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The discovery of Fe-P-REE enriched mineral assemblages in the ignimbrite
from Tarim large igneous province and its implication

AN Xiu-hui, CHENG Zhi-guo, ZHANG Zhao-chong, LIU Bing-xiang and KONG Wei-liang
(State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences, Beijing 100083, China)

Abstract: The highly fractionated high-silica rhyolite is a potential host of the rare earth elements (REE) deposits.
The Tarim large igneous province (T-LIP) is characterized by a high proportion of felsic rocks; nevertheless, the
potential capacity of the REE mineralization remains unclear. In this study, ignimbrite from well S42 in Northern
Tarim Uplift was studied, and several Fe-P-REE enriched mineral assemblages were recognized: (D the lithoclast
consisting of quartz rim and magnetite+monazite+alkali feldspar core; (2 the magnetite+monazite+rutile+apatite in
the groundmass; 3 the monazite+pyrite in the quartz phenocryst. Further analysis of quartz SIMS oxygen isotopes
in situ showed that the 80, ¢,y values of lithic quartz range from 11. 15%o to 14. 60%o, while those of the quartz
phenocrysts are from 7.23%o to 7. 84%o, consistent with the bulk-rock oxygenic composition (5. 00%0~7.21%0). A

titanium thermometer of quartz shows that the formation temperature of quartz phenocryst was 756 ~815°C, and that
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of lithic quartz was 566 ~645°C. In addition, trace elemental compositions of magnetite associated with quartz in
the lithoclast also show consistency with those of the hydrothermal origin. The above evidence indicates that the Fe-
P-REE mineral assemblage in the lithoclast was derived from the late hydrothermal fluids. On the other hand, the
occurrence of Fe-P-REE mineral aggregates in the groundmass of the ignimbrite and quartz phenocryst indicates that
REE were sufficiently concentrated in magma and then REE minerals were crystallized in the late stage of evolu-
tion. Therefore, the Fe-P-REE enriched mineral aggregates in the ignimbrite were mainly related to the magmatic

fractional crystallization and the late hydrothermal fluids. Their recognition provides an important implication for the

REE mineralization of felsic rocks in the T-LIP.

Key words: Tarim large igneous province; ignimbrite; REE; liquid immiscibility; oxygen isotope
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ka and Baker, 2019) ; @ fik:fREh & 5 oL i: FU Y 4
B VE T RO T OTRAE R AR E K T I S
gk i AR 5 (Jowitt et al. , 2017) ; B UK
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Fig. 1 Map showing the distribution of landmasses in China(a) , simplified geological map of Tarim large igneous province

(b, after Xu et al. , 2014) and stratigraphic columnar section of well S42(¢)
1% Nb-Ta JRECA X A Nb-Ta KIEFH A X IT Tian et al. (2010) # Liu e al. (2014) &R IVEAREIE ; K5 5EIR ARSI E
S42 ifl
the fields of low Nb-Ta rhyolite and the high Nb-Ta rhyolite afier data published by Tian et al. (2010) and Liu et al. (2014) ; samples
of ignimbrite ( corresponding to high Nb-Ta rhyolite) from well S42
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Fig. 2 Photomicrographs of ignimbrite
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a—pseudoflow structure, plainlight; b—Tlithoclast consisting of quartz rim and magnetite+monazite+alkali feldspar core, plainlight; c¢—lithoclast con-

sisting of quartz rim and magnetite+monazite+alkali feldspar core, BSE image; d—monazite+pyrite in the quartz phenocryst, BSE image; e—spheru-

litic alkali feldspar surrounded by arc-like magnetite, BSE image; f—magnetite+monazite+rutile+apatite in the groundmass, BSE image; Afs—alkali

feldspar; Qtz—quartz; Mag—magnetite; Rt—rutile; Ap—apatite; Mnz—monazite
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B E R0 TT R 4w R 5 (EMPA)
FOE b i L SRR A 25 3 R T ( LA-ICP-MS ) 3F

55307 . HFREF St 7 v B b BT B2 Be ™ B3 U
WESE i 1 47, 0 FH A A 28 o B 25 2485 111 99 T e
(WDS) ) JXA-8230 HLF i858, iz 1T 45 R i HL
JE 15 kV, L3 20 nA, KWBE 1 ~5 um, %5 R 2
ZAF A UE REERT 1%, A MBEEA B R IC
FO TR M Tl K28 U5 5 A T AR A B R
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A 55 1 B AR B 55 0 (OEDC) W # f IX 43 2 56
FIE, AR SR Agilent 7900, JfH.£& PhotonMa-
chines Analyte HE 13006 3] R 48 (oG8
193 nm ArF #E9FIHOEES) 5 S M ARBER 30 pm,
HOGRE AR A 10 Hz, BEANBKOPBEE R 2 m), #1h
W] 43 ms, SRAEMITE] 70 s, 46, 4 7 DK A
BATHREE NIST 612 — K, i 25 R4 ] 1ICPMSdata-
Cal FEFFHEATRUE (Liu et al. , 2010)
3.2 £5EMETEMNI-O BIE

FEXTRE AR W 5 T8 ) il 4% 4 200 H Ry
Ao IR T E FI A I R 5 3 o0
7, FEILELK WS % Nomish & Chappell
(1997) , I ICE M 714 IR Qi %(2000) , F it
JCE /MR FH PW4400 9 XRF 6L, apedts
(LOI) #4555 A1 M3 R 7E 980°C Y KM 57 22 Jin #4 30
min Y525 1%, fliE 0 20 R FH PE300D
TR A5 B TR B 1% (ICP-MS) o K FH W6 Fh ARk
GSR-1(4E7v) Fl GSR-3( XA ) b 4T 0 #r o 4%
fil, FEICEMIRZE/NT 1%, Hm oo R m iR 2E /N
F 10%.

Sm-Nd [R5 28 5256 7 [ b BT 2 (b 5e) M
I AR5 AT U [ 5K R 50 5 % fdT ] Neptune Plus
MC-ICP-MS 5S¢, £ 50 mg AFESLFE HF-HNO,-HCl
TSRV AR, AE HCL PRSI AGSOW-X12
REA LN B s 2tifk , i H'*Nd/ " Nd = 0. 721 9 £ fE
T ONd [FAL 3R A R, S K S 5 U
Alfa Nd H'*Nd/'"Nd=0. 512 434+20(20) ,

Ecea N T A b [ n0 s B Al Es 37 N/NNE BT RS
BrFs W17 34T, FE SR AE 500 ~ 680°C T 5 BrF, %
N2y 14 h I 0, SiF, Al BrF,, SRR HE LB
SiF, I BrF, J5 , 7E 700°C i 55 [ s H T P fiEfk
FHG 0, HAkh cOo,, FIFH MAT-253 RIS (A [ {7 &
FTiEAT CO, AT REEFN AT, FokeR Frh E E %K
FrAE GBW04409 FI GBW04410, 4> #1 A5 B 1L T
+0. 2%o0,
3.3 [ESIMS ERIE

A1 SIMS A 4[] 437 28 4k b v R} 2 B b
J5 5 M ER Y BRI 55 T 1) Cameca IMS 1280 5%,
M vE] 27 Li 45(2010) , 7RI & Z Al %%
I B &' (CL) MG R AS: 2r ik P Fh 28 8 A 4 B )
INEBZE ), B T A 0 0 W I 1 A 3R T (T
3a),MMiA B A S AN R 2R JoA KA
(EI3b), XERFTER M E R EC(IME) B A bR NBS-

28 Fll Qinghu K, ™ 0/'°0 HINFIRE LT 0. 2%,
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Fig. 3 CL image of two kinds of quartz
a—mE AT, BERE, REGLERMF; b—HE AT,
L@, ol Kol
a—quartz phenocryst, with light color and oscillatory growth zoning;

b—lithic quartz, with dark color, and without growth zoning
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FEASBE I T AR A B R A FE R AT 4
I, B Ay AR AR L N Ab, 47_5.53A100_0.65OTgy 179725
(R BERKASMEA LA MR ALY &

x1 BEARINEEEBERREPHHEERE
FETE(wy/ %) RIEBFEE
Table 1 Major element content (w,/ %) and cations of the

alkali-feldspar in the ignimbrite in T-LIP

BRE AT At BRI AT

7 55-3-2 S5-2-7 S5-4-3 55-4-2 S5-4-5
Si0, 64. 89 65.77 65.72 64.95 64.28
TiO, 0.01 0.00 0.00 0.00 0.40
Al, 04 18.92 17. 66 18.03 18. 69 18. 88
FeO 0.14 0.15 0.91 0.43 1.19
CaO 0.00 0.00 0. 06 0.12 0.09
Na, O 0.62 0.59 0.28 0.21 0.26
K,0 15.14 15.13 14.59 14.91 14. 65
Total 99.72 99.30 99.58 99.31 99.76
Si 2.99 3.04 3.03 3.00 2.97
Ti 0. 00 0. 00 0. 00 0.00 0.01
Al 1.03 0.96 0.98 1.02 1.03
Fe 0.01 0.01 0.04 0.02 0.05
Ca 0.00 0.00 0.00 0.01 0.00
Na 0. 06 0. 05 0.03 0.02 0.02
K 0.89 0.89 0. 86 0.88 0.86
Total 4.97 4.95 4.92 4.94 4.95
Ab 5.83 5.60 2.84 2.07 2.65
An 0. 00 0. 00 0.32 0. 65 0.52
Or 94.17 94. 40 96. 84 97.28 96. 83
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YA T R Fe-P-REE [0 W4 & 1K, EMPA %X
I 5 7 W K A 1 PLO5 1 BT i 43 80K 41, 01% ~
42.97% ,Ca0 K 50. 32% ~ 50. 82% ,F N 4. 41% ~
5.24%(#2), MIEAE P05 BEH RN 17. 16% ~
21.21%,La,0, 4 5.01% ~7.20% ,Sm,0, H 1. 73%
~2.01%, Gd,0, 4 4. 54% ~ 5. 81%, Ce,0, H
27.34% ~41.58% , Pr,0;, 4 5.60%~9.91%, Nd,0,

}9.03%~13.41%, FeO N 8.89% ~9.35%, A4},
WA DR ALO,(0. 83% ~ 1. 16%) Fl CaO (2. 80%
~2.91%) (£ 3) . A8 P A S Bk Ak
Y E B RREER, H FeO &1 72. 78% ~ 88.
68% ,TiO, &} 0.31% ~ 4. 65% , i i J8 sk A AL
VIR FeO &N 78. 14% ~ 85. 09% , Ti0, & #7514k
LHIH 0.76%~5.27% (£ 4)

®2 BEARABEEBERKREDBRAN EMPA TETERE wy/ %
Table 2 Major element content of the apatite by EMPA in the ignimbrite in T-LIP
(=222 Si0, TiO, Al, 0,4 FeO MnO MgO Ca0 Na, O K,0 P,04 F Total
S5-1-01 0.24 0.00 0.00 0.41 0.13 0.08 50. 57 0.11 0.01 42.97 4.46 99. 00
S5-1-02 0.28 0.03 0.00 0.38 0. 06 0.08 50. 82 0.17 0. 06 41.97 4.92 98. 87
S5-1-03 0.43 0.14 0.00 0.43 0.18 0.10 50. 58 0.12 0.05 42.44 4.41 98.92
S5-1-04 0.45 0.14 0.22 0. 65 0.18 0.09 50. 32 0.24 0. 08 41.01 5.24 98. 80
*3 BERARAREEABERKRETHELNEMPA TETESE wy/ %
Table 3 Major elements content of the mozanite in the ignimbrite in T-LIP
B2 FeO  La,0, Nd,0; S0, a0 P05 ALO; Na,0 M0  K,0 Sm,0; Gd,0; Ce,O; PryO;  Total
S5-7-1  8.89 7.20 13.41 0.86 2.80 21.21 0.83 0.09 0.08 0.08 1.73 4.54  27.34 9.91 100.00
S5-7-2 9.35 5.01 9.03 0.29 2.91 17.16 1.16 0.05 0.05 - 2.01 5.81 41.58 5.60 100.39
R4 BERARANBEEQBERREDHST K EMPA TETERE wy/ %
Table 4 Major element content of the magnetite in the ignimbrite in T-LIP
. WA S AT IR R 58
7 $5-4-3 $5-3-1 $5-4-1 85-4-1 85-4-2 S5-1-4 $5-2-4 85-4-3 85-4-4 S5-4-4 $5-3-2
FeO 72.78 84.31 86.91 79.00 86.76 88.09 88. 68 85.09 84.05 78.14 79. 49
TiO, 2.90 4. 65 0.31 0.32 0.48 3.12 0.47 0.76 0. 88 5.27 1.63
Si0, 3.02 0.04 0. 81 3.77 1.00 1.13 0.57 2.23 4.87 2.04 2.70
Al, 04 1.77 0.04 0.07 1. 65 0.15 0.54 0.12 1. 19 1.43 1.24 1.20
MgO 0.08 0.01 0.00 0.00 0.01 0.02 0.04 0.08 0.49 1.27 0.55
MnO 0.22 0.04 0.17 0.07 0.15 0.04 0.02 0.09 0.10 0.13 0.02
V,0; 0.01 0.07 0.03 0.00 0.00 0.00 0.03 0.36 0.33 0.26 0.10
Cr, 04 0.13 0.07 0.02 0.05 0.03 0.05 0.08 0.11 0.08 0.25 0.20
NiO 0.02 0.00 0.00 0.0 0.01 0.07 0.00 0.00 0.00 0.00 0.03
Total 81.31 89.25 88.34 85.50 88.72 93.34 90. 07 90. 00 93.17 88.79 86. 14

TiAh, A8 T A e B G B f OT
Z YT 5, F Ca+Al+Mn — Ti+V Fl Al+Mn —
Ti+V EIff rh, FH o b P A PR BN (9 =80 1Y
WSO N TS5 PR RE ™ rh A RE Bk 1 43 W]
WA (K 4a 4b) . SaJEAHHY Ti M EETE 44. 82
X107 ~91. 95x 107 Z [B], 15 JB A 9 0 Ti ¥k B AE
1.58x107°~7.98x10™° Z[A](% 6), WA, SEEA
YA, A B AR Ni(1.34x10°~71.09%x10°°) |
Rb(6.58%x107°~8.43x107°) .Sr(1.61x107°~4. 43x

10°%) Fil Zr(34.88x10°°~99.23x10 °) i H &, H
& Thomas 55 (2010) 1Y 47 & Ti {RFIIREE T, 507
AT RT InXj =60 952+1. 5207~ 1 741 p+
RT Inay, , Hh R=8.314 5 /K, RESAHLG T
PURIREE, Bt K, X AR AL B £ 3 v
(ISR OY B ao, A3 SRR BRAE R R T IO TR FE
i p=0.1 GPa H ay, =1 W, &8 A ST R
FITE BGIRLEE R 756 ~ 815°C., 45 T A1 1 T8 1 iR
566 ~645C .
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Table 5 Trace element content of the magnetite enclosed

by quartz in the ignimbrite in T-LIP

REE 5401 542 543 5-2-2-1 5-2-4-1
Sc 2.81 0.00 1.55 2.03 9.82
v 5.90 5.52 6.54 15.51 12.71
Cr 25.70  7.49 10. 23 111. 80 12. 68
Co 0.48 0.98 8.22 0.32 0. 00
Ni 0. 00 0. 00 0. 00 0. 00 15.70
Cu 0.02 0.00 2.65 4.15 1.09
Zn 29.88  57.05 131.02  113.08 14. 50
Ga 7.03 3.60 6.19 15.38 5.16
Ge 9.80 15.16  15.28 15.00 4.40
Rb 3.06 2.36 4.07 23.74 2.56
Sr 3.59 3.52 5.83 7.87 6.17
Y 86.72  80.09  65.04 7.12 51.97
Zr 80.22  40.98  84.80 52.09 38.51
Nb  459.35 1034.83 1139.94 1335.54  131.82
Cs 1. 40 0. 49 1.20 1.79 0.37
Ba 4.76 9.75 3.98 5.00 1.74
La 19.96  28.51  72.08 27.78 20.20
Ce 41.32  53.86 117.99  50.52 64.59
Pr 4.47 6.07 12.97 5.48 8.15
Nd 19.91  20.75  58.77 20. 12 31.89
Sm 5.14 5.23 11.43 4.30 14. 15
Fu 0.48 0.55 0.38 0.21 0.16
Gd 8.18 5.68 13.95 3.56 11.90
Th 2.35 1. 40 2.56 0.36 3.08
Dy 19.58  12.96  13.90 1.33 15. 10
Ho 4.37 3.98 3.32 0.74 2.94
Er 13.54  11.30  9.71 1.00 12. 69
Tm 1.97 1.33 .11 0.17 0. 88
Yb 10.29  9.99 10. 00 1.91 9.05
Lu 1.67 1.08 0.92 0. 44 0.76
Hf 3.22 2.12 2.53 4.29 2.29
Pb 40.81  46.29  79.69 75.42 71.29
Th 4.84 2.80 3.99 1.07 1.01
U 5.70 1.36 5.66 0. 69 1.27
Li 5.27 0. 00 0.71 0. 00 0. 00
Be 5.86 4.69  23.98 18.07 15.29
B 12.11  0.00 0. 00 11.64 4.28
As 53.88  34.63  41.59 46.57 48. 16
Se 8.42  24.52  0.00 0. 00 0. 00
Mo 14.67  5.89 5.15 60. 66 53.97
cd 0. 00 4.61 1.64 0. 00 0. 00
In 0. 00 0.32 0.24 0.56 1.69
Sn 26.61  43.77  30.88 42.12 18.52
Sh 3.61 1.86 5.69 5.22 5.26
Ta 10.88  19.33  13.86 29.79 2.57
W 185.19  83.47  331.65  205.07 401. 63
Bi 0.01 0. 00 0.02 0.29 0.02

WSEEBEIR A Si0, M1l 69. 41% ~72. 84%,
ALO, HHEN9.16% ~12. 32% , TFeO 4 4. 99%
~9.05% ,Ca0 F N 0.19% ~0. 51%, TiO, 7% &>
0.37%~0.48%, Na,0 & HH 1.81% ~4. 59%,K,0
TN 3.85%~5.05% (R T) ., WA A BEA M
RIS TFeO [ ALO, Fl CaO & AUHFE, JA%E%E
WA B T A5 562.9x10°°~1 827.0x10°, fE
BORL AT BRI IR 1 TR BC A e I S5 B K
i STV N b = W M L BT A D E 2 e wi T
£ (La/Yb)  HK 13~46, 3 7] W EH Eu 11 5%
(Ew/Eu” =0.13~0.47; & 5a) ., 7EJIGHbIEFRHELL
fil e MR I P b R SR B KBS PR A e (A
Rb . Th U) &% AL = 58 IC 2 59 1% 1E 58 (40 Nb
Ti) (& 5b) . {8 ] Miller 25 (2003 ) 12 H 1) 85 1 1 1L
FESHE S AR SN 952 ~979°C | HL A7 $1L R (1) 15 T I
BUATHIE,

4.3 [REMIERMBKLE

VEEEBEIR S5 4 A Nd-O [R) 7 K 20 i 7E %% 8
Higi H, eNd (1) {72846 78 Bl A - 0. 63 ~ - 0. 08,
8" Oy suow TEMIBALEIE A 5. 0%0~ 7. 2%0, 55 1E# M
MEAE AL (5. 5£0. 2%0; Mattey et al. , 1994; Eiler,
2001) . fnJEARFEE AT AL SIMS Ji A7 4
R 2R A BT R AE 3R 9 ha i o i A 3 1
8" 0 syow THRITEFE N 7. 23%0~ 7. 84%0, 54 4[]
L 2 AR — B, i 8 A0 ) 48U 67 3R B I AR
i ARLIE RN 8. 63%0~12.27%0( £ 9)

5 g

B BURTR KON 8 S 45 Bk - Si0, 1Y 3% & T
15 72. 84% , 5 B R AV SO B RFAE (Rudnick and
Gao, 2003) , AU FEAEME 45 BE M e b LU 3
Fis Fe-P-REE MWL G 1K O WEBERKA S
JB B EAESH A A e i S SRR R
A R M A A ST ) R AR (] 2b 2¢) 5
Q @B A YRR A B RS (B 2d) 5 B &
SHEE W A Y T RGBT + B KA+ 040 +
AT YWHE (B 2f) o LG AT RCR XTI E Fe-
P-REE I8 ¥4 5 AT BE 1R UML) A0 5 S AN
VAR 20 B 4 AR A RRBAE A5 (Jowitt et al.
2017; Stern et al. , 2018 ; Rusiecka and Baker, 2019;
Qiu et al. , 2019; Yang et al. , 2020) ,
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Fig. 4 Projection diagram for identifying magnetite from different formations (a after Céline and Georges, 2011;
b after Patrick et al. , 2014)
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Table 6 Trace element content of the quartz in the
ignimbrite in T-LIP

HMEB(wy/10°) TESE

Table 7 Bulk-rock major (w,/ %) and trace (w,/107%)
element compositions of the ignimbrite in T-LIP

e Y ER R A A 5 S5-1 S5-2 $5-3 S5-4
7 S1012 525 5102 53012 S-L1 513 52173 Si0, 72.03 71.62 69. 41 72.84
Ti0, 0.48 0.37 0.39 0.42

Se 0.15 11.53 0.87 0.00 4.59 2.15 2.16 ALO, 0 8 9 16 1165 5 1
Ti  44.82 91.95 5.21 3.55 2.8 7.98 1.58 TFeO 7 g 9 05 6.6 4.9
v 0.00 0.42 0.13 0.00 0.00 0.32 0.09 MnO 0.02 0.02 0.03 0.03
Cr 2.44  7.63 0.00 2.39 1.00 6.95 6.42 o o 12 0.0 010 o1l
Co 0.07 0.00 0.07 0.33 0.00 0.00 0.00 Ca0 0.51 0.3 0.19 0.21
Ni 0.00 0.00 1.93 1.58 71.09 61.30 1.34 Na, 0 2.18 1.81 3.83 4.59
Cu 0.00 0.00 0.71 3.26 0.00 0.00 0.30 P‘fzg g ?g S 83 é~ (5); 8' gg
Zn  0.26 0.00 1.17 16.95 0.00 0.00 0.00 M 140.0 116.0 202.0 1720
Ga 0.00 0.00 0.87 2.37 1.51 1.04 0.14 Co 0.5 0.3 0.5 0.3
Ge 1.48 565 1.25 6.32 5.8 1.90 3.30 g; ‘11-(1) g-? ég ‘2”55
Rb 0.00 0.16 8.39 7.27 6.58 8.43 7.74 Zn 146. 0 119.0 1270 12470
Sr 0.00 1.07 4.43 3.53 1.61 2.46 3.02 Ga 36.3 30.7 36.6 39.9
Y 0.00 0.00 0.00 0.00 7.20 0.03 0.00 lgf {‘3‘(5* 8 14534~ 90 13261~ 30 23 g
Zr 0.03 0.00 63.53 84.47 99.23 34.88 6.6l Cs 55 3s 8 1
Nb 0.00 0.00 1.27 1.43 0.91 2.45 1.86 Ba 464. 0 80.7 75.8 61.3
Cs 0.00 0.25 3.24 0.75 0.94 2.02 2.02 %‘: }Zg g(l)-g %g;‘ }gg
Ba 0.00 6.59 2.14 3.50 2.83 3.30 3.57 U 5o ) 45 v
La 0.00 0.07 0.00 0.00 0.07 0.10 0.04 Nb 125.0 139.0 130. 0 111.0
Ce 0.00 0.00 0.05 0.00 0.27 0.13 0.00 %ri 7;‘5?0 . (%62_ 0 X gig_o 9;6§0
Pr 0.00 0.03 0.02 0.00 0.00 0.02 0.03 He 185 27 5 27.5 )
Nd 0.00 0.00 0.00 0.19 0.06 0.00 0.00 Se 3.3 2.6 2.5 2.0
Sm 0.07 0.00 0.13 0.00 0.28 0.00 0.09 CVr gg %Z ?3 g-g
Eu 0.00 0.15 0.00 0.00 0.02 0.11 0.00 La 419 0 140. 0 133.0 1020
Gd 0.00 0.00 0.00 0.00 0.00 0.09 0.00 Ce 712.0 305.0 237.0 198.0
Th 0.00 0.00 0.00 0.00 0.22 0.03 0.0l 11\?5 égg-g 13358- 70 13330- 00 12173- 50
Dy 0.00 0.00 0.00 0.00 1.91 0.00 0.00 Sm sa1 21 50. 1 18,9
Ho 0.00 0.00 0.00 0.00 0.37 0.02 0.00 Eu 2.8 1.2 1.1 1.0
Er 0.02 0.00 0.00 0.00 0.96 0.01 0.00 (fg 3306 13?~11 138_~05 1;~31
Tm 0.00 0.00 0.00 0.00 0.13 0.00 0.01 Dy 16.9 16. 1 16.6 13.5
Yb 0.04 0.00 0.00 0.00 0.32 0.08 0.00 Ho 2.8 3.0 3.1 2.6
Lu 0.00 0.00 0.00 0.00 0.13 0.00 0.00 TE.L Z:g ?é ?; g:g
Hf 0.00 0.00 1.75 1.80 5.78 0.68 2.47 Yb 6.5 7.7 7.3 5.8
Pb 0.00 0.91 0.61 0.03 0.14 0.00 1.03 Lu 0.9 1.1 1.1 0.8
Y 67.4 77.3 83.0 54.9

Th 0.00 0.00 0.02 0.26 0.31 0.00 0.05 SREE 1827.0 779. 8 696. 1 562.9
U 0.00 0.00 0.0l 0.00 0.31 0.02 0.04 LREE/HREE  12.04 4.70 3.91 4.49
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, respectively

xR 8 BERRNHEEABERKREESE NA-O BRAR
Table 8 Bulk-rock Nd-O isotopic compositions of the ignimbrite in T-LIP
B Sm/107° Nd/107° 47 S/ Nd ENAHND (Nd/MNd) ¢ eNd(1) 8"%0y. smow
S5-1 54.1 396.0 0.082 6 0.512 4 0.5122 -0.33 7.2
S5-2 23.1 138.0 0.1012 0.512 4 0.5122 -0.63 5.5
S5-3 20.1 130.0 0.093 5 0.512 4 0.5123 -0.08 6.1
S5-4 5.0
. 1=286 Ma,
x99 EERRAREEBERKEFRBAE SIMS SRMLE %o
Table 9 SIMS O isotopic compositions of the ignimbrite in T-LIP
K5 5-1-4 5-1-6 5-1-7 5-1-8 5-1-10 5-1-11 5-1-13 5-1-17 5-1-19 5-1-20 5-1-21 5-1-22
"0y quow  7-26 7.72 7.31 7.61 7.47 7. 84 7.27 7.57 7.35 7.35 7.40 7.25
2SE 0.29 0.23 0.36 0.24 0.24 0.19 0. 40 0.25 0.26 0.34 0.25 0.30
5 5-1-23 5-1-24 5-1-25 5-1-27 5-1-29 5-1-31 5-1-32 5-1-33 5-1-34 5-1-35 5-1-1 5-1-2
3% 0y.quoy  7.60 7.50 7.25 7.33 7.51 7.44 7.23 7.59 7.44 7.27 9.76 9.84
2SE 0.31 0.26 0.24 0. 31 0.19 0.14 0.20 0.27 0.20 0.21 0.21 0.31
5 5-1-3 5-1-5 5-1-9 5-1-14 5-1-15 5-1-16 5-1-18 5-1-28 5-1-26 5-1-30 5-1-37
SISOV_SMOW 8.63 9.82 10. 82 12.27 9.88 12. 11 11.45 9.31 10. 54 10.97 9.53
2SE 0.19 0.24 0.24 0.23 0.23 0.28 0.27 0.26 0.31 0.24 0.27
WANRBEER (BUEESER) A E B (Thompson et al. , 2007; Charlier et al. , 2013;

BOE X Z—, BEE T B A EL MR L _E Ak 2 2H i
S H S LB A A S B, AN TR R Bl TR 6 Je I
143 85 ( Guzmics et al. , 2011, 2019) FEFREL kMR
R GBI 5 (Jakobsen et al. , 2005; Veksler et
al. , 2006; Charlier and Grove, 2012; Charlier et al. ,
2013) | i £k W JF UK RN BE R AR O IR 0 A 4 B
(Naldrett, 1999) 4%, K L 7E 75 47 24 FU™ PR “F (R F 5%
Bz R RS SE 5 (ANEE A s BRI )
A7 (CAnER R B AL B A R R W KA A ) 1Y

5558 , 2017; Hou et al. , 2018) . {EH15 %StHE’JxE il
XS SRFE SIS A A 22 B BIF 9T R R SU
A LA o W A AN TR AR ™ A Bk R Fh I K FI & P-
REE J& 1K, iXF & P-REE #5 1 iY 1E— 25 4k n] 45 /b
WA %, gl fE A7 ( Bogaerts and Schmidt, 2006
2018; Rusiecka and Baker, 2019), M
S5t A9 1 R (BETE ) W Fe-P-REE #7 ¥ 4E 51K
ARG EAR ™ 5 — SR IR S 454 (dnek
W) AL, RN, HE— 2D AT R WX A Fe-P-REE

Stern et al. ,
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M PR A R T AR IE A BB R AN IRIA =1, 2
FEFLUF R . O 4 A Sk MR R T 04k 45
R, 56 Fe-P-REE M# WA RILAE W A 50 P
BCIRER 566 ~ 645°C , B AR T i B A B 10 45 i IR
JEE (756 ~ 815°C ) ¥4 45 B I B9 MR BE (e, = 952 ~
979°C) , ULHE Fe-P-REE M1 W4 A A SEAE XK
AR TR, @ MR A9 SIMS Ji A A R 7
FILE R R A T A SR S S B R A Y
AR R AL, B B A DER 80y guow TEH 8. 63%o0
~12. 27%o, fiy JB A ) 80, qyow THIE 7. 23%0 ~
7. 84%0, HIRANRIE 1T e & A RN R i, (1
JETHSAE 0. 4%0~ 1. 0%02Z [8] (Kyser et al. , 1998;
Lester et al. , 2013) , PRl 3¢ Al S (7% 4[] 47 26 4 %
RulfedEm & EMNEAARNFR WY FRE, @ HE
A7 AL R RE KA () B 435 AR R PR ) G R 3R
— 5, i S PR RE T ARGk B AN TR, R
HRRERS M=y (K 4) o I SRR
VEFIEASREAE R IE I 25 Bk JK #+ & Fe-P-REE ™4
LG R EZHLH], A OGRS 2 PGB N R E] T
HEBEMER, FE L, XM E Fe-P-REE T ¥ 5HEH
PRAE— S i DR rh 5 i B, gk /A4 -4
WIR(10CG) Bra BRIk (JL SRk 58 T0A ) A
R AR - (-4 07 IR %% . TR SEi™ R i +
W) (AR A R SRURR Sl A ) T R KA Gk 4
B A IR AR TE W, 3 B R IO R
(Weng et al. , 2015; Qiu et al. , 2019; Yang et al. ,
2020) .

Gy AR UG 1) 5 45 B K 1) M R Ak 2F
HWEAFE IR eNd (1) fH (-0.63~-0.08) Fl
3" 0y quow TH(EFH N 5. 00%0 ~ 7. 21%0, i JE A1 HE K
7.23%0~1T. 84%0) LA B it ST R ik W [ 2 30 1 Nb \Ta
Y IE S, WL 508 55 S A A B B I DGR, g
BT B AR KA Group-2 BIKBEF A4, WX
R AR A E o B 45 S VE R (T BeFEpE &
—ERE ST ) P B E (AFC i3 25 Tian et
al. , 2010; Liu et al., 2014, 2019; Cheng et al. ,
2020) , B TEMRRRE A K RS T REE A TT
2 ,mEL oy B4 EH & FEUR R A KB 4
REE Jfse e &R L0 W) (Il 1) 1 43 25 435
YER (Jowitt et al. , 2017) XMW S5IELEEE I A L)
FE TR B A S B R R B E Fe-P-REE 474
ARG — 2 (F 2d 2e) , TR SUTCA AL
EIEIL Y] REE B2 % & I8 i i+

LI7/8

e, ARSI ST HFE 228 W £ oe &R BT
I{E K 966. 45x10°° ,LREE/HREE 2} 6. 28, @it
ARG EE T 0, o E N S A M Lo R0 IR
FBA N R BA T Lo R B i scE i+
TCEM T /R ZEI G F 300x107° ~800x 107 Z
(AT R A7 N e s =K e 7 g L Bl o 2 £
5% ~10% , LREE/HREE {E AR HE A AR AN [ 175 L A2
0.18~6.25 Z[a] 4315 (Jowitt et al. , 2017) . B —7J5
I, AN EAR L0 R SCA M LT R AN
110. 6x10°°, LREE/HREE {f } 3. 3 (Mahar et al. ,
2019) o XF HE AT AR BRI 0 s 45 88 e g ot
FEOEEE TS mECE T AR, T A
T MY RBCA R £ A, I BN 4
B tooE, (ER4E MR, 2EE 0 macs i
FUuRES B A ST RECs m, 88 F & a
5 ou R m s £ 1EHA X (Jowitt et al. , 2017)
AU FE AR i v B IR A Y02 U IR A, S 7
Kb v o, AR TR R (R 2)

25 LR 0 4 B A AR A2 AL R T oy
SRR SCE , A E Fe-P-REE ¥ E AR E
BRIy B 4 S E RIS s A 0, TERER
N ST I = R = TS =t (i ok LA AW R A7 =2
FIER, W32 E PG HE B Topaz It 8¢ ( Christiansen
et al. , 1984, 2007) ALK F] I PG ILEB Y Brockman
MEUA (Jaireth et al. , 2014) % BEAREATHY S A7 AH
S, (EE RS A S 1R (R R (5 B2 i 2B
FRENRA —ENETFEME, ARV E Fe-P-
REE & W20 & 1 1EU B 7 3 LR R KB 48 K3 I
A B TR, N R E R

6 %5t

P& R KA B W AU A A 25 B I B SR
HbE ) eNd (1) fE(=0. 63 ~=0.08) 2% 80, quow
{H(5.00%0~7. 21%0) ) M BRAb 2 41 1, 2% BH H: iy e
IR AFC S FRIE W, A U B 5% 70 0 45 Bk K
HRUI H ZFh & Fe-P-REE B8-S HF 58 RIHE
ATHY PR 32 28 5 55 5 09 43 B 445 dn A RROBTG 3l A K
HTERARKRAGELEEEENKIER A A
(4.8x10° km*) , RIKWFIE LI & Fe-P-REE §°4)
A RTINS R K A K e BT A 1 1
WAL 7 A SR R L,
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