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Petrogenesis of Mg-Al granulite from Huatugou ultrahigh-temperature
metamorphic terrane in the western Qaidam Block and its relationship
with the behavior of the melts
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Abstract: Mg-Al granulite is a collective term for a class of granulite-facies metamorphic rocks that are enriched in
magnesium and aluminum. Although its petrographic characteristics have been widely used to infer the peak meta-
morphic conditions and metamorphic evolution history of ultra-high temperature (UHT) metamorphism, our knowl-

edge about the protolith and petrogenesis of Mg-Al granulite is still very limited. Taking the Huatugou UHT meta-
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morphic terrane of the western Qaidam Block as an example and based on the field observation, this study investiga-
ted the petrography and whole-rock geochemistry of Mg-Al granulites and pelitic gneisses. Mg-Al granulites and
leucosome-bearing pelitic gneisses have similar contents of Si0,, TiO,, and P,0;, with overlapped variation ranges
of "Fe,0,, AL,O,, MnO, CaO and Na,O. Meanwhile, Mg-Al granulites and pelitic gneisses exhibit similar distri-
bution patterns of trace and rare earth elements. Combined with the similar mineral assemblages in parts of Mg-Al
granulites and pelitic gneisses, we concluded that the protolith of the Huatugou Mg-Al granulite is similar to that of
pelitic gneisses. From the lower-amphibolite facies metapelite to leucosome-bearing pelitic gneisses and Mg-Al gran-
ulites, the whole-rock compositions show descending trends in aluminum, calcium, potassium, and sodium, with
increases in iron and magnesium. Mg-Al granulites have high X\, values (0.51~0.69), which distinguish them
from other pelitic gneisses (X, =0.34~0.43). According to the phase equilibrium modeling and related calcula-
tion on the metapelite, the partial melting and melt loss account for most of the chemical trends, but basically do
not affect the whole-rock Xy, value; only the removal of partial melts with garnet during prograde heating can trans-
form the metapelite into Mg-Al granulite. In addition, compared with the nearby leucosome-bearing pelitic gneis-
ses, the gamet-rich pelitic residue is depleted in silicon, sodium, and potassium, and enriched in aluminum, iron,
magnesium, manganese, and calcium, with significantly higher contents of heavy rare earth elements. These geo-
chemical features require the addition of garnet-bearing melts and then the removal of melts, which supports the
movement of garnet-bearing melts observed in the field. Finally, we provide a hypothesis on why Mg-Al granulite in
the Huatugou region only occurred as lenses. It is speculated that, because it is difficult for the melt to move with
garnet for a long distance, only metapelite surrounded by felsic orthogneiss can get rid of garnet-bearing melts and
transform into Mg-Al granulite during the prograde heaiing process. More studies are needed to verify this hypothe-
sis, and we believe that evidence for the migration of garnet-bearing melts and the transformation of the Mg-Al gran-
ulite probably have been preserved within other HT-UHT metamorphic regions.

Key words: western Qaidam Block; HT-UHT metamorphism; Mg-Al granulite; petrogenesis; garnet-bearing melt
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Fig. 1

Geological sketch map of the Huatugou region on the west margin of the Qaidam Block (modified after Teng et al. , 2020;

cited magmatic ages are from Teng et al. , 2022, 2023)
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Fig. 2 Field relationship of high- to ultrahigh-temperature metamorphic rocks in the western Qaidam Block
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a—vpelitic gneiss interlayered with marble; b—a mafic granulite lens in pelitic gneiss; c—a layer of Mg-Al granulite in felsic orthogneiss;

d—striped felsic orthogneiss
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Fig. 3 Typical textures and mineral assemblages in Mg-Al granulite
Anth—EINAT; B—R ARk Crd—295 075 Gri—AM 7475 Ced—MELINA ; Opx—RITHEAT ; Qu—A13%; Ri—E 40475 Sil—4 447 ;
Spl—2R A1

Anth—anthophyllite ; Bt—Dbiotite; Crd—cordierite; Grt—garnet; Ged—gedrite; Opx—orthopyroxene; Qtz—quartz; Rt—rutile; Sil—sillimanite;

