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Abstract: The orthoamphibole rocks exposed in the Hengshan-Wutai area are characterized by a distinctive
mineral assemblages (anthophyllite + garnet) and unique geochemical signatures (enriched in Fe, Mg and Al, de-
pleted in Ca and alkalis). However, their protolith and petrogenesis remain a subject of long-standing debate due
to the perturbed effects of subsequent metamorphism and tectonic deformation. In this study, we conducted a
systematic investigation of these rocks by integrating detailed field surveys and petrographic observations with
machine learning algorithms and geochemical fingerprints. For the machine learning techniques, we constructed
a geochemical database comprising Archean basalts and pelitic rocks and designed a Random Forest classifica-
tion model by training classifers with the geochemical compositional database. Combined with Isocon mass bal-
ance analysis, which should be possible to formulate the relationships between immobile and potentially mobile
elements, the trained classifers enable to classify the orthoamphibole rocks exhibiting a strong genetic affinity
with the Archean basalts. Moreover, their rare earth element (REE) patterns and elevated Co and Sc concentra-
tions are consistent with those of Archean basalts and distinct from typical pelitic rocks. Isocon mass balance
analysis indicates that the protoliths underwent a net mass loss of approximately 26%, accompanied by intense
leaching of mobile components such as Ca and Na. Notably, the decoupling of Zr-Hf, the anomalous enrich-
ment of Th, and the scattered distribution of Zn suggest that the precursors underwent mechanical sorting during
sedimentation. Additionally, zircon U-Pb dating yielded a primary detrital age peak at ~2 520 Ma, suggesting a
uniform provenance derived mainly from local ~2.52 Ga magmatic rocks. Metamorphic zircon ages cluster
around 1.92 Ga, recording a Paleoproterozoic collision event in the North China Craton. Consequently, we pro-
pose that the protoliths of the Hengshan anthophyllite rocks was a mafic-rich sedimentary rock derived from
Archean basaltic sources. These rocks formed through chemical weathering of the basaltic source, followed by
depositional processes and subsequent amphibolite-facies metamorphism at ~1.92 Ga.

Keywords: geochemistry; orthoamphibole rocks; machine learning; zircon U-Pb age; protolith reconstruc-
tion; North China Craton

Kty i A RGeS T R R AL Az dr kg YR
B & ITE S % WA g F2 (Groves et al., 1998; Gold-
farb et al., 2001; Groves et al., 2005; Lyons et al., 2014;
Catling et al., 2020), — P /2 1 B3R B} 2 S A 50 1) 15 9
WAZ—. SR, HTFHICRMmP>HRZ8A T
9978 0 A AR A ki, 1 22 Kl A R R A
SR R FE K A, DA AR R S D e o P
1 (Ordoiiez-Calderdn et al., 2008; Jenner et al., 2013)
LI 2 T 5 2 Ml O A R Ly e S R Y — 2
FFFR B A A, B R A AT . B 1915 4F
FE S5 2% VU pg B Orijarvi i X B R iR IE 1% 285 A LAk,
5% #5116 HFF T K 8 9T T 4E (Vallance, 1967;
Reinhardt, 1987; Hinchey et al., 2007; 4% Ji 2% %5, 2012;
Tuttle et al., 2025) . ZATLAGZEHUW, RiXE A5 E

A 4T R 4 WK ¢ & % U1 (Wolter et al., 1984;
Pan et al., 1995; JE /K 155, 2010; Shi et al., 2012), J g
O3 RRCR R IR, AR 7R T E 5T U b A A b A
(Reinhardt, 1987; Kelsey et al., 2015; Qian et al., 2015) ,
W, RO UAR T A SRS SR E N A
(Z R0 ELIN A ) Hh A B AR o389 o I A AR R
AR 6 W) 2 A (BRI AR, 2012), HIO AR 22 o)
DU BE. Bk BRANBUES | e, 100 AE S 5 n] AR S RREAE (Di-
ener et al., 2008; Volkert et al., 2017; Souza Neto et al.,
2023) o A5 Ry v U e il AL B X, BN A AT R
AR A R R A, B B 45 ORE 7 (Kelsey et
al.,, 2015) o ZRIM, A7 5 H U P o ) ol — R AR 2k,
WA — FEALUTILM: O—L2F R HHET
AR T, AR T L A PRI e A 1 i 22
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I3 A5 Ak 27 VR 9 A2 53 5 JE i (Vallance, 1967) ; 51 A
A B[R] AR BURAAR 224X (Trving et al., 1976) DL K A8 i 3
PR 28 3 W 7K PRI TR 2 (1) 1 R B A (Arnold et al., 1990;
Smith et al., 1992; Peck et al., 2000; Hinchey et al., 2007;
Pitra et al., 2008; £& i1 245, 2012) . @5 —LL2=H AN
HJFA R AR BT RS, b [ 43 B R BN A
A AT BEJ2 B Mg, Fe MY & 1 BT 5 sLTHE K A (i I
ARAE, 1990) ; BRI U BT A 28 I AR SS AR B B (£
LA, 1996) . B A 222 FH N %A A A & R Il
DURR) 28 3k 30 43 45 Rl RN A 25 2 T 1 B Mg—AlL Y
%% B4 #H (Ellis, 1980; Hoffer et al., 1980; Raith et al., 1997;
Baba, 2003; Brandt et al., 2011; B 7% %5, 2024) . 14,
WA D ER 32 N X 2 e A Y D 28 B R R Bk
TR 8 4 45 (2003) 3= 5K H 55 1T BE R 5l R BE Bk
bR 42 A Moller et al.(2003) 48 S H & i1 S
RUAE B 5 28 3SR AE 1 T A o

78 T TR i e IR A2 R B e B 9 v Y A T,
S 1 S5 A R 40 A 1 R BN R B M B
FRRY et A5 o R o I N AN B T R
A B R R 5 Py BRI, S A A T ST R B
1% FIRE) S DX Jak A b A4 35 A% 42 (Pearce, 2008; Hasterok et
al., 2019) o SR, LA X2 5T Bt P Jo A 1) il 24
51 T R 0 3R B (B A A ) A% 5 K Ak 2 5]
fifg (JEHH 28, 1984; EATRAE, 1987) 0 X Fh &1 J7 vk i
SRR WL, (B PR BT G 2R S S BB R R, 11
TEAFTE Z R PE AR IR PR, H B A5 BRI B 1 4521 .
P, 30k S ] e AR Ok T AR BR A AR B AR R A T
PR Z b, B B AR IR 55162 7 2 (Vallance, 1967;
JAEZE, 1984; F A RZE, 1987 ), M AE it 45 -5 A [A]
PR XTI O R N 2 50 4 — B0 . A b, Kl i s 1l
N AR B R 2 ) T AR IR AR B T B s, — 2
JCE Al RBIE 3 GE A BT ), DL 42 30 A4 Fif 2 2 il B
B R 2 0 B S5 T RE X LA i, 0 1) 45 2R g mp
SEEFORE 0 PE 52 2 Bk R (Twamori et al., 2017) o

il 75 AR B AR KT A 3 = FF SR R, 3
it b, 5T KR Vg i 1S , B AE HBRR 2 A KB e
1R (Guo et al., 2017; Jin et al., 2024) . & B9 5 PE 6 5
E 327 G0V C A K2 70 48 0 FH Py s B Bl 2% > 7 1
(Dramsch, 2020) 4 % H 357 0996 71, 15 & 25 B AR Bk R}
G g 2 o B, BAS RIS mris H, o ok i o
b A n) R EE KA BE (Zuo et al., 2019; Petrel-
li et al., 2020; Ptacek et al., 2020; Liu et al., 2024; Lyu et

al., 2025) . AHELFAL G0 1 B O i, HLER 2% > 7 ik g
(A7l N N o SRR RS e S/ EiE TN
B IA Y 52 2 0 2R, X 7 I3 R e A8 A Y R 114 M P L
A TSR YRR, I AR SR AL RE R AL i R S 25 2R, R
ARFNRNTCER S H, A ST 500 o b 24 5 Ji
A PR, % TR N L s g, B
BRERWN KRS . RGN, HLESF ) ke s
Y A2 0 FH 7 TR SR A A Jm PR, 2 B0 (R L 7 A5 R 25
F18) b T PT ffE R AN R R R AR A b 38 R F 30 A 1k
S A BT AE R R A DT T, HL AR X Y
FHIE N IR RGBT 12 JF B (Hood et al., 2018;Hasterok
et al., 2019; Matsuno et al., 2022) .

At T 7 3 H A AR L b DX R R K
RE WA AL RE R &2 60 (5 ke,
2009; Shi et al., 2012) . Hij A CXF LIRS FF g T —2E4E
P2 AR SRR MR SR G A 0 45 7
T A4 BIF 58 CE BLIA 45, 1996; B 55 1, 2007; Hi /R i 46,
2010; £ hn £ 45, 2012; Shi et al., 2012; Qian et al., 2015) ,
H PR X2 B N2 I R 26 7 T 8 Sk ik B Y I 3 AR T
AR AR FH R i, L JRUAR B A A S A | A DA A
V&5 R AR E IR E MR AR IR I, AR
&, — R0 s 5 o (R ) U8 B 0 AR 5
(EHUIAAE, 1996) ;5 F5 — Ff o £ WD FL R4 19 o 6 1
WML BRBE TR A S Ok A (U R LA,
2010; £RMESE, 2012) o SR, XKLL A MAFSE R 21X
A5 B — b BR A 2 35 b ok F I, AR A AE 2 M1k, Y
BRI T AT 122 i DD A SR R A i ELBELRS TR
AR B H ROE it B2 TR AGAIR . PRt 28 35 7 BT
HhTTAE. SE A2 LS S A IR AL 22 4 B RS A
U-Pb M AF (9 36tk [, 32 FHAIL 8% 27 2 Rt 2Rk 27 46 2
FHZE A B I35, 22 2 1L v L & 1 1L BN A Y DR
PR DI LU A B R B A AT BT
A I SR AL H B .

