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Abstract: The Boluositanmiao Complex in the eastern part of the Alxa Block, is one of the high-grade metamorphic
complexes, which has important geological significance for the late Paleozoic tectonic evolution of the Alxa Block.
In this paper, a combined study of detailed geological investigation, petrography, LA-ICP-MS monazite U-Pb dat-
ing and phase equilibrium modeling, were carried out for felsic gneisses of the Boluositanmiao Complex, which is
used to reveal their metamorphic evolution and tectonic implications. Felsic gneisses are mainly composed of garnet-
bearing biotite-plagioclase gneiss and biotite-plagioclase gneiss. The garnet-bearing biotite-plagioclase gneiss sam-

ples ALS2202 and ALS2204 record peak mineral assemblage of garnet+biotite + muscovite +ilmenite +plagioclase +
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K-feldspar+quartz+melt. Combined with phase equilibrium modeling, the peak p-t conditions of two samples were
constrained at 727 ~751°C /820~ 1 030 MPa and 730~751°C/930~1 070 MPa, respectively. In addition, the gar-
net-biotite-plagioclase-quartz (GBPQ) geothermobarometry yields relatively low metamorphic p-t conditions of 629 ~
672°C/410~490 MPa and 620~657°C/330~400 MPa, which correspond to the retrograde cooling. Based on the
above results, a clockwise p-t evolution was obtained for the garnet-bearing biotite-plagioclase gneiss samples
ALS2202 and ALS2204. LA-ICP-MS monazite U-Pb analyses obtained the weighted mean **Ph/**U ages of 268+
4 Ma and 255+2 Ma for the garnet-bearing biotite-plagioclase gneiss sample ALS2207 and the biotite-plagioclase
gneiss sample ALS2210, respectively, which may represent the timing of peak metamorphism or anatexis. Based on
the mineral assemblage, it suggests that the protolith of these felsic gneisses should be sedimentary rocks. Com-
bined with the clockwise p-t path and previously published data in the region, this indicates a significant crustal
thickening process in the middle and late Permian, which may be related to the closure of the Paleo-Asian Ocean.
Key words: the Boluositanmiao Complex; LA-ICP-MS monazite U-Pb dating; phase equilibrium modeling; clock-
wise p-t path; Central Asian Orogenic Belt
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Fig. 1 Simplified geological map of the Alxa Block and its adjacent areas (modified after Zhang Jianxin et al. , 2018;

Zou Lei et al. , 2019)
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Fig. 3 Field photographs of felsic gneiss in the Boluositanmiao Complex
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a—garnet-bearing felsic gneiss with pervasive leusosome; b—garnet porphyroblast in the felsi | gneiss
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rig. 4 Photomicrographs of garnet-bearing biotite-plagioclase gneiss samples ALS2202 and ALS2204
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a, b—garnet and matrix minerals of biotite, muscovite, plagioclase, K-feldspar, and quartz the sample ALS2202; c¢—mineral inclusions of zircon,

ilmenite, biotite and quartz within the garnet from the sample ALS2202; d—XK-feldspar within the plagioclase of sample ALS2202; e, f—garnet and

matrix minerals of biotite, muscovite, K-feldspar, plagioclase, and quartz the sample ALS2204; g—mineral inclusions of ilmenite, biotite and quartz

within the garnet from the sample ALS2204; h—K-feldspar within the plagioclase of sample ALS2204
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(0.92~0.95) BAKTT Mg {EL(1.31~1.35) 85, Ti %
|AE 0. 10~0. 13 Z 8], X, £ 0. 59 ~ 0. 62 Z [H]
(F£2), HEPASER S FEN3.10~3.15, 3
JRr R A1 O B A (18] 5d) , X, O 0,20~
0.25(£2), HEBPHEKANER A, H X, K
0.00~0. 04,
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Table 1 Representative mineral compositions of garnet, biotite, muscovite, plagioclase and K-feldspar in the garnet-bearing

