZE  32)
HIFRIR A ( Al-Aasm, 2000; Breesch et al. , 2010;
Ryan et al. , 2021) , HrigiEds SRR S | &
%) 25 b A AR b J22 0 S v 2 Al 38 i ), PR UL
PRI K FUBL IS 7% K p it | fy i 45 A 222 5
ZUERA G, I B —Se 55 iR 18 o 32 (R4,
2008 ; Breesch et al. , 2010; Lukoczki et al. , 2019)
TEEZS St B v IR BE /Y 7K = A B AR T AT RE

= A M ER AL SRR 5 AR A R B AR AL, R
Machel £ H (19 “ 4 & 3 8 45 &7 ( Machel, 1997)
Al-Aasm F1 Packard (2000) t25 H T 28I R BE, HP
FEARX S P K SCHE A v, BB B A = A
TERT IR T Y EES Fad B A LR T HAY)
GRHLERALFRFAE . 7K OB g A i AR T e S 350
FW IR SRR, R RRAR LS DL AR 22 v A
FREMSE, W 8"0 HEK S/ S fH, MZHA
Gz P R 5 M 0 ke [R) 407 38 i S i o0 2R A5 3k Ak
SR o A AL B AS O 45 N A8 (Machel
1997; Coniglio et al. , 2003) . WAk, HIEMRIETE
H LB RIS 3 R T s AR 5 e fEFLBR A
B a5 H oz A B R A e i, RO
AR b A 5 2 A AT B VR FH G R B 7 AR
e, BRAEASR] 8 1 2= A A 25 8 T [R) 1 s T A4
oS HA AR EL ST, SR SEART
f ) JE 4T 8 45 ( Nielsen et al. , 1994; Coniglio et
al. , 2003; ZEIFHF4E, 2018)

Bi FaRsgm R R AN, K+ & Mg i &
Mo AEE TR, |k, B R P5%(1986) 45
AR £ SRR T 2% 0 BT o B R,
WA T H A A R R T, TS Z AR Y, Fliigel
S5 (2010) MU IR YK 5 /N T 2% A R TRk R
AR ESS f, Folk (1965) B35 Y, BEE I i B¢
L M™ B TS e b A, NS 5 I
PSS f o H T RARK Y i PR SORE 1 i B
M, M B T8 2, il LA g
KRR sE f, A R T H = A EE ST,
Liu 55 (2019) #EAT AL 50 R W], m Ak Lo
ATLUESEASERME A = A TE R, B, R+
XF 2 A0 E 45 AR 5 i (A B A X Mg i) iz o
VEFT, T e LA AL B R0 52 ) 2 B A T B i — 4
IBETE .,

3 H A ELE I

NN A ATE— DB RGE TR, R
Haz A ES e — S g, I8 ALE5 by
2 B bRl 22 AR A B gl 200 2% 1 E 235 i A FH 1Y)
S0 ( Kupecz et al. , 1993) . [z A7 () 45 &l LA
NI RE . IR R A UCTE, RIVAR XS A EE 2 1Y
Y 2 A P A B 58 A A A, DL B U TE
HHEFRER A A . M A A 2= (i s AT
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&) A BR AL A RRAE S5 TR FI B, KA =
ARIE TR AR SR B, JFAD T Z 45,
b ERAL 2284, T8 0 22 0V Ak DT U8 E 45 AR PR
B Ik B F IR A (Kupecz et al. , 1993; Ryan et
al. , 2021),

e, BT A S AR AT 25 R R E
23 HAR” AT R EAE ], 1220 1 R HAE
I A = A Ak, BISEIR = A A — AR
EIR 2 (Katz and Matthews, 1977; Reeder, 1981;
Gregg and Sibley, 1984; Sibley et al. , 1993; Kupecz
et al. , 1993; Nielsen et al. , 1994) . X T =40
BRI Z R ke, BErTRER I =4, Wik %
s v AT 7K B 78 e ER K HhE U 2= A AT AA
WA AT REIE Ty il A0 280t 1 = A0 AR5 28 Ry 1) AR s IR
AHE A (Adam and Al-Aasm, 2017), #EAIEL
VRIS 7 R B REAE AR 3l ) 2 LA e
EASSE RS Y ) 0 SR AT 38 A [ B R A ) i 5
JrLOE AR RS R AR X R H oA kAR
A5 Y SEAT, 3l R R AR F Y
HzZ—,

