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BIkAIRERRA NWA 7611/10480 B & AF 94

EHE, RERT Kl

fTHeE', Futl’

L WZRRZHNZRAE DA RIS 0z [0 R RS0 % s (R S b, 2 MIBEiehe, IR U 264209;
2. HR [E R e ST SUBT LB T R L, BT 102206

HER 0K B A 2 A 3 o i o VR FHAS
WS TE A AT, A2 A ARSI s .
TIERRARRE A R KRS . A8
W%, bl HERBR A RN AT, EMBRSA AR K
WMT ZMFu A AN, WHERRHE (Tekeda
5%, 2006) B AHC R mAHS A (Gross and Treiman,
2011) JrMERIE S (Joy 55, 2011) 5. AEKMAIRA
R TEREZ (<10 m), bR T HEREZ
BORR 2 W) A s, Ho™ W) REE A 22 50 T3
fife A 5E 1 s IR B S 91 I s AR R R AN
(Korotev 2, 2003).

PIEASTA] [ BRI BR A B NWA 7611 F1 NWA
10480 4375l & LT 2012 4EF1 2015 4, IR 5412
FH )20 0K LRI 3 o A BRI A B A MG, 4
HAE R R ) 2E AR AL PE R B NWA 7611 Al
NWA 10480 &84 ) (Korotev %5, 2021), #AL&
TR A TR 2 A R SR R
FERIE TS o FRATDO X Y E H BRf 0K 5 WA HEAT T8
[ AT AR 02 BT, BRAA LA T R kA

AW 5T A BRI P9 B4 O 16 B A R (NWA
7611 Al NWA 10480) {EILIT & FHREN O IF A A
00T, A ) CARLZEISS MERLIN JE S i 471 4 v 45
S Oxford 250 AEIEAY (EDS) FRELA 25 1 SO if%
Kl (BSE) Mt # g, JLTAERRE A 20 kV i
TR, 20 nA . J0E G KA BSE 7RI PR

HERB AR S ks, WERHAA, A (HEg
PRI AT S5 3D) EBEMEA RSP ATE 3 mm)
R I AR AR ORI K (0 1) B 45 i B TR
W FRATTUUN R e R BRI O K
O ZAE S MRIRREE . RHCE . BRI
JE (A A A KA A K
KA A RE- R L A2 46 . WA il
MARRE (RS EME. B, BREHD.
LB RS FN S K S B AL A T2 b . P
BETUE T HP RO A RN A A R 00 s R AL, R
L )RR LA v BRI BE P P AN [ (R R AIE, W]

J& T B UKL A RO R R R, SR R . FEEh
M I A RS RO A et R I BRI R MK
gy FoRGE, EEEA S L RS T Re 8 T A Bk s
FRRPVBETUCA B4 A, R T H I Z BTCE K R
IRAE A5 CERBEMR NS 23 E IRt .
Fe A IR o T B B AR B
WA ST Y, HAARMESHEIE, KEIT Apollo
FE S R BB A B A o AR, 2 A AR
oy BRI AR IR E , A ] BE SRR T S 11 H 1884y
R B 2 BQTCE e R, B 2 R F I 1 I 5
o 25 L RTIR, WD B A 25 o i s A BRBAT NWA
7611/10480 L WL RHC A BETUA B kA BRI
H g KA S 2% A s, T ER AR H e A R
1) 22 FEE HA B .

HEWH: HERARRYRESE (41972322, U1931211. 11941001) FRFT s [ R TR (D020102)
B EER A WEE (19935, WLWFRA, PR J5n: 172 RIS, E-mail: Caohj@mail.sdu.edu.cn
SEGEVEE WA W (1981-), #d%, WHotjim.: 1729 &S LM 5T, E-mail: zcling@sdu.edu.cn
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HXEHAEMB S R =Ltz

~1,2 o = 1,2 vl 1,2%
1. FERRER Y S R T A s, AR 230026
2. ERMERAR K BRI 2 WAL 2B, AR 230026

UL A, Bl RPN BT B, AT
XK BH R TG SO AG IR AT T BB 3 — 2P 1A
W MAE XL & F B, A7 28 LA KB & 405
KU, TERAEAR, FEAb I FE IR 20 RE ), 280 Hok
B2 e (Qin, 2016). 1ER—FH AT, [FAL
FIEAA ST FEBOR R IFE &, X TR Z B
RARKE: b AR AEBZ B2 1) o [F) I 4R 22 R R 10 R AR
mi, I PE CanpiA o SR, IR2 E
AL SRR IR B ) 55D, NIRRT R 25 43 B
P FR KT AS ) PR 1 0 o 25 SR R AT ) B 2 A )
R IEIAISESEZR (Qin, 2011, 1A YR G ik 1.5
FEatch 1.7kg HigE, Hrp XA HSAET 100 mg.
BRI, 10 ) — 5 it 1) 22 RIS, 25 4l dk 7 v vl Lk
TR B A FE S I R Z R AE S 4878 KB R B ISR 4k
PRUL R B,

AU TAE 8 47 [F — AR P A A R e % .
SR IX L8 T v 2 R AL — AN R AR R, I HAX

XPPEJFURHIE i) e 2 BT 214k (Nagai, 2014; Hibiya,
20190k T ORI A S R AT S i AR (R 2R R
Fs BA SN Z AN TR 25 A 8 LR RO AR i U8, 4T
WA BHEATHZY, AT T HX Mg, Fe, Ca,
K, Cr, Ti, Ni, Cu, Zn, Rb, Sr, Sm, Nd, Zr,
Mo, Hf, W 25505 {7 F KR I 5 3 A e .
WS- RN IR LY LN S A
1578 VR e I TR o Bl s L O Bl TV A S
T Tk 8T 2 A T AR R O bk ok 1 O K A R
1 4 e AN 4 eV 4 e T AR IR R 43 B ke
Ja, XTI o R, I T R SRR R SR R T
Lo, A8 B 1 A e g ik — P kAT IX 43 Ali4k .
S G, AR DA ZR IR [ A 45 RIS ) 90%
A, e b AN B A OUR B TR 1R A R IR R T3k 97%
Db SAMERIAREARIIE ng BRI,
S5 [S VASEI s 28 A=l 187347 1) 1 ¢ @ PR N W S I K )
FANTOER AR M AT 2 1B 1 DRAIE
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F BRAR R K kAR 381 R B AT DA 4T 50 S 5

A} » » ~ \ N Nk
FrmA, XIF, BREl, XKW, FEE, KFEK
WIAREA L ARG R S0 H A [ AT s & S () Rb e S Bl S RHEERE AR, 2R i 264209

HT T 3R AR G B T TR 2 R TR A
(1.54°), FIBRMR DS el UR S T3t I ik
SRR P IR T R A BSEX o A A B2 IX 4
A FARIIRAS , KUK AESRAL T RIfE. TR H Bk
UKIKIAFAE AT EL SR UK B IR 22 P R AT THEA T
JYERMR DX PR (VI At , 12 e [ BRI (1 T 2 H bz
o BRI, HHT A B R A X A KK A
REVIIRGD> I, JEE RN PAL B R TR T
SRR, SR S0 = SR 1) S0
AT TUAE SIE 06 2 1 46 AN [FDREAR 1 B K DKCBURE
TFCEER IR KK KUK, 55 KT AT AN 7] 5
RS (IR AN RDRLAR (1) /K UK o A0 ) 1
KKK G P LUA R R LGl 585, £ 1D, B
LH B DR A R DR Tl VR R 1 1
IKUKFNG P AH B A5 IR VK S K VKA )4 5 DA S 7K
L YR A T SR A5 T BE KK UKAEAE TR 3 O i
A WAL ZE AT BEAT RAL, FRAF K VKR S FO6 1

Byade . VLW RO, B 1.3 pm, 1.5 pm A1 2.0 um
A, A RPRLAR IR 21K UKTE 1,65 pm AL 47 70 W ISR AE
LB A R AR 110 188 R LR A% 5 28 T /) 5 B A R AR 1)
A, KUK ) Ak S S 2R B A, B 1.5 F0 2.0
wm A (RIS FE 5 7K UK AR 25 2 1) A7 B SR 11
A . KUK SE AERE A B, KUK P eSS T
WEATLE 1.0 pm AR RRORCREAE , X PP 36 550N 25 B
IKUKRLAZ R 38 KT8 TS o 27K UK 55 AT 3450 VR A5 T I
JREVKE, ZKUK 1.65 pm A oW e 2 Bt 25 HG 25 58 P ik /)
MIRTS, FFAERKIKE BART 50 wt.%I i K. 11
S TR 7 H 7K UK S 26 0] g 5 T R I %) PR 55
J5E B v HITH AT O, ARG DL 1 15 1 /K oK
ERCEIENIE T

N R Al S R VR, AR I 4
P53 BT R BRI X 7K UK R I A7 1 QR )y X4 4t
SIS LA IR N B BRI X 4% R o IR S
BRI SE

F1 KEAKBEARAR

TR SERAT FHNE IKUKRLAZ KN
— gfizK vk AN [EPRAR Al K vk 30~55 pm, 55~100 pm. 100~300 pm., 300~400
-l TR VKEE 6 A ANTRIRLAR 7K DKL S 7E M A R pm, 350~750 pm
= JEVK NI A L B K oK S AR A
Ve ok LI R S8 2B 35K VK
i KUK 2R e A KUK
ERiE ) i o 100~300 pm
3 A T FEAE UK UK
LEBEF K GEARE A REIE s+
H i

2. BB TR S HEAIR A R IR A L

BEEIH: EHE ARBIEIES (41972322, U1931211. 11941001) FIRF L5 B HHL R IHE (D020102)
H—VEFE RN BN (1997-), WELBFFA, BEFT7 IR 47 2 3047 K618 B 5T, E-mail:  xiaobingi@mail.sdu.edu.cn

SEGEVEE WA W (1981-), #d%, WHotjim.: 1729 &S LM 5T, E-mail: zcling@sdu.edu.cn
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PuE BIE MR EEEM XS LIBS JtiEE &
TR AR