biotite-plagioclase gneiss from the sample ALS2202

7Y Grt-1 Gri2 Bt Ms Pl Kfs
IR % e i % e Ul In-Grt  C-Grt M M M M M M M
Si0,  37.14 36.82 37.02 37.27 37.20 36.82 36.79 35.39 35.22 45.89 46.20 63.38 63.40 65.70 65.70
TiO,  0.07 0.03 0.00 0.00 0.00 0.10 2.0l 2.45 2.23 0.81 0.59 0.0l 0.04 0.09 0.00
ALO; 2015 20.34 19.97 19.94 20.16 20.39 20.09 17.26 17.86 34.06 34.20 23.08 22.82 17.90 18.34
€r,0;  0.00 0.15 0.00 0.40 0.15 0.00 0.12 0.28 0.20 0.10 0.0 0.00 0.00 0.22  0.00
Fe,0;  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.04 0.02
FeO  27.05 27.73 26.96 26.27 26.61 26.72 13.85 18.90 19.38 1.34 1.36 0.00 0.00 0.00  0.00
MnO  10.79 10.99 11.97 10.97 10.71 12.13 0.41 0.66 0.66 0.04 0.02 0.00 0.00 0.00 0.00
MgO  2.93  2.89 2.53 3.03 2.93 2.49 12.75 8.48 872 0.8 0.93 0.0 0.00 0.00 0.00
Ca0 1.3 1.26 1.10 1.28 1.25 1.08 0.00 0.00 0.00 0.02 0.02 4.8 4.92 0.00 0.0l
Na,0  0.00 0.02 0.00 0.00 0.0 0.00 0.22 0.04 0.07 0.39 0.49 862 55 0.80 1.22
K,0  0.00 0.00 0.00 0.0 0.00 0.00 9.52 9.8 9.88 11.04 10.80 0/25\) 0.26 \\15.60 15.26
BEE 0 99.52 100.27 99.56 99.22 99.06 99.74 95.75 93.31 94.22 94.54 94.63 10024 100.3 20.35 100.55
0 12 12 12 12 12 12 1 11 11 1 11 g8 8 8
si 302 2.97  3.02 3.03 3.03 299 271 277 277 03.() 310~ 2.80 2.80 3.02 3.0l
Ti 0.00 0.00 0.00 0.00 0.00 0.0 0.11 0.14 013 04 003 0.00 0.00 0.00 0.00
Al 1,93 1.94 1.92  1.91 1.94 125 1749059 163 27 271 1.20 1.19 0.97 0.9
Cr 0.00 0.0 0.00 0.03 0.01 0.00 0.0 19002 0.0 0.0l 0.00 0.00 0.00 0.0l 0.00
Fe*  0.03  0.11 0.05 0.00 0.00 =05 0.00 0.0 ~0.00 0.00 0.00 - - 0.00 0.00
F 181 176 179 1.79  r 81 1.77 \ 0.5 .24  1.26 0.08 0.08 0.00 0.00 0.00 0.00
Mn  0.74 0.75 0.83 0.76 .0.74 0.8 5203 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.35 0.35 0.27 0.37 6.6 50 140 0.99 101 0.09 0.09 0.00 0.00 0.00 0.00
Ca 0.12  0.1'~.016 0.11 0.1, 0.09 0.00 0.00 0.00 000 0.00 023 023 0.00 0.00
Na  0.00- 0.0, "l 0 0.4 0.00 003 0.0 0.0l 005 0.06 074 073 0.07 0.11
K 0.00 w009 0,00 0.00  0.00 0.8 0.98 0.98 0.95 0.93 0.0 0.02 0.91 0.89
BA 50000 860\ 8.00 800 800 800 7.77 7.78 7.81 7.0 7.01 4.98 4.98 4.98 5.00
Xgw  0.6. N 0.59  0.59 0.5 0.60 0.59
Xgo 025 0.25 0.27 025 0.24 0.28
Xp, 012 012 0.10 0.12 0.12 0.10
Xo.  0.04 0.04 0.03 0.04 0.04 0.03
Xy, 016  0.17 0.15 0.17 0.16 0.15 0.62 0.44 0.45 0.53  0.55
X, 0.23  0.24 0.00 0.00
Xy, 0.75 0.75 0.07 0.11
Xo, 0.0 0.02 0.93 0.89

i In-Grt R AMTFANBLIER, C-On FRGAMFAEM, MIEREFR P, AT AH: X, =Fe™/(Fe* +Mn+Mg+Ca) , X, =Mn/
(Fe* +Mn+Mg+Ca) , X, =Mg/ (Fe* +Mn+Mg+Ca) , X, =Ca/(Fe’* +Mn+Mg+Ca) ; Xy, =Mg/(Fe* +Mg) ; KA T X,, =Ca/(Ca+Na+K),

X,, =Na/(Ca+Na+K) , X, =K/(Ca+Na+K)

3.3 S ALS2207

RE R SRR ALS2202 il ALS2204 YA £ 224
TERHHARRL, & AP a R RS, B E
FEHAMTFA(~10%) B (~20%) 0z B
(~3%) FBHA(~30%) BPK A (~5%) DL S 3
(~27%) 11 (& 6a.6b) , BB YA S0 R A
M, AT ahSaERSA RSy Batma
B Y EER(E 6c) K ASBAE AR A

WA AR AP AT LA (BT 6b 6d ) o ASWTSE 4%
ZRES AT LA-ICP-MS & £1 U-Pb 4022000,
3.4 HE& ALS2210

FEdh ALS2210 HEB mRHE A, B2 0 Y0
MABE(20%) A =EE(5%) FBHEAT (40%) L e Ay
PE(30%) , I~ KRl E A Fs A (K 6e
6f) , AWFFRABBESEXT % FE S 4T T LA-ICP-MS it
J&fA U-Pb 44020
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F.'. 5 Compositional profiles of the garnets and classification diagram for plagioclase and K-feldspar
a b— A AT I RAFH A RCE R ALS2202 A1 ALS2204 WP EGE A AT HITT K] o d—HFEdh ALS2202 A1 ALS2204 HHH RHC A AR
Ao g
a, b—compositional profiles of the garnets in the garnet-bearing biotite-plagioclase gneiss samples ALS2202 and ALS2204; ¢, d—classification
diagram for plagioclase and K-feldspar of samples ALS2202 and ALS2204