PR SEBK 2 A b RS ECR BE R S8 I, B T
WY A B RATE N, AR AR 2 S B0l
PRSI T A A R oy SR I B 2E e, O HLIRL R
A A T S0 o Sl ) A AR R R Cas Mg
Pl PRI s 7 3 5 1 728 A 8 W A R 1 = A E
afEH A Y B R R . MR A (R BRI 3 AT LA
KA i VR T TRT B8 23 Ay v B AR AR
W SCEEN . BEA TP GRS = A, BT
B ERE TR, s A s EE Tt
i, [ BUE PR A AR o3 A AR U, DL
IKFRSIRAKINR G KA E, B EH = A KA
— IR E SN, SIRA R R, K
AWrE s, TR ERR T TR R, #E
R, WS AT E A, RAFHA & AH
[ & L fE Tt & (Land, 1985; Gregg and Shelton,
1990; Machel, 2004 ; X%, 2016; Kaczmarek and
Sibley, 2014 ; Lukoczki et al. , 2019) ,

17 88 A VR 3 73R 5% (600 ~ 1 000 m, % A,
2010) , M TRUEMEE AN, RERRUA R
PR TS R ) SR o A, e R R e R T K
R TR~ A AR B FE O A 2 100 38 02 2
F1R) 1, e 7K B A 3 5 ) T DRI 2 358 3 1 AR 1T 7K
ATREFEA = A RO A Z R W E A5 0, X

B U H = A AR 2 AIER L, KR AL R
FEAEAS AL B 25 (ARl B ARk AR 2 2R ) I HLl
ALK T Al REA M) 4 (R4, 20085 Breesch et
al. , 2010; XWFH4%, 2016; Lukoczki et al. , 2019)

4 TR R

4.1 MFEEX

“H = R AR AR5 SRR T A5 ]
DAHEI R 8 22 10 2 A T BB A 1) L B85 R A 2 1
gy, MH =AY ES 2D S g, I
A5 SR AT DU S5 3K 1 2 A ) s R Ak 27 R gl
PRI, S 1 = A0 v e i b e PR B 1 A8 AL
MR A AR ETER TR, As4
4 AR I 58 A0 b ot R S AR A LR LA
J5

(1) MAFEAER B A A i 57 1 450
VERE, DRI Hob kAl 2 o AR S 3K 1 = A0 R A —
WAL, BRI, TEXT = A7 AT Hh R A 2 5 B
B, T TR IR 2 OCH B, I angE Al A
A ST U R R A 2 B B AR IR
RPRI, R AR A, HEBR B S AT
(Mabhcel et al. , 1996; Fantle, 2015) ,

(2) H=AaEEs eI R4 1 F s Bk AL 7 s
PEBUR I ED , [ Z il i kAR A IR H s A
LA FIIAC R P, 4l 2 W] — Rl rh ok A 4
i A ST A s AT, G L T
A P ABCA AL R, A B TRRATHERA
PRAF IR TR 5 AR A AL

(3) Hl= A EE5 SRR 035 1 S HO6 Fir g (A
“AVERTISUE , 2R T H = A A ) A
FERIMERE . H = A B i HT R e AL A TR A3
B, GBIRATIFR T — 8 H = A8 Um0 ZAR
EH

(4) Fl A WSS AT DL [ F B2 H 52 v fi 4R
ZEMAE . A mESS R R LUE B R
FLBR, $Emit)2 A FLBRBE FIB i % 1Mo 2 Y F 45
iV E R &TE K ) fioRn B, ol SRl FL gtk — 25
ol ARG )RR BT PR 2 SR D T R
Jo B 8 LT 52 W, 25 By i JORS A 2 0T T 1Y) R
FW
4.2 MIREZE

W = A A U SR BTN IR
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AT, LLRNIR B4 2 1 28 D0 1 T A
P Hza R e NS iz —, 4T
HZE IR PE A 2, W S BT T
A PR A RS RS B R BRI BExT 2L BN
RERIR) L, B T A SCIFIS Y A A B T R g
JEE.

(1) 7R MIEA BT AR 3R Z L, 5T F]
FHBARSA B b BE 7 Bl B A, P e ] 437 3%
I | B BRI A | Jd i — 2D S e
AL R PR A R AR R, £ ST A A Y
A RERIRZ MR N ZR A B N7 AN A P 5 T S
HINEASCE S R MR

(2) ik 22 PR L35 70 A A S S A 0L AI AR 745
P, A BRAS H 2= A0 TS A UL R 5 T B9 5% H
R, NAJECH A R BESE B R 2R A
R

i RMARHE IR FRABRFRL T 5
MRERAABEILERER LT T @RI T, &
WELERERMNEHRGERENL,
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