Spl—spinel
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Fig. 4 Typical textures and mineral assemblages in pelitic gneisses (mineral abbreviations are the same as in Fig. 3)
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Table 1 Major (w,/%) and trace element (w,/10™®) data for Mg-Al granulites and pelitic gneisses from the
Huatugou region
oL AQI7- AQI7- AQI7- AQIS- AQIS- AQI9- AQI9- AQI9- AQI9- AQIS- AQIS- AQIS8- AQI9- AQI9- AQI9-
il 40-6. 3b 40-6.3c 40-6.3d 18-9.1a 18-9.1b 5-7.1 5-7.3  5-7.4 5-7.7 14-3.5 16-3.6 16-3.7 5-6.1 6-8.1 6-8.2
Si0, 60.88 58.26 59.53 55.31 53.08 53.06 58.44 58.24 49.34 57.57 61.94 61.58 55.37 58.19 43.30
TiO, 1.18 1.22 1.15 1.05 0.84 0. 88 0.77 0. 81 0.90 1.03 1.15 0.99 1.12 1. 14 0. 60
Al,O; 12.57 13.57 12.90 17.67 15.24 15.37 13.74 13.56 17.68 18.34 16.08 16.79 18.23 18.67 19.54
TFezO3 11.25 11.85 11.47 15.1 15.52  16.51 16.28 17.31 18.12 12.34 10.92 8.95 13.61 12.45 28.74
FeO 9.30 9.60 9.60 11.01  13.09 13.56 13.40 15.29 13.30 9.83 8.96 - 12.05 10.18 23.50
MnO 0.04 0.04 0.04 0.16 0.17 0.18 0.13 0.13 0.14 0.26 0.14 0.12 0.15 0.17 0.49
MgO 12.22 11.93 12.50 8.89 13.34 11.26  8.89 9.14 10.99 3.27 3.20 3.37 4.25 3.45 4.98
Ca0 0.44 0.42 0.39 0. 81 1.15 0.77 0.44 0.63 0.69 1.08 1.03 0.71 0.85 0.73 1.56
Na,O 0.13 0.22 0.14 0.30 0.49 0.41 0.33 0.18 0.23 2.05 1.32 1.12 0.87 0.46 0.44
K,0 0.82 1.41 0.92 1.42 0.42 0.52 0. 64 0.42 1.28 3.45 2.95 4.14 3.66 3.34 1.53
P, 04 0.08 0.08 0.08 0.04 0.02 0.07 0. 06 0.17 0.10 0.05 0.05 0.08 0.07 0.05 0.13
e 0.29 0.63 0. 86 0.27 0.17 0.78 -0.02 -0.4 -0.16 1.1 1.49 1.91 1.26 .30  -0.98
BE 99.89  99.64 99.97 101.2 100.44 99.81 99.69 100.19 99.32 100.54 100.27 99.75 99.44 100.31 88.58
La 23.0 20.8 14.3 9.74 9.11 18.0 10.5 18.9 16.5 48. 8 52.2 44.6 64.6 59.5 41.3
Ce 48.8 44.3 32.3 21.6 20.6 40.9 26.8 35.4 38.7 97.7 106 91.2 115 104 84.2
Pr 5.81 5.44 3.96 3.00 2.95 4. 96 3.39 4.36 4.88 12.9 14.7 10. 8 14.3 12.8 9.92
Nd 24.0 21.7 15.7 12.3 12.8 19.7 13.6 23.7 19.9 47.8 55.9 41.2 59.9 54.0 39.0
Sm 5.01 4.76 3.63 2.96 3.55 4.29 3.28 4.93 4. 66 9.79 11.6 8.67 11.1 10. 1 9.45
Eu 1. 06 1.17 0. 81 1. 60 1. 18 1.31 1.31 1. 66 1.88 2.57 1.91 1.50 1.53 1.71 1.33
Gd 4.97 4.79 4.30 4.00 4.04 4.07 3.61 4.93 4.76 8.38 10.2 7.64 10.3 9.18 17.0
Th 0.77 0. 81 0.69 0.68 0.57 0.72 0. 65 0.77 0. 89 1.34 1.64 1.34 1.76 1.51 4.04
Dy 4. 80 5.21 4.34 4.65 3.73 4.32 3.83 4.82 5.27 8.55 10.3 8.90 11.1 9.58 29.4
Ho 1.01 1.08 0.90 0.97 0.76 0.90 0.72 1.03 1.07 1.78 2.12 1.87 2.27 1.98 6.15
Er 3.05 3.04 2.57 2.83 2.14 2.65 2.13 2.78 3.02 5.27 6.19 5.95 5.86 5.15 17.8
Tm 0.45 0.45 0.37 0.49 0.36 0. 40 0.32 0.44 0.45 0.9 1.04 0.92 0.94 0. 84 2.70
Yb 2.89 2.86 2.47 2.89 2.13 2.66 2.13 2.92 3.03 5.5 6.29 5.94 6.17 5.41 17.8
Lu 0.45 0.44 0.39 0.49 0.35 0.38 0.31 0.44 0.46 0.92 1.03 0.92 0.90 0. 81 2.61
SREE 126 117 86.8 68.2 64.3 105 72.7 108 105 252 281 231 306 277 283
6Eu 0.65 0.75 0.63 1.42 0.95 0.96 1.16 1.03 1.22 0.87 0.54 0.56 0.44 0.54 0.32
(La’Yb)y 5.72 5.21 4.17 2.42 3.07 4.86 3.55 4. 64 3.91 6.36 5.95 5.39 7.51 7.89 1. 66
Pb 3.18 3.58 3.18 54.1 38.5 5.65 5.89 5.2 8.27 27.4 16.3 18.1 15.7 10.7 8.57
Rb 23.4 41.3 25.1 60. 8 26.3 89.4 99.4 107 283 156 143 157 175 141 71.5
Ba 88.6 151 96. 8 75.4 19.3 41.3 32.9 38.1 84.6 467 337 572 463 449 88.4
Th 7.04 6.35 5.13 3.68 4.48 6.23 4.41 7.5 5.95 15.2 17 16.2 19.9 18.3 13.9
U 1.40 1.43 1.07 1.02 1.02 1.54 1.17 2 1.22 1.94 2.82 1.96 3.22 1.69 2.53
Nb 8.79 7.98 7.87 7.72 5.81 6.87 7.70 8.45 7.65 16.7 16.1 17.1 18.2 17.7 13.4
Ta 0. 67 0.59 0.59 0. 69 0.53 0.49 0.71 0.68 1.42 1.2 1. 11 0.91 1.13 1.06 1.13
Sr 11.9 12.6 11.3 13.5 8.65 10. 8 10. 8 15.2 12.8 166 101 125 95.3 81.9 18.4
Ir 156 147 147 150 123 149 126 156 137 206 264 236 217 214 147
Y 28.7 29.2 24.6 22.7 17.5 25.4 22.6 25.2 30.7 46 55.2 55.1 59 47.6 175
Hf 4.15 3.90 3.97 4.61 3.81 3.95 3.41 4.28 4.23 6.58 8.25 6.76 6.21 6.24 4.42
Sc 37.6 39.4 36.2 57.7 40. 1 33.4 33.3 38.5 50. 4 28 28.1 24.4 30.3 27.1 86.4
v 373 375 353 366 292 281 262 316 312 160 143 133 188 170 101
Cr 14.1 12.7 8.59 90. 1 70.7 36.6 31.9 43.5 37.2 103 94.7 84.2 99.7 103 78.0
Co 34.6 33.9 32.4 43.7 35.9 29.6 14.6 13.5 16.2 32 31.3 20.8 32.8 29.7 41.6
Ni 29.1 29.2 29.3 75.8 68.0 66. 4 38.3 53.4 54.7 49.4 35.7 28. 1 59.8 50.7 27.5
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AP IE WL 3R 2, SCHORFEEGR . BE BRI 7
AQ17-40-6. 3 (n =4) B4 L83 — H i & B
(Xy, =0.67~0.69) ,AH L 73 S P AL RAF: 3 1 58 19 B
FRFRARL S 0N s Sio, A Tio,, 3% ALO5.'Fe,0; .
MnO Na,O( &l 5) , BEFRRRRLA AQI8-18-9. 1(n=2)
1) MgO %1 (8. 89% ~ 13. 34% ) FIXS I X, {H (0. 54
~0.63) A AR, ik J& K,0(0. 42% ~ 1. 42%)
BERRRROKL A AQ19-5-7 (n=4) B Si0, (49. 34% ~
58.44%) A1,0,(13.37%~17.68%) MgO(8.89% ~
11.26% ) AR, HBA 3 AR b A rh e IR
4 Xy, 1E(0.51~0.57)