1 DXt o 75 55t B dh R ik

PR T 5 ety B B e il 2 —, ARk rOfm £
P 7 18 A A 38 A D sk 0 22 B B i) st e A R S0, 2 0F
5% iy BR R 0] 3 A T K b 5 T AL Y B 3 i 2 —
(Zhao et al., 2012; Zhai et al., 2013; Yu et al., 2022; Liu et
al.,, 2024; Diwu et al., 2024) . HEE v $i738 H b BRI K fili
AR T L IXC, b rh I 3 L, P AR Rl AR AR A AR
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e LT, P AR R A AR R, % 0 K 3 LA T 43
B (Zhao et al., 2001) . H A2 5 2 A A4t s Fir il i
FREBBE B . PES R e LR v ) )ty e AR b s LAt
(TNCO) A i (& 1a; Zhao et al., 2012; Wang et al., 2015) .,

L 5 — B X7 - A s Ly il v Be, #l
fHINGA . BOPAE . KARa 3 En AmE oo
B, A 5 NW-SE [n] JR A (] 1b) o fe 1L 2 4 T4
At T iz 8 Hr T B, b E R T, R LA TE T N
F5 A AR G E AR, 7R mE 56 LA R SR BT U1 oy
T BV G o XA 2 (B 1b) o 1L 2% aT i —
AR R e a2 L A L 2 DA R R) A R R B
PIvESYO)A o dutE Il 2e s 0 FE S AW RO TTG K
JRA B R R RO LA B B A B A A . He,
TTG A k& B RO /E N 2.52~2.48 Ga(Kroner et al.,
2005; Hu et al., 2021), JE & J5 i# 52 T & 4 & @b fn
1.88~1.85 Ga It 15 Fe B A 5 AH 22 5 /E H (Zhao et al.,
2001; Guo et al., 2005; Kroner et al., 2006) A& PN &R & 2= 1)
Z WK AL T 46 15 A9 i (Zhang et al., 2007) . JGE 1L
Fe o B SEME OB 22 2R L BB AL R R

o, HB AR IS 4 1.85~1.88 Ga (Kroner et al., 2006),
22 AW ) I 5 YL T R I RE 4 P—T #9058 9 5AF ( Zhao
et al., 2001; Zhang et al., 2024) , X # I B 41 P-T %3k
B O A 3 L AR A b e R PR AR ot
P — 30, W T AL v B3 PR R 7E ~1.95 Ga Al
~1.85 Ga Hy PF& F 1 (Qian et al., 2017; L 5, 2018;
Han et al,, 2025) . pfEILZ4 5 R EEAH TTG F KA . &
Uik =g Ui A NN NV EE RS AR S oy
A1 U-Pb 45 22 000 78 B 48 1L 2425 1 i TTG Rk
A R v 1 B B o A A 4 i A IS ~2.5 Ga (Krdner
etal.,, 2005; Sun et al., 2019) . 3% 17T TTG H kA HY
RS EEAE (AT AR ANE . CAH
FAOHNA . BRANRKARRE . AR KA. &
B R4, BRI B ~2.53 Ga(Kroner et al.,
2005; JE /R BUAE, 2010) o A RRHS M N A, 31015
T 1.92 Ga B 78 5T 4F i FI A 4 1 P-T L3l , JLAE it
WA 25 R 1.1~1.3 GPa fil 650~800 C(Qian et al.,
2016) . SHRIMP 4% 1 U-Pb J5 32 I 15 w4 18 1 4% & A9
FeME A B Y A 45 TR 2 035~2 060 Ma(Peng et
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Fig. 1 (a) Location map of Hengshan-Wutai-Fuping area in the North China Craton,

and (b) geological map of the Hengshan-Wutai-Fuping area
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al., 2012), BEJG 225 1 15 FA DN S AH S0 BB 25 AH 1) 722 5T
(O’brien et al., 2005) o A Z 57 ¥ 14 59 V)i B AR U EW
W orFE TR dLE I A E S AT, N EERE
Koo, FEAGARBVALRD A BRafKMANR
BRE . (AR AR A I S0 IR e 1 (BIF)
o BYIH TR A A R A N A AR AR A
T B e T L) ) JEL 0 A 1 R W R, TR
W) 4 o A £ BHRD BE A% 1 P ( Zhang et al., 2007; 285
56, 2018) o AT S B A U-Pb AR 500 R K
P 2570 45 1 e KUTRRAE RS 5 29 3 K ~2.48 Ga, M3k
P 2ERRAE B FL R R R B A b, TR X
e BT B A IR A R, T8 s HOE BT B KBl 4 2
B KBl &% 9T FR 55 (Rahim et al., 2024) .

B AA T AL v R A R X, bR
Sl ZA BRI T Il AR, PO B R X, R
W5 BOF- e 8 B A vk Hz fh (] 1b), R —E DI
Kl A E A kOl -Pi A (H HE, 1987; Zhao et
al., 2005) o AR A A ISHY | AR JHRR R 1 4 ok 1) R
6], A SR T2 Ea AR, & W fEm
i JUERE 3 AN R . L, o E S B A s T 4 4
bR EREZL  SCER LA AR, 7 A0 2 3 2 Al
o PR RROE L RS AT IR (BIF) L AHE
FINA . HINA . W5 8 A K s, 2 i)
IKFINA A . 4 i PR 88 TR, b DA sy L 3 0y
1L R DA B8 380 B S, 2 A MEL I A A9 o 22 2
AT, AR R A, T R TR R AR
R AN AR AT, L EER RS A
Y& RS ik BT A AN, HOE AR B O ~2 540 Ma
(Han et al., 2017; ZRFK AR 55, 2024) . JE IE 21 A1 SCER 4
A R 2B AR R B X A g A SR A
N, HIE A F ~2 530 Ma (Wilde et al., 2004; Han et
al., 2017) o PR & MOEAE AT LSRR AR AR R A 4
ARG A, R EEA SR e R Rk
AR R E JOLE R B LR A, B A2 st
A AR BT, BT SR R AR S B e 7 2 515~
2 520 Ma(Wilde et al., 2004; Sun et al., 2019; 2= Fk 3 55,
2024) . bR PO AR R R AR AR A R R
1 000 m, 5% i AR 24 Ky 130 km’(FH EE, 1987), T8 i
YA B AR OB DA A T HCA AR, AR RS
&k Fr A, DURLEHR R 2 350~2 150 Ma(Wan et al.,
2010; Liu et al., 2016; Peng et al., 2017) ,

EHWR M EING KT T A MY 4 = e 40

o, FE A b L X500 DL SR SR AR
Hi X, o, PRI RE S 2245 BE A N 39°16' 26",
E 113°03" 12", XIGIARAT G IIRE L N 39°14'49",
E 113°07' 53", U435 X AL Fh 4460 N 39°06' 45",
E 113°14' 19", XS F A Z 280k U2 R™
(F20), WS mt R AMARTFaaRa AR
AR 7= (] 2a), FA DUBEE BT Ry & 2L AR
B Wk B AT b s kR A (TR 7k I 48, 2009) . B -1E
Ly DXL o 1 B DA A 30 S B BREAR A i 4 A, HUIR B
J KR 38, 25 50 & A T DR A R/ R A o MR I
AIEARWT AR 5, AT e, QEING:
FEH YA A EHINA65%~80%) . 4 e A
(5%~8%), I EW W) N i A1 (3%) . &40 A (2%) .
RHEAT(2%), (B WA EERERTT (~1%), TArA T Al I
HINA Rk, RS, B AT 0L 3B R 4R
2 HIN A 2R E mHES), 255008 A s 3 A
(F 2¢); QAT A BHINA: BT WA EINA
(40%~45%) . A1 F A (20%~25%), IKEH Y~ A
HE(5%~20%) . 5 S (4%~6%) . 44041 (3%~ 5%),
R AT WL A2 BRERT ROV . BN A 2 B AR AR
ESE (ONPEY i e el sl R NG L ERE N 2 PR R )5
iR E G K, FArA T HARTE 5~9 om, 5T Al I
Fi AR A A A 0K AR5 3~ 6 mm, PR 2 A
GV PR, RERTWHE N ES A0,
58 A M A G O AR R (B 2e) o MR £ 9%
WA ORI A 2 A K BSOS A, [RRETE BUS

LA i TR AR (B 2d) o BT, 8 18 L b X 58 Y
BN B AR R, R A By W) AU B
NAGRENA), B A 76, ARTA%E. —
SEE R AR S T, R EA TR SR iR s
BRI 48, IR BT L VAP IO B AR A K
R WAE A BEKA R, aa . s A%,
T HT N 09 B (B K i 4, 2009; T8 7K 5, 2010;
Qian et al., 2015) AL L RHAE, 85 A BR T —2 A IE
JEE A5 R 1 A8 S A A A, b A A 2 B R T BRI
AL B G0, FOoRL i /N /D, (HET LA 5580
P/ °Pb 22 WLAE s 75 1L 7 FH (2 480~2 595 Ma) Y4 5
(BEHEW, 2007; PE/R B4, 2010; Qian et al., 2015), b1
FUR T HEE RUURE

2 W

ARUBETEILHEAT T 3 UCEFARIBURE, B R 4 T1E
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a. FLING 5 2 BE a4 il bR R RHE A9 BN 2 (oam) 5 ¢ ZF4BIR TIN5 (oam) &g A1 (chD) 380 A 5 dA7 4 (st) 7
BABIE A 95 (quz) T s e R A I A (ert) LR & 85 A (erd) +A 98 (qtz) 19 4R 1A
E2 BEREFIINRETRA
Fig. 2 Field and micrograph photos of orthoamphibole rocks

LI DX 8 & 21 A 0 X, X 58 R A R M X
AT A S Y B, A AR B, HORAE T 30 R FEIN
FRE i, SR PR I R R g L A I R B 1Y
Jik A 22/ 50em LA b 4544 34 2] HLIC AR AT UL A5 2
T EERE o 7E S A AU SR S Sl I, 838 A
30 RAFFESL I BN (AR A8 B A
T AP EBCT 11 AR i HEAT R R
JCE T, IR T 3 A T A N A R AT
LA-ICP-MS %541 U-Pb Al 2 5 H7 -
21 EEFHETESW

B b 1 425 R L T 28 A b e R 2 i
LA 5 e AL BOE R S S R = E . R R T
B R e, R B HUR I X LR
(ARL Advant’XP+ XRF) Lill#5, HTAELME N 50 kV,
50 mA. TESM AT AR, RS A FRFE GSR-2. GSR-3,
GSR-11 Fl GSR-15 LA Ko V- 47 Sfe i 0l 43 445 v 1 4 A
Fe e M, B A5 B Y SE I FE i 43 BTRE BETE 0.5 % AN o
fil B oG 2R Agilent 23 7 A2 7= 1) = R B B A 55
BT 3% 1L (Agilent 7500ce ICP-MS) #E 47 43 A7 i 3, .
JLHT A PR 8 R 2B TR VE . MK b, SR A A
FRFE GSR-2, GSR-3. GSR-11 1 GSR-15 LI J2 PATHE K
W A I f P AR E P, A3 TR BE LT 10%.
2.2 LA-ICP-MS $#A U-Pb R EEE N

B 7 JBR B 40 M AR 55 A B AN R T AR
P BB e s A . IR S U, fEdE TR

SR 1A 5 M AR R S E R L B AR
FHl FEIQUANTA-650FEG 7Y = i FiL 5% X 55 A1 #8 £ 17 BH
e & HEEMG (CL) A . FE & 0 85 A1 42 U-Pb [a) i %
FE AT TRV AE A 5t K23 1L 5 e Vi L T
WAL SERY, SR AL GeoLas 2005 JOGRI
RGN Agilent 7500ce ICP-MS. #4631l 2 Gt 40 45 1
43 F G UR MicroLas Y62% R G5, 0% # ik i TR BE N
20~40 pm, Fih 7 H 32 um, F%E K 5 Hz, BOGCRE R
JE 4 6 Jem’, FhEH ] He VN b4 1 8007 <,
BAS JATHTIA 20 s 1925 FUE 5 F 60 s (Rl 551k
. MEHARERS A 91 500 1F N AMRITFHS /1 U-Pb 4
W, HoHE T A8 S (1 065+0.6) Ma(Wiedenbeck et al.,
1995), I bR USRS 47 Plesovice (FEFEE N 337+0.4 Ma)
56 4 4 1+ 45 S (Slama et al., 2008) . *Si FlIHE B
FRFE NIST610 43 77 4F by P A5 F1 A0 A FH LA T 4% 7 v
R JC 3R I 7 i, bR E 45 R0 NIST612 1 NIST614
K5, {3 FH Glitter 4.0 #¢/4:(Van Achterbergh et al., 2001)
Ab P U-Pb [F] 07 2 F0HE AN 3RATRE 5 10 R AR 1%, B e
il Tom Andersen & H 1% 77 2% 1 17 345 30 #5 4 1E (An-
dersen, 2002) . iz )&, ] H Isoplot (3.0) 2 )7 i1 5 AL i
f 38 R AE 8% 3 22t U-Pb %5 #1 8 (Ludwig, 2003) .,
23 HBFEIHW