4 LA-ICP-MS 7 &£ U-Pb ZE4F

X EARE A R B RHC R FRA & ALS2207 #1
WA RHE B RS ALS2210 #E47 T4l A U-Pb 454X
R, AT AR ARHC R R ALS2207 £ 5
Tl E A 2 R RRR, R R, Kt 2 101
% 2:1, KK 50~130 wm, 554 50~120 pm( &l 7a)
XFIZHRE b R RS T T 21 AN s sk,
I XA AR T A URL 45 R 24 A0 i A B R AT (A
Ta) , H AT 18 AR R H AR fb ok HoR 4R
T AT DR X sk S A3 A B A5 RN AR IR
TR (3R 3) , HoAth 20 4007 S0 Ph/ 2P U 26 AR i
PR e 7E 286 ~250 Ma Z ], HIACE 4R 42

268+4 Ma( &l 8a), 20 MAlE A Th U &% &4k
BK,Th B &8 23 977x107° ~51 950x107°, U &
0 366x10°~9 820x 10°°, Th/U & N 3. 15 ~
85.67 M 1 ICE & i it ( X REE) Jy 484 138x107°
~641 607x10°°,Y &l 8 419x10° ~25 278x10°°
(K 4), BRORFAARHELTR LT R B4 B s, ok
JE A BATEM TR T AR B 8 1Y Eu 175
W ,Euw/Eu” =0.06~0.57( K 8b) .

B BHC R A REA ALS2210 Hr il g J A 5 3%
BR, KSE b2 R 1:1,K 4 60~130 wm, 55K 60 ~
130 pm (& 7h) o K24 fb 2l s A JURE R R AT T
21 AT K (B 7h 3K 4) BB Ph/ U &

T AR A LLER S v FE 266 ~ 239 Ma 22 J8] , FAAF 34
AEWE N 25542 Ma( &l 8¢) , Th Al U &R tHAR K,
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Table 2 Representative mineral compositions of garnet, biotite, muscovite, plagioclase and K-feldspar in the garnet-bearing
biotite-plagioclase gneiss sample ALS2204

Y Grt-1 Grt-2 Bt Ms Pl Kfs
RN # L7} i ¥ ) # -Gt C-Grt M M M M M M M
Si0,  37.64 37.58 36.87 37.03 38.53 37.36 36.76 36.20 35.26 45.79 46.09 63.64 64.84 65.78 64.72
TiO, 0.11 0.00 0.00 0.18 0.07 0.00 1.94 1.75 2.03 0.53 0.63 0.06 0.00 0.02 0.0l
ALO;  20.47 20.73 20.45 19.96 20.62 20.29 18.96 17.28 17.48 33.62 33.61 22.91 22.15 17.78 17.72
Cr,0,  0.11 0.00 0.55 0.52 0.60 0.00 0.00 0.24 0.75 0.00 0.11 0.19 0.00 0.00 1.16
Fe,0;  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.02
FeO  27.45 27.34 20.46 26.33 25.58 25.05 14.93 19.39 19.03 1.74 1.80 0.00 0.00 0.00  0.00
MnO  10.77 10.89 18.79 11.22 11.33 13.39 0.24 0.70 0.57 0.08 0.03 0.00 0.00 0.02 0.00
MgO  2.81 2.89 .25 2,72 2.70 2.16 1211 9.16 891 1.04 1.0l 0.00 0.00 0.00 0.00
a0  1.20 1.11 0.84 1.26 1.21 0.91 0.00 0.00 0.00 0.00 0.00 4.81 3.71 0.00 0.03
Na,0  0.00 0.00 0.03 0.00 0.02 0.04 0.27 0.11 0.12 0.33 0.38 880 A5s. 0.74 0.52
K,0  0.00 0.00 0.04 0.00 0.28 0.00 9.77 10.06 9.90 11.14 10.87 0.7 0604 \\15.68 15.79
SAE 100.56 100.54 99.29  99.22 100.94 99.21 94.99 94.88 94.04 94.27 94.52 10(\71 100.14 }79.03 99.96
0 12 12 12 12 12 12 11 11 11 11 11 8 8 8 8
Si 3,02 3.02  3.02 3.02 3.07 3.05 275 279 2.74— 3.0 311 2.80  2.85 3.03  3.00
T 0.01  0.00 0.00 0.0l 0.00 0.00 011 0.10 0.(2 2920, 0/03) 0.00 0.00 0.00 0.00
Al .94 1.96 1.98 1.92 1.93 1.95 1.67 57 1.60// 269267 1.19 1.15 0.97 0.97
Cr 0.01 0.00 0.04 0.03 0.04 0.9 027601 005000 0.0 00 000 000 004
Fe**  0.00 0.00 0.00 0.00 0.00 0.06\ ]0.000 10100 (0.00  0.00  0.00 - - 0.00 0.00
Fe?*  1.85 1.84 1.40 1.80 1.70 / .71 \\x93 “1MS .24 0.10  0.10 0.00 0.00 0.00  0.00
Mn 0.73  0.74 1.30  0.78.7 0076 "3 \'0.0o> 0.05 0.04 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.34  0.35 0.15 0.33 0.2 .26 “1.35 1.05 1.03 0.11 0.10 0.00 0.00 0.00 0.00
Ca 0.10  0.10 2700 0.11 0. (.08 0.00 0.00 0.00 0.00 0.00 0.23 0.18 0.00 0.00
Na 0.00 000/ oI 000 0.0 0.01 0.04 0.02 002 0.04 0.05 075 0.80 0.07 0.05
K 096 .00 6a000 000 0.03 0.00  0.93  0.99 0.98 0.96 0.94 0.01 0.00 0.92 0.93
SR R0 80N 7,98 799 7.96  7.98  7.80 7.82  7.82 7.03 7.0l 4.99 4.98 4.98 4.9
Xm0 0,60 0.48  0.60 0.59 0.57
Xgo 0,240 025 044 0.26 0.26 0.31
Xp, 0.11 0.11 0.05 0.11 0.11 0.09
Xen  0.03  0.03 0.03 0.04 0.04 0.03
Xy, 015 0.16 0.10 0.16 0.16 0.13 0.5 0.46 0.45 0.51 0.50
X, 0.23 0.18 0.00 0.00
Xy 0.76  0.82 0.07 0.05
X,, 0.0l  0.00 0.93 0.95