IRE, BER, AT,

XK\, F#F, HMAM

AR OR 2 L AR AR DGR RSO T A () BB T i S 3 2 () o S B B = R AT A e, AR B 264209

OGS F 6 (LIBS) HARZE GRS
FEELFBE, ] PEFE R AT RE b o LA
TG B A R KA B R AR 2 R IS AT A
WA M PSR . 2012 ARELFRT S KR R
& LIBS #(fif-th2AAH2% (ChemCam) & il kA IR
LRI IR GG B . o T oW i35 5 R AR 1k
SRR ECH ) T 4 %, ChemCam [ BATEREHL K 2
KALAE TN ChemCam 4 M FENLRAE T 408
b R G (1) LIBS DGl #dis, I T b A g 7ot E
o R (Clegg %%, 2017). RE “Hlfts”
KB ZEFE BTy 3 BT (MarSCoDe)  [RJ £
T LIBS HK, I H & sIhIF ARSI T4,
A 32 ST LIBS il [f o0 2 0w & 4 AT LAY 1) T
DUDRS F52 6F T Al B R E SR UK LIBS s HoA E
N HME

ERITH, FRAIEET ChemCam Y&it HidE g,
Ry T — AN AU A S N A & e W
(DAFCN), HI TR LIBS il (1) & 54047
DAFCN FZ Nz, RIS H0Z BL A S )= A
H. DAFCN [IHREMESE I th ph &8 oA 50 il oh
1200 - 600 - 100 AR AR, H: (1) g4
FI R AE (R AR B AR AR s (2) A Adam 4
A28 DU AR 2 B2 TR A B 3G N (1) Coral i 2K bR
M (Sun 5%, 2016), %8R KEREW K Tohrid ) H

PRI SEILTE MBS T 1 B G R 27 ) o 1% M 45 (1l ol 7
e O¥gA7 70 3 B bR I 2R B4 i N )1 25 09
2% Q¥ I ZR A AR A A AR S % N, i
Coral 4912k bR &0 T 550 H A IR Y5485 0 A Ak £ 1= 1)
FRIE 225, A Adam PLAb 2 D040k 1 S 30 Y5 A
H AR A0 5 3 S, A5 I A 2 5 21 R 28 1 1
e T E AR TROIRE FEE, [R] o A A 0 ik 9 296 1ok
U @ELSFHOMOE RIS K. e iRl
Sk A2 i B A] 4 D A TN A5 TR 45 3 % T 2 g
FIF . 4 T ¥ DAFCN BEAIE %, K==
DI W AR X LL TV, S8R E 5 DAFCN
—3. AP ChemCam Af 5 iEH Al I 376 Fh
b PR ul B8 1 0 B 45, KEHUIL T 80% I A b A
JNAE, LRFESAE IR, 03 7 iR 2=
(RMSE) fE 0 VF e BB TR B ARt . A0 5056
gEIRRM], FEHTVEIIS AT RMSE 347815
P59, it & 35 s oo 2 I FLAE S PIAE 1 1:
1 xHteheenT WA H DAFCN AR 5 AT 5 4 (1) Tl
MRS RS -

gi b, ARCPTiEH Y DAFCN A2 nf ] T
ChemCam [1J LIBS E& ST, 1M “Hlihs” KEFRK
£R11 LIBS il it th 75 20 g A IR e 1 22 A 1
SINTRETY, R HA PR, R RETEATHIRA
IIFFE R 53 -+ LIBS 52 &40 Hr 1) [n] AR 7

FEETH: EK ARFIEIE S (41972322, U1931211. 11941001) AR} TR EFHBRTHE (D020102)
WA EBEE (1994-), W-LRFA, W7 47 R & SOIEE RIS, E-mail: yuzhouking@163.com
SEEEZ T B (1981-), #HdZ, WHoJrm: 7B S S 5T, E-mail: zcling@sdu.edu.cn
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Analytical X-ray nanotomography of carbonaceous
chondrites and their heated samples as a rehearsal
of Hayabusa2 sample analysis

M. Sun', A. Tsuchiyamal’z, M. Matsumoto’, Y. Fuj ioka3, T. Nakamura®,
J. Matsuno?, A. Miyake4, S. Okumura’, N. Tomioka’, M. Ito’, Y. Kodama®’,
S. Rubino’, N. Nakano®, K. Uesugig, A. Takeuchi®, M. Yasutake®

1. CAS Key laboratory of Mineralogy and Metallogeny, Guangzhou Institute of Geochemistry, Chinese Academy
of Sciences, Guangzhou 510640, China;
2. Research Organization of Science and Technology, Ritsumeikan University, Japan;
3. Graduate School of Science, Tohoku University, Japan;
4. Graduate School of Science, Kyoto University, Japan;
5. Kochi Institute for Core Sample Research, Japan;
6. Marine Works Japan Ltd., Japan;
7. Institut d'Astrophysique Spatiale, Université Paris-Saclay, France;
8. JASRI/SPring-8, Japan

The Hayabusa2 spacecraft has successfully
returned to Earth on 6" of Dec. 2020, carrying samples
of the C-type near-Earth asteroid 162173 Ryugu. It is
highly expected that the samples are similar to
carbonaceous chondrites (CCs), which play a
significant role in water and organic material delivery
to the earth (Kitazato, 2019). SR-based X-ray
nanotomography (SR-XCT) is a powerful technique to
characterize nondestructively the detailed 3D structures
in particular for CCs which have fine matrix.

We performed SR-XCT analyses at BL47XU of
SPring-8 synchrotron facility in Hyogo, Japan. SR-XCT
acquires a nondestructive three-dimensional (3D)
structure including external shapes and constituent
phases with high signal-to-noise ratios and high spatial
resolution (~100 nm) although the maximum sample
size is restricted (<~100 um). We combine two types of
SR-XCT (Matsumoto et al., 2019), where absorption
contrast images at two different energies using imaging
nanotomography system (dual-energy tomography:
DET) (Tsuchiyama et al., 2013) and phase-shift contrast
images using scanning-imaging X-ray microscopy
(SIXM) (Takeuchi et al., 2013) are obtained. In this
DET-SIXM method, we can discriminate mineral
phases and organic materials from the linear attenuation
coefficients (LACs) and x-ray refractive index
decrement (RIDs), which is almost proportional to
material density, in phase shift images. This method
could be beneficial to recognize the mineralogical
features and estimate the heated condition of the

asteroid Ryugu samples.

As a rehearsal of the analysis of the Hayabusa2
samples, we analyzed 34 samples by the DET-SIXM
method to small particles (30~100 pm in size) of
different groups of carbonaceous chondrites: Murchison,
Murray and Mighei CM chondrites, Orgueil CI
chondrite, Tagish Lake and Chwichiya C-Ungrouped
chondrites to understand variations in the same
meteorites and among different groups. Murchison
samples heated at different temperatures from 400 to
990°C for 50 hrs., Murray samples heated at 600°C for
different durations from 1 to 1000 hrs. and Orgueil
samples at 500°C for 50 hrs. were also analyzed to
examine the effect of heating, which is expected to
occur on the Ryugu samples.

We obtained the peaks of the 3D histogram of the
two LAC values at 7 and 7.35 keV and RID values as
the representatives of the constituent materials in each
sample grain. The first peaks generally come from the
matrix of the meteorites, which is mainly composed of
Fe-Mg hydrous silicates (serpentine in CM and saponite
and serpentine in CI). We usually obtained the second
and sometimes third peaks in CM, corresponding
tochilinite-cronstedtite intergrowth (TCI) or TCI-like
objects, forsterite and/or enstatite and calcite. We can
estimate the Mg#, degree of dehydration and porosity of
matrix from the 3D peak positions, and thus we call this
method “analytical X-ray nanotomography”. The Mg#
has some variations among different grains of the same
meteorite the three different CM meteorites has similar
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Mg# in average. In contrast, the Mg# of CI is slightly
smaller than that of CM.

In Murchison (CM), the matrix peak positions
heated at 400°C for 50 hrs. are almost similar to the
unheated samples while that at 600°C for 50 hrs.
becomes rich in Fe and partially dehydrated. The peak
position at 990°C for 50 hrs. suggests that this contains
heavy elements like Ca as well as Fe probably due to
partial melting. In Orgueil (CI), the matrix peak
positions heated at 500°C for 50 hrs. shows slight
increase in Fe and the degree of dehydration. In Murray

(CM), the matrix became rich in Fe and partially
dehydrated at 600°C for 10 hrs. but the Mg# and the
degree of dehydration were almost the same even by
increasing the heating duration. Based on the above
results, it is concluded that (1) we may recognize the
carbonaceous groups, CM, CI and
C-ungrouped, (2) we can recognize samples heated at
temperatures larger than ~500°C, (3) heated samples
could experience two processes: Fe-enrichment and
dehydration and (4) this method is not so sensitive to
estimate heating duration at least at 600°C.

chondrite
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17 B 2 LIAT BRI ) s o k5 o B
B, RN ATUL. TLrhbh, dRash. Xk, B
A ST 4 B 1% 25 T B, SRIUE R A1) 70 %
Ir WA SR A R R AT L, O B AT R ) b
JSC R R A b s SR A LA A e R OB e R AR A
TR HER KB AMT SRR RAEHATIHRGE, 1K
P FE SR A5 BB NERI, AT B G R A
v H 2652 21 5638, WF ISR R, BT H
BRITEFBEMFEE .