x2 SIEMACEFRE A RE U FHEBNEN
SEE R THE wy/ %

Table 2 The ranges and mean values of chemical

¥R K ¥ 435
1.0
—8—AQI17-40-6.3
130 L —a—AQI18-18-9.1 }'_i_ NS N
408
e
=9 | 106
il oy
5 IF"
P {04 =
ERTNE
) 402
Ly k.—___ I~ . 0
0 e . / ; S 7 4
“"‘tg}kffq “"<_-Q'¢{:'o‘g.-o Y550 ‘?;Q Yo B0
Bl 5 BEARRRORLS RN R FRA I AL = i (233 —1k)

Fig. 5 Chemical compositions of Mg-Al granulite samples

compositions of Mg-Al granulites and pelitic gneisses

B GRORL T H R e KA

ALy TR A
JWE(10)° CFRHIM WEIS) P gacn) gt

Si0, 49.34~61.57 56.77 55.37~61.94 58.93 43.30 56.25
TiO, 0.77~1.22 1. 00 0.99~1.15 1.09 0.60 1.05
Al,O5 12.57~17.68 14.56 16.08~18.67 17.62 19.54 20.18
TFe320311.07~18. 12 14.45 8.95~13.61 11.65 28.74 9.31
MgO 8.89~13.34 11.14 3.20~4.25 3.51 4.98 3.23
MnO 0.04~0.18 0.11 0.12~0.26 0.17 0.49 0.18
Ca0 0.39~1.15 0.61 0.71~1.08 0. 88 1.56 1.54
Na,O0 0.06~0.49 0.25 0.46~2.05 1.16 0.44 1.80
K,0 0.42~1.42 0.87 2.95~4.14 3.51 1.53 4.02
P,05 0.02~0.17 0.08 0.05~0.08 0.06 0.13 0.19
LOI -0.40~0.86 0.26 1.10~1.91 1.41 -0.98 1.56
FeO' 9.30~15.29 11.76 8.96~12.08 10.26 23.50 6.82
XMg2 0.51~0.69 0.60 0.34~0.43 0.38 0.26 0.41

"FeO i b A% T E KI5 7 X, = MgO/ (MgO+"FeO) = (Mg0/
40.3)/(Mg0/40. 3+ Fe,0,/159. 69x2) | FE /R 434k, 3% 1 451
Fl Teng et al. (2020) (45 BAY s P BART] A Ague(1991)

6 18 BT b R A i BRAE A AQ19-6-8. 2
Hb, HAR 5 PFRE R 2 B R R 1 e BT b BR A (]
4) R 78 AL 1 B RE A 0L 2, SO OR PR
iR, FER FEITR B, L LT R
5 Ague(1991) Gt i+ B A A 5 A0 U o 28 1l o3 A
IE(ELS) BR T JE#E ) A0, CaO P,05 3% H I =
B R AEIE R (22 2) o 8 X bF (8 ) LUK
WA WP R BR A 1 ALO, | CaO | Na,0 K, 0,
P,0, & &t AR A A AR BT RS AIR, T Fe, 045\ MgO
SRR (F2), B AQI9-68.2 BRE AW T4
(IR T 5% BA AH (1Bl de) | AH EL B VR CLR B R 5 A bR

and pelitic gneiss samples (normalized to 100% )

FE &, Y8 T 5% B4R B4 Sio, | TiO, |, Na,0, K,0, &
AL O, . "Fe,0, MgO .CaO MnO([&5), UHEE, I
PR LI X, {H(0.26) .

3.3 METEAK

BEARRRRL 5 O FR 1 Al 64. 3% 107° ~ 126 %
10°°(FR 1), EBRRL WA A o Ak 1] v 34 3R 9 Hh e A
T ICEARXS A A TR & L RHIE (#] 6a)
(La/Yb) (fH A 2. 42 ~5. 72 ; 78 JF 46 Hiu b2 b o A ik )
P ELA AR ARG 20 A RRAE , 3577 351 Ba Nb St 1 Ti,
MAEXT B 4E Rb Fl Th( &l 6b) . A[EIAY2 , SE458 ik
7 AQ17-40-6. 3 HATRMUIY Eu 5% % (8Eu= 0. 63
~0.75) ; 1M FL A 9 b 6 AR RRRE 5 (AQ18-18-9. 1 Fil
AQ19-5-7) & Eu S H B /R Eu 1IE 5% (6Eu=0. 95
~1.42),

ERARR 5 PR BR RRE RS R 1 S
231x107° ~306x 107, (La/Yb) ({5} 5. 39~ 7. 89,
SEu {4 0.44~0. 87 (£ 1) ; 55 o0 R M X E
FIEEPEREE, B Eu 7R (K 6a) ; EAT T
RIS 3L Ba Nb Ta Sr Ti FIAHXS 54t (18 6b)
TR R R (AQ19-6-8. 2) HHi +I0F & o~ 283
107, H B R Lot R m AR, (La/Yb)
{HR 1. 65 AH b B VRGBT B 42 F A + 0T
([l 6a) ,Eu B F 4 TN (SEu=0.32), 5§
IR TR R XTI, 7R P & e Bk R AR S
B R AR R B AU R TR AR
e HURFTE R Sr Ba TR )Y WIS (El 6b)
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AQ18-18-9.1 } LRI
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

1

1000 F

00

G A/ IR AR

Rb Ba Th U Nb Ta La Ce Pr St Nd Zr Ti Dy Y Yb

Bl 6 AAHHIu R BRI A R0 B (a) 530 0 2 RUAR M Ar o Ak I ] (b ) [ BRoRE [ A 1 R aG g b oAk
{E#E Sun and McDonough( 1989) ]

Fig. 6 Whole-rock chondrite-normalized REEs distribution (a) and primitive mantle-normalized (race elements spider

diagram (b) (chondrite and primitive mantle values for normalizations are after Sun and McDonough, 1989)

4 AR

4.1 p-THREEITEF X

i FHAH SF- 7 B2 0L 570 /F GeoPS v3. 4 ( Xiang and
Connolly, 2022) Fl1#4 J) 22 4 & ds62 (Holland and
Powell, 2011) 7ESRAH b2 A 5 MnNCKFMASHT ( MnO-
Na,0-Ca0-K,0-Fe0-MgO-Al, 0,-Si0,-H,0-Ti0, ) F #£4F
E RTINS I s N = B e R NS SRR N i K )
iAot BatE O AMFA BrEam
TER Eh 1K ( White et al. , 2014) , 5Kk ( White et
al. , 2000) , 80K A4 M EHE A (Holland and Powell,
2003) , REERH A3 AT (White et al. , 2002) , # %
LA ALHE &7 20 W A B0 A gk, BERLAE
FHB A A 10 N Ague (1991) H 48 i BYAR £ TN 75 4
PeRAFHME (R 2) R E EEA WA, O 13
VRSB R TE (e il — 8 e iR A8 B T FE rh &2
T I R RS 5 A B A TE AR Y 22
55 Q) BESRRORL A 7E S N A R E A SCIR
FE I AL N FLAT 38 38 A FHARS A DR A 1Y) S
IV I 7 A3 HEA TR LY FH B — A 40 B g EIE
X, B, e 4 A DT A3 Eid 53
JUEE SR AT E SR JE 45w KA Ak 2= X3k PL,O5 FIAR
FLBIAY CaO, AR % JE Fe M2, p-T #0351 1 Hh
[ Xy, = x(Mg0)/x (MgO+"Fe0) , 5% 2 FSC it
Fr—8, HHANT Y2 TaEE. Bi(Ra

BE) Crd(EH ) Gt (AT A) Um (BREET) |
Kfs(#7KA) Ky (HdA) Ms(F=tE)  Opx (R
WEAT) PLORHRAT) (Quz(£13E) Re(&4047) | Sil(4
&A1) Spl(dRihfr) Su(H5Aa) .
4.2 p-THHEITEER

&l Ta AR A N A AR DR B P24 o0 1 p-T A
[, 7E0.4~1.5 GPa 1 600~ 1 050°C 3t Fil Y, 1%
SRR T B A3 X I Y [ AH £k IR R 670 ~ 760°C
[P AH R Bt ) Tt v T T v BE TR T, S KT )
(A=t BB WD R, HEAWHER, Al
MREEA+AR RiA+AE BRI A +A
PR = R WA RO IR AR
(775~1 500°C/GPa, Brown and Johnson, 2019) i
AR p-T Bl e Ak 930°C/ GPa 11 fA] L HL 4%
(K 7a) , A 600°C (A &3) MIFZE 1 000°C (B 1), T
Bt BRI 25 (L Th)

(1) 50 Ha K. St+Ms+Qtz—Ky+Grt+
Bt+Pl+H, 0, Ms+Gri+Qtz—Ky+Bt+Pl+H,0;

(2) HaB/KBUARL: Ms+Grt+Qtz+P1+H,0—
Ky+Bt+#14

(3) A= BRI Rl LLRWE 5 A 10 & 2 4 5%
AR . Ms+Grt+Qtz—Bt+Ky/Sil+ P+ 4 |

Ms+Grt+Qtz+Pl—Bt+Sil+Kfs+/A 4 ;

(4) BB KEERD . Bt+Pl+Sil+Qtz—Kfs +Grt
HIEA

(5) Jo/KJERDL . Kfs+P1+Qtz+Sil—H5 14
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a Wk HO NaO MgO ALO, SiO, K0 CaO FeO TiO, MnO
i FEAUY S 567 190 525 1295 6127 279 151 7.63 086 0.17

1Bt Grt [lm Ky Ms P1 Qtz Rt St
2 Bt Grt Ilm Ms Pl Qtz Sil St

3 Bt Grt H,O Ms Pl Qtz Rt Sil

4 Crd Grt Kfs Melt Pl Qtz Rt Sil
5 Grt Ilm Kfs Melt PI Qtz Rt Sil
6 Crd Grt Ilm Kfs Melt PI Sil

7 Grt Ilm Kfs Melt P1Sil

8 Grt Ilm Melt PI Spl

9 Grt Ilm Melt Rt Sil Spl

10 Grt [Im Melt Opx Spl

[ 11/GPa

600 650 700 750 800 850 900 950 1000
A/ °C
b
A B
(600°C, 0.67 GPa) P1(1000°C, 1.1 GPa)