Th A& & 18 361x107° ~ 61 803x10°°, U & & K
1 618x10°°~5 420x10°°, Th/U {8} 3. 82~16. 27, Fii +
JLE R EE (X REE) N 456 055%x10°° ~ 564 355x%
10°°,Y & 87E 17 320x10 °~29 999x10°( £ 4) , Bk
B bR e AR e R By B B, i E A HAA E
Fiis o0 7 AR B A Eu 2%, Ew/Eu”
=0.03~0.06( & 8d) .

5 R STTR

ARICRK RS 2= Geo PS (ver. 3.5. 4,
Xiang and Connolly, 2022) il P = BRE E ds62

(Holland and Powell, 1998, 2011) %} & A A B =
AHE R RRAFE A ALS2202 1 ALS2204 #E4T T A8 B Af]
AR, FEM I ERR A WE 5, BTHA
BERR G 4 B 20 AL, HLAG 43 P A9 MnO 5 i 4
e, PRI, O YR AH ST A5 48 24 3% B MnO-Na, O-CaO-
K,0-Fe0-MgO-Al,0,-Si0,-H,0-Ti0,-FeO ( MnNCK-
FMASHTO) 184344 % ( White et al. , 2014) . ¥
PTG ERRVE . AT A R a Bk,
Aotk EH A A, 7 A R Fg ik
( White et al. , 2014) 2R 41 ( White et al. , 2002) .
B A A4 K A (Holland and Powell, 2003 ),
A AR Ay i S A i B b 3 ZE AR Sl
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Fig. 6 Microphotographs of garnet-bearing biotite nlagioci se\ m\iss of the sa.~zie ALS2207 and biotite-plagioclase gneiss
of \ he lsampi | ATNS22. )
a b—Ffdh ALS2207 AR F A SR I St SRR Fho AR o—HES ALS2207 HAHE A I A BRERET SRS RERLA BE
T YIEIEIR, d—FEbh ALS2207 I G BRI BHE SR e [—FEAL ALS2210 BEFTP IR A B Ak BRI 3E
a, b—garnet and matrix mineralsif biotite, musco < te, plagioclase, and quartz in the sample ALS2207; c—mineral inclusions of zircon, ilmenite,
biotite, and quartz withir zai et 1 he sample ALS2207; d—K-feldspar partially enclosed within plagioclase in the sample ALS2207; e, f—biotite,

muscovite, plagioclase, and quartz in the matrix of the sample ALS2210

a ALS.207

b ALS2210
i)

Bl 7 Fedh ALS2207 I AL2210 HH LR o £ 0RE 7 HICR L R S R 57 LB R )™ Ph/ U 2R T 4F-
(IR HOE TR, BAR 16 wm)
Fig. 7 Backscattered electron ( BSE) images, analytical spots and corresponding **Ph/**U apparent ages of representative
monazites in the garnet-bearing biotite-plagioclase gneiss of the sample ALS2207 and biotite-plagioclase gneiss of the sample AL2210

(circles represent laser analytical spots with a diameter of 16 pm)

T 0-X, o BRI EDR FRZE 15 Y H,0 &6, H,0 RS AU 6™ ) 41 & R 7E B2 Z B (White
SRAE AR LG 0~5. 0% (FE/RMH0) , et al., 2002) o ASCEBGEFTH H = B Si oo
TR EEAE AR S5 R 550 ~900°C  H,0 iyt fH SANHE B h 2R 25 B v T o3 S (2% R X B
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Fig. 8 Concordia diagrams of LA-ICP-MS monazite U-Pb dating in the gneiss samples
a— G AT A B RH T BRE RE R ALS2207; b—HEfh ALS2207 2% A1 BRBLB A bRl LR LT R s B RH AR RE AL
ALS2210; d—Hf i ALS2210 Sl A BRI A bR A G o0 R HC /1, AruEFL{ES] H Sun and McDonough (1989)
a—garnet-bearing biotite-plagioclase gneiss sample ALS2207; b—the chondrite-normalized REE patterns for monazite from sample ALS2207; c¢—bio-

tite-plagioclase gneiss sample ALS2210; d—the chondrite-normalized REE patterns for monazite from sample ALS2210; normalization values from Sun

and McDonough (1989)

sl A B A IE R H,0 &, F R 2 1 H,0 &
SEVFERFIORE S p-o L A
5.1 #m ALS2202 IEHAFIR T IR E &4

HR A AR 2 S & A 1 A 2B = RHK FJRR
RS ALS2202 N IH G AT A+ER S
B+ = BE+ERER T + BHS A + 8 K A+ A 0+ 15 R
(Gri+Bt+Ms+llm+Pl+Kfs+Qz+Liq) o 1-X,, , VL7 1T ]
MR B 5 09 1o 900 MPa, L N 550 ~
950°C , X, o 4 0.26~0. 58 ARYETHI M HE B 11 ==
Bl Si UL (3. 08 ~3. 12) AL rp B < Rl

Ti B4 (2K (0. 12~0. 15) BU X, ,=0.48(2. 4%,
JEEJRZME0) HAE R H0 a4 p-o P03 T 1 (
9a) . p-t P AT A5 400100 I8 3 A0 91 161 4 03 Ay
550~950°C 1200~ 1 400 MPa,, [l AHZE 14 15 3 36 BBl
687 ~749°C , I S IE I M) 205 Gri+Bt+Ms+1lm
+P1+Kfs +Qz + Liq X N7 114 il B2 Fl 3 95 [ Ry 711 ~
781°C 1 550~ 1 290 MPa, FIFHIE I =B Si i)
IYEEEZR (3. 08 ~3. 12) FIFL P B B Ti LA 55
{HZE (0. 12~0. 15) FL[FPKA AR P4 A 0 A2 5T 5
FEIBR & Ky 727 ~751°C #1820~ 1 030 MPa ZJf] (1% 9b) ,
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884 IRV 7/ B 5 44 %
x5 BERFAERIMNKAREREMR ALS2202 1 ALS2204 A TR TR £ 55 5
Table 5 Bulk-rock compositions of garnet-bearing biotite-plagioclase gneiss samples ALS2202 and ALS2204 used for
phase equilibrium modeling
. A FRAUTEE (wy/ %)
B . .
Si0, Ti0,  ALO, Fe,0,  FeO MnO  MgO a0  Na,0  K,0  P,0; LOI Total
ALS2202 74.06 0.54 10. 54 0.00 4.40 0.51 2.24 1.05 1.89 2.60 0.03 0.91 98.77
ALS2204 75.24 0. 47 10. 37 0. 00 4.17 0.59 1.92 1.17 2.23 2.06 0.04 0. 69 98.95
) AR R 1R 25 2 202 (/%)
B _ .
HZO SIOZ A1203 Ca0O MgO FeO K20 Nazo TlOz MnO 0"
X=0 79.07 6.63 1.20 3.57 4.59 1.77 1.96 0.43 0. 46 0.33
ALS2202 Ay F 9a
X=5 75.11 6.30 1.14 3.39 4.36 1.68 1.86 0.41 0.44 0.31
p-t 2.40 77.17 6.47 1.17 3.48 4.48 1.73 1.91 0.42 0.45 0.32 9b
ALS2204 X X=0 80. 06 6.50 1.33 3.05 4.20 1.40 2.30 0.38 0.53 0.25 M 1
15220 O y_s 76,06 6.18  1.27  2.89  3.99  1.33 2,19 0.3 0.5 023 1 10a
et 1.75 78.66 6.39  1.31  2.99 413  1.37 2.26  0.37 0.2/ .0.24 | 10b

AN, RAIAR T A -Bat-RK A -fa5%
(GBPQ) 1% 4 Hb 5 I J& it ( Holdaway, 2000; Wu
et al. , 2004) AT T A8 B R SRR E % FE D
M)A A A BB BORH RHE , SR AR i AR
Fe-Mg A &, RERKA Ca A AS %R
R ST R S ], AR SO PR A A T35 A
AR UL B S A A il ) BB SR AT AL 5 ok
TR, RIS Al ahdh SalFa
el 1) PR BE P h e A A R A E
19 3 2H 2 bty B a4 il S 629°C 410 MPa
654°C Fll 430N Pa 672°C F1 490 MPa( [l 9b) , %4k
ST AR AR v B B i R AR, e A AR
O A RT3 A A s B ) A I R R S
8, 0T LABA RE S RE S 22 5 T RS T B p-o 8 Ak e
(E9b),

5.2 #mm ALS2204 IEHAFIR T RIRE K4

AT ARSRHC T AR ALS2204 1Y
W H AN AT A+B o+ s B+ +
BHE AT+ KA+ JE+ 5K ( Gri+Bi+Ms+IIm +P1+Kfs
+Qz+Liq) o 1-X,y o WL ThT AT ASE UL % 3l 12 3
550~950°C , JE /120 1 000 MPa 5., &5 W 4 &
( Grt+Bt+Ms+1m+P1+Kfs+Qz+Liq ) 15 475 [F FH L 2
B, X, o 8 0.24~0.43, BE— LRI TEFH A=
B Si SR X (3.10~3. 15) FIFER B =
B T 25 (E 2R X, (0. 10~0. 16) , & BUK(H
XH20 = 0.35(1.7% ,@ﬁ\'ﬁ’?&) YE KA E K& &I
B p-t M EE (B 10a) , FEAD ALS2204 1) p-t P
T PR ALL R AR 98 B 43591 R 550 ~ 950°C 1 200 ~ 1 400
MPa, [EAHZR TR IR R 718 ~766°C | %A% i 1 1410

Y25 ( Gri+BrMs+Im+Pl Kfs4Qz “Liq ) X1 A iR
JE IR R 718 ~766°C /620~ 1 180 MPa, 1] i 3t
iz ok o0 YR (H 26 (3. 10~3.15) FIFE i R
2Bk T O EE 2R (0. 10~0. 16) FFIE 0 W 20 5 1Y)
AT L — 2 PR E 730 ~ 751°C 1 930 ~
1070 MPa Z [B] (&l 10b)

FFER AR T A -Bad-RKA-fA5%
(GBPQ) 1% 4t b 5t I J& i1 ( Holdaway, 2000; Wu
et al. , 2004) XFHFEN ALS2204 28 IR T &4 T
B, 3 A A T 0 S A T A
PR BERIEE BT RH A i oy, AR B 3 4
A5l s S5 143 3 . 620°C il 330 MPa ., 657°C Fil
400 MPa 655°C /340 MPa, JZ Bt T 1% Ff i 1B 45 %
LB Be TR S5 1, 25 78 TS AR P A AR AU B Y IR
FEZE B, w2 g i 7 W& B p-r 8 A Bk
(&l 10b)

6 11ie

6.1 TR

UTAEN [l S A 27 2 X BT 7 35 M By A= R sf 31
A8 B AR JE AR R AT T W98 R IE ( Zhang et al.
2013b; Chen et al. , 2015; 5K, 2018; X F1E
45 2019; 4BEEE, 2019) . Zhang %5 (2013b) 7EF[ i1
S MBS G B2 Bl - AR L —HF A AE ) BE IR
W S BRI =B Ar-Ar AEFRTE T ~351 Ma H
~250 Ma PIIASTEAE RS, ~351 Ma 928 JEAF % 1 i
TR AR [0 PG B 1) (1% 9] P 306 b 4 5 VR R AR,
~250 Ma PAFIAHEARRE I L P ] 22 B B V) A8 TE
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o0 & MINCKFMASHTO(Qz)

1 Ab Bt Grt llm Kfs Pl Rt St
2 Ab Bt Grt Ilm Kfs Ms Pl Rt St

850 3 Ab Bt Grt Ilm Ms Rt
4 Ab Bt Grt [lm Ms Pl Rt
5 Ab Bt Grt H,O Ilm Ms Pl
6 Ab Bt Grt H,O Ilm Ms Pl Rt
7 Ab Bt Grt H,0 Ilm Ms Rt
800 8 Ab Bt Ep Grt H,0 Ilm Ms Pa Rt
9 Bt Grt [lm Ilm Ms Pl
10 Bt Grt Ilm Kfs Opx Pl Rt
11 Bt Grt H,O Ilm Liq Ms Pl
750 12 Bt Grt Ilm Kfs Pl ru
13 Bt Grt 1lm Kfs Ms PI Rt St
& 14 Bt Grt llm Kfs Pl Rt St
%
700
650 |-
600 | Q)@
o b 0
0 0
X(H,0)=0 *(HUJ=5%
1400 b MnNCKFMASHTO(+Q2)
1200

1 Ab Bt Grt llm Ilm Kfs Ms Pl

2 Bt Crd Grt Ilm Kfs Lig Pl

3 Bt Crd Grt [lm Kfs Lig Mt Opx Pl
4 Bt Grt Ilm Kfs Lig Pl St

5 Bt Grt [lm Kfs Liqg Mt P1

6 Bt Grt llm Kfs P1 St

7 Bt Crd Grt llm Kfs P1 St

8 Bt Grt Ilm Ilm Kfs Ms P1 St

9 Bt Grt llm Kfs Ms Pl 5t

10 Bt Grt Ilm Kfs Lig Ms Pl Rt

11 Bt Grt Ilm Kfs Lig P1 Rt

12 Bio Grt llm Kfs Lig Opx Pl

13 Crd Grt Ilm Liq Opx P1

14 Crd Grt lm Lig Mt Opx PI

15 Crd Grt Ilm Kfs Liq Mt Opx PI
16 Crd Ilm Liq Mt Opx PI

17 Crd Gri llm Kfs Lig Opx Pl

18 Grt Ilm Lig Opx Pl

19 Grt Ilm Kf5 Lig Rt

400 -

550 600 650 700 750 800 850 900 950
H°C

B9 SO T AR RHC RRARE i ALS2202 28 B A p- L if ]
Fig. 9 Phase equilibrium modeling for the garnet-bearing biotite-plagioclase gneiss samples ALS2202

a—JEJ124 900 MPa i 1-X,y o LTI s b—p-o BRI L RGS £ p-o 028 (] @ rORUE 2N 0, o THKIIREL, £0 67 RBRiC 014

WG RGO P XIRFIR 1 28 SiISHHL AR 2 B Ti il 5 (L IL R FRE WA AL

a—the t-XHZO pseudosection at 900 MPa; b—the p-t pseudosection with p-t path (dark blue line in Fig. a denotes H,O content used for subsequent

modeling; the peak mineral assemblage of Bt+Grt+Ilm+Kfs+Liq+Ms+Pl (+ Qz) is marked in red color, and the light green area represents the peak

metamorphic p-¢ constrained using isopleths of both Si in muscovite and Ti in biotite)
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3 Ab Bt Grt Kf Ms Rt
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8 Bt Grt Ilm Ms Pl
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X(H,0)=0 () 0%
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1200 &
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11 Bt Grt Ilm Kfs Pl

12 Bt Grt Ilm Kfs Ms PI St

13 Bt Grt Ilm Ilm Kfs Ms Pl

14 Bt Grt Ilm Kfs Lig Opx P
15 Crd Grt llm Kfs Lig Mt Opx Pl
16 Grt Ilm Liq Opx PI

17 Crd Grt Ilm Kfs Lig Opx Pl
18 Crd Grt Ilm Liq Opx Pl

19 Grt Kfs Liq PI Rt

20 Grt llm Kfs Lig Pl

21 Grt Ilm Kfs Lig Pl ru
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24 Grt llm Lig P1 P1
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t°C

F10 &0 R R A RE A ALS2204 78 S5 AR - i i i 141
Fig. 10 Phase equilibrium modeling for the garnet-bearing biotite-plagioclase gneiss samples ALS2204

a—JEJ12 1000 MPa IFHFEEIN 0-X,y o ML b—p-r BRI RS £ p-o 028 (] a PORUE CRZRN 0, o THKIRIRE, 067 P hric

VeI 25 ST XIRFIR 1 2B Si O S HE AN R 2 B Ti i A5 (2L R FRE WAL S )

a—the t-XHZO pseudosection at 1 000 MPa; b—the p-t pseudosection with p-t path (dark blue line denotes H,O content used for subsequent model-

ing; the peak mineral assemblage of Bt+Grt+Ilm+Kfs+Liq+Ms+Pl (+Qz) is marked by red type, and the light green area represents the range of peak

metamorphic p-¢ conditions constrained by isopleths of both Si in muscovite and Ti in biotite)
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B, AT BB 8 78 AR b Al H R 47 - M e 22 8] 1) Al 43
KBS (2018 ) Xef Bl F7 36 My e PE AL K 1 4 2 9 A
JF R AR A T LA-ICP-MS %547 U-Pb SE4F, 3/15 T
422 Ma FY78 ARSI\ AR 3R B 7 2 b B 9 35 11
R I A A 27 T by A A 30 DX 3 k728 Jo g o
R XUPFAEEE (2019 ) X AT 35 b B 4R 358 BT 47 3 A
by DX A 7R RIS SRR 5 0 A AR s B o A
Wit LA-ICP-MS 7 J& £1 F 8% 41 U-Pb 3K45 T 419+
3 Ma F1406+7 Ma [1)78 BT4F % , 9l A B by £7 DN 6 AR
A AR 0 2 B 7 3 ke 5 ] % s e L oy A
ARG 15 1A FHAY I, Chen 45 (2015) XF 4R 1L
e EE ERE AR AN A S ESA T Faa
W=tk 54T T LA-ICP-MS 5 47 U-Pb 4E4R 24 0F
55,53 MRS T 39946 Ma Fl 402+10 Ma F4 75 Fi 4F
W i B2 A8 AR FH =R R 5 v S N P 5 il 4
1 IE A G,

AT A (2019 ) X BT 7 36 Hhy B AR B U IR 2 - £
IR M 9 AR At 8 5 30 HE G %A EAT T L A-ICP.
MS 547 U-Pb AR 2205, A5 B0 BN KR R A
HIZAS R AC S 27446 Ma 1 272+5 M LK AL L
FYAE B4R A 269+3 Ma Hl 268 +2 Na, TA N 280 ~
260 Ma XJ L A PN G AR 2 AR A Bsp A, HED & ]2
B AL G LG L ER R, B,
KT BT 5 Ry S A Gy B P AT A 2 A 5 R AR T AR
T AR R T i — B, AR SCTE B 7 35 b B
AFRPE L WA A 0 & A0 B o R A R
al ALS2207 FLIR = BHK RS FE dh ALS2210 #4717
LA-ICP-MS il J& &5 U-Pb & 4F, 15 2 & i1/ Pb/ U
HACE AR 3500 M 268 +4 Ma £l 255+2 Ma, #74h
WL I 7 A IR R kB A T, HLAT A B
G AR FHFRAE , BE AT U-Ph AR5
NGB AR IO R WoR 2 AR
PR 2 Wk 22 A T & A T A SR SRR A RR
G I VA AR 5T A A AR T R B AR R 268 ~
255 Ma, %78 5 AR 5 40 5 4 (2019 ) 7 Bl 47 35 b B
IR IR =21 IR MR I8 2 307 20 ) 2 ) A A
KR R AR A TN 5 1 48 B B4R 280 ~ 260 Ma
FA—FL,
6.2 TRIREEWL

AT 5 38 2 A% A A A AU RN AR B M 4y
HrABZS & X2 Wi R 2eA h S A AR s RHE
J R B8 i e AL AT TR E ., AN 5.1 TR,
FEfh ALS2202 & A KT BB RHE B bk () g 1

YIH G NATE T A+ BT+ o B+ +RHE
A+ A+ O TR IR, AR TP A =B SR
SHHL B B Ti M54 Zk, BRAE H 2R i 0
WS 5 p-t 548 h 727 ~ 751°C 1 820 ~ 1 030 MPa,
IEAR, GBPQ Hb 5 I R 31 PR T 3R AR 5 B B 9 AR S5
p-t ZMF o GEA DL AR R R A A R AT
B T & a7 AR fH R KA R i ALS2202 H
B NTRS T, 5 DA A5 TR RA R e A R A8 S VE FH p-o T
R, BLAh, & A7 AR s B HE R A FE
ALS2204 19 A8 Jit p-t 2% 4 AN AR BB 5 RE
ALS2202 AL, Hil 2] p-1 5504 730 ~751°C F1 930
~1 070 MPa, 1 H.IF #1055 T RS £ 14 p-t AL 5L
W, 215 T A N A AR R

AT B 8 B AR b 90 e R R R ARAR
2F 05 T AR S5 AR 7 T A A ST AR 370, Chen 45
(2015) XA X5 o TRE A R MK A DN A A
mA TP e st A T T LA-ICP-MS £ A
U-Pb 43841 177402 ~ 399 Ma 75 i i AR, W4 301 725 i 4%
{204 (300 MPa Al 725°C ,ic 5% TRt 4 p-t Bk, fif
WA T e S L AR rh ) bR R G, A
BRI E st S AR AR sfHK
PR 8 I p-t Yl 45 SR S o ] 7 26 il bl 2 S0 I iy A=
FRAZ A FHAF 5T IR FE
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VAR | A AL T A Bk i AL B s | X ey 437 36
M A KA TE B i T e T 4 FlORTR Y
PR, (D AR - B 0 A AR T
T 170) T ORF 1o U ) K B AR 53 A 235 2R v ST U e
LA A B A A RE MR T4 S il (Feng et al. , 2013;
Zheng et al. , 2014; Liu et al. , 2017) ; @ W7
B Z T A I HIA Sk Bl iy 26 Hh e v R AR
R EIAEIE BT R IR EE (Shi et al. , 2018;
Chen et al. , 2020) ; @ B TIE W T EIREE A K5
R B 20 X i R 23 (] ot B) 0 B B 1Y 43
Dan 25 (2014) #2111 7 280 Ma 1y3% B M b k7T G
& T BT 3 b B KRB A 5T KO A TR G
@ Xie %£(2021) 42 253 ~248 Ma Fi4 55 45 5T F145 B
PE T RIAE G 755k B T 3 158 43 @k, 48 7 7y S
AR S M TSN o, nT RETE — S I A&

Al BT R IRA - RIS & B WINK S
AL 7 (279 ~275 Ma) FUAFST, Tian 25 (2021 ) $2H
— AR R AT i R oy S Y A BT b Bt
BRI AR ARG A 2e R (400 ~ 325 Ma)
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I, AR bV E TS R Hbse SR IE B 345 ~327 Ma 3R
A5 (Dan et al. , 2016; Liu et al. , 2016b; Xue
et al. , 2017) ,iXEHIAZ ARG EL, 51 & T
MR, B, A 20 & S 20 (320 ~ 285
Ma) & H 30 s ab F 7w 0, A e 146 S 8opam B L
TN A PRl TR R ol S A 52 T Ll = Y R L
FAREH T ) ALARE o, A ~ 301 Ma B335 5045 (Shi
et al. , 2014) FIfE <IN A (B 873K 5E, 2014) . ¢
SLIIR R VE R 80Uk B 22 T I -V b L 1L 1
FIE IR =R LKA 35 7 22 1) R IS Y 2 /) | e A A
TS H (278 ~275 Ma) A5 (Zheng et al. , 2014,
2018) , i WY 5 A R A R 2 A0 v R i i 1 B
BEFEE S 30T e iR IR E R A g e T R A -
AR & 0 A AR, 7 B2 il (270 ~
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et al. , 2012; XVATHEE | 2014; WHAT 4%, 2010) %
2 S 7 e o = 1ol LS AN EAT N SN
ZiREs

EEIESLN AN A PRI (A S ¥
B Chen 45 (2075 iz A b P 58 & IHE Y AR AT
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Je B R AR SR AR VR A 28 2 W P A
X — WL (Chen et al. , 2020) . 4K 1 B 7 3 M b B
W AERCE A TE B 3 1 ST AN SRR AL B LA
WL K L FE IR A HL X 460 ~ 397 Ma MK 7 FIAE
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Pif i LA B AH O (Liu et al. , 2016a; Zhou et al. |
2016) , AHFFEAFEN Y b 27 Hr 1 i 25 A2 o AR % K
268~255 Ma, 45540 3% (2019) ik B i dH i 24 5
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(A% AR, SRR W PR AR B 2 i T A X
— W5 (Tian et al. , 2021) . AN, S AT AHE S
AHE R IR IC S T BT (8 p-r ARG, WD) A7 5
TR £ 4 727 ~751°C 11 820~ 1 030 MPa Fl1 730 ~
751°C F1 930~ 1 070 MPa, F& 7 W3] X6} 1o fi 1 ket Ji5
1E 21 ~27°C/km Z (8], 55 B RY Y 1 2 RIS o7 2% )
(11~30 °C/km) — 2, ¥ & F FBifi filf 18 24 5% ( Eng-
land and Thompson, 1984 ; Brown, 2007; Brown and
Johnson, 2018; Zheng and Zhao, 2020) , ASHf 55 AR
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7 45
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