AT B 25 AN [ B AR D7 VR I N — RO T 58 50
FRE TR SR, TS AEAT R R SRR A R o AP
B TRz . B, AETeE s RIN T, XS
2t (XRF) HARKH X W4t R Rz NE
WP, PAEMITTRRFE X L nT H 15050 = AF
o PR =R T 2 B EON R A . FRIE T O — 5 &
B g HBRER BRIk X & Ak T
XRF iAKW HAKEMBAEATERN I FEL. 5
XRF AL, WOt i g6k (LIBS) W2 —Fhic
R B LIBS HAK KOG &b it 7 AR
[ REAE B A, A5 B TR A R e AR K G SRR AL
2w T U RE A ) T R S B LIBS AMX 2
SRR EMN TP T 2N, e gy i T
W, o 5 W 1) B A S R B A6 A A HL
(ChemCam). % /) 5458 B AHNL (SuperCam).
H R Rl R A8 AL R T 43 R4 (MarSCoDe)

S5 =6 LIBS $RB IEAE KRR M a2 /R F ey, HE
P2 i UM FE Y A = AN AN ] R 1l X R AT 48
W AL PRI TT T, AT WAL ZLAM G L
AT EE BB R 38 AR T B, & BCR ALK BHAE
TCUESRIBOH I 1R S S ST 5 e (K Rp A W s ik
KA Y% T Feu Ti 5548 &1 5% B A0
MAE I TIH 5 T GO, Bk ="/
VU LRG]S e A R 2R
LIRS E P S AU} S WA P S 18
WU AP S AR AR sl AR, AEAT 2RI
B FIAZLAN R G SR i R AR TR S
BURAR AL (TES) 535 FIHLIE 5 #4011
RIPCR IR (Mini-TES) 2. H7 2063 & R
T A BCAIR P i AR IR D6 TBL IR e
S RON R R B AR o LA RI R 26 T
Py AR SR S 6 WA AR 22 5, BATRGRIN .
#hEe HHT, 3005 LML (SuperCam)
FVELJE IR (Sherloc) ¥ HL 447 2 A0 )
fE, BT R A i JROZE AT B A S5 (A

Z5 b AT A SR AT R S I T S A AN
7T AR R AR BIR A R INAT 55 T AT AT W) 50k 7
RT3 T A7 7 o ASSORS SR AR TR 2R AT Do
TBURFEAY B L, 455 CAT PRINEE 7 B 25 Fh
ARTT RN AL AN ey BRAE, FF AT DG 22 AR AR R
RS IR I Y REA T 2R

R4 EEERBIYEES (41972322, U1931211, 11941001) FIARF T = AR TBF (D020102)
# 5 — ROBAFAEE T A S (1981-), #3%, WERJ I 47 BY)PUEE S SR A, E-mail: zcling@sdu.edu.cn
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o6 ] S R R (0 7Y S R AE
% L A v R B AT ML AL E R R A A, IEW] R T
VEVK T T BEAFAE K UL (i I P 30, A A T3t 4
AR A FHT, R T LEAT HU A RN 5 JAT
LR UG, WHEEBRAEA . FT RN SZEBE
K N S £ KR A LA, U
R RS i [ B 2 0 (R RV B RRE T K AT B Tt —
A BRRIEEVE BB B I o A AR R AL 2 40 ) 271

PR AY SRAG 56 - T KON SR A &R rh i 2
iy B A 2T (AR 1 F RS E A AE (R AT REAE
THESE R W], R AR A5 A D K
FAXSATH, AR R R P AN T LUK E o IX e 1
TLEETH 2 AR E IR IR I 5 S B3 BRI 2 4, pH
(13 7 vyt o IR 2 B PR 1) Bl B 3 o AST [ 20
% K&K AN BN )27 3 MRS, S0 B s R R AT
D K A ORI E S I — B 2

HETH: BTEEIZ % (KY2080000082) CIFAR Azrieli 4 BRTF4E 44 %24 21 4 (BB2080008002)
H—VEF RN BREE (2001-), ARME, W7 RAEEY Y. E-mail: erdong@mail.ustc.edu.cn
SEEEE T A Midte (1991-), FHTEREFT G, W7 M : RAELEY Y. E-mail: hao@ustc.edu.cn
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Laboratory formation and photochemistry of covalently
bonded polycyclic aromatic nitrogen heterocycle (PANH)
clusters in the gas phase

Yuanyuan Yang'~, Liping Qin'?, Junfeng Zhen'"**

1. CAS Key Laboratory of Crust-Mantle Materials and Environment, University of Science and Technology of China Hefei 230026;
2. CAS Center for Excellence in Comparative Planetology

To examine the evolution processes of the
nitrogen-containing polycyclic aromatic hydrocarbon
(PAH) molecules occurring in interstellar environments,
in this work we focus on the formation of large
covalently bonded N-substituted polyaromatic species
and their photochemistry behavior in the gas phase. The
experimental results show large PANH (e.g.
DClacridine and DC/phenazine) cluster cations formed
in a chemical reaction between large PAH (e.g.
dicoronylene, DC, CygH,o) cations and small PANHs
(e.g. acridine, C;3HoN, or phenazine, C;;HgN,) by
gas-phase  condensation  through ion - molecule
reactions. With laser irradiation, PANH cluster cations
are involved in a complex photofragmentation process
(e.g. dehydrogenation, HCN/CN, C, or N, units lost)
and then form large PANH/PAH or multiple
dehydrogenated  molecules; in  particular, the

dehydrogenation of PANH clusters provides a possible

HEEUH: HEARREIES (1174304)

way to synthesize large nitrogen-containing graphene
species (e.g. CsoN™ and CgN'). Also, we perform
quantum-theoretical calculations on the formation and
photochemistry of DC/acridine and DC/phenazine
cluster cations: two types of molecular cluster are
considered (C-C and C-N bond type) and the
formation pathway and dissociation energy for each
isomer are determined. The experimental and
theoretical findings obtained give a general molecular
growth pathway toward all-benzenoid aromatic species
with size (> 60 C atoms) in the astrophysically relevant
range, during a ground up formation process, and offer
understanding of the nitrogen element effect on their
chemical-evolutionary behavior. Also, studies of
DC/acridine and DC/phenazine clusters (89 - 112
atoms, ~2 nm in size) offer a feasible means of
explanation for the formation of nanoscale dust grains
(nitrogen element included) in space.

FEHFT: MEE (1995-), WEBRTAE, B M KA. E-mail: yangyy@mail.ustc.edu.cn

SEAEEE T A WZEH, FFEWIIT . E-mail: jfzhen@ustc.edu.cn
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Gas-phase Formation of Cationic Fullerene/Amino Acid
Clusters: Evidence for the “Magic Number” Chemical
Reactivity of Fullerene Cations

Xiaoyi Hu'""*?, Deping Zhang™*, Yuanyuan Yang'*’, Yang Chen’,

Liping Qin'?, Junfeng Zhen

1,2,4%

1. CAS Key Laboratory of Crust-Mantle Materials and Environment, University of Science and Technology of China,
Hefei 230026;

2. CAS Center for Excellence in Comparative Planetology, University of Science and Technology of China, Hefei 230026;
3. CAS Center for Excellence in Quantum Information and Quantum Physics, Hefei National Laboratory for Physical Sciences
at the Microscale, and Department of Chemical Physics, University of Science and Technology of China, Hefei 230026;

4. CAS Key Laboratory for Research in Galaxies and Cosmology, Department of Astronomy, University of Science and
Technology of China, Hefei 230026

An experimental and theoretical investigation on the
chemical reactivity of fullerene cations (C,", n = [36, 60])
with amino acid molecules (e.g., isoleucine, C¢H;3NO,) is
performed. The results show that, in the gas phase,
fullerene cations can react with amino acid molecules to
form fullerene/amino acid cluster cations with high
efficiency. The formation rate constants for the
ion—molecule collision reactions between fullerene cations
and isoleucine are estimated under the pseudo-first-order
reaction condition. We find the formation rate constants
increase gradually with a declining C-atom number of
fullerene cations (C,", n = [46, 60]), and depict a plateau in
the reactivity for smaller fullerene cations (C,", n = [36,
44]). More importantly, by comparing to its neighbor

HETH: ERARRHEES (12073027, 41625013, 21827804)

fullerenes, the magic number of C-atom counts (54, 58)
that process with enhanced chemical reactivity are
determined. We also obtained the molecular structures and
binding energies for the fullerene-monoisoleucine adducts
by quantum chemical calculations, which give a good
explanation for the magic number chemical reactivity and
the enhanced chemical reactivity of smaller fullerene
cations. We infer that our results demonstrate the
importance of ion—molecule reactions to the formation of
large and complex fullerene-amino acid derivatives in the
ISM. The high reactivity of fullerene species may indicate
that amino acid molecules or other related prebiotic
compounds can accrete on small interstellar carbon dust
grains.

W—EE R WAV (1997-), W LWF5AE, RS KRR, E-mail: huxy0214@mail.ustc.edu.cn
SEEEE T R (1981-), FREMIFTH, WM : R4S, B-mail: jfzhen@uatc.edu.cn
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ElRK N FFERSIRBFZ R R
%

BEAY, HEE, #HER, KRR, Ky,

L EBEEAR Y,

A}

H2

B 230026;

2. TERFERE AT B A AL, AR 230026

M5 7] 4K (Molecular cloud) Z&id Yo fift 25 X
(PDRs, photo-dissociation regions) I iE A &5 i
(Cavity) I, 2355 & k2459 (PAHs, Polycyclic

Aromatic Hydrocarbons) 43 ¥ 7% & kA2 Y6 fift fif 25
BE IR N AR EN Z T S ERAED
Iy ARG I I — A () DAk e R A e A e
e SRR E IR H WM 73 1 (Ceormo) B HA JE 2
G2l

BT E RRGANER A TAEAT T T — R
(1R 531 P CBUFE 2 3R 05 B e &9 53 1 AR A

W oy B, IEUEIT T AR A 2 AR AR -

FEJCHRIG UL, X287y 1 Pl o> 21 G A it B e A2l
KT IR 55 75 A& W) 3 1 B ik — 20 KOG ot ik 125
T BN BT () 4 -1 FI e 00 o IR L5206 45 ROy ik — 20
S0, BRAGEFIAL 2 B 2 ) K 431 T BN AL AE B2 4
P SIIG B SR < IR S R K4 B e LR
VRS AN R BB 2 1 B AR AL sl 5 2 R RS R B A 4
() ARG 28, AR TT e AL Bn K 2140 e 21 2
BRI ET T T RAFHIFEAE (Zhen, 2019,
623, A10; Zhenet. al., ApJ, 2019, 887, 70; Yang
et al., MNRAS, 2020, 498, 1 F1Hu etal., ApJ,

2021, 918, 81).