N T TFRHLASF T AR KA R 55 L, 28 4 ik
P B WL AR AR TE——— Bl W B A ML S 2% ) T ik X
HINA TR PR 5 K X U (Liu et al., 2024)
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B4 75 R 2 L PG L/ L b DX DN 2 1 D 69

DL K Y8 5 A (Lyu et al., 2025 ) s BRA 24 B0H5 3E 471 25
T G Koy . B A B BR Y SRE R R A
BN — AN SR e, B BB o BT AL BB R, L2
B Sy 7 X s A3 R S5 0L, IR S R B R | Y
WPE AR E M. RS B — AT ST 4, AR
A E] o B o3RRIy 3, B0 SRERIE T A
B G RRAE o T AT R0 R R, R R X R A
FRAE SR AT A AT X L, DT B A 1Y) 43 B4R AIE
TE S AR Y R A o B b, SR A 4 2B, B R
Tt J2 B4 U, R R A . R TR e AR RO
R Y EE N, BEALARARIE 08 5 | A B ML AR ARy
TEBEPLEERE, A RUEAL AL J7 22, ikt 1 G
MG, AT AR G M BR AL 7 IR i, 205 15 BE A s 45K
3 e AR S SCHE RN TT R, R Ix S BAT 5R 43 2E
fiE 1 09 0 5 50 R AR N o A S BT A K
o BRI AR OBCE R H R LRSS (Liu et al,
2024) K8 i # (Lyu et al., 2025) A9 U ER 1b 24 45 , 44
v O AR PR, B 2Rt BR K A BUHE 6145 SO, TiO,.
AlLO;., FeOT. MnO. MgO. CaO. NaO. K,O.
P,0; 10 #4244, Sc. V. Cr, Co. Ni, Cu. Zn. Ga, Rb,
Sr. Y. Zr. Nb, Cs, Ba, Hf, Ta, Pb, Th, U, La, Ce. Pr,
Nd. Sm. Eu. Gd. Tb. Dy. Ho. Er, Tm. Yb. Lu Z$ZF{#§
It 0 2 07 18 A B AE 78 T A ok A b, R B Rk A AT
Mt R, WK, Na, Ca, Ba, Rb, Cs %, {Uf B AHXTAS
W B ICEAE R FI BHERE (Ordéfiez-Calderdn et al., 2008);
@i A 5 X J7 72 £ = 46 4 (Van Buuren et al., 1999) %}
B HEAT 2 {H b B (D38 3 Z-score A HE Ak T B AR
e A R (14 B s QN FH e R AE D7 R T RO 2R
T B3R A AR 3 A N 24 68 A5 7R TR0 i & 14 5 1l s (@R FH TR
VB R B, 320X E T AE FR1E i 2 (Receiver Operating
Characteristic Curve, ROC ) B B %4 S 47 PF 4y (Fawcett,
2006)

3 MEEREER

3 FHEREER

FES I F R TR P (R D), BN AR B Sio,
TR K, N 34.52%~63.95%F- 14y 48.88%);
Hofe % 0 FF AE 2 & BE, MgO & & 4 7.02%~
29.12%(C°F- 31 2k 18.33 %), H A BAK K Ca0(0.15%~
2.81%) Fl 4B & 1 (Na,0+K,0 < 1.1%) . TFe,0; & 2
T 6.50%~24.40% - R 13.85%) . HHILZ T, A

4 E A B A X8R Y S10,(46.11%~68.56%, T
¥l 54.74%)Fl TFe,0,(11.14%~25.88%, F ¥ &
18.86%); {H MgO % & ] I A%, /T 7.58%~12.22%
478 9.69%) « PIZEF A1 ALO; FratAHIE, HINE
H7.22%~16.36%; A1 K ELIN 5 B 5, 4 10.34%~
17.00%. it ITCE Won, PISE A RN KB+ %
ATCRLILE) W W F ik 533 . HINA M Rb
(0.09x10°~6.82 x10°°, 44 1.21x10°°) , Sr(3.02x10°°
~28.28x10°, - ¥ J 12.66 x10°). Ba(0.94x10 °~
35.00x10 °, F-25°4 12.90 x10 °) Fl Cs(0.06x10 °*~1.24 x
10°°, ¥ 28 0.42 x10°) 7 1% 3 4% (8] 3a) . A L
ZF, A E N G Zh e g sy B AR
I (& 3b), #7512 Sr(4.89x10 °~151.33 x10 °, -4 K
27.60 x10°)F1 Rb(0.13x10°~17.78 x10°, F 4 K
3.56x10°°), ] fE -5 I A i or 25 5 ok i 00788 I A 1) =)
WIE A OC . TEAHZS TR M, EIN Y NI F i
(23.5%10°~175 x10°°, F-4 K 79.9 x10°) ¥k i F A4
HE BN 5 (17.8%10 °~100.4 x10°°, E-31 K 46.3 x10°) .
Y9 o6 E (HFSE) W Zr, HE, Nb, Ta 725 A
rh 4R X R, b A iR TN e B A A R Y
Zr(42x10 °~65x10"°, F-¥ 24 120 x10°) Fl Nb(2.8x10°
~19.3x10°, SF-H1 0 6.2x10 ) & i . EHIN A B + 4
H#(ZREE) N 17.80x10°~96.05x10°(3F ¥ & 57.04 x
10°) o BRRL B A7 b o fh B 435 2 o /R o J A +
TR RS9, (La/Yb)(fHH 0.19~2.52CF 38 1.13),
R B3 A Bu 5% (BEu/Bu* = 0.10~1.23, SF-
9 0.64; K] 3¢), /R JEUA FTREZE T T RHE A1 1 43 55
R BRI S . AR ELIN A 1) SREE W 5 H AR Ak [l
T (23.34x10 °~179.03x10°°), R H M + /r 18w 58 T
HINA ((La/Yb)y FHE N 1.84) . HEHINA AR, A
HE BN 7383 s 1E Bu 525 5 JCHH 535 (Ew/Bu* =
0.85~1.96, -3 1.47; K 3d) .
32 #AUPHER

AU TAETE DN BN A ER Db S XL X K38
KA U S F S = M AR EE T LR Y 20 kg MUK
FVERE S AT RS A EACEE ST . WRT AT, A LN
FHES A EEA W, A RO R AR SO R
TUPER, U1 RS 2 248, CL EHME (] 4a) iR K4
A ARG, Hrh S iR G i K, B
BB CL B, v REE 2 T H 45 s, o —L
F BN A2 % AR R, H CL UGS B H—;
73— KN QBB RN KT, AR
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UL, H CL R AL HAR, Z2/NTF 0.02(F 2) . 7E CL K& FARAT DA

FEdh 16DX24-7 S AR S Z MIEE ATE, K 5 A MR 30 454, K2 B A7 B 10 A 248 I 34 A= i1

2170 80~100 um, K FE LA 1 1~1:2(F& 4b), TWU  (EEfA#1, #5 f#13; | 4), DESE e MR A . A
£1 HABEETE(WHHETE0)SHER

Tab. 1 Major (%) and trace element (10™°) analysis results of orthoamphibole rocks

HaEA HNE  HWNAE HINE HNE HNE HINE HNE HWAE HWAE HWAE HWNSE

FE 5 16WT3-2 16DX23-5 16DX24-2 16DX24-3 16DX24-4 16DX25-4 16DX25-5 24HT-2 24HT-3 24HT-4 24HT-5

Sio, 34.52 41.03 56.48 61.15 63.95 52.66 51.87 47.69 43.40 44.62 40.34
AlLO; 16.36 7.22 12.54 13.73 14.12 13.63 16.07 14.91 10.37 7.61 10.86
TFe,0; 8.75 19.33 16.61 12.37 9.66 24.40 16.19 15.87 6.50 12.00 10.68
CaO 1.83 2.81 0.22 0.68 0.18 1.09 0.15 0.17 0.15 0.80 1.41
MgO 26.62 23.94 11.05 9.76 9.96 7.02 13.48 15.39 29.12 27.68 27.58

K,0 0.03 0.03 0.03 0.18 0.04 0.13 0.02 0.01 0.03 0.01 0.02
Na,O 0.03 0.03 0.91 0.03 0.03 0.03 0.03 0.15 0.30 0.19 0.24
MnO 0.06 0.05 0.03 0.12 0.04 0.07 0.04 0.00 0.02 0.04 0.03
TiO, 1.58 1.07 0.84 0.88 1.05 0.76 1.07 0.95 2.46 1.47 1.63

P,0s 0.45 0.31 0.35 0.29 0.58 0.18 0.26 0.03 0.02 0.22 0.29

LOI 9.70 3.10 0.76 0.35 0.95 0.77 0.75 4.82 7.64 5.34 6.84
TOTAL 99.92 98.92 99.82 99.54 100.55 100.72 99.93 99.99 99.99 99.98 99.93

Li 15.05 4.19 10.62 18.61 18.35 29.45 32.75 4.63 7.95 8.31 6.84
Be 0.50 0.36 0.26 0.14 0.41 0.99 0.56 0.17 0.19 0.17 0.28
Sc 60.38 34.23 49.38 37.44 36.12 40.19 39.75 33.90 93.60 82.50 96.90
\% 536.80 533.20 265.50 268.69 294.55 409.84 309.56 284.00  422.00  424.00  547.00

Cr 183.59 38.84 37.14 23.40 14.34 45.84 36.88 32.00 147.00 63.30 93.50

Co 31.20 60.15 25.45 21.22 28.93 45.26 39.34 81.90 38.60 57.30 58.40

Ni 87.12 145.08 25.41 23.46 26.93 53.68 31.90 175.00 67.30 117.00 126.00

Cu 1.00 19.12 0.16 0.06 0.71 1.35 6.95 19.50 4.06 3.37 3.79

Zn 88.73 97.07 102.45 43.86 109.79 146.75 61.44 27.00 15.20 21.90 20.50

Ga 23.69 12.25 17.26 19.61 20.97 38.27 36.54 9.48 19.20 15.30 21.90

Rb 0.98 0.09 6.82 1.28 0.22 1.06 0.68 0.11 1.77 0.15 0.21

Sr 6.83 26.91 28.28 16.78 15.47 11.23 15.67 3.02 4.06 4.05 6.92
Y 34.19 34.61 57.98 29.05 23.50 30.53 24.97 17.70 21.10 39.90 69.20
Zr 105.45 48.44 96.38 111.85 95.54 106.55 100.01 93.50 118.00 77.70 78.30