F7 EBR RS AR R 45 R
Fig. 7 Results of phase equilibrium modeling for the pelitic gneiss
a—MnNCKFMASHT ( MnO-Na, 0-Ca0-K, 0-FeO-MgO-Al, 0,-Si0, -H, 0-Ti0, ) {& 2 8§ p-T L3 H 18], 7455 Sk B 35 000 1 28 (B0 B E 28 R p-T
BUE AB; b—UF & a L AB B0 WIARFIE M (Melt) B it 284k . BADUET A2 5 03N Ague (1991) GEit SR A IR A AR F X8 B
a—p-T pseudosection under the MnNCKFMASHT ( MnO-Na, 0-Ca0-K, 0-Fe0-MgO-Al, 0, -8i0,-H,0-Ti0, ) chemical system. The dashed line with

an arrow in yellow is an assumed p-7 path during prograde metamorphism; b—changes in phase proportions along the path AB; The bulk composition

for modeling is a mean composition of lower-amphibolite phase pelites given by Ague (1991)
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TEB AR R OB (2) ~ (5) T2 LAY 4 1A 7
Wi T ek S0P T3 0, A B 2R R R 2T LR A
70% (x,/% , & 8a) ., Wit FEH, AR K Xy R
JEFE A 0.23~0. 41 (& 8b) , I HAT LU F AL B A .
P F 25 B R 2 e Tl 1T T2 S P s o - 3 s e o
INE B (X, (EAE/IN) 5 0 2B 25 B B0 K A8 BT B4 I
PR B2 Ty T AR A5 3 B (X, THAE R 5 PR = bR
RIGUREETHIR , KA X, (6 TR/ s AT, 78 4
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(CE L

AT ARV R KA R WL BE 2k 1 (1R
4) , HTE iR - A A T REAA7E (E Ta) .
R X6 A0 8 - i 0 AR DL 285 R E 600 ~
1 050CH10.6~1.5 GPa JuIN, HIAKR FELIE
824 14% (FBEIR 5380 WA (B 8e) , H X, fH
AL B N0, 14~0. 52 (KI8d) 75 [ AHZE T )& LA
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Fig. 8 Trends in content and composition of partial melt and garnet in the p-T space (the bulk composition and
phase relations are the same as Fig. 7)
a— MR it (2 % ) SFEAR TR b—IF IR (X, ) SFIEEAL IR o— AT A hik (/% ) SFIEEARIA
d—F R TARI (X, ) SFELE P TR a b e XN 3 KAEJR STHRAN I8

a—a plot of isopleths of melts content (x/%) ; b—a plot of isopleths of Xy, values of melt; c—a plot of isopleths of garnet contents

(w/%) ; d—a plot of isopleths of Xy, values of garnet; The labels of a, b, and ¢ correspond to Table 3 and are discussed in detail later
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B AT SR 750, 58 GPa HYZTE T, Jodr
BRI X, (RIB6 I ) FHi5 T 71 85 76 11 25 B % A
B AT SRR X, (BT ) T R T O
FERE AT/ 47 SR AR SRR 71 T ARG 76 38 5
FE A R 1 K ) 45 0T AR X, (B
SELEE Pl WL RE TY 5 4000 T i A 1
SRHATATETBE (X, T8 K ) 5 B 250 5 2 2 U A3
TR, A1 T4 S AR 147 0 e AT i 3 I
B AR WD B A R R A T 1
X, (ARSI

5 e

5.1 SEmuERREEE

RT3l A A B B RRORL T 1 e — e iR B
YERITh & D1 TR 2R 02 T 2 R A o
B AN E N ARMEIEAT I A AR, DR, R
HIFE BRI 1, 0707 B2 B 40 B
R A A R TR BT TR Y (Ellis, 19805 Raith el al. |
1997; Harley, 1998b; Baba, 2003) ; th A5 % #1111 4L
AT (K ) PR SZARAE TR A5 il (Val-
lance, 1967; Schreurs and Westra, 1985; Spear,
1993) 5 A 275 EIRILTAFR0R, AT B K (Vry
and Cartwright, 1998) . £ X} F7E + A Hu X, 78 BF 4
TAER I AR B AE AR EUE FUEE . 455 BESR IR
KA ] ATE i il il 2 B DX A B, A Sk
7 AR, M 22 BB 40 oKL 19 S5 mT RE DT A
FW,

TEAE I HLIX A 1o R T, B AR R 1Y
Si0, \TiO, PO, & 5B BEAAHBI( K 2)  BAT
YT Fe0 AL O, MnO , Ca0 Nay 7 fik A AR 7 25
RS B (18 5) . Wik TT R A Ok, B4R
BB B I 0 R & R B AR TR B s, H
HoormimhZe vt B 5 Sk @k my e 5T i kA 251
(E16) . BT ERAHRI A2 R AL 5 B0 0 B 40 FR
RAMTYHG (AR FA-YELA-EF0) 55—
SEYR 5T R BRR 2 B LR AR AL (BT 36) , PRt AR S 4R
4B I B R OB 1Y SR s 2 S WE AR IX R 5 A R
R BT EE,

Xof LOAR A IR S AR AR P o e ot R R o DA e Bk
BRIFRRL Y 4 LT, ANHE & B, N 8 o e 3] e ot
KL, PR BB B RORL A, LAk 27 2H R 1) 25 R () )
P, BVETIn BB B VBB, TR R VBE (3R 2) .

XA AR S R B BB 1 SR 1T B2 AR
A LA
5.2 #EBRHNENERSRBRETA

SRR AR o3 45 Bl P BE AR AR K R A A R4
D3 I O & A AR AR AR S AT R A2 S W T 0 1
ZH A Y B 45 (White and Powell, 2002) . I8 5 A
WK 8 Sk A A AN R AR IR AR R A TR R Y B
PEARYE ( 4a~4d) , MHH— AR IR A 26, BEARR
KL o 2 I AL 2 FRAE S & BE R X, M, U
TS A (ELS) o AR AR b= A S B
TRV A 2 20T S 300, 2 (A5 TR AT 93 1 Bl 2%
I

T4, AT LAE i e TR A BT 5 O A I
FAEFITRE , FEAS VT p-T P 1 & v
VEBRAC R A AT ) o b e 3 ME (K 8),
XF A A3 AT DL I a 31 b e, BRI 17K 5
I (3% 3) IR IR Y £ AR (Na, O BRAM) &
BT SRS T e 2 4 S B A A 143 A5
£ 3 4 FR ARG (A1 B .C) I 5 B 2 %t
Lb (H0BE H,0 520 ) B & 30 . 28 U 5 5 7 Bl in 44 fi
RS ER G, KR B A1) Si0, Na,0 . K,0 Fi
22f&A% , AL O, TiO, .FeO . MgO MnO & J+ 55, CaO
SEETHRRE, 2 X, HILFAE(0.41) , X4
ARARARAE R 435 i S 5 Y DA R S S )
IR A AL R AR AT, FL A0 Na, O K, 0 7 5 PRI,
FeO MgO ABXFHi5, ST, X, (HEITA B B8k
T T B R R A B R R ARAIR, T DU
KR H R R (X, = 0. 32~0. 37) , R BE T i
FIEERRIT S ILAh, AR AR TN 5 R A2 e o 21 e
SRR, BRIV BRI, 4% ALO, Fll CaO 518
SEFEIUD I (3R 2) , X 5 064 Ok 1 R AR Ak
PATF

IR AR BE B R e B — 3B
T2z A8 b, HoAl AR A 5 22 fh R B &l Sr B BE T 1
W YAHBIE IR A, KA 3 B0 ) B o] RE A T
SRR AR R, AR 5RO BTE AR Y A
P73 W WA S AR BE R, T ELH AL O, AN
CaO N B T4, R H A A AT
ARFG 25 o [RRERT LA AT p-T A8 1 & o 45 8
HEFT AT BT, LU ANAE a 60 5 B8 B A 1A 1) B ily I -
R AR AR 74 o (X, =0.29) , X — L3R
RIS T HR BAAH (3R 3 i “ SR B AH A27) 19 ALO, I
CaO 2 i B B S , 5k B AR 19 X, (B4 DRO. 41 FF

S
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R3 TRREFXESREERIPIHTEER xy/ %
Table 3 Calculation results for chemical compositions of the migrated and residue
i e i a fHiE b
(1.06 GPa,960%C ) (0.87 GPa,785%C) (0.95 GPa,860%C)
ya Bt+Grt+Kfs+P1+Qtz+Ru+Sil +1A & Gri+Kfs+Pl+Qtz+Ri+Sil +1A 1A S
S Grt FREAAT AL FREAAN A2 PGIE 5 EAH B R B EAH C
Si0, 60. 20 42. 86 61.49 67. 16 64. 84 59.58 68. 06 55.46 61.27
TiO, 0.00 0.00 1.03 1.35 0.00 1.26 0.00 1. 60 0.86
Al, 04 7.81 14.29 13.98 13.89 8.77 14.91 9.75 15.68 12.95
FeO 0.35 28.19 9.08 3.25 0. 65 10.92 1.16 13.16 7.63
MgO 0.17 11.59 6.26 4.64 0.38 7.54 0.55 9.27 5.25
MnO 0.00 0.84 0.20 0.01 0.00 0.25 0.00 0.32 0.17
CaO 0.65 2.24 1.68 1.51 1.03 1.74 1.47 1.56 1.51
Na, O 3.39 0.00 1.60 2.09 3.06 1.35 2.87 1.05 1.90
K,O 2.95 0.00 2.75 3.59 3.52 2.44 3.83 1.91 2.79
H,0 24.48 0.00 1.92 2.51 17.73 0.00 12. 31 0.00 5.67
Xy 0.33 0.29 0.41 0.59 0.37 0.41 0.32 0.41 0.41

0,59, o4 BE R MORL A T Y EL(0. 60)
U NS b AR AR B R TR R R B AR A A
PRT] BRI AR U8 A e A8 A BE SRR R 7, 75 B AR Y
S, BRI AR R — UM AR A A A s A
WA, AR ISR 2 R R A QAR A
FIREARE o AR LB S B I T 4 2% 1 S 78 0 o0
E AL BGETE AR A AL S A T
RSN 0 3N 791 L R v A R R s R
K, 355 7% J5 WA e s B b L 3 | J (AR 4k
SLHE 22N i B A AR, R BB — A
B (35% 247 ) , OB 4 AN P2 455 HL 5 3 1) [ AR 45
¥4 ( Rosenberg and Handy, 2005) , X L4 AR E iE
TR & (B (7% ) AMURIERIERL AT R, R
RIEEAR LA TR &8 B, B, Xt T
S I 459 M R R AR R BT (] 8a) AR 3 R R
R BR AR LR E T G, FEEK
Wiz A Ta R, RSN L5
FRAFAE 22 5, il o w1055 3 1Y 22 A R 9K 02
AIEENY JF H S5 WA R RV A

AR A R AT TR T R R I AN
(El 4b) , & 1 IEF o ml LLUAE e 5 5% B A o R 31
Wi B AQ19-6-8. 1 Fll AQ19-6-8. 2 % [ [d] — kb,
B FEA A LB 250 B2 R H & Rk, m s
HEEOM A (K 4e 40, AL L EE
(AQ19-6-8.2) f#4) Si0, \TiO, ,Na,0 K,0 & F K T A
#F(AQ19-6-8. 1) , M HI & AlLO,."Fe,0, . Mg0O . CaO .
MnO &S T/RE (K 5), Zhanaditie e
IS IRE D S SRR A T Y Si0, \Na,0 ,K,0 &

&M ALO, TiO, .FeO MgO MnO & &A% T &, 1X
BOILAR FATA AQ19-6-8. 1 Fll AQ19-6-8. 2 Hh FE 4 fk
YIRARXT KN C R (Ti0, BRAM) . SR1T, AQ19-6-8. 2
S 4 A 7R EUE - S EE T A UR Bk B R 48
RZEF (XL 2 1k 3) , JUHJE Hom gk & i F
K Xy, E(0.26) , HNFTATAR, 45 1 X, (62 ARk
300 32 S A A A R A RS T e AR 1Y, i B
WYRMA L R R, (E8 TR, SEEMRR
R 1Y WU A I, AQ19-6-8. 2 FUAIK X, {75 %
SHRUNCE Ay A akio) | NSS WSS T RS Ry = S
EEM L ICEM Y ARk 2 R AR A AR E ([
6). AMTAMNBRTEENI, RIZFEN BR A&
D3 T ISR IE AFIEE | 3 T BB R A A VR BT 5k 8
K AQ19-6-8. 2 HUIK LU EE SRR A TE INFE &k, (B 4
TIC R GRS SR AR R, B TE
PR HGE A BEARRRRL 2 (1 6a) o MR AT A BT
LS T RS th TR s AR A EE ST
B, FERR = BEBLK G Al s vy o A A VR e 0
FHTERS 22 AR K ke At 25 R R /K & st i e 4%
I8 55 , Fe 2] RETE % FE 22 3K Bl AR A N & A1
TV TR BRI Bl . 25 FRTIR  7E -
7 e U AR BT R R A R A B AR B IR A T AR
T R BT RRRL S MO A5 Ak 140 28 S 11 32 B A
Z— M E AT AR 58 AT R B TS Bk
BAAH 0 A 25 2E 0RE ) B S5 RRORL I 55 78
5.3 HHEMAENhEESTEYE

BERR ORI T LA e o B e 25k B A i
AERINTIE W, 10 B & AR A s R S d g kA4
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TEVR BT R BRA T, o AR R R e R B/
RURRF R s T RET e Z b g HFiE+
TH) b DX R R [R] IR0 &5 A 1 A A A R 3R
B AT AR TT BE I AR A RN AE R B IR
INIBE 50 % L VAR =y . N RN <) - & S e
BIIFURBTA R R A0 R A8 T B rh i) B8 28 10 6 43 51
R B S Ak AR okt e R A A 2R B R R
RS IC SR S il ) ARG T B R e T
PR (Teng et al. , 2020; BEEESE, 2022) , WG
(58 ELIA A AR AR 20 e A0 BRORE S A i v R H B, 3%
HPYBE 5 PR 5 7 o380 AR 1
Ao BEI BEER RRRL A B AR P O AN 2 L A 3R X
PR LHEAS Y i i HL A2 B B B 1 i 3% 4 A
FABMIT N TS, ETEERMAS 5K E
R B AN MR OC R (] 20 ) HEDN B8 50 FRORE 5 375
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| ) Highland 2475 "' ( Osanai et al. , 2006) , F&T 5
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