W RBEEFEA: B (19812, WFSCR: WFSCTT I SRR Ko FRURBR A2 15 (T B AL, E-mail: jfzhen@uste.edu.cn
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REXkBR ot A HE IR AE 2 B I R AT & I

ﬁ%‘]ﬁé, X\‘IJ}%/@*’ %‘E[E‘E[E-’ /EEF?;, }%]/P;ﬁﬁ, Xﬁpjﬁﬁ

T E R Bt RAL 2 FF BT H B S AT BERHATFFT L, 5ERH 550081

¥ WA HERBUA RS (NWALLI474 5
NWA11273, RS TR D ks A i [
e i R, RIS A UL AS R =R T, St
A A IR AR A o IR AE R G T H BRFE 9T
PISCHR T AR T o BT A IR 045 s 3 S A IR
fig (2 O, BHRENMERE (1 70O, HEME 4
DO AZILGANT] RE A KA IR SR LR 32 1
BRI R (1) A 2k H BRB5A A o ot 0 ot vl ] A FH 1)
Al — LB A, 2% 1 38 4 H BR A R i ANk
s (2D ANF H BRI RIORL I 25 (R i AN R s (3D
B IR L PRI ARS I A i 0 A2 ) — b H 35k B A ki o
I, AR AL G 0T e A AR B IR IR S B

HERBR AT 6 B A b il 2 FR I i A I AN
THNARAT A TFSCHR R, 10 HLAE DA (1 i 4
KAG BN E S A o 5, DR LA s DR A
W], IEAERE—0HRTUA o AR FE b IO 84t an

EBE: (1D R RE DS i Lo J0RE B A J % A 5 (2)
I RE DAL A B Pl TR Al e R A A B N TR AR, 3 O
Ji PR > W BTk I s (3D W RE PR A RIORE A B WK B T A2
UENEL &/

SR DA i (K L VA s = A DU Rl (1D
B AT I, %A R RS SRAT HL TR A
F B SR N S PR () 2 R EAM
FHEIEE, Gl ARV (3) AR IEH
FHEIRE, iR G 4 (4) SEiiliE B A B R B
(2, A P 3930 22 S5 AE ENRAT [ TOIR BB 1k 1 5 2
SEFE i URE o BRI A 48 R O i i D Gy
RAUTR R 7R (1) A BTAT 1 T BRRE bl #8385 0L
THE T LT B IR D e Py [ e s (2) AU
BURA RIS 0 T BRESATHE P a] BEAF A5 R K1Y
YU « ARKET XS ER BT MERAF IR (B 2R A bR A
NG, DA FE K

R H P ERARB AT E A Bk 5 5 ERFERGEATIST” (ZDBSSSW-ISC007): [ 5 [ B RBHE Tl & B RS B AR TG W97 s« 4

WS A X T S H RS (D020201).

WEET N B (1993-), W LWF5A, D5 im: A EREERE WALE B WA S5 U 2:0F 5. E-mail:  yangyi@mail.gyig.ac.cn
*EAFEF T A L (1968-), BIFUH, LA TSI, MWFERZHN & AT B 5. E-mail: livjianzhong@mail.gyig.ac.cn
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REKFRE NWAL1479 MIERE. T HUFRFRFMR
WEA 0K, GER, BEF, R

1 TR HER G AT R A T e,
2. PEBEGEE SR A, B 210023

BEORHC S T2 M AR A T RS i H BR B A
{HZ7E Apollo Ff i 23 R . #HLE Apollo WV £k
R AR i, T8 TR 2R WO 0 R b F 5 g B
A B R 2, DR B iR 6 H 5 1 T i %
B RAEZEMNE L A, BATHI T & B
RHK A BRI H ERBR AT NWA 11479 155 A 1Y) 2
JAFAR AL

NWA 11479 J—HE#HE R TARE, 58
T AR B RHC A BETURRRL A R D R RH
Ryl f R AR 3 5 28 B S0 o 1 EE 5
TR IS . 76 An Rl Mg#E B IE |, K25
IR TR T U A0 B AR A Xk IX S8 A T 1)
WA WAk 2R AR S A R IR B TR
AR B0 FE T I A i 5 A 2 BH BT D 2 T
FUR VR o B B B R (R R AR
Y AFAER BT ) T vhids Ja PRead 74 1 L R,
it E R E U 84 OUHESikae Jmm
A 1 U-Pb M AR R IR 7EB A 158
WO I T DY SR A A R — i A, R =K A S
WA, B S A, e s Ka R,
T3 AP K A A BT o A T TR A B R I TR
o S AT VRS A S AR R PR Bk 2E R AR B AR

Kb — 8 = KA 3R15 T 4305 + 30 Ma (1] Pb-Pb
SRS, A BRI (4329 £ 10 Ma) — 5.
DRI FRATTIN A9 B 2 4 AV A R AR AR T L i B
JRBHE AT AR 4322 £ 15 Ma (MSWD=1.6,
P=0.17). %45 55 HAd = MR A 10 2A A R — 20
Te7R T URCEWAERIAE 4.3~4.35 Ga X — I [a) Be A3 0
K, AR ] e S R U w Bk H BR v AR I — B T Bl
Bt .

0.65

0.55 4400 @ @

0.45
00

a 40
n_ )
<
2\ 0.35 (Ma)
Q 2600 45
o ‘ .
B 4 = ‘ +.‘_-: 4305430 Ma
] -

0.25 3200 . o

*\ 44444444444444

’?fbgc\ 3900
0.15 °

) 37
' \\f

0.05

0 2

4
238U/206Pb
B L TERIGUA NWAT1479 FBEAR A RIS 41 14 4R 27 45 5
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LL7 BIfa A B E R A SRS BT

FBRE, BR,

ui,

FAH"

FP ] R G S AT R S =, I 430074

B3 A0 11t 0 27 BT 5T LA S R A A 40 2 1) 3
BT AP A O R H L, IR RESE 10-100Myr
(Wang et al., 2017; Weiss and Elkins-Tanton, 2013).
BIORL 5347 1 BRI DA by R 28 Py aed 73 5, ABLBROBE A7 (1)
W G 2E TR B, CV BUERRLBY /7 (Carporzen et al.,
2011). H ARk B4 (Brysonetal.,, 2019). R Ek
FiBifT (Cournéde et al., 2020) KBRS AERZ Lot
YR b, RWIBRHA A R 3 73 S RAs, BRI Rl
. 7 i R AR R BRORL ) 5

LL7 B F5A i s s 24 00F 9 Re s SLREA R 75
N ARSI R . LL BB A S AR Z
() T RE PR DUy R EAT, ALG T HL L 2 ER
R A R SRR E Il sk R AE R G, X5 Gattacceca
and Rochette (2004) &I LL B4 ERRL R A K H A H 12
SE R A0 30X — 45 RARST o 7 B A R BROKE 5 A7 17
TCERRLRF AT RV, 2 WY B A 28 i 58 va R T AR AR

HEEH: EBFRARBSFESENIH (42030205

JRAEHT, LR B PR (1) R A G F AR
EIAEH R (2) IEAEHEA T IR AR I 2 T 4
Pifi s G PR THEE . (Tait et al., 2014), iX
PR ol DRI ABE 7R 6 1 BRORE B A BEAARTC V2R 3] 7 R A
() Bl 83X — B, T840 43 S AL 11 R I W K
r BT BEAR RE 81K BIRE IR SR 2R IR E, nTRey 7 Y
B5AT 1) R R BB (AR o DU B 80 2 H AR U 1
320°C LA R HITE 1, 2877 il 22 I 1R B A A EE T fi7
TIRGA RERE T R 2 (DU T8 acfs B 7 BB A 4600
1) el L8 I kA 4 1 o LB e R 2 L
AR AT IR E,  10 S5 D R Y B VA RN 1R BRARRE )

PATDRE—He LL7 ARG AT HEATAS AR IR i A I A
X TREFE M, WM REM’ 7 (Gattacceca and
Rochette, 2004) H5E L% T4 16puT (1% .
M%) J2 75 N B R OB 3 K B L= 26 I G 35y 38
ik — A

WVEH A B (19982, WiHHFFTE, WU M BA T LS. E-mail: hjli@cug.edu.cn
SEEEA T A TR (1984, #d%, WHR 7M. dhii2% 547 A 124 . Email: huapei@cug.edu.cn



892 ) A HUER A 2 25 18 T RAR I SU B4R

« BRI 26: RTIERMNERIKLE -

— R AT AERR A NWA 13763 BIE BT 15
FHIEFNZEE X1 53

5 1,2 ; 1,2%  ~epoap 212 1,2 g o3
gﬁ:giﬁﬁ ’ F/iﬁ?i%yrt ’ ‘L%ﬂ»:éﬁ ’ %%E}:} ’ F'%\ﬁ]j:
L) PHRMR G B - B & T TS, U AR 5410065
2. FERRER T RSB SAT B O, P AR 5410065
3. JbRUR R 5 A R =B, B3 100089

NWAI13763 Fifi iR 119 g, EERHFE KA
(36.51 vol%). & 24T (38.0 vol%) Fll AL i
f1 (8.82vol%) A, HLIRMIBERHEKAT (4.99 vol%),
Fge (2.88 vol%). BEKAT (2.39 vol%) Fl/bHEA
WA BaRE. R BETEENT . TRA . K
v BRARIE AT L SRR RS AT L BT AT R
Koy Sl iR, HA IR EAR GG 1. MK S5 Ak
PAE R AEREREERIIX, HEA (0.3~5.0mm) ¥ H
FEKA (0.5~6.0 mm) K SEIT T HHEE, A E 4G A M
AHE AR R SR S M IX, K2 B KA B TR i 2,
TR KWK AT (0.25~0.8 mm) F™ Wy 0kL v i e A5 ¢
AN VR R AT (10~50 um) 28BS A 1 5
B/ (<10 pm), HAFLERA 871, Fan B A 45 i

AR TSR AT (Enyo i Fsqo.0) 70 fiff 0 I HUR 2%
IMEAT (Engs¢Fssya) +ERMINE A (Fages) +F1 9571
J5 B df e DRI WEAT Ry BRI AT HLS A AR AN IS —,
AT Fe/Mn (mol) =25.5~42.0, Mg'=12.6~58.5,

Wo0g.97-250EN 05450 EEAIHIEEMEA . 54,
AT, AT IR 5 4 R Ftd s AR 237
En ZHFEAC, Fs BT RHAT KEB 7 He A2 b
KA (Ang g508Abusasse) s EENTKAT . NWA
13763 & A rhiit ik, Ko RHCABE KA, AS
BRI <, Ui WL T o BRORL A s MARHORE A R
AT Fe/Mn OB AT HE AP RFESF SR G0 B, JE
J& T K BB R I B G ERRL AT (Shergottite) o 1%
B A 0 SR BT Ay KR A0 B 2L PRI T4 A B ) B

BAEET: K (1996-), WULAFFA, BRI M. BiA2: 5 R4S, E-mail: 714459603@qq.com
OGS T PRk (19800, H-1, Emgesciifi, Mrouiim.: Bifi%5 KA. E-mail: Chy@glut.edu.cn
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k= P 4 S B 40 SR RO T SR R IE 5 T2 O A2

F 4" Thomas G. Sharp®, %2

LI ERHEOR S R R B il B T RE 2 B, R 411201
2. WWEFBEEGTT HHIREOI T RET DB S AR ST A T RS 5, T M 5106405
3. Arizona State University, School of Earth and Space Exploration, Tempe, Arizona 85287, USA

Pl 47 95 & —Fh s 9, 5 Loring Coes
(1953) WL m RS A k. bijE, BN
(1960) 7E Meteor BiiA1 It HImhlifh A b e IO ILR
SRATAT T, I H UG UE SR T WA i T T . M AT
HERC B AEYU AR EZ —, €A EE 30 £
ANBRAT YR AT R AT DL . BEAL, Rl g A
1o AR T AR LS A A L B AR S T
MBI PR AT R, R AT T T R R B . AR
BiA YU R A o, SER LI A — 2l A
W WA L B R A I [ A AR AR O R A D
TE s o N A AR A b 4 R TR . AR B TR
BLHT A, (H AR o Bt i 75 AR 8 Al A 0 7=
AR AR5 BT

U5 B WL s o M R TR = H T RS A

XSGR A7 9 EH LSO (58 10~50 pm) FIERIR (H
18 5~30 um) PIREA = HAE A AEEE B, P
A2 SR AR, B AN/ R B Chi R
100~500 nm) 4. FREEB 1R ML L B b0 L5
T IR GE, AR 43y HL R R ] A D /N 3 B AN R
AT o T BRREE A R B A X R LS, (MR Z
PIAS TR LB o BRATTIN A, 3 P B R Ay A 0 (1 7
B FEAN ] o RSN IR, Aol A7 9% S 7 Bk A4 A M
10 %5 o i AR B T 3 ] 25 A AR T R, AR 7 Rk A P
RN N SRS R b 5 R . BT i
SRR I v FEAN TR, 325 1A A K /N I 5 L IR 2
5 o BRODR P R et 2 DU S 7 B, 40 2 [ A5 AH AR T
A (10 R B2 B R ] A D ) K 2 S 3 R bk
Wiz,

BETH: HRARFIAEES (41503062). )7 RET WYE S AETFOT A TS0 FITRE S (GLMPM-36). TUA S 5 0 T 48 1 A5k

IR IF 4 (E21819)

*E— JOBRIEE T A P (1986-), RIFEZ, WIS dhdAE S AT, E-mail: fengite@hotmail.com
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Bk B A 2 8 BRI KRIR

MMk, xew

A EH R (RO BRERETTRE, JE3C 100083

BRORL B AT S 25 2 53 1R TR 1l -5 8 A 2 TA RO B
AR FE R oGk . Fe-Ni 4@ A Bk B4
B GR 7r, WAESRERIETC 2 I 2 . X LE0R
R T0 2 AT DL SR B BE AR ) R A AN A H) i
R, i HL AT RSB BEAAR T B XK B 22 2 19 4 5 20 e
FEALIE JIRA (Kong and Ebihara, 1997).

BRORLB A G R R B dE . 1D BEMNE S
B 2 AIIIZE KA 3) & FeO kR ERI1IL
I 4 EE Y G R . TR A B AR
AP IRE, DTN L S A ek
R A BEA AR R T DL R o S 55
X E PR R T RAT A I . H TR,
TERA TSRS, P E KB CER (W1 Res
Os. Ir. Ru. Pt. Rh. Pb. Au%5) FlAGHMITRMIT
¥, Xnlgetm THE PSR (karn
HREUA 2 ) AFAEARHE (Campbell and Humayun,
2003), Mtk JEAS T Re S B SR TR S

HETH: EXREARRSREETESTNE (41822301, 41790451, 41730214)

JEE MR TCZ MRS (Okabayashi et al., 2019).

B 48 PERRL B AT A R AR ) SR A T A
(Weisberg et al., 2015), NWA 12273 J&—Huli &I
FTUILAEM S 8. R RE Cungroup) MIERRLIR A .
SIBZIYN 70 vol%, A ILAIRIIE T, BRRIZSA F 2
BERMIN AT« BERME AT BRRL o XS T4 19 J5L A 40 By
(LA-ICP-MS) &I, MEMFSEEMEITE (W Rev Os.
Ir 55 ZIRAFLERUF ARG, T Hs ez
Os. Ru %) 5 Ni e # BRI A, X—I% R
B, B2 WAPE R PR IT 2 AL LAAh, S B AR i
W FECTH IO R KT RSCH SRR TC R R
A3 A 5 H BB A A1 TIE 208k WA vh 42 ) 16 4y
EE— A, RN T = F 2 ). &8
ESRERR AR50 7 AL AR EAFAE B 2 S, & o
AR RMAZ /T, ATREC S RA T — e R
&, 2RSSR SRR S, X BRI
A b4 e () AR AL T — BT ] RE

B—AEE T KMk (1992, HLWFFAE, DR RAE4 %, E-mail: 3001180085@cugb.edu.cn
SEEEA T A 4w (1984, LS, FFF7m: SO R F Bk 2% . RA4AE4L2%. E-mail:jingao@cugb.edu.cn
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BRAHMmT AT Re f1 PGEs B &N B4 AL

E
FER, TEEY

1 FERRERE )N HERA AT, )M 5106405
2. PEERERERS, JERT 100049;
3. P EBREBE L BAT B 2 s AR L, A 230026

gtz (PGE) B4R (Ru). & (Rh). . (0s).
B (). 41 (Pt A4 (Pd). T8k (Re) FIHIIK
JCE 8 T e R, A AR BRI A 2 VT
H ""Re & B AN ¥0s, F-5EW] 41.6Ga, K, Re
I PGEs JH & AT & . XA FE S Y PGEs Al
Re-Os [FIN PR R BHFFORAT A T2 8L R A%
%7y 54 2578 (Shirey and Walker, 1998; Day
etal., 2010, 2016, HUERFAPAFE 5 1) PGEs 4tk 7
V0B R AR IR b AR RS A T S S
(Fischer-Gédde et al., 2011), iXFf Ak 285
PRUCHEAT, BPTERAG,  45 RABABE S 3RAS . i
P A 500 52 A B AR B (A 2 20, TR B (1) 7
RN AT DL X LA R, ] DAY AR S R D B
FL 25 FE IR Ta], 5 7 I 34520 BT 5 (Camel,

2003; Jalili, 2019). % LA BRSO, 3150 50 I W Fh
JIERT PR, 75 ARBR A L BUE A R A OKUM
(R34 3T T PGEs f1 Re 462243 B AT A2

PP 72358 1 AGSOW BRI AT HCL %t
FE @A T SEAY, o FF il 1R 9 2 3 2 RTI 7  BER7 Bt
TN IR E T, R 58 P 5K S = 5 A
fff A #% 4 X2-serials ICP-MS ( Thermo Fisher
Scientific). A% it IR 7E 25 20 25 FI 5 70 S8 Kb A1 3 B A
WV R 22 3 A A 2 S 3G % 58 i, A AR 4 NexIon
2000B ICP-MS (PerkinElmer).

S5 RN, A8 F W 43 8 U7 8 T AR A 6] A
FE i) Re Il PGEs #HT40b 03, fEL 0 &l i
AR, v e SR R A OC . AEZa) B i)
Tl KRR o i 8%, AU B

BT H . MM IR Pt-Re-Os IR 38 8053 WF 90 S Honf 3R 08 i AL s Jd 7k (D020203)
B—AEER N BER (1996-), W LWFFA, W5 im: Bifi%. R4E4U%. E-mail: zengyuling@gig.ac.cn
SEASEE T A EFESE (1968-), m LR, W7 Bifis. KRS, E-mail: guiqinwang@gig.ac.cn
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K2 LIEALEZ R

BEIJR', #iE4R', Suniti Karunatillake?, ¥ #"

L E B FUR A B ER R 22 B AT R AT, B 430074
2. Louisiana State University, E235 Howe-Russell, Baton Rouge, LA 70803, United States

KR 3 THT S OB (1R 5 AN 2SR T iRt K R
FUSFE SR E L, HAT, O822I 2
T BN, X KIEREAT S PR g, 5l
TR HE TR TR, KZ%EAN
A TFBhFEICKR 20 K 3ER Z - (Karunatillake et
al., 2010; McGlynn et al., 2011). F-ZhiRHIA L
I 2% 0y, FEHERRTE ] Be B A7 7E 4G 0] @ (Karunatillake
etal., 2014a). 7¢ Karunatillake 2% (2014a, 2014b)
FVEIERET , ATIFR T — 331 F 8l Kk B R 5 4K
fEo MRTRAMHERS T 2 30K B BAARNL, A
HUE S . B35 1 MILARNL, %5 1) MAHLI AH#L,
%% 775 (1) WATSON AHHL,  HuBREFALL 2408
FIFEE M . B AR LT IhEE: (D BBSA:
SRR LB SR B OR BAAILIY IMG %

FEGTUH KRR B P R Ky S E R TS (D020101)

X AR B 3E3ET Gamma 121E, (2) #
RN (Rl ). 2 ERIEA BRI 5> o (3) BTS2 &1 (T
) FSAR IR R KT K 2 Bk SEORL K 41 T,
MWW BAB IS, WIS SR SN
Ja SRR A (K T g 4T B EER KA . (D
LR R B PN B NEE T PRI BU RS
SEZHOFATIE BB M RILR . (5) KRR
giit: AT AR ORI« TG S AL
FEOPRLEEEAT T Wentworth 4338, HBhZe ] T RIE 5
fihge. (6> HdliFih: PrHIBINZSAL #4105
KR B3R B KRR SR L5545 B SR
e HAT, Al 7k R BRI A 1,
I RIS RS o ARSI T AR 583 A B 10 R A K
fERA, IR AT .

BEE R BEI (1996-), W LWFFA, WFJ5 . 17 A%, E-mail: siyuanzhao@cug.edu.cn
SEEEET A M (1963-), #H¥Z, WHITr: 472 %, E-mail: longxiao@cug.edu.cn
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IR0 S 150 A G IR SR X IR L B E A 5
FEXBET

F/iﬁﬁ]]l’

EERT, WRE?, A, AEES, fwg, K, 4,

Ak, Fek, FEe, AP, KE

Lo AR BT e, ARG R IO H S A iU S %, e 264209;

2. HEFRKE,

WIR ST R R, EEOUBER Y 5T REE U, L 96826

3. R EBEE G IR AR T A B SAT R RAB UL, SFT 5500815

4. hEREGE R Y BTSN, PR A ) D R BOR T S R A

0 DU 5 2 i DA T« R T b O AR
i ST P i ) 2 A G, I Sr AR LA T
P A ST R R S S LA, DI T A
ERS B R S K RSB A e e/ N E AL D RP
NN R S gD e D S R
U DU 5 3 Bt DX A AR 3 — 1T SR R AR, Y T
e RTTR A 15 55 AR Be W S B 0 e 2 A), it i
I A 2 W U ek DY 5 2 il DX ) Tk 2t ~66% 81 5K 1)
S AR5 ~34% 23 XA A . S AR i O
W S5 L1 1) e A S R S DO R P AR A

¥ 200083

R R TR S R A R S T R
K& i, PR s il 3 oy 53 0 X I
AL T EEAAN ) A STV O o BLAR S B AULT 5
WA RA A 7 SRl O R g AR B, Ak
BRSPS E S R (DU MR S S TR Y]
AL T LA T b S T BN 2 e
JIME ) o e A o A L e B R R, B
Yoy B ERAL A TR S A 2w S Ry
DRI H 1 th~70% H 52 ) it 5 ~30% 5 5 Fe 5 A
AR I 3R I TR 5 0 o

R1 EHNSERXREYRRXT MFHFE

Hh T LT I g a5 IR MECCE R RE X MRCCEERAR BRITXRE KAREHE
HHE IR LLAMIBOLIEAL 2% BRI ZiG BB AL LA B R ZiEBURBAL A EKBLA
A (vol.%) 57.0 60.4 60.4 66.1 44.7 82.2
{RESHEA (vol.%) 15.8 18.6 23.4 20.4 223 7.5
FEHEA (vol.%) 22.7 16.2 12.6 10.6 22.3 4.0
B (vol.%) 4.4 4.8 3.7 2.8 10.6 5.9
AR A7 /5 A5 A 0.7 1.1 1.9 1.9 1.0 1.9
BHEA (wt.%) 51.7 54.5 54.7 61.0 39.2 78.6
fRESHEA (Wt %) 18.1 21.6 27.0 23.7 24.7 9.0
A (Wt.%) 24.9 17.9 13.9 11.9 23.8 4.6
WA (wt.%) 5.3 5.9 45 3.4 12.3 7.3
ARRA A7 /85 A5 A 0.9 12 1.9 2.0 1.0 2.0

SEEH: FEE L EREIES (2020M682164) . HK HARESL S (42102280)
VBRI BES (1992-), B, WJE, WIS R Gk TR RS A BRI BT5T. E-mail: merchenj@sdu.edu.cn
TAEEH WA w1981, B, %, W7 AT RV IGEK S S HTS. E-mail: zcling@sdu.edu.cn
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Fe-Mg E{URBTRIEHIL S ZR A AIgRXHFE

B!, BEEY, B F', Stephen M. Elardo’, FwiE', EEA?,

e, FWE', REE, #

7, R

1 PR WLRICE, M 210023;
2. PEBEFEAR R, A 2300265
3. REMP HIE K, 32506;
4. PEFCE RBO, I 430074;
5. hRHE R T AE IR FCRT, R 210008

JERI JO LI5S 4R 2] 20 42407 R R REr 7
AT UG T 6 T3 0B AT ey 2 i AR /AR b AR R A
ST T 0 S A o (R R DA R W Y DX T b el 2
FATVIF G OB 1) 8, R K 3K A B 1 A H BRIGH -k
Ly B IR BB -

XA Z I A B (4% CES5C0800YJ
YX038) JF & =4k CT 4, Ml a EFEm & X s,
AR R AR JEHGE o R S SO, T TR I
AR 2RI ) 2 SRS 3 A, TR AR R T e A
JCF A Fe-Mg-Sr [FIA7 # 0 Hr. &5 REMW, A
LA T R AT RIS R A S AL 2 A 3
N R RS R 30, RS AR 1k 15 35 Tl X A HB T
ZECA AT A ERICE MM T Rm R, G
FS AR RIS A IR X s (Mg#: 29,
(La)n: 158), HA &8k (FeO:24.7 wt.%)+ %L (Th:
5.1 ug/g) FIEHERS & (TiO,: 5.75 wt.%) HIHF .

it ©CE-5-01, 02
. ®Tian et al (2021)
16 . o Su et al (2022)
0’ OA12
14 | R OA15
;\?
< 12 F %%
2
O 10 |
<
8
6
4

MgO (wt.%)

0.40
High Ti
0.30 \ """"""" S
o 0.20 s
e y 'y
5
9 10 ol
: O s P\ 1 LowTi
= 50PCS melt o
= 70 PCS melt Vi
0.00 @ 86 PCS melt i
@ 98 PCS melt ‘ ﬁ.
0.10

PR X R AP ERICE. AR
P, Fe-Mg AL # AR CE) 12 N H T 21
BR R B HAT BRI A R R . iAW ER, HiEX
B o B 45 N A A 2 3 R Fe-Mg [A) 47 38 401
PRI b o] DA S A 28508 T 2 i 2 A R 5 X RRAIE
FEF BRI FE i JC 3 M Fe-Mg [RIf 2508, WF
FUHTBMAG ST i 0k 5 % o I REA sy, FExT
HERCE A RS W BT TR (B 1D,
THERWL, AR R4 0 MO A e B
Fe. T Mg A7 K IGERIE, Mol WA HE S B E
Fe. % Mg [RI7 2 MRFHE o W ik 105 H BRAE 5 (1)
Fe-Mg [l {; Z 20 e 7 7 30 H M5 DX nT 6E h 7 ol o
AR G, W BT ) R RV A A o LA T
M 20%~30%. & AR HLREE £ HE A n] DL S AR H 18
P R, X AT R A H Bk B A e k3 Bl 1 7 AR
BT oy RHEE R

-0.80 -0.70 -0.60 -0.50 -0.40 -0.30 -0.20 -0.10

5°Mg

E 1 EHASTREMVIGERER () RAKERKFRHMBGIHERIEN Fe-Mg RUIRRBSITE (H)

HemH: BLRWAIE (D020202, D020302). HERAT AR ST BIIH (XDB 410000000, F & SHFA K] (2021YFA0716100). [H
KRB RS (42173044, 42241146, 42073060, 41973060). i SiHkE I H (ZDBS-SSW-JSC007) M /MTiRtE4r4s.
B—AEH T s (1984-), EITFFUR, WFIUTT I B RIR [ Gl A 2 A BR AL 2 55T, B-mail:  yjiang@pmo.ac.cn
CEAEEA R REE (1991-), RHERIBFC S, BT R A RS RAT R R0 %2, E-mail: kjt@ustc.edu.cn;
A (1962-), WIFLH, 17242 FIBiA . E-mail: wbxu@pmo.ac.cn



TP A R 2 s

918 JRFEARFE SIS E A 899

« BRI 26: RTIERMNERIKLE -

AREMFBED2HRN: ERIZF O, IIRFNS

=0 -1 v x—1,2,3%
FRX, X
1. ERRE B HER G AT R MRk Ah 2 [ K T s %, StBH 5500815
2. BB TR 2AT BRRNE E R0, RES 6100595
3. ERNE R BT B 2 AR L, AR 230026

AREFmAmE B2 (IR E— R P, KRE=
IR DY) S KPH R B E SRR . - #uiE
LR 5 R I e AR g TR 3 a5 AV K )
U, BT K L 5208 43 e R A T A
AR IR PR S R, — UK & SRE T TR
Ja) (NASAD FIBRA ] J5) (ESA) FREE T 1 H %L
PRI HFro 20 Al 70 FARLLK, NASA I “HRATH
57 A SRR s TR RIS T
BRBR, AFE R —AAAERZ O ER (SRR AR
BB A KNG 81D AR R, SLRRA R T g e —
MNIAEI R BRMEA R fEAR B /=R kKWK E
ARG E gl 5, AR —/=/DUn] GEf7 (Efets
ZH A UK R, R B =A748 ARG, K
RWNME—AAAEREIA ) DR, R B —/ 5550 7,
AR L =/VU 5 e RE B ARAG, 3R BH 2) e 2 5 bt A v
InFE SR N H T I RN A Z, —5
WO S IS 1 AR AR il 35 A 1R O B i) A — L Ty A

FEEH o E R} 2 B s o 5 SR L (B 28I H  (XDB41000000)

ey I E AR ERIIE CRE “ R Py 7,
BT 2030 SERTJE RS 7S HLE, HRAETEp I,
BRI ) B, AR (1) SRIBURS IR 2040 1
IR AV S B, e AR B — kg s O
L 3 RN 0D TSRS 31 47 26 A ) A7 A R
HUDE S5 R RS BICIR A, BAEFTIE I “ A v SR AF
76, PR ISHLORAR Clnn Sl i I S Bk . KR R4
LA RN FE AR e 4y s (2) SRIUK H =/
=/WUHRIEA . E8h% . PR A E s A,
TRV AEIZ 8l UK R CRLRR VKR LD (11 i
VRN, s A g # s (3D i ad S A B A A4
F-BORIUR T =& @ % it F i, A B TR
M RAR N S ML RE AL 15 (4D Wil A ) s
PAME SN CUKRIRA S 5w &
W RSHEAR 2 R AR, WF 90 R AR R 4y
(AT H - T, 8 s A o B PR I B i £ AN AR
g

FAEF WA TEC (1987-), YW, BhEIREU, WS BHURAS) J1%%. E-mail: zhangqingwen@live.cn
SEGEE WA Kks (1968-), 5, WFFCR, WS A FEHERA S KRS, E-mail: liuyun@vip.gyig.ac.cn
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RERS BB IR A MR A S AR P E R
SERERLEBRENEX

g 1 ) 2.3 ) w 1,3 > 1,4 2D 4%
71%755 ) E%;EBB ) %Jlﬂﬁ ’ éfﬁﬁ ) le%/@‘j\ ’ ﬁi}ﬂ;ﬁf
1. P EREE B IR AT HBRSAT B REFIE L, 5B 550081;
2. P EB LB IBERER T T R BRAL 22 (R 5K se G =, SPH 5500815
3. P EBREGRYE HERS AT A2, bRt 100049;
4. hEERER BT B 2 AR L, AR 230026

FLAT 5 B AL o) 1) H B A BARFE i b,
{EZEATE SR T H BR8N 2 10 210 ek Joi 3 1 1) B
Uiy 3 Sk R 6 H BRAE A A A 2 R S
o UTAER, B I A R A — BRI K
=% (4N Mairan 5 @55 Fl/b & KR E NS ()
1, HEET Aristarchus #ib0) . W LVIS &
AL, o) SRR U R AR 2L Apollo
IR [BIFE SR H BRI ) v B AL S A R A T
38.8-43.2 1L4F) FHE, XM AR ER BORE A B
Oy A AE R VE T B LR (PKTY W, RIESE R T
SN N EATTE RS 5 KREEP Y5 X A1 % 38 4 e 45
FAFAE R B H S (CE-5) {L45iR P T4
AR AL AR 10 2 oA A A LA I YR X 3T
KREEP, X#W| KREEP ] gL PKT WHERE
2% A DLCE S R I e v 4o ikabh, HER
A6 1< T B AR N2 T R R ] g 5 ek R R AT AN VR
W (SLD Ak, {HEA R My Rk SLI &
0] DA BRI 1) . AH B 2 2SI “ERE” R “w
B IS AAEAEAR KB4 o Dk, B UA 7
PN 1 B e B v Ak A R R B FE 5 KREEP [T &
HO T BT 2 1) H BREE ST U T SR R 2 3R

Z kI, CE-5 HIER KK CE5C0800
YIFMO0101GP ({5 K4 01GP) " frfr /b BA m
BCRFIEIA T o SR Eis A ). Hiakib
ERAERFEELZ PN T B, 456

J12EVHRHL GEH rhyolite-MELTS v1.0x #
MAGFOX 73 #il%t H B 95 K K7 QMD . KREEP
LA CE-5 LA HEAT T P 45 & Fi o) 25 45 i A
VHED, PRI T 1K 28 5 B A 1 2E A
WFFCEE HR WY, 01GP w1 vy FE A0 S o] 4 RO 2
Hrh, A AL H ek, HRER KA
b ORI R SR VB AN TR VE DS T 2B 1) s ek Ak %
122 i B BUR N o RS R &5 0, e A 28
HIERAE R RERK B Aristarchus FE bt 82 ER )
(~25-37A05F) “Fe 7 RNE. 1 B KA, W
PEI T 2T g TR ER B A 45 dh AR (~26 1245),
M LN G 1k T 5 B B X Em3 KA &4 75%
[ 43 8 45 i 2 I HE N IR SR WA AN TR X gt — 25
AT IE o AT TAEUEN], RERR R WA A TR A
FHAR AT BEAETE B H BRAE 32 1 Rk AR N AR R s 2k 5 1
F R R R B T OCBEEN], JFH CE-5 H
P Ar A AR (=26 104) Ll

FEGTE PR B S SRS B (XDB41000000), EZ HARM AL S FIE (41773052, 41973058), HZK HARRIH#IE & H 5L
S H (41603067, 42003054), H FERLF BT E 5550 H (ZDBS-SSW-JSC007-10), [F 5% [H B R TV & B HURBR FUE ISR (D020201),

P EE A ERATE (2020M680155)

W—VEFERAN: M (1986-), FIWFFT, BEFrm: BT 2 ¥ AR AL, E-mail: yang-jing@mail.gyig.ac.cn
CEAEEERIA: AR (1980-), WFFUR, WEFUJ7M: SRRk 2% 4T AR #. E-mail: duwei@mail.gyig.ac.cn
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NWA 11801 A EkB5RA A LU B33 H B 5 7 33 -
EGERT AHTFEE?

WER, AR

EEAREE TR a. BUASAT PRI P, AT BT L)V R T S
JUVGERR R A AR R, )P AR 541006

HERBE AN &t KT T i, ik (0 oK RE =
fif AERR AL T RIS, TERCT A ARks
IR S AL T A SRR g g i, TR H Bk
IR A B 1R 56 o H B AT I H M8 s ik 1) H 3%
BRI EEIEE, HER LMl ER- LA AT R
AT REHS S H W& A 1438 3% UIAE ¢, (R ifn A i@ 4% mT R 7E
H BRI TE oA At ol 21 T S ZEE . R0,
HER ERIBLAT BEA7 A6 A AR > 2 X, B,
H— P UL BT 7 B e B AT A — P
JTUR IR T v TR T e T AT ) 3k
#, IR R 2k R i fli43 H @A AE H ik T 7R
TR T XA RS K, 55— PR UEA N H BkE
KBTS B A A G SRifm, HEk
FE il IR R = 0t 2% 8] £ B 1 GV T SR AT,
AR FR A AR AFAEAT R AL — ik

AR TAE, FEEN NWA 11801 T — i k1

RETH: BRARREILETH (41173077, 41776196)

KOl BERS CES MR BESD IRA B R AE AT 4047,
W T SO e FE o 1 2%, R o P EREHI 2 T kil
PR AN A AL 2E B sy s #255, AIH PRIMELT3
L T IR A SR A oy BE G, T8 AL A
FUTHE T AR YT RE R UE T ~1495°CFl 16.7 kbar
(334 km ¥RFE), X255 RN, BIEIRMIRIG 5K
K E HIRNEBEAM (5260 km); )5, JEid MELTS
SHEARBEAT T P-T BAR ORI, JER) A 5 ok
ST R4 T AR 45 B IR ~220 km (~1400 °C
F1 ~11 kbar)o [AIIS, FRATURG H B BBk B 28 & A
R I A PR AT LA~40 m s B 0.2 MPa s ! [R5
H BT 25 TR, KOl B RS IR BEA 2R e A~334 km
TR AR, Ur4a 5 Li~40 ms™' 5% 0.2 MPa s
IR BRI AR, ATRER I T ek L&A
VARV A W2 AT IR I8 ) TR B IR, A AT REFR R T
H WA I AFAE

W EE R BRIEAE (19935, W LWF5A, W5 im: 1T 2R 5 R4, E-mail: guozhu@glut.edu.cn
EEEE R BRI (1966-), #HI, WO AT ERE S KRS, B-mail: miaobk@glut.edu.cn
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TS TR U R AL R SR 5

iR, B, KE?, EE

L, MR, EmAe, XET

1 PR BREE B R BT ST MR 54T R BB T 5B 3, bt 100029;
2. R ERRE G BT IR B SURT a0 R B R s &, bt 100029

FERKALE B3 HER A 2 7 3 i E A e T 22
R, J8A HE78 FER A B4 o 28 FSR s A 7 S )
LT 1 o P 2 A0 BRSO RE el LK A BR B A (1)
WFFLR W] AR IR G S AT LU 40 ZALHE— BHRFE:R
28-29 AL4F, X BIRHIR AL SIS R — 2. AR,
B3 A T 5 £ 5 VR A WY R T L A 1) T )
FIFRFEEE 10 /25T, AR K ITE SR A B4
BRI YT A S H B 3 20 58 [ SE TR SRR o A1
DR T AR A5 AR PR i 2 T, A H BRIE A 4k
(1 DA PR T B e 5 [ o] g5 B - o 39 1) R £ [ oK 1)
Pt o SEARSE i 1 ) B JRONIEAL Iy s, e A
AFFEARRRE R, JCHGE R . 2020 R,
e, L 0k 5 A 55 ORI T 2 L s X

REIEE, TR T BB AT 2R A ] o X 1
TU S RE A AT IR SE H BREL 2 20 AZAERTIAFAE A K
T8, X — 25 R T N0 H BREE FE 3l A 4
AT LA, RIS TR R A ) R L,
HERKLTES) A ARt 2 A2 AR KA 1)
HMSYRIX 4% ? KREEP [ &A1 4 A S5 Rk ]

AU 1K R 6 B T O i 1k TS AR R KA
MR IR, EEMSBAFELUR LA (1) Bk
FARR 2R IX KREEP A4 R (2) BT
ZR AR (3) KA TR T 4L
N LA TR A (4) Tl ik 5 %
PO FIRE A (R A2 B A8 s T 2 A T8
HIE, FEHR AL T 21 A TR R 5 S R R A4

FEAIH R 22 b T 5 bR BT 5 BT B H (IGGCAS-202101) Firp E RN B QB e gt & (2022064) BEA ¥ )
B XBEEFE A HAEK (1987-), EIWFSCRA, BT 1 MRS IR 6% . E-mail: hctian@mail.iggeas.ac.cn
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I S A M AR R R 5

Fa, W RFR, K E, WEE, R
AN SANEIE
Lo AR RRE TSR, (R 6 R I F S PR T i sE I %, Bl 2642095

2. P EBFEBEHERAE DTSN, S1PH 550081;
3. ERFEERE AT B A A L, AE 230026

HUER b ) XA T8 iR AU A BRI RN 2 T 1L
TIERERE . MAE HBR L, BB KA s 1
TEAE, RN IS B IAE ORI R 25 9
LR RN AL o S o ax e H Bk i Rk R R AR
TERZMEE T, BRI RRh R XA, K2Rk
SRR T OH IR ER AL R, Gl R A 5K
JER T 4 )Rk ik (Papike et al., 1982). HIEHK
& B R AR RDE AN, B SRR E . R
AN B AR (AR A T H IRk L &, 2
FEIL WIT LA SR ZRATBE (L) O FE
fIC (D DA PSRRI TS s BEAE ZNRAT IR 42
JEB KB W AT IR R S A R (KR 1, 40
YT T RN 9553 » B A AR 0 W VAL Rl 1 PR RGN AT 8%
174t (Hapke, 2001; Lucey and Reiner, 2011).

NN HEROR 2 RAGAE H AR T Rt
ANHEHEACSEE Apollo ATHT B Luna /145 1] ) H
BRFE S E T, IR 5 SR 1R B o b 45 2
W0 ZACHTFE SR RN S AR (F
Lo JERIETH 9°S-27°N, X iUEF#>30 {446, *f
A H 2R 17 A IR TR i A5 38 I AT 45 SR 4R B O 4F
By AR HEREES . 2020 4F 12 H 1 H, RIE
Bk 5 AR 55 e DA i T H BRI A G (43.06°ND),
R T 324 1k R (<20 {24 BN &
(FeO~22.5 wt.%) M1 L AT (Che et al.,

HEEWH: EFRARRSES (41972322, 11941001)

2021; Lietal, 2022), J7ERFEHTGE A bl X 38033
AT T JEA GG &, 53X A A0 3 20 o R 2 Kk
BLAIFEHE T 3HL . AT 5016 & R F 0 W 5 #F
(CE5C0400 YJFMO00501. CE5C0600YJFM00301) S
o=t T R A i DA R O 1 45 22 YA
FI T Hapke it AR5 A sle DAL T 4 J kA H e
M2 EAT N, G2 PGS EEEAC R, R T ik
T A Bl RO E A K B (0.48+0.03 wt.%) Fil
B FEEL (~66+3.2), FRIIZIX I A LG e

MG A Apollo H 382 #4118 15 A 1 AH
M s AHIFFTLY AR i 0k 5 338 5 o R R AR R 4
N 240-300 Ma, JF I AR 22 ) T B X4 oK
BRSO, AR T W R S ARk B TR
YIRS Y . 5 Apollo T Luna iIRMIFER IR X
BT H BRBAATAR LG, 5 R i B R R I L
T 0 S A i A AN R, LA T4
R RAAE ], Z&F84Fi¢ 5 Apollo F1 Luna ff
2535 R 1 R 0 H HEAH T

FR AR AT SEIR I 45 R, W ik 5 A 4
AELE 5 (R ORLAR 42 J R ORE, X ] B & 2k 1) &% ik
FAEL IR AT J H 3R, gk =g my, H
A 6 R AR RN SR AR TR R A% B K [ Bk SR AR

R SH i 0 L5 R 1) A R AR AR T AR K
SEIG AT FORAT Sk 2D B X PR R 1R R 2 AL«

FAEF T %A (1998-), LW, WERU . HERIEBOLIE Y. E-mail: luxuejin@mail.sdu.edu.cn
CHAEAEETA Y W (1981-), Hd%, WIFUT I ATRER S ATEMAY . TR, E-mail: zcling@sdu.edu.cn



904 T R

918 JRFEARFE SIS E A

« BRI 26: RTIERMNERIKLE -

HRELTEIA N # ARV M0 K K 2 RARERR B BRI B B R

Al g 1,2* N, = b 1,2
KB, fTRE, KEK
Lo AR E B RERETTRE, IR SRS H S R B T T S0 I0 %, Wil 264209;
2. TERFERE AT B A AL, AR 230026

RHIKE 535 RASK, I B S R
TR PR, T A4 PR KR FE VS ST A, DKk AR F &
Jo KV 7 SR Sy b 20 1 B TN 2 (Souness et
al., 2012). XFEHIGOLRW], BEAG N AR, K
BERAT BRI AR iy bl A KRR B A
e, KRR ESRAEBREZE, DLAZETERER
JEAR o AERXMEBLR, KB EIRAF K KA /B
R UK R AL o

K HA PR T KR EAL, 22 IR AR
K, &P T KBRS . HOB 2 3] 2 Mk
B Rgm, o pH. WAL, AKEIG. KIEBhFraL
IR A%, DR R KRR BR B R I R ER R )
(Ehlmann et al., 2014; Zhongetal., 2022). %N
1b, AR TR, A KR EARIE) TR PR
+H A7 (Ehlmann et al., 2014; Bishop et al.,
2017); M iE R4 A7 #5280 CheMin (AL, 7E
iR AT R BT AR E B ) SR A AR TG E TR
WGy, FABTRT AL b A D 3] T 59 45 i 1R
W) (Vaniman et al., 2014). HujkE EXHAR
W OMATY ARG T BT ' il R K, A I &G R

HE&TH: XM AFEAATEYFATFT (1100501320011

ARy AR N Th- A b i SRS E PO

R A MR B IR, H2 5 R 2 AR
AT K 1 I A7 o W KR B B A8 4k, R 4
Y2 TR K 23 A I IR 5 AT Ak, AT 51 762 2R
SERI IO IR S5 040 o KT TA] 14 B2 B - WA 4 4 5 i8R
W gity, SRR, SR An, i3t
mEe H R4 R (Muetal., 2013; Chenet £F al.,
2019).

ESERETE A, FRATTHUXT AN [R] 2 (R ok 44,
PEAR KA L 254 R ATV R Ak s 56, JEXT =
YIREAT X BT it v WA 20ah . b0kl HHE
MBS RAE, BRI RIM LI AR 0
SERIT M, K S A N S ok R R R R 1
B,

ZRYIE S, ACE LRI 121 AT 2:1 [ sl
A RE R AETLEE—20 °C 1 5 °C, FARAEIRI H] 24 h 1)
KT, YT T — G RIE R . X Sk 25 ],
PR AL R U8 R Bl TR R &5 R O R R AR R A, Sk
I TR S 2 2143 IR 0 Py EAT B 22 IR )R R A 21
DAFR T K AR il JEE A GG A7 4 46 K O i R 5 i

WAEER N KIBW (1997-), W LWF5A, WF5)5 . 4729 Y% . E-mail: zhanglingxi@mail.sdu.edu.cn
EAEEERIA: AR (1985-), #IZ, WIFUUim: ARRGATRERIHM IS FE. E-mail: fuxh@sdu.edu.cn
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KERRG NWA 12564 BT ¥ 5 A F PR F IR

i

£

L PEBEER R RS, B 210034;
2. PEBHEEBARRE R A AR, L 230026

NWA (Northwest Africa) 12564 &—3k 2019 4
7E AR P A6 308 I K R B . FRATTE G A A
47 Z A s REMRERA Y Fe/Mn 55— R FIUEHEIE
ST S KAESRIE . T T iR NWA 12564 [1JE it
TR S P (R IR AR AR ST R b T IR K B 5 T
7 LR, AT T & T VR (P Al A
HER AL 2 LA W) LA o 3R AT .

M AH 2SR, NWA 12564 J&8 T 2 iR M3 6
BRRLI A (basaltic shergottite), % i1 HAG %70 3K
W B -2 B s AR S A (59.4 vol%,
En9A8-56A8W08A3-379)\ %J&E (34.0 vol%, Anggssy
Absssse) LA REERERAMY) . BEIR ER . WA,
BB A (Fogenze) SEALR. KA B A A A3
T IR AS A 5 K DA R 1ol 1R 3k - ROMR A -85 ke A S5
VI G A mEG IR R TP 2 0. BHKA L
PRI, R R AR, e
MR TR IR . DLACERIR 4 B Ak ) 25
R s e o R ) AR AT o A
WA 9e, £E 230 em™ Al 753 em 254k 5B LAY [
ZOETERF AR, RIIFESEE ) T R Z o AR AR
M, R & 775 T~30 GPa.

S EAE S HT R NWA 12564 1) ALO; Al CaO
TR N 823 wt% Al 12.08 wt%, Mg# [Mg/
(Mg+Fe) mol%]2k 43 HRH4fE i AR 2 e sorE 3 TG Bk
RIS 4325, NWA 12564 J& T8k . ftds 2k
A RE BB S AR . TETR £R 2 NWA 12564
It FEWHF 0% (REE) 34k, LA-ICP-MS 43#7
T ) I B 5 4k A v La BT Y RSP 2 430 ok 361
X CI fil 283X CI, H. REE fic/r th&k#eFH, FETH
WA X B ST A5 10 A A o0 R A i RIC 40 A5
A5l A AR R 45 R AR —F([La = 7.08 X
CI; (La/Yb) ¢;=0.96] (B 1). M REE 725,
NWA 12564 J& T~ L2481 5 4 00 33 T 3skoRE B £

TS NWA 12564 145 S5, AR A

1) Ti-Al 550 5 L5 AR FEAT R L, RO A 5
A REA ARG E R T 9.3kbar £&4E R, MU ERH
TE % g MR 2 ~1kbar o 547 MK 8 2130 58 45 8 15 )
(AR A0 5 25 S R i & K AL VR R IR FEAH ) A5
MY B REBR -KBR (W SL 2B M A & 1 E A B P
ML 737 £ 21 °C, &5 INAIRIE ) QFM 2.8 +
0.4, 5RE/F A A% w TR BC BB A AR LG,
NWA 12564 &5 /i (1) 46 2% BF 55 85 hn ik Ji s 7
logfo-[La/Yb]er K L, NWA 12564 5 NWA 4468 Al
GRV 020090 H.A7 w1 B AR

100

)

E

LJL ——NWA12564 (Measured)

é LEF ——NWAI12564 (Calculated from modal abundance)
=8

— - Calculated from augite core (Mckay et al., 1986)
- - - Calculated from augite core (Sun&Liang, 2012)
—e— Zagami

—— Shergotty

O.l 1 1 1 1 1 1 1 1 1 1 1 1 1
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

1 £E5RBEIBEBEIRREE K%, £%5 REE 227 H
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