Nb 4.92 6.71 4.81 5.35 5.33 6.68 5.72 9.43 16.20 13.20 14.50

Cs 0.13 0.06 1.24 0.68 0.44 0.58 0.56 0.06 0.53 0.13 0.16

Ba 4.90 18.82 35.00 24.01 2.49 14.76 31.70 0.94 3.01 2.65 3.68

La 3.86 491 6.08 9.86 8.73 13.51 8.49 1.09 0.94 2.51 6.00

Ce 10.19 19.65 15.28 22.32 19.77 32.48 17.08 2.80 2.53 7.65 18.30

Pr 1.54 3.20 1.94 2.76 2.48 4.27 2.04 0.44 0.38 1.31 3.21

Nd 7.47 16.55 8.53 12.03 11.36 19.43 8.90 243 1.92 7.09 18.20

Sm 2.44 4.41 2.17 3.00 2.67 4.94 2.37 0.87 0.70 2.55 6.63

Eu 0.95 0.49 0.84 0.86 0.83 1.93 0.94 0.04 0.08 0.18 0.56

Gd 3.83 5.12 3.76 3.56 3.04 4.72 2.69 1.61 1.28 3.86 9.34

Tb 0.76 0.81 0.90 0.62 0.54 0.74 0.48 0.32 0.29 0.73 1.60

Dy 5.53 5.23 7.40 4.26 3.67 4.75 3.37 2.34 2.33 5.07 10.10

Ho 1.24 1.11 1.79 0.97 0.82 1.05 0.80 0.59 0.67 1.28 2.29

Er 3.78 3.36 5.87 3.17 2.65 3.39 2.72 1.94 2.40 422 6.72

Tm 0.56 0.49 091 0.49 0.41 0.53 0.44 0.35 0.47 0.75 1.07

Yb 3.68 3.50 6.20 3.33 2.92 3.73 3.16 2.50 3.38 5.21 6.75

Lu 0.56 0.59 0.94 0.50 0.45 0.58 0.50 0.47 0.61 0.92 1.11

Hf 2.69 0.79 1.94 241 2.08 235 2.17 1.60 2.70 1.64 1.78

Ta 0.89 0.28 0.25 0.28 0.52 0.43 0.36 0.24 0.32 0.21 0.49

Th 0.53 1.62 0.59 1.05 0.78 0.91 0.70 0.75 0.81 0.37 2.85

8] 0.06 0.21 0.28 0.21 0.12 0.21 0.23 0.06 0.15 0.06 0.11
(La/Yb) 0.75 1.01 0.70 2.12 2.15 2.60 1.93 0.31 0.20 0.35 0.64

Eu/Eu* 0.95 0.31 0.90 0.81 0.88 1.20 1.14 0.10 0.26 0.18 0.22
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gk 1
FERZEA HINE HNA HNA HNA  HNWNAE BHWNAE  HWNAE HWNAE  HNAE HIN#H HIN#H
XREE 46.39 69.40 62.59 67.75 60.34 96.05 53.99 17.80 17.97 43.33 91.88
BE o2 AFE  AME AMAE AWE AWE AWE AWE AWRE AWRE AR AR
N A [N A N A A E= AE= AE= AE= AE= AE= [N A N A
(= RE 16WT3-4 16DX24-6 18DX1-1 18DX1-2 18DX1-3 18DXI1-7 18DXI1-11 18DX1-12 18DX1-15 24LJGO1-1 24LJGO1-3
Si0, 48.27 55.70 54.30 50.60 51.22 68.56 60.71 62.15 51.22 53.33 46.11
AlLO; 13.46 12.65 15.11 13.87 13.07 10.34 12.46 12.59 14.46 14.36 17.00
TFe,0, 18.08 19.00 16.70 25.25 25.88 11.14 11.75 12.99 23.09 20.60 23.00
Ca0 1.32 0.00 0.07 0.58 0.16 0.08 0.37 0.22 0.27 0.22 0.24
MgO 11.30 10.43 11.64 7.58 7.88 7.99 8.50 9.12 9.55 10.33 12.22
K,O 0.07 0.02 0.02 0.05 0.04 0.01 0.07 0.01 0.03 0.02 0.02
Na,O 0.03 0.03 0.03 0.81 0.03 0.03 3.64 0.55 0.03 0.15 0.08
MnO 0.14 0.04 0.04 0.06 0.07 0.01 0.02 0.03 0.03 0.07 0.02
TiO, 1.29 1.09 1.03 0.90 1.15 0.84 1.30 1.10 0.92 0.84 0.89
P,Os 0.37 0.40 0.25 0.25 0.24 0.30 0.25 0.24 0.21 0.08 0.39
LOI 5.61 —0.36 —0.58 0.20 0.81 0.83 —0.11 -0.25 1.21 0.00 0.00
TOTAL 99.94 98.98 98.61 100.15 100.56 100.12 98.98 98.75 101.02 99.99 99.98
Li 33.76 36.06 10.95 12.51 22.95 26.83 10.90 13.97 3.49 11.30 10.50
Be 0.17 0.34 0.03 0.13 0.43 0.81 0.40 0.30 0.61 0.35 0.44
Sc 51.77 69.98 45.55 46.83 28.38 23.13 37.67 48.86 41.40 43.10 37.80
\% 47134 661.88 22038  230.15 26041 22124  266.13 254.86 299.21 254.00 296.00
Cr 129.27 41.59 21.28 44.86 8.50 53.31 24.90 64.91 309.24 66.70 64.60
Co 59.18 123.54 54.48 48.91 26.12 26.65 41.49 73.07 44.86 59.40 69.70
Ni 100.43 64.44 21.68 36.96 18.74 17.79 41.25 24.03 90.10 42.10 51.80
Cu 96.71 1.55 9.25 8.69 0.46 2.71 7.54 21.75 147.85 4.01 2.81
Zn 116.42 145.60 91.46 179.13 50.75 15.25 32.19 51.34 121.16 33.30 36.20
Ga 19.70 64.12 11.10 19.35 48.01 36.39 14.02 21.86 17.48 18.90 21.70
Rb 2.26 8.20 1.24 2.31 0.59 1.59 1.87 2.83 17.78 0.31 0.13
Sr 20.72 13.92 10.25 15.02 24.19 18.08 24.78 15.26 151.33 5.13 4.89
Y 32.71 46.90 28.82 30.72 5.26 67.27 27.05 20.40 12.43 27.30 23.80
Zr 77.12 186.06 96.56 99.03 84.50 365.44 102.54 86.23 42.45 82.30 100.00
Nb 3.24 9.80 4.98 6.02 2.81 19.31 5.03 5.03 327 4.01 4.89
Cs 0.46 1.96 0.89 1.19 0.71 111 0.48 0.91 1.20 0.40 0.13
Ba 9.04 12.79 14.71 15.27 3.80 16.41 35.30 28.15 33.41 8.78 0.39
La 4.00 21.05 10.24 6.22 3.09 21.01 6.67 3.54 3.79 723 6.77
Ce 11.18 49.85 22.55 16.26 7.38 54.71 16.04 8.49 10.28 16.60 15.60
Pr 1.69 6.42 3.38 2.06 1.00 7.64 2.12 1.21 1.50 2.23 2.13
Nd 9.03 28.91 13.82 9.26 4.81 37.34 9.66 6.08 6.92 9.60 9.31
Sm 3.15 7.29 3.13 2.46 1.46 10.76 2.79 2.02 1.82 2.35 2.46
Eu 1.38 3.28 1.70 1.22 0.89 3.11 1.94 1.23 1.10 1.21 1.22
Gd 4.38 7.37 3.37 3.25 1.56 11.82 3.32 2.79 1.99 3.17 2.95
Tb 0.80 1.14 0.59 0.62 0.21 1.89 0.58 0.47 0.32 0.59 0.51
Dy 5.45 7.22 4.13 4.54 1.14 11.71 3.94 3.13 2.07 3.93 3.40
Ho 1.15 1.56 0.94 1.04 0.23 2.39 0.88 0.69 0.44 0.92 0.81
Er 3.38 4.85 3.12 3.36 0.68 7.23 2.91 2.24 1.32 2.75 2.54
Tm 0.47 0.73 0.49 0.52 0.10 1.05 0.44 0.34 0.20 0.45 0.43
Yb 3.02 4.98 3.50 3.67 0.68 727 3.10 2.39 1.34 2.75 2.86
Lu 0.47 0.82 0.58 0.58 0.12 1.10 0.49 0.41 0.21 0.43 0.48
Hf 1.66 4.10 1.91 2.16 1.76 8.50 2.08 1.73 0.88 2.09 2.55
Ta 0.19 0.67 0.31 0.33 0.19 0.96 0.28 0.28 0.37 0.50 0.21
Th 0.28 1.59 0.87 0.59 0.79 1.59 0.65 0.38 0.29 0.73 0.89
U 0.06 0.18 0.25 0.26 0.74 0.47 0.14 0.15 0.21 0.21
(La/Yb)y 0.95 3.03 2.10 1.21 3.28 2.07 1.54 1.06 2.03 1.89 1.70
EuwEu* 1.14 1.35 1.59 1.31 1.78 0.84 1.94 1.58 1.75 1.36 1.38
XREE 49.56 145.47 71.54 55.05 23.34 179.03 54.89 35.02 33.30 54.20 51.48

TE: SRR A AR B 2 B BRI R R e B P LAk A Fe™ BT
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B3 METRERKME(a.b)RERNEHLTELRSE(c.d) (FRENLLIEIE Sun et al., 1989)

Fig. 3 (a,b) Primitive-mantle normalized trace element and (c,d) Chondrite normalized REE pattern diagrams of orthoamphibole rocks

U E 5 R i 16DX24-7 FLHE AT 20 A [R] 43 28 45 i 1l
A5 L 19 AN 5 5L A I RN (>90%) o 31X 19
A 1R R Y AR % R (1944 + 23 )Ma(MSWD =
0.33), 5 H*"Pb/Pb Il BLF- ¥ 4F il (1941 + 20 )Ma
(MSWD = 0.13) 7£ 1 2 {1 [l N {47 — B (8] 4b), SCH
PEEFIAE IS (1944 £23) Ma ff B RE N B 728 AR IS .
X FE i 16DX23-6 BEALBE £ T 20 i85 A 347 T
20 AN 5 A BT (6 2) o MREES AR S Th/U DL K&
AEUERRAE, 1R L BS A 0] 408 3 A AR — Al A (O
M A #1, #2. #5, #8. #9., #12) 2 BRI 5] BEHLR |
gk, IR ZBR &, AT LGS B9 8 A ER A (] 4a),
Th/U {E 2 K (0.68~25.88), £F A& i it b &5 A1 (14 FEAE
(Hanski et al., 2010; Zoleikhaei et al., 2016) , X 5~
AP/ P AR HE P T (2361 £32) ~ (2399 +
32)Ma, 7£ 45 A1 U-Pb i #1 & o 3L W # il 17— & A —
L, BT AR & (2393 £ 22)Ma(MSWD = 0.33),
5P/ P A4 (2 375 + 28)Ma(MSWD =
0.8) 7 15 2 1 Fil N DR 45— B0 (B 4e) o 5 4185 R Dl
K13, R R AR AR S A (E] 4a), H Th/U {E A1
TPb/ P WA 4 43 ) R 0.78 FIT(2 549 + 32) Ma, 7
R VR TR L (& 40), A AR A
A FTRE RS B A B AR RS A B A A R

14 A0 50 S ABTE AR (18] 4a) , B 55 (19732 % 4
M7, Th/U {EA% A (0.02~0.06), 978 iR IH 5 41 . X2
BT (2P Pb FWAF A 7 (1896 +48) ~ (1952 +48)
Ma, HAE 4R M (1912+9.7 )Ma(MSWD =0.37), 5
H2Pb/ P JTALE- 27 (1914 + 19 )Ma(MSWD = 0.27)
FERZETL N —B(E 40) o ZEE FEZ AR 18 AR
#1912 +9.7) Ma 1 Ry HAS AR IS

XF TR TOWT3-3, Uk e 7 g A, %X 7
B AT 7 8 IS B A b (R 2) o Hirp, M A3 7 47
B Po ZR, ASHFEE&HE S5ITE .. KIEZ
B BB AT A L Th/U B JPb/"Pb AR IS FF1E,
AR PR AL B A SRS (T #2 L #3 L #4
#6) ORI K R 50~ 100 um A%, Kok 1 1~1: 1.5,
Z 8 AEARIR, B BB NRR G a1 (K 4a),
R Th/U {E(0.36~1.05), J& T3 3 85 4 Wl [ B A
H2Pb/"Pb FWLAE L K (2517 £ 101) ~ (2589 + 106)
Ma, 2 3BT 22 4k, 5 RT3 B 25 RS (R
A4, 2010; Qian et al., 2015), 7] fE A4 14 JH 45 A1 5k 4 3K
PR 58 R (AT AL, #5 . #) TR A AL, H
55 1 7% % ¥l (Bl 4a), Th/U fH #% ik (0.02~0.06)
(£22), 78 Jonl R 4 A, 3 2 5 1 19 Pb/°Pb WL
AEUE M (1884 + 136)~ (1979 + 113) Ma, 3 4Nl 5 (1)
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R2 HRAEHREEG U-PbOINER
Tab.2 Zircon U-Pb isotopic data for orthoamphibole rocks
. - [l 7 K ol F WA Iy (Ma) 86

Pb™/Pb™  1sigma  Pb™/U™  Isigma Pb™/U™  1sigma Pb™/Pb™  Isigma Pb /U™  1sigma (%)

16DX24-7-01  0.02 0.11871  0.00212 5.40637 0.09382 0.33024 0.003 78 1937 32 1840 18 95
16DX24-7-02  0.02 0.11900 0.00223 5.78027 0.10598 0.35221 0.004 19 1941 33 1945 20 100
16DX24-7-03  0.01 0.11734  0.00200 5.37101 0.08875 0.33190 0.003 67 1916 30 1848 18 96
16DX24-7-04 0.02  0.12000 0.00238 5.56284 0.10792 0.33614 0.004 13 1956 35 1868 20 95
16DX24-7-05  0.01 0.11960 0.00211 5.76952  0.09909 0.34980 0.003 98 1950 31 1934 19 99
16DX24-7-06  0.02 0.11790  0.00728 5.70665 0.35063 0.35098  0.008 72 1925 107 1939 42 99
16DX24-7-07  0.16 0.12200  0.00571 5.16533 0.24014 0.30701 0.007 69 1986 81 1726 38 85
16DX24-7-08 0.04  0.11956 0.01008 5.59562 0.46899 0.33938 0.01039 1950 143 1884 50 97
16DX24-7-09  0.01 0.11881 0.00218 5.32322 0.09505 0.32490 0.003 78 1938 33 1814 18 93
16DX24-7-10  0.02 0.11539 0.01294 5.62001 0.62826 0.35319 0.01502 1886 189 1950 72 97
16DX24-7-11  0.01 0.11830  0.00257 531542 0.11339 0.32581 0.004 34 1931 38 1818 21 94
16DX24-7-12  0.09  0.11995 0.00661 5.61496 0.30882 0.33944 0.00923 1956 95 1884 44 96
16DX24-7-13  0.09 0.12053  0.00570 5.55421 0.26203 0.33416 0.008 03 1964 82 1859 39 94
16DX24-7-14  0.02 0.11726  0.01075 538715 0.48959 0.33313 0.01070 1915 156 1854 52 97
16DX24-7-15  0.12 0.11882 0.00358 5.80803 0.17442 0.35446 0.006 36 1939 53 1956 30 99
16DX24-7-16 0.05  0.11938 0.00829 5.71732 0.39709 0.34728 0.01182 1947 119 1922 57 99
16DX24-7-17  0.01 0.12076  0.00233  5.58277 0.10495 0.33524 0.003 98 1968 34 1864 19 94
16DX24-7-18  0.01 0.11892  0.00217 5.39340 0.09538 0.32887 0.003 74 1940 32 1833 18 94
16DX24-7-19  0.02 0.11838  0.00223 5.61143 0.10271 0.34373  0.003 99 1932 33 1905 19 99
16DX24-7-20  0.07  0.12210 0.00558 5.63755 0.25570 0.33482 0.00701 1987 79 1862 34 93
16DX23-6-01 19.32  0.15131 0.00285 7.71162 0.14129 0.36960 0.004 36 2361 32 2028 21 84
16DX23-6-02 11.72  0.15273  0.00273 9.09474 0.15805 0.43183 0.004 85 2377 30 2314 22 97
16DX23-6-03  0.12 0.11724  0.00239 5.51893 0.10997 0.34135 0.004 22 1915 36 1893 20 99
16DX23-6-04 0.52  0.11680 0.00214 5.64318 0.10018 0.35037 0.00391 1908 33 1936 19 99
16DX23-6-05 25.88 0.14896 0.00283 599028 0.11007 0.29162 0.003 38 2334 32 1650 17 59
16DX23-6-06  0.26 0.11927  0.00217 5.42139 0.09549 0.32964 0.003 64 1945 32 1837 18 94
16DX23-6-07  0.10 0.11970  0.00324  5.73845 0.15387 0.34766 0.005 61 1952 48 1923 27 99
16DX23-6-08 0.05 0.11604 0.00316 5.51421 0.14862 0.34460 0.00548 1896 48 1909 26 99
16DX23-6-09  5.78 0.15513  0.00297 9.59708 0.17955 0.44864 0.00533 2403 32 2389 24 99
16DX23-6-10  0.31 0.11930 0.00322 5.64062 0.15060 0.34287 0.00545 1946 47 1901 26 98
16DX23-6-11  0.61 0.116 15 0.00221 5.51286 0.10198 0.34419 0.003 88 1898 34 1907 19 100
16DX23-6-12 0.68  0.15476  0.00291 9.61328 0.17585 0.45047 0.00512 2399 32 2397 23 100
16DX23-6-13  0.76 0.16910 0.00325 11.41424 0.21462 0.48950 0.00577 2549 32 2569 25 99
16DX23-6-14  0.25 0.11762  0.00233 5.58985 0.10750 0.34465 0.003 99 1920 35 1909 19 99
16DX23-6-15  0.26 0.11654  0.00223 5.60482 0.10395 0.34877 0.00391 1904 34 1929 19 99
16DX23-6-16 043  0.11782 0.00234 5.55775 0.10707 0.34210 0.003 94 1923 35 1897 19 99
16DX23-6-17 0.48 0.11528 0.00228 5.51828 0.10591 0.34713 0.00397 1884 35 1921 19 98
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g2
] [H] {3 & AR WA i (Ma) W
i 5 Th/U 0
Pb207/Pb206 lsigma Pb207/-U235 1 sigma PbZO(\/UZSK 1 sigma Pb207/Pb206 1sigma PbZO(\/UZSX 1 sigma ( A))
16DX23-6-18  0.09 0.11713 0.00227 5.51880 0.10354 034170 0.003 83 1913 34 1895 18 99
16DX23-6-19 0.36  0.11634 0.00231 558175 0.10790 034794  0.003 99 1901 35 1925 19 99
16DX23-6-20  0.02 0.11676 0.00226 5.71609 0.10729 0.35503 0.003 96 1907 34 1959 19 97
16WT3-3-01  0.03  0.11922 0.00713 577535 034074 035121 0.007 62 1945 103 1940 36 100
16WT3-3-02 037 0.17109 0.01025 10.94486 0.64785 0.46381 0.01024 2568 97 2456 45 95
16WT3-3-03 048 0.16698 0.01411 10.84500 0.92405 0.47089 0.019 14 2528 135 2488 84 98
16WT3-3-04  0.64 0.16589 0.01034 10.65467 0.65582 0.46565 0.01042 2517 101 2464 46 98
16WT3-3-05  0.06  0.12157 0.00800 574157 037341 034242  0.008 30 1979 113 1898 40 96
16WT3-3-06 1.14 0.17320 0.01139 7.88657 051170 033013 0.00737 2589 106 1839 36 59
16WT3-3-07 2.08 0.05821 0.00860 032474 0.04750 0.04045 0.00120 537 295 256 7 10
16WT3-3-08 0.02 0.11528 0.00910 542367 042495 034110 0.01040 1884 136 1892 50 100
a 100 um
2 3 4 0.37 b //'/
16WT3-3 ‘.\ - ) Q
NiaW S 0.36 | I FI4EIY=1944423
19454103 Ma  2568:97Ma  2528:135Ma 2517101 Ma =19, MSWD=0.33
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Fig. 4 (a) Cathodoluminescence images and (b,c

*"Pb/ P AL I 4E#4 (1942 + 130) Ma(MSWD =
0.15), TE85 47 U-Pb i1 & F45 3] O3 AR 32 (1 905

,d) U-Pb concordia diagram of orthoamphibole rocks
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Fig. 5 Confusion matrix diagram of the Random Forest model

33 HBRFEIM|RER

g HLae 2 > B3k N T R AL 2 B 0 TR 45
BT, 0T I ) S AT R AT 2R S8 A AN AT B G
HERT o Zad RS URE B U S B A R Ay AT
S5 PR TS 52 A0 RE T, DT BH B LS A A, o
R R B 2% b O i T EL A L Ak 5 T R R A O I
P& o ARWBETE Y, B E R NRVEHE FE (K 5) Fsz ik
TAEFE Ik ROC 1 £k (18] 6) % 155 AR R A7 3F A
(Fawcett, 2006) . 45 5B, 3T X ARG s ou £ 44
) AT AR MRS TR S 2 U ST DX 0 A5 R A
Ul W T 2 25 A Ml sk Ak 27 R AR A AR ] S X . AR AR
B ST HTRR W, IX 433K P 28 A RRAE E B T S 1Y 0T
Z & Si. Th, Mg, U, Sc. La([®l 7)., Irfi e E W EE
PERH 3 B/ T 0.3, B 2 RPCRARME T 2 0 R 45 6
5 B AEA B bR, B M350 T 25 iy &tk (8
FHUN 25 09 12 BE ML AR AR R X B DN 5 R 17 0, 45 R 3R
W IN A5 20 1 RS, AR F T AL A .
B3R AL 7 R R TR, SiAT Mg 5 i 1 25 S S i 1k
PEA 5 & P I AR A P X 515 Sc /E WA L &,
FE7R T A R XA R AR 1 Th U 72 RAE BTG
P 1 B L oy B e - WO g R P el G R i SR
TURRER 5 WAL B Y G B FR bR . XS R H A
A PE T R X ) GOR AL R P 25 A s Bk 1

BEFR UL
4 HHg

41 EHWNAERREK

25 X AHIF ST ARAS (0 BN AR AT 8 A U-Pb
FE ARSI, A5 6 AN AR AR A A B 0y i o 4 R (B
B, 2007; FE /K % 25, 2010; Qian et al., 2015), [5G4

18 5 P S L G L b DX R TR R R 75
Lof
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/
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Fig. 6 ROC curve diagram of the random forest model
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Fig. 7 Feature Importance diagram of the random forest model

TR A AR DL RO IR FAR S J5 1T 4, & Bk e 4 1
A B 2 B B S 0 R0 =43 A R AE (] 8), Y B
Huie s T RCE P WRAE B S R AR B . FER
LIS X R] (>2.4 Ga) , #5 £1°"Pb/"Pb F AR I T A&
I — WA IS AR IR I, TR s ) 2 A A )
FRAE (1B 8) o 3k BB 1 1) ZLAF WS I (H 2 ~2 520 Ma,
WAETE~2 550 Ma [ 41 5308 H LA S ~2 490 Ma %%
SRR Ay 0 . XSk A B RS ThU (K £
KT 0.1; B 8), 455 H 5 ¥l 45 1, $5 7 H oy Al
(R R R o SR, 33K ol 458 8 114 4 % 15 12 (2.4~2.60
Ga) M1 Z W% RAFAE, 58— 5 R — P45 B F
J 1) 35— A1 I R AE B AN TR, T S A A OB
BT R34 ML (Fedo et al., 2003; Cawood et al., 2012) .
X — A I E AR ZE BT Rahim et al.(2024) 76 485 1L 3
DX H 8 18 2R R B 2R 7 55 W i A I AR I, R B
TEA HRL P

BEAR, ARG 3 A FE i AL [l 5 T — A
1 — 31~ 1.92 Ga {48 AR % CINECE 34505 43 318
1941 +27 Ma, 1920 + 46 Ma, 1921 + 95 Ma), X 264
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Fig. 8 Th/U radio vs *"Pb/ *Pb age and

207 206

histogram of = 'Pb/

A2 BT | P35 A iR BRI Th/U {E (R ZAIK
F0.07; & 2), #F— 20 W T ILAR A B L G AR
W W TR AR B S AR B A A LN A R
T Y78 R AE 5 (1.9~ 1.83 Ga; SUEEIH, 2007; FE /R 4,
2010), 57 A 7ESESE L X AR BN A EIESFR A
8 2Bk R DA K rh s LA O R AR Y R e g ik S
4 A T AE i 3 A — 3 (Qian et al., 2013; Qian et al.,
2015), BB R BRI B F N E CAR) BHINE
F4) D B0 A 5 B B, L PR 2 DL e %) 258 I 9 el B 7K
T 325, A s R PR T AR R B A T 4 A R AR
(Rubatto et al., 2003), 1M 7% Jiz 4F ¢ B4 2 1 B IN 5 1Y
BEA PR PR A T SRS A R (TR e A
2009), XF W AR AR B B, 10 sk T ELIN A R TSR
T2 o 19 728 [ 4F I (Qian et al., 2015) . Fi A T &5 11
A AR BT 35 2R 58 (Yu et al., 2013; Zhang et al., 2013)
N, 2B ] 5 A L 5 B3 2R 58 -5 P 0 s e v v o
Ll & AR Fe A DR I R) e A — 3%, Lk — il 1
FAHAE IS ATAE, NS 2 ERME ) Columbia i K Fifi 5
& A 1 137 (Rogers et al., 2002; Zhao et al. 2002) .
42 HINEKE

Ry IR A% Gt 4k 1 e A Ak B v 2 b B A 2 A
A oy B, A9 5] A W B 2 ) B —— Bl HL AR AR
RIS B DN A B R R AT A, e UK AR X i 5 e

Pb ages

J AR R VIR 4R 1 W A i T E AT — 43 28000 . % &
N RE AR AR, 25 34878 H 5 A B A ek ik
SORGME, XON TR IS . X — 250 B T HhEk
=B AE X F . FEEETCRE D HINAW
MgO FLE 4k (TFe,0,) & it & | T XA, i T
Ji A ) Mg, Fe & & . ELIN A W] 2 f 5 09 Mg#(Mg/
(Mg+Fe) & B gk 7 T I IX A 28k w8 B Ak 100 4
JERR BT, T RE R T b 0 o R A A Rl B Ab,
HINAR SO, T EAM SR LR ASE -8, 5%
B Y U8 5 (b 7 B>60% ) S B 5] 4 43 A5 A L
(Taylor et al., 1985); 7EfI TC R HY, ELIN & I +BC 53
BEOF 3, 5K X A MY A, B2 085S i e
H B % + 5 42 FRF (Bhatia, 1985; Taylor et al., 1985) .
Co Fll Sc 78 Z A 4 H Akl i v fod ) - 2E A L0 445
A (R 0 AH, LI RE 1 Co & 1t (1 R 52.85x
10°) 528 ZRA (R AL 58 x 10°) & — 3, ik
R T T T4 (290 10% 10°°); BN A 8 Se & i (1
{67 47.82 x 10°°) B & i T 2B L2l A 19 AP 07 80 (39 x
10°°) FIYR A i th A2 5 (11 x 10°°), Se 25 A2 T8
BT, BN & A0 (1 S 7 i 21 3 B HoA Bh )
JEAL IR T Se & i A, HZCA KA L L
TR AR R BRI A7 43 B3 45 i (Bédard, 2006) .
3 — 35 TR 3K Bl 1 0 ) 25 R 0 LB A, Oy JE R T
DRI A B PR BRI 1 3 9 T vk i S H

UG HINARE R T A 18 1, (A
0K (WAL Ca, Na) 58 8 2 A A7 7E AR i 22
o XRW, BHINSIFE B R X R R T
e, MiHEMR T L BRI X AR AE R e S a .
TRERAFMN “XRACR)” 8 “HNAEGD)” M
TCRITRAT A, AWF5E K (Grant, 1986, 2005) 2 H: 1Y
Isocon( 55 ¥ & ) (&1 fif 1 ifE 47 I A 103 . 284 e ]
fi b LA L BCEAE N RS, LN AR A P2 . %
JEE] TiO, 78 46 K 22 0h i 1o 72 b 2 30 W 3 1) e
1 (Winchester et al., 1977; Grant, 1986, 2005), 2 % 1t
& TiO, E WS % Z 4 Tsocon 2k . 45 48R, 16
JFA 1) BN AR B, S AR R R AT 2 26%
By T (] 9) . FEFiZ Isocon LAY, 45 & 4% 7T
R H BRI AT 2R, 488 K s B B N A Y T A

1r Isocon [Ff#H, Rb. Sr. Ba, Na. Ca & E %
fii F Tsocon & 5, B it FRerEt, KiEF
A JCE (LILE) MM B 5 g8 T R K B il 4 4y



54 T a A5 15 NI ) 5 R A28 SOMI 45 6 W D B Wk R LU o T 5 — 18 10 X0 PR 2 1 R 77
100 g o ERUUBURE . 5 % M Bk A 22 BE I8 A, Ze HEFI
L Nb-—Ta {1 Ay 5 40 25 R 183 A DL 11 2 2 58 3% 0k
o S R A SCNAS IR, BRI, AT S M T B 1
et (R — BT . 565 BT TC 38 B K R
E or ot %:G:) PtO.TV Hr 4TS 9% ff 35 AN 1 3l (Pearce et al., 1973; Floyd et al.,
2 o s 1983; Grant, 2005) . A< X WF 58 (9 BN & Zr/HE(E
40t SA:::O 39~58, {5 2 5k 2 4k R 5 R E Y Zo/Hf
oZe b o (36~40) (Linnen et al., 2002; Arevalo et al., 2010) , %%
o i, A5 4 T4 th 76 SRR 7 T 5 19 55 7 4 S sl 7
Y S T B A o T R AR o Zo/HE (7
% 2.0(on 20 : 60 80 100 (David et al., 2000; Niu, 2012) . {HARBFITHI EH N &+
A i ELAT B RS Mg (U RIRR #5619 Se o7 ik, W1 How 1
B9 AZXREAGHERERENREFEHER IR G i v B A BT A R A B R R R

(EFRargn)

Fig. 9 Isocon diagram for the alteration from basaltic precur-

sor to orthoamphibole rock(based on median compositions)

HYIE 43 i, BV RHS A 7 3 A AR i 7 b i )i
41 f# (Nesbitt et al., 1984; Middelburg et al., 1988), §:3X
T B PR 1Y 4 8 PR B TR SRR I K i ok, A
R o i S DR D, AT A 1 AL S AR X AN 3l T
R P ak B w A, BRI A E R ) (5
AL HEMA ). 48T E Cr Ml Ni 4 Isocon [&]
AR SL TARARAE X, SR R B bk i o 2k o 5 1E )
Cr 1 Ni 3 ZEWAE T A0S A0 FOE A7 v, 33X T A ™ ) 7
R KA PR AR E . BN E &5 S —
WESE TR 5 TR 42l Skug . ¢
B, U4 JE Zn L ERL 22T IR T HIN A
T B R AR B . FEE P A AR R T, Zn
AT A AR X AR ST, B S TR X A R AR A
Sy i, A0 ALE RS I AS .25 (Nadeau et al., 2013)
LN E B Zn 5 3 B0 AR R i B I (15%107°~
178x10°°) o X Al K g BE (14 75 1 I B A5 7R T PR &
T B E 5 B R B AR AR s TR AR T
5 ZU A A AR IR, B Zn 074 40 1, BRI H Y
Zn” Bl A% R iE Y AR 48 (Sun et al., 2022) ; 15 {E R & U
e T U AR AR R Zn B TR IR BT ) 2R AR S A T 1A
SORS T W38 5 2 T 2% VR O B O [
I, Isocon [&lfif Hh K 2§ F 41 JCE (Rb, Sr. Ba, Na) 1y
e 5 8 B U 42 @ (Cry NiD) B, BB AR & T ik
F T REIA A7 KA R, iR A SR T Y
Sy S BOE S o B AR T Y

R G, FA RO R AR s T BN R

Ko (4 AR A7 43 B 45 b (Bédard, 2006) . (R, B4
fR 25 2% S i R LA B I Zo/HE (. SR SR 2
1E Isocon [ fif f Zr FA7E 52 B0 5 46, [ Z HE FF AR 4%
T 4, BN Ze-Hf B9 A% 5 5 Kk #& b Ze, HE
) 28 e H AR AT AT AE AR J3IX 53] (David et al., 2000)
PRI, Ze—HE 09 i F5 30 FT e e e 1 3R A= DA AR v iy
225 VEAT e B Ze T BAF T AT AL 19 85 4 b, i
T LIS 4 5 4 (Nesbitt et al., 1996) , 1 £ i H
3 HE 30 WA R AT B3 L B0 25 O G E T P A
rh B XU AR 2 i T 43 2K (Sugitani et al., 2006), M
M3 AL 1 Ze—HE B AR EL 4 o [RIAE B IR 5 7Y Nb/Ta 5
o 5~60, £ AR KB B, 2 50A B Nb/Ta fE 8
17~18(Arevalo et al., 2010), H Nb 4l Ta 7F Isocon
i rh AT B HAR B B IR B AR AIE . Nb,
Ta EEZET LA RV FHET Y. HNAER
R R IR B W B T ISR A AL e R OK
FRAE, HBEIE AT M R s s B vp i 0 AL )
(Huang et al., 2011; Ballouard et al., 2020; Bollaert et al.,
2023) . ARJITEHL, Th 723K A 2% o B2 P g 20 A O i
A% 3 ) o6 % Z — (Langmuir et al., 1980; Taylor et al.,
1985), SR, 7F Isocon [ H B A 4 1Y Th 2 i 7 th
e e 1 e B AR X P S e B e DL R Al ] )
o3 VEARRE, BT BEY SR 5 XA S ABLR . ZEDTR
FRIE R, Th A By 7K e T 45 R 07 ) SRR e AR 588 T i
Ff (Bau et al., 2009), JLFR b A] BE 452 1 2L 1Y XU
by A A, i S AT E H R A Th, M5 ECI0AR
Pyeh Th 9 1% & Jin (Jahn et al., 2001)

BT EIA Tsocon A& B 45 75 119 5 Z1 b 3R XU AL 5 9
PROF VERFAE, ABEFEA SR A 2] 1 “ Hetk il
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F AR PRI AR TE B BN %7 (Smith et al., 1992;
Peck et al., 2000; 4% il £ 45, 2012) AW A, AR 4 HLAR 1Y
€ i L BR Ak 2E 8 AR — D HERR T R R . R
Bostrom(1975) . Safronov(2005) $2 H A% IR 41 591 = %4
AT, 4R ZHCE N ARG Y AL/(Al+Fe+Mn) BE /R L
H KT 0.4(7% 76 fili 5 /AE % DU X 38), H (Fe+Mn)/
TiHBAL, X WX 5] T & Fe-Mn, 7% Al-Ti 1) #7581
T ISR ITRR Y, 3 WA rp O R A0 5 i 2 1 PO
PRIZH 53 o BURD TG RS PR o A8 30 5 25 5230 Na,O B 2 5
£E(>3.0%; Cann, 1969), {H E [N 4 1Y Na,0 % B 74 =
(45 K280 ~0.03%), U6 A1 Ak B BE IO K
BE TR FeO,/MgO fA (# BRIEIZE 0.5~ 1.2; Humphris
etal,, 1978), (HICIELE 220 RUBE TV B T I 4 A0 e A
1 MgO & % (7.02%~29.12% ) F %572 1] FeO./MgO i
(0.20~3.13) . Y I Ho 1 2 — X #h K Ak 25 4 5 A AH
Iy “ZREST R HA A B9 A& (43) Rk b 4 i
1B 2B AR, T8 52 il AR AP A 45 T 2 R A R M
B BB, Y/Ho 38 8 R 7 20 28 B fE 2 LUl . ok
A AE KA EAE IR R, R 5 A7 78 & U/ B AR (1)
PR TR, P A 4 K A 3 A R s A Y/Ho {HL Y
2 % (Bau, 1996) . HELIN# Y/Ho {Hf2 € 7 28~32,
PRFE T A RHIE, 4678 K R A 183 1 ORIk A% (Bau et
al., 1995; Bau, 1996; Yoshida et al., 2024) ., 4k, H N
A Si0, & B A A M K (34%~69%) . Hernandez-Uribe
et al.(2021) X ¥ 52 1l A8 (RS 53 48 Hh, A8 6 IS A
W AR 25 530 Na, Ca o0 R KA ELER (Ingu 3
16, {H SiO, TEI1ZAT T Hh (143 sh P A X 055, il H A&
SR — X A R AR A0 I RR B R D Bl .
AR BB Si0, 78 1 T wE LA %5 1 27 A8 I o faf R 1
PR A AOR MR o A7 2 PR 8 e B2 R B 5 A ol
AR A L DN AN TR) 2 2R AR A A 1 Bt 2 HL 4
FHRICE WA, WA A1k (A Ca) sUREFL (F A
Si) (Edmond et al., 1983; Seyfried, 1987; Harper, 1997 ),
It B2 B0 P AL A i il AR 7 DL AERE Cu, Zn
S5 R R 0 & Y 5 B 4E (Seewald et al., 1990;
Hedenquist et al., 1994 ), 1i H [N & 7£ Isocon [&l it # &
B Ca. Siw7 5 LA S 2 A A 7 IRARAE, 59K 30 FF
P A RS ARY

BEAN, A5 AR A4 A Pt S R — 2518
Qian et al.(2015) FIJ F AH V- i A5 40 B 52 1718 11w 38 A1
T TN A 0 06 AR BT % 4 P = 9 ~12 kbar, T =
650~670 °C. i AWF5E M, 783X — I & X 8] (f N

A, FEE KA T B Z AR B Ze ST R AW T
AN GG A0, 385 e DA K B B AR s A
(Kohn, 2016; Yakymchuk, 2023) . J& P 7 19 28 Ji 85
A A K E TR LA B R R A Bk AR IR A 4 R
(>750°C; Williams, 2001) . X fij, A B 5% 78 EL N A
S 2] T3 AT~ 1.92 Ga ZE U AR 85 A, X RSN AR iR
RN FEE NIRRT TARR BT 0% -
DUTENLH B E AR T Zr Was R 1A, IRk T &5 A 78
V. [ AR 2R R B (<700°C) T E LS 54K . RIE N
A IA IR AR TR A SR, TR E SR TIRUA R
G, AL RALIE B T & OB R (g e
A WIUTER Y, 76728 Bt F P SR Y K AR R K RN
B KA, 2 0F T 45 A fERRIR B T it S
HULTE (Geisler et al., 2007; Rubatto, 2017), M iic 5%
T ~1.92 Ga BY7E AR5 -

25 E R, ARSI L R GV A Mk Ak AE oy
Br, &5 & HLas2 > F ik | Isocon it & -4 43, %18 L
DX B DAL A B R DR AR T T TAT: B ML AR AR TR )
5 2 o0 R M ER AL 2E R AR LR R 7R 18 1L E N A Y
IR FE WA ARG RZ RS A FTEHR D) TR
Uk 2E KACPE H, B RHS A & A2 3 530 Ca., Na,
Sr A5 7% s 4 43 Koam R UE LA Zn B 0 B EL, 2 KUk
FEMIZ DT T B AR, RS IR N A
S LA FE Y R AN ST, &8 T Zr, Tio Nb 1
o F 4N S Ze/HE 9 £ #, Th ot 28 W38 o e B 5% XL
IR — P EE . XEES. K. BT Rk
A TTFR ) 28 DRI RN A TN A AR AR BVE S 5% 248 .
Np=ps
5 5

(1) HINA WA AL T HEZE T ~2.52 Ga
By ph IR B i, i HL g R T ~1.92 Ga BY 78 & 1F, H
AR J = SRy A b T 3 G AR B DR 3R A R

(2) Bifi L AR MK 53] 55 750 55 M Bk Ak 2% o0 2 4 AE (OF
A 4 BB & Se. Co & i 48 ) L RIESE, |
WA SRR ZE A BA RSN, BVE NS =D IE R
LR A AR BT

(3)Isocon Jii -4 70 #7 5 51 588 0 2R FRAE 48 7
TINZ A B HIN G B e st B IRIX L s &
Dy T s ZU A i Ak 2= KU AR (2 3 Ca., Na. St Kt itk ig)
DL R LA Az v AL 43 % (5 3 Ze-HE i # . Th 5



55 44

Aok A5 18 ILAR 4 2] SR AL AR SO 45 &

B4 75 R 2 L PG L/ L b DX DN 2 1 D 79

R AR UURBUE R AR e IS TR T
PN A S LA A, EAR SR e s T E T BN A Y
JEE S IR A R A A XA 7 B B Bk B AR
(R e ), i AR 25K T TR A TR 22 1 7 )

Fl 5 32 = BH (Conflict of Interests):

JIr A VR P AR A £ i

All authors disclose no relevant conflict of interests.

& Z ok (References):

FIEE. T LU FE R 20 1 5 [A] ] b T R A B O YA b o 4
FEWFFE I SCEE (16)[C. R HE: KB # BOR A, 1987
174-203.

BALI Jin. Early Precambrian geology of Wutaishan[A]Bulletin of the
Tianjin Institute of Geology and Mineral Resources, Chinese
Academy of Geological Sciences (16)[C]. Tianjin: Tianjin Sci-
ence and Technology Press, 1987: 174-203.

BN LV R AR TS LA B R Y 2 AT
[D]. dbst: o s K 2% (b)), 2007.

JIA Xiuming. Mineralogy and Geochronology of Nianzigou Rutile
Deposit in Daixian County, Shanxi Province[D]. Beijing: China
University of Geosciences (Beijing), 2007.

R, BN, WL, 2. AR sORiE T A Son i B A AR
MR L LI). A 2, 2024, 40(11): 3426-3447

LI Qiugen, HUANG Xiao, CHU Hang, et al. Zircon geochronology
and geological significance of the Wutai greenstone belt in the
North China Craton[J]. Acta Petrologica Sinica, 2024, 40(11):
3426-3447.

REAMAE, 2R, HRH . H I OCE R a8 54 B A )
BILE5E LT). HbBOR A S RF5E, 2003, 26(1): 15-20.

LU Songnian, LI Huaikun, TIAN Yongqing. Preliminary study on
megacryst garnet-anthophyllite rock in Yanmenguan, Heng-
shan[J]. Geological Survey and Research, 2003, 26(1): 15-20.

VIR B, Bk B, i, 45 PO B A 20 A B KL S X A
W2 A 1 MR AL 2 B AR 2 D] 5 A 24 2 35, 2010,
29(5): 497-506.

PANG Ercheng, XU Yongjing, SHI Guanghai, et al. Geochemistry
and geochronology of ore-bearing rocks in Hongtang mining
area of Nianzigou rutile deposit, Daixian, Shanxi Province[J].
Acta Petrologica et Mineralogica, 2010, 29(5): 497-506.

B, AR R, R B S0, A WL E I B AR E N A A R
oK A HER 22 A Sm-Nd 747 3R A E [J]. 72412, 2012,
28(9): 2819-2830.

QIAN Jiahui, WEI Chunjing, ZHOU Xiwen, et al. Genesis of megac-

rystic anthophyllite rocks in Hengshan, Shanxi: Evidence from
geochemistry and Sm-Nd isotopes[J]. Acta Petrologica Sinica,
2012, 28(9): 2819-2830

T ER, TREEHT, B/INAL, AF . SE VY S AE VR R AR B A P
BESR BB A A R N S AR AT IR D). A
Y22k, 2024, 43(2): 201-218.

TENG Xia, ZHANG Jianxin, MAO Xiaohong, et al. Petrogenesis of
Mg-Al granulites in the Huatugou UHT metamorphic terrane,
western margin of Qaidam Basin and its relationship with melt
behavior[J]. Acta Petrologica et Mineralogica, 2024, 43(2):
201-218.

EYUE, A, S, B I X4 W2 3 i A A A
19 A8 TR B SO A 2441, 1996, 12(1): 88-98.

WANG Kaiyi, ZHOU Shaoping, HAO Jie. Metamorphism of kyanite-
bearing assemblages in the original Jingangku Formation, Wu-
taishan area and its significance[J]. Acta Petrologica Sinica,
1996, 12(1): 88-98.

FAR, JURAR, IR, S AR BUA AW (M. b st HUBTH
JiAt:, 1987

WANG Renmin, YOU Zhendong, SU Shangguo, et al. Restoration of
Metamorphic Protoliths[M]. Beijing: Geological Publishing
House, 1987.

B st ARl RS Al A -1E L X e AR AR S
Fysg AL [T]. JhERBLS2, 2018, 43(1): 24-43.

WEI Chunjing. Paleoproterozoic metamorphism and tectonic evolu-
tion of the Wutai-Hengshan area in the Trans-North China Oro-
gen[J]. Earth Science, 2018, 43(1): 24—43.

WRIKIE, Ve IR B, TG, &5, IV B & L0 a0 IR a i m
AR AR 00 ) £ B AR 5 B FE M B R LT A AR
2009, 25(12): 3422-3430.

XU Yongjing, PANG Ercheng, SHI Guanghai, et al. Internal features
and mineral inclusions of zircon from the Nianzigou rutile de-
posit in Daixian, Shanxi Province and their geological implica-
tions[J]. Acta Petrologica Sinica, 2009, 25(12): 3422-3430.

TR AR, FUSC, B4R WK fa B EN A R AT i
RIREEH BRI [J]. HuBRRLE, 1990, 15(4): 345-356.

YOU Zhendong, ZHOU Hanwen, LV Xuemiao. Study on corona tex-
tures in kyanite-gedrite schists from Xishui, Hubei[J]. Earth
Science, 1990, 15(4): 345-356.

JATH 2R A8 B IR R A SR AR 5 vk B R (). ML BRI,
1984, 30(6): 563-570.

ZHOU Shitai. The main chemical methods for the restoration of pro-
toliths of metamorphic rocks and their application[J]. Geologic-
al Review, 1984, 30(6): 563—570.

Andersen T. Correction of common lead in U-Pb analyses that do not
report 204Pb[J]. Chemical Geology, 2002, 192(1-2): 59-79.

Arevalo R, Mcdonough W F. Chemical variations and regional di-

versity observed in MORB[J]. Chemical Geology, 2010, 271(1-


https://doi.org/10.18654/1000-0569/2024.11.06
https://doi.org/10.18654/1000-0569/2024.11.06
https://doi.org/10.3969/j.issn.1000-6524.2010.05.005
https://doi.org/10.3969/j.issn.1000-6524.2010.05.005
https://doi.org/10.20086/j.cnki.yskw.2024.0201
https://doi.org/10.20086/j.cnki.yskw.2024.0201
https://doi.org/10.20086/j.cnki.yskw.2024.0201
https://doi.org/10.1016/S0009-2541(02)00195-X
https://doi.org/10.1016/j.chemgeo.2009.12.013

80 o4t o# R

NORTHWESTERN GEOLOGY

2026 4

2): 70-85.

Arnold J, Sandiford M. Petrogenesis of cordierite-orthoamphibole as-
semblages from the Springton region, South Australia[J]. Con-
tributions to Mineralogy and Petrology, 1990, 106(1): 100—109.

Baba S. Two Stages of Sapphirine Formation During Prograde and
Retrograde Metamorphism in the Palaeoproterozoic Lewisian
Complex in South Harris, NW Scotland[J]. Journal of Petro-
logy, 2003, 44(2): 329-354.

Ballouard C, Massuyeau M, Elburg M A, et al. The magmatic and
magmatic-hydrothermal evolution of felsic igneous rocks as
seen through Nb-Ta geochemical fractionation, with implica-
tions for the origins of rare-metal mineralizations[J]. Earth-Sci-
ence Reviews, 2020, 203: 103115.

Bau M. Controls on the fractionation of isovalent trace elements in
magmatic and aqueous systems: evidence from Y/Ho, Zr/Hf,
and lanthanide tetrad effect[J]. Contributions to Mineralogy
and Petrology, 1996, 123(3): 323-333.

Bau M, Dulski P. Comparative study of yttrium and rare-earth ele-
ment behaviours in fluorine-rich hydrothermal fluids[J]. Contri-
butions to Mineralogy and Petrology, 1995, 119(2-3): 213-223.

Bau M, Koschinsky A. Oxidative scavenging of cerium on hydrous
Fe oxide: evidence from the distribution of rare earth elements
and yttrium between Fe oxides and Mn oxides in hydrogenetic
ferromanganese crusts[J]. Geochemical Journal, 2009, 43(1):
37-47.

Bédard J H. Trace element partitioning in plagioclase feldspar[J].
Geochimica et Cosmochimica Acta, 2006, 70(14): 3717-3742.

Bhatia M R. Rare earth element geochemistry of Australian Paleozo-
ic graywackes and mudrocks: provenance and tectonic
control[J]. Sedimentary Geology, 1985, 45(1-2): 97-113.

Bollaert Q, Chasse M, Allard T, et al. Multiscale processes con-
trolling niobium mobility during supergene weathering[J].
Geochimica et Cosmochimica Acta, 2023, 353: 142—157.

Bostrom K. Origin and fate of ferromanganoan active ridge sedi-
ments|[M]//HSU K J, JENKYNS H C. Pelagic sediments: on
land and under the sea. 1st ed. Oxford: Wiley, 1975: 401.

Brandt S, Schenk V, Raith M M, et al. Late Neoproterozoic P-T evol-
ution of HP-UHT Granulites from the Palni Hills (South India):
New Constraints from Phase Diagram Modelling, LA-ICP-MS
Zircon Dating and in-situ EMP Monazite Dating[J]. Journal of
Petrology, 2011, 52(9): 1813—1856.

Cann J R. Spilites from the carlsberg ridge, indian ocean[J]. Journal
of Petrology, 1969, 10(1): 1-19.

Catling D C, Zahnle K J. The Archean atmosphere[J]. Science Ad-
vances, 2020, 6(9): eaax1420.

Cawood P A, Hawkesworth C J, Dhuime B. Detrital zircon record
and tectonic setting [J]. Geology, 2012, 40(10): 875-878.

David K, Schiano P, Allegre C J. Assessment of the Zr/Hf fractiona-

tion in oceanic basalts and continental materials during petro-
genetic processes[J]. Earth and Planetary Science Letters, 2000,
178(3-4): 285-301.

Diener J F A, Powell R, White R W. Quantitative phase petrology of
cordierite—orthoamphibole gneisses and related rocks[J]. Journ-
al of Metamorphic Geology, 2008, 26(8): 795-814.

Diwu C, Sun Y, Si B, et al. Archean continental crustal growth and
reworking of the north China craton: constraints from zircon U
Pb age and Hf isotopic composition [J]. Earth-Science Reviews,
2024, 248: 104624.

Dramsch J O. 70 years of machine learning in geoscience in
review[M]//Advances in geophysics: Vol. 61. Elsevier, 2020:
1-55.

Edmond J M, Damm K V. Hot springs on the ocean floor[J]. Sci-
entific American, 1983, 248(4): 78-93.

Ellis D J. Osumilite-sapphirine-quartz granulites from Enderby Land,
Antarctica: P-T conditions of metamorphism, implications for
garnet-cordierite equilibria and the evolution of the deep
crust[J]. Contributions to Mineralogy and Petrology, 1980,
74(2):201-210.

Fawcett T. An introduction to ROC analysis[J]. Pattern Recognition
Letters, 2006, 27(8): 861-874.

Fedo C M, Sircombe K N, Rainbird R H. Detrital zircon analysis of
the sedimentary record[J]. Reviews in Mineralogy and Geo-
chemistry, 2003, 53(1): 277-303.

Floyd P, Winchester J. Element mobility associated with meta-shear
zones within the Ben-Hope amphibolite suite, Scotland
[J]. Chemical Geology, 1983, 39(1-2): 1-15.

Geisler T, Schaltegger U, Tomaschek F. Re-equilibration of zircon in
aqueous fluids and melts [J]. Elements, 2007, 3(1): 43—50.
Goldfarb R J, Groves D I, Gardoll S. Orogenic gold and geologic
time: a global synthesis[J]. Ore Geology Reviews, 2001, 18(1-

2): 1-75.

Grant J A. The isocon diagram; a simple solution to gresens’ equa-
tion for metasomatic alteration[J]. Economic Geology, 1986,
81(8): 1976-1982.

Grant J A. Isocon analysis: A brief review of the method and applica-
tions [J]. Physics and Chemistry of the Earth, Parts A/B/C, 2005,
30(17-18): 997-1004.

Groves D I, Condie K C, Goldfarb R J, et al. Secular Changes in
Global Tectonic Processes and Their Influence on the Temporal
Distribution of Gold-Bearing Mineral Deposits[J]. Economic
Geology, 2005, 100(2): 203—224.

Groves D I, Goldfarb R J, Gebre-mariam M, et al. Orogenic gold de-
posits: a proposed classification in the context of their crustal
distribution and relationship to other gold deposit types[J]. Ore
Geology Reviews, 1998, 13(1-5): 7-27.

Guo H, Liu Z, Jiang H, et al. Big earth data: a new challenge and op-


https://doi.org/10.1007/BF00306411
https://doi.org/10.1007/BF00306411
https://doi.org/10.1093/petrology/44.2.329
https://doi.org/10.1093/petrology/44.2.329
https://doi.org/10.1093/petrology/44.2.329
https://doi.org/10.1016/j.earscirev.2020.103115
https://doi.org/10.1016/j.earscirev.2020.103115
https://doi.org/10.1016/j.earscirev.2020.103115
https://doi.org/10.1016/j.earscirev.2020.103115
https://doi.org/10.1007/s004100050159
https://doi.org/10.1007/s004100050159
https://doi.org/10.1007/BF00307282
https://doi.org/10.1007/BF00307282
https://doi.org/10.2343/geochemj.1.0005
https://doi.org/10.1016/j.gca.2006.05.003
https://doi.org/10.1016/0037-0738(85)90025-9
https://doi.org/10.1016/j.gca.2023.05.023
https://doi.org/10.1093/petrology/egr032
https://doi.org/10.1093/petrology/egr032
https://doi.org/10.1126/sciadv.aax1420
https://doi.org/10.1126/sciadv.aax1420
https://doi.org/10.1126/sciadv.aax1420
https://doi.org/10.1130/G32945.1
https://doi.org/10.1016/S0012-821X(00)00088-1
https://doi.org/10.1111/j.1525-1314.2008.00791.x
https://doi.org/10.1111/j.1525-1314.2008.00791.x
https://doi.org/10.1016/j.earscirev.2023.104624
https://doi.org/10.1016/j.earscirev.2023.104624
https://doi.org/10.1016/j.earscirev.2023.104624
https://doi.org/10.1038/scientificamerican0483-78
https://doi.org/10.1038/scientificamerican0483-78
https://doi.org/10.1007/BF01132005
https://doi.org/10.1016/j.patrec.2005.10.010
https://doi.org/10.1016/j.patrec.2005.10.010
https://doi.org/10.1515/9781501509322-013
https://doi.org/10.1515/9781501509322-013
https://doi.org/10.1515/9781501509322-013
https://doi.org/10.2113/gselements.3.1.43
https://doi.org/10.1016/S0169-1368(01)00016-6
https://doi.org/10.1016/j.pce.2004.11.003
https://doi.org/10.2113/gsecongeo.100.2.203
https://doi.org/10.2113/gsecongeo.100.2.203
https://doi.org/10.1016/S0169-1368(97)00012-7
https://doi.org/10.1016/S0169-1368(97)00012-7

/\‘/~4/ﬂ;ﬁ

Aok A5 18 ILAR 4 2] SR AL AR SO 45 &

B4 75 R 2 L PG L/ L b DX DN 2 1 D 81

portunity for digital earth’s development[J]. International
Journal of Digital Earth, 2017, 10(1): 1-12.

Guo J H, Sun M, Chen F K, et al. Sm-Nd and SHRIMP U-Pb zircon
geochronology of high-pressure granulites in the Sanggan area,
North China Craton: timing of Paleoproterozoic continental col-
lision[J]. Journal of Asian Earth Sciences, 2005, 24(5):
629-642.

Han C, Xiao W, Su B, et al. Neoarchean Algoma-type banded iron
formation from the northern Shanxi, the Trans-North China
Orogen: SIMS U-Pb age, origin and tectonic setting[J]. Pre-
cambrian Research, 2017, 303: 548—572.

Han X, Qian J, Yin C, et al. Development of thermal state and plate
tectonics in the north China craton during neoarchean—paleo-
proterozoic[J]. Communications Earth & Environment, 2025,
7(1): 105-115.

Hanski E, Huhma H, Vuollo J. SