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Zircon trace element geochemistry constrains on the silicic volcanic system

HE Zhen-yu and YAN Li-li
(Institute of Geology, Chinese Academy of Geological Sciences, Beijing 100037, China)

Abstract: The magmatic system of large silicic volcanic eruptions (with ejected volumes of about 10” ~10* km®)
extends through the crust, comprising complex generation, transport, storage, recharge and eruption processes.
Critical aspect for understanding the evolution of silicic volcanic system is to reveal the magmatic processes from
melt generation to eruption, such as crystal fractionation, crystal accumulation, crystal-melt segregation, crustal as-
similation, magma recharge and mush rejuvenation. Zircon incorporates a variety of trace elements, such as Th, U,
Ti, Hf and rare earth elements, and their abundances and variations are particularly sensitive to the composition,
temperature, oxidation state, water content of the magma and the co-crystallized phases. Therefore, zircon has the
outstanding capacity to record the evolution of silicic magmatic system. In general, as the falling temperature of the
melt, the Hf concentration increases and the Ti concentration and Th/U, Eu/Eu” and Zr/Hf ratios typically de-

creases, which are effective indicators of fractionated magmas. Zircon from porphyry intrusions associated with
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mineral deposits tends to have high Ce*/Ce’* and Eu/Eu” ratios, indicating strong oxidized conditions and high
water concentration. Zircon can show characteristics of multistage crystallization with a core-rim structure, including
distinctly resorbed core and CL-bright rim. Compared to the zircon core, CL-bright rim commonly shows lower Hf
and U and higher Ti and Eu/Eu” ratios, indicating magma recharge event and the rejuvenation of crystal mush.
Due to the mobility of smaller zircon relative to the larger crystals, zircon may continuously be mobilized in extrac-
ting melts recording a continuous compositional range of magma evolution, but may also remain in the crystal mu-
shes indicating crystal-melt segregation events. Zircon trace element compositions integrated by high-precision zir-
con U-Pb geochronology can track the evolution of silicic volcanic system as a function of time. Metamictization,
sector zoning and exotic mineral inclusions should be considered to screen magmatic trace element signatures and
interpret the zircon trace element data. Careful examination of thin sections of rock to find zircon occurring and as-
sociated minerals is also important to track the multiple evolution of silicic volcanic system.

Key words: silicic magmatic system; crystal fractionation; crystal-melt segregation; magma recharge; zircon trace

element
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AR RIS RS RE BT LA FH (i 1
Ry 10° ~10* km® ) 195 K R G2 52 ROEERY, i IR
RENEK P AEM L, &) T 230 fEh
B AN RIS KL FE (8 15 Scandone et al. , 2007 ;
Lipman and Bachmann, 2015; Bachmann and Huber,
2016; Cooper, 2017; Cashman et al. , 2017; Karakas
et al. , 2019; THEHTA, 2020) . HATCTREFUES

AR IR e AR M e SR A P AR A L 2 7 )
9 5 A N B — R R BILAR, DL
SR A BRI R A )R IR A ARV 2 A A
P e R B IR A S Y 20 B A (BB
ARG TR G4 ) A R 2 i Ba K Y 32 28 7 X
(Annen et al. , 2006; Keller et al. , 2015; Frost et
al. , 2016; Karakas et al. , 2017) ;12 i A K KIZ T

BT Hh5E A BR o J ilVE I W] LR URE T
He AHT B R Y T Ml 5E I AE A% BHL 4 88 5 3 R
Y % B A A2 2 25 /% ( Dufek and Bergantz,
2005; Reubi and Blundy, 2009; Karakas et al.
2017) o PRI, 73 B 4s SR T3 o2 7 - Jes R A X ik
ﬁ%ﬁﬁﬁﬂ?@f%«ﬁﬁﬁ’fﬁﬁﬁﬁﬁk%lﬁ(Zlmmerer
and Mcintosh, 2012; Rooney and Deering, 2014 ; Kel-
ler et al. , 2015; Clemens and Stevens, 2016; S=f#JC
S, 2017) o F38b, KILE SR ACE B AR 2
— KIS )3 ( Ustiyev, 1965; Lundstrom and
Glazner, 2016) , FE M E TR AR ERE T A
LA SR B S5 0 s T i 3R BR A 3 R AN
AW kLS A3 ( Bachmann et al. | 2007 ; Barth
et al. , 2012; Zimmerer and Mcintosh, 2012; Gelman
et al. , 2013; Glazner et al. , 2015; Lundstrom and
Glazner, 2016)
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Fig. 1 Schematic diagram of transcrustal silicic volcanic sys- MBS TR S RN D 5 B T A I A P o AR
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(I FE 3K B 1 20 BOIR S 45 (Tibaldi, 20155 Prit-
chard et al. , 2018) , Bl un Bk ¥ B B IR T
b b 7 1Y IR B R AR L B — R (AT
20% ) , A SCHFEI B T B LU R 3 AL SEAR
(Delph et al. , 2017; Magee et al. , 2018) , Dong 55
(2020) ARAT AR H A= ) T 48 s 1 3K AR R T i
LKA AR AT ZTHH TR AT T K
PBE R BT T, AT RE R A T KA A 5T LA FH 1Y
M58 I R G BT 0 A1 A SR T S A Y b e BR R
(Walker et al. , 2013; Bachmann and Huber, 2016) ,
AT R A 2 AT AT LR 2 BT A SR AR
G p Bt SO H A AE S N B A A s K H A
B E S AL AR IR AN g — L R T A AR Y
E 4% E JE ( Burgisser and Bergantz, 2011; Huber et
al. , 2012; Bachmann et al., 2014; Foley et al.
2020) , #5A0(Z1Si0,) SEfE B K A H L EIT ),
A Th U Ti Hf P EZMHEITTRME TR, B
A BRI MER R FasE M, vT O B R A 285 i 2
£ 7 B2 JE 7 ( Hoskin and Schaltegger, 2003) . iff 4F
ke, B R EERS A1 U-Pb E4F (CA-ID-TIMS A% <
0. 1%, Schoene et al. , 2010) 7EXE 4 i 25 k1l 3%
RGBT AP A4 AL 55 i B 1Y W H] 0 A&
Ji& B A i Ju R MR b S L e A e 5 Hh A B
MIF &4 T B KI/EH (Mills and Coleman, 2013;
Wotzlaw et al. , 2013 ; Samperton et al. , 2015; Dee-
ring et al. , 2016; Buret et al. , 2017 ; Szymanowski et
al. , 2017; Ellis et al. , 2019) , AKX EEN AN
T TR MR AL 2 TR A B L AR 2ok A D T 1Y
WFFTHEE .,

1 ka8 b 5 K s R A A A
S

KT HRERTK LA IR GEAIEFE I 4 1Y) i 25 e
Z— SEINRBNEH 5 E 2l bR 2, AN 2 DU
R 3 IR L S AT s R85 0 AR L]
BBORAL T E I 5 BT, H 24 0 A B 5
AT TR I B 4 T 2 A T A A, T L 5
FRIFER A RZ88 (E 1; Caricchi and Blundy, 2015;
Bachmann and Huber, 2016; Cashman et al. , 2017;
Cooper, 2017; Xu et al. , 2020) . k& —Fh K
A RIS 2, T BA = A S 5 (50% ~
60% ) FIRE L , J25 1A 1) Bt 20 1k 0 AT 5 O 1A T R AT

B ACHE 2R 8] (e M 2 il R T 2R TR s ik et
EIE T AR BRI M A RN AR [ 2 O AR A A
( Bachmann and Bergantz, 2004; Hildreth, 2004;
Miller and Wark, 2008; Cashman et al. , 2017) .
SRS AL A h 5 T M AR T A R R R e BT K
e B a3 )2 A R Jalig SR A e 1 LR R 2 5
[A] &5 ( Bachmann and Bergantz, 2004 ; Hildreth, 2004 ;
RAFILEE, 2017; Bachmann and Huber, 2019; 5 5
B4, 2020) .

HY T 6 BT A K R BE AR X B8R (35 10° ~ 10°
Pas) FLiBE 54K (—ME<800°C ) , A5 1R 19 45 2%
O3 BN THREFUA R IUH R R 2T S A A IR 1 ik
KA ( Bachmann and Bergantz, 2004; %48 T4,
2017; Bachmann and Huber, 2019) , M4 &I Z J5
T i AT B T 11 2502 A B e A ) BB T SN2
— ( Miller and Miller, 2002; Weinberg, 2006; Lip-
man, 2007; = E %, 2020) , HEK P RE ST
BRI (< 20% ), 322858 i A TR Jr =258 R 4
KPR I8 B T2 RO T A s, AR 2
A i 50% ~T0% 0, i LAd i S5 07 50 R0k
IR b A A3 8 T 25 AR AR R T 70% I A A
P A o3 5 FUA S g RS I R Se VR T A RE S R, (H
XA AR H 22158 ( Dufek and Bachmann, 2010;
Holness, 2018 ; Bachmann and Bergantz, 2004 ; Bach-
mann and Huber, 2019) . Ak, SRS B 0045
T R 2R AT o A 2 BERORG JBE i A 1) 4% B R/
FEARA B 35 v i R PR A L 451145 ( Dingwell
et al. , 1996; Scaillet et al. , 1998; Pistone et al. ,
2017) o AEIRANEATE T RE % 15 I S A0 I 3 A% &
Gy, 5 1R R RS AL, AR AR SEAE TR S A
[B]J% A %) 12 #% ( Parmigiani et al. , 2014; Pistone et
al. , 2017; Bachmann and Huber, 2019) .
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SR A A ARk A e g, AN, et R 2
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JRGTE) T, TN A R A A O3 B P Y &
(Dufek and Bachmann, 2010; Sliwinski et al. , 2015;
Deering et al. , 2016; Bachmann and Huber, 2016;
Yan et al. , 2016, 2018a; RAHICSE, 2017) ; Wi
— W KA A L B A, s T Ese s
mn AR 05 3R B WA AE LA BCA S AN 45— di il 95 Ak
F2 (Bachmann et al. , 2002; Bachmann and Bergantz,

2003 ) ; T dmA K LA BT A0 R A AL A B ik
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TEK G oy )2 B HE S E TR AE 2 (Burgisser and
Bergantz, 2011; Huber et al. , 2012; Bachmann et
al. , 2014; Foley et al. , 2020) ; A [F By B & 7 4
4 Si0, & AR B R TR R R
eI I K a7 R R L% T H5e A S
%éLE’\J?ﬁ’f{}fE(Hﬂdreth and Wilson, 2007; Bach-
mann and Huber, 2016) , R, #6875 53 1) bR —1a
PR 3 R RN Bl ) 2 0 T A A IO L R DA
AT QIAIY s D QIR 19 RS YNNI SBS
FHAEEE L, B0 RE0 % S0 N A K 45 i
JE AT REREIA AT AL | 508k R 70 b oks v DRI 42 A fl
TUER HSRENS O S A o IR AR e Y T AL o R A AL
HEFEE

2 AR CER 5 A I R A
e

BIRE AT/ IE R I R —E R 2
JERZ A (HE A TR & 8 LIVEN RS2 E
U g QU R AP (X7 N et R | B ERUREY Y TR B
MRS 75 B35 J A AR RS AL 4 (Luo and Ay-
ers, 2009; Claiborne et al. , 2010; Reid et al. , 2011;
Chelle-Michou et al. , 20143 Samperton et al. , 2015)
—ORUL, BEAT oK AL B A R T R B
Hf & i FH s Ze/HE Th/U 56 LB AR A R 34 DR
B HE SRR Ze/HE Thy/ U 25 FCAE AT AR R 2538 4
St AL AR BE A9 38 B ( Claiborne et al. , 2006, 2010;
Reid et al. , 2011; Wotzlaw et al. , 2013 ; Kirkland et
al. , 2015; Samperton et al. , 2015) , FHSALIEE
Y4 Eu( 181 2) , HAr 845 i mT DL BUA A Eu 581, 45
mn B A BA T Eu 2% (Ew/Eu” <1) JFBEE &
Wor AR N, 1 R H B K (Trail er al. , 2012;
Loader et al. , 2017) , #5 fliE LR XIS R E
TR WA B KA SR N S A Y
B, A BRI AN AR E B T R LT R
(K 2) BB > B2 i, BERS “ 1R " 85 1
Eu 55 R JF /A b B TR o fE (i Sms
Yb .Dy/Yb {H) B 5 # % ( Deering and Bacmann,
2010; Trail et al., 2012; Wotzlaw et al. , 2013;
Cooper et al. , 2014; Buret et al. , 2016; Loader et
al., 2017) , §if1 Ti FRSHRE R IEL, 76 Ti 1 Si
TEEC A REA T , B Ti R T nT LA R A, BB

A1 45 AN AR AR BE | 1 — 2D A IR B i AR
PFCAnA AN VR T4 ) B 28 00 T B 78 Ak o 2 (&
3; Watson et al. , 2006; Ferry and Watson, 2007) , 1H
TR RIS AR, T Si TG B AT R A AR
6, SR AL SR A R 25 7 A — TE R, — FBOR UL, Ak
FIREES SiTEEERIEL, S Ti 16 B R (1 3
Ferry and Watson, 2007 ; Claiborne et al. , 2010) ,
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Fig. 2 Mineral-melt partition coefficients of REE for zircon,
titanite, apatite, amphibole and plagioclase (data from Sano
et al. , 2002; Bachman et al. , 2005)
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Fig. 3 Temperatures calculated by the Ti-in-zircon
thermometer ( Ferry and Watson, 2007)
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R Si0, 1 (65% ~ 66% ) 17 AE W 5L 18] B ( Yan et
al. , 2016; RARTCEE, 2017) (HEEATH 8 A E:
LRGN EARESH MRS (E4) , iARA
M EEITE W LW, BR T e A 2
TE[F— 50 b NS4 b, HURTE R
BRI R R A TR, X KA R AE T
R PEAE T 0 2= i uE S, TR B, SX e R
78 TR TR 5 T A O I HE 5 T Y/Dy 5
Euw/Eu” Z 8] i AL & Sm/Yb Zr/Hf 5 Eu/Eu”
ZIA B IEAR OGS (B 4) , R o e B 40 15
ST EEAMINA A B A RHA A
% (Yan et al. , 2018b) , {HJE, KA S5EAS HES
AT R A A B A B S AR i
g K L 12 A SR e R S0 A 3
KEEE M ES Aot T R A A B R X, ke
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Zr/HEE (B 5) o 3% — DRI B i B K Ll s A R 4
A A R A s B AR s TR A (S
Ehnig) I BA BRI, RS AR R R T
B LA IR T B iR Zo/HE (B B A0 25 5 R
R K L I R WS A Tl e R W RE 8 7 B
EIW I A R Sy B R R A A FK (Yan e
al. , 2020) . M T8 TE SRS B 5 T RE
W R IT R 5K BA LR Ao b, O P REAE 20 ¢ K ERb
SEK PRI A IR — 28 5
YR A A B A Z AR A S EE (Barth et al. |
2012; B HARAEZE 2013 Stelten et al. , 2015; Deering
et al. , 2016; Buret et al., 2017; Zhang et al.
2018) .
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Fig. 4 Trace element compositions in zircon from the Yandangshan volcanic-plutonic complex (data from Yan et al. ,

2018b)
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Fig. 5 Trace element compositions in zircon from the Yunshan volcanic-plutonic complex (data from Yan et al. , 2020)

3 HinZzhrBdihSa R ANatE

EIRANEAE ] — M T8 P D I R 1) 5 3%
IV TE AR AL A I B R T K LA SR
ARG & L H) & 48 ( Davidson and Tepley, 1997;
Coombs et al. , 2003) , BRI E KA A FHREL 1Y
TCE 3% B 8 s 0 FI I 4% R & i s ik K
Wik B K T U 5 R TR R B N R
(Pallister et al. , 1992; Murphy et al. , 2000; de Silva
et al. , 2008; Kent et al. , 2010; Ruprecht and Bach-
mann, 2010; Buret et al. , 2016) . 41, F A A1k
FH R 0 s A 2 Bt RN I3, A1 S R | it A —
RS B 3 12 RO o 14 1) F 4 B P15 4K ( Hildreth and
Wilson, 2007; Lipman, 2007; Cooper, 2017; Pistone
et al. , 2017; Bachmann and Huber, 2019; 5 B §j
&, 2020) , HMERERIE—E KM T LIS EA A

K K B K I S Ol E U A [ A SR
fl 4K ( Eichelberger et al., 2000; Murphy et al.
2000; Perugini et al. , 2007) ,fHZE—LEFMW T, #b
IS R A ORI TR B 230, #b 25 A
FEAE R R “ Bl ( Eichelberger et al. , 20005
Bachmann and Huber, 2016) ., A3 & HF R A LS
AR 2 3 BOE KU SOl AR 2 B 22 1L
PR RS A AR NIRRT A S HE I M [ M =
(Na+K+2 Ca)/(AlxSi) ] Fl Zr &8 K Zr MR FIIEE,
RGBS A R R R A SR T B A
TG54 55 Z2 B B b Re R B A0, PR a5 A0 T
TR BT ST AT LB o S b 2V FH R it ks i
YEH i # ( Claiborne et al. , 2010; Chamberlain et
al. , 2014) ,

EEFP HIZ M San Juan K 1L X Fish Canyon
BEI A AR K (>5 000 km ) (H H— Y5224
T 53 R R 5 A AR SRR A, R i s 0 A 58 A Y
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HL A %2 {5 ( Bachmann et al. , 2002; Bachmann and
Bergantz, 2003) , P58 & Ml 5 A1 i TT R 7 &
A P R T Fish Canyon KI5 3 rh
sirr P 10 8 ARt o 0 P T B R 2 SR SR I A
KA 219 ka, 73 3K SRS S =ik 75% ~80% , 2
J& B FAMA S KRR AN, Mok kA ik
it BRI B BRI 1 45% , il T JAlmE & (Wot-
daw et al. , 2013) . HEZRm W KIL-ARAZL A 1Y
BiOW) 2 K-S, BA Z B Bl iR
fiE A% CL #I FRaii i i, B i 454, 189 CL

EUREsE s A (B 6), CLESZME A, A
st T] 5 Bt 4 JORE (8] 6b; He and Xu, 2012; Yan
et al. , 2018b, 2020) , X2 CL EURE S MBS —
M EAME HE YD U &2 LA KSR Ti & & A Ze/
Hf \Eu/Eu ™ {8, BE/R T 45 & H AR AL A 2%, 9
HE AR R AREAACE K A T IR
ST 5 2 2 VE S A ok 1 ki #2 ( Chamberlain
et al. , 2014; Yan et al. , 2018b, 2020) ., v FH%5 4
Ti W& T RT AE— 25 A R UG A K S5 R A A R R
JEAR TR

504im
50 pm

Ti: 30.8 5107

Eu/lag: 60

Eu/Eu®; 0.38

K6 ZHrBeas ARSI AR (H6 Yan e al., 2018b)
Fig. 6 Cathodoluminescence (Cl.) images of zircon formed by multistage crystallization (after Yan et al. , 2018b)
a b~ G UNREBK I oG LA EIE KB

a and b—Yandangshan rhyolitic volcanic rocks; ¢—Yandagnshan porphyritic quartz syenite

4 O EIUR MBS T RG] 2

VI 22 KA AR BB B3R B S K 5 Cu Mo,
Au B A VR HT B A % U8y R R R ( Sillitoe,
2010) o AHIKANGEAE T 51 Sl A 3R 5230 FE i
N ERIE 7 B A AR B9 6 B ( Lipman, 2007) , XJ B
AT FR G T AR OR TR A A R T AR
FH B A Tl DT BRI 7S B R AR 2 SR T Al ok 7 ) AT
78 AT TR Y B 2 KT KR (Tapster et al. , 2016
Buret et al. , 2016, 2017; Zhang et al. , 2017),
an, B AE Farallon Negro K ILI—2 A4 ) Bajo de
la Alumbrera B 81 4 B9 B0 1 FH 5 4 A0 42 33
FA IR, Buret 5 (2016) 1 i B BES BB 41 A
BB A MR TR AN~ T A K et #
e B B A RAMATER] . BURITR 0SS R B
AP AR CL W A HA W /A Th U A
M ICR ALK Yb/Gd il Th/U A, $A N 555
I Ve A b R v i TR R T R A SR O
E IS MR I fl AR RS RS B CO,

TR, FEEREIE R D H,0 WA, 5 48t
M, P CL WS @0 A K 5507, Z 5 i F COo,-
H,0 TERRYEA K By i — 20 P My, B 85 A 4k 2k
Ko XA RANMA RN EE S B R a1
WERAK B4 )8 LR (Buret et al. , 2016)
FAlth , Large 55 (2018) FEHJLINEE) Ok Tedi Y
Au-Cu W PRI BEAS T & B0 T 2RS4 (R Th/U
A Th/U) , A Th/U 2885 45K H 2 IR MR
FHR EEALE I ANMAVE R T AR IR R S
F7E AL A Au-Cu BB VEFH

B B — i B R AR S K R B
) Ce Fll Eu 55 B2 B BRAE S LA IR A0k B FK 5 1
7254k, T Ce™ AHXS Ce™ B 5 T3k A8 A ik
PRI i 1) 4 B 2 - 3 A Ce S TR T Ce™ AH
XF Ce™ & 4R, [A] B ey () 48030 B85 K B it 2 il S
AES S, H Eu ARG ot ARH A, 4G dldt A 2
AIEH) Eu 55 % 72 B (Ballard et al. , 2002; Trail et
al. , 2012; Chelle-Michou et al. , 2014 ; Zhang et al. ,
2017; Lee et al. , 2017; Loader et al. , 2017) . 40,
FH) El Salvador BE# 800 X 8™ 1E H -5 BEA 2% V1A
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XK, R BRI A B B A e T R A R
HE A AN [] P e A R ARV B B B (HE 5 2
9 000x107°) , P I BE 75 45 A1 ) R 55 19 Eu 71 5%
(EwEu" =0.6~0.8), HFEE A KAk (Hf
12 000x10°° ), FIAZH BREA 851 1Y Eu/Eu ™ 12387
REARZI L 0. 4, T 601 & 7 B A A7) 8 o v 11
EwEu"{H(0.6~0.7; Lee et al. , 2017)

5 B A Bl DU R Bl S R 0 B2 T
BSES

H A, B 58 % — il i LA-ICP-MS 5{ SIMS
(SHRIMP-RG ) 4573 41 J ¥k 3145 45 A1 i il i T R &
i ( Claiborne et al. , 2010; Buret et al. , 2017; Coble
et al. , 2018; Szymanowski et al. , 2018) , XEEJ5k
PAFHYES A1 R TR B R A A R SR B AE AT
SRBET P (— B 20 ~ 50 pm) PR & 4558, T L 7
Bkt B rh TS OE RO R IR 5 X A M
BT RR AL BT A S RS X O3 A 4 2R 5 e
( Chamberlain et al. , 2014; Bell et a . , 2019; Zou et
al. , 2019) . B& T HET CL BUGFLAE 6 E15 %
Pl G B 23 B XIS, — 2 i TR o Rl
REREH5 7 J0 A $C i (19 T SR RE B, DT A7 226 111 B A8 A
P A B S B o R A U BT 45 2R 0 Ca AL
Na K 878 K £ AL B FE A2 0, Ca P F 45 75
KA WISENR | Fe 1871 Fe-Ti LW HI5EMA , Ca Fl Fe 45
INRETR AT B A BT, Zou 45 (2019) 42 T La
fabr, A La < 0. 1x107° Seifik T A7, LA
AR Y AR XS 3 DT 25 R B2, Bell 45
(2019) #&H LREE-1 #8%5 ( LREE-I = Dy/Nd+Dy/Sm)
el i3z 21 W) i A2 sk i ) 541, LREE-1>50 4
AN A SZ A B AL AR SR 1) IR A

B AH WL B X A 25 S B T R A0 A Y
ANE—  JEHARBUAEAE I (U o BlAT b Bl 2E IS FIHE
T (I BiAE ) M TR & & B IX ], XA A
— M S RS A Bl JT R A AL DA R fifE T A i
TCER ST A AR S L ST AR 06 205G 3 1Y )
(Reid et al. , 2011; Chamberlain et al. , 2014 ; Cooper
et al. , 2014) , Chamberlain 55 (2014) 7~ T 3 E
M Long Valley % /K 111 Bishop #E JK 4 H &% A kL By
AT 73 DCRAIE AR TR CL 252 H Ti U Th & ST,
H(Se+Y+REE™) /P {H#IT 1 ( S M2 B A HL
i), i HE N CL %¢HE B Ti U Th & 5855, o (Se+Y

+REE™ ) /P {HAHNH s (20 2. 1~3)  JF HFZE B E
3 DX iR T ER S NS RSP AT T A R, X
Tt A7 et T 3R 2H 22 e 5 0 A K A TR S 2
AR T R T e 3 A 38 BP9 ( Watson and
Liang, 1995; Watson, 1996) , i /A~ J& S W 1 45 &
AE)E A R A9 454K ( Claiborne et al. , 2010; Cham-
berlain et al. , 2014; Cooper et al. , 2014) ,

WA, KILCE IR S 2 PR IR iAo kb
LR AN S Z2 A B BER AL, 78 K A ] RE 2B
TSR] B Be 2 f B A7 AR RE, 40 A A= (autocrysts ) |
HT A (antecrysts ) 5% BH & (restites ) 3 45 & ( xeno-
crysts) % (Miller et al. , 2007; Storm et al. , 2011;
Pietranik et al. , 2013; Wotzlaw et al. , 2013; % fRfg
%, 2013; Samperton et al. , 2015; Sielten et al. ,
2015; Siégel et al. , 2018; Zhang et al., 2018) ,
I 77 BTk SE S [R) R IR B B A Sa i — 2P X 18
AR BT (3 7T R ZH X T 24 K L 9 Y A i
Tt B R LA S, B0 i T 3R A0 B R R
FEARAR 2S5 | BRAE R 0 i 4 SIS [ )8 PR 7 5 40
BN B I 48 7R S SR A 0 I T o
B4, 2 ] A e D L DX B (9 e TR 4k L
217 3 WIm & S AF (Watts et al. , 2012; Stelten et
al. , 2015) . Stelten % (2015) 7E% K ILIE W LG
W55 A BRI SUE B A ThaR S R BB Y A AR S RIAR R
RTS8 , A SR T it B A A A s o i R e Ak s
it AR E I s, JF HBRE 13X — 3 A& iy i ] 4
HRIE (<6 ka) , KEHTBAHRAETEIR IR T AN [F] g
RN Z TR R R 3R, HL2:, R T AR
B KL S (> 100 Ma) |, B R H 06
AR BT T8, A iR 22 ] e 23 B i e A
FHIEFR A ) RUBE 3 ) o B B A R 4
¥ 5B £ 250G 3 AN AL R T R Y
G3HT, 56 B BURBE i LA KK AR [ 14353 )2
B A i B NG T B 2 N H, AT A — 2P R
BT AR AT A 7 5 DA B A0 A b AR R A i
FRAAT g, AT Sy 388 5 8% A Tl i oo SR T 5 1 207 K
VB HT 2o 2 4 4t 57 fm 7] 5 19 f5 & ( Pietranik et al.
2013; Stodczyk and Breitkreuz, 2014; Siégel et al. ,
2018; Przybyto et al. , 2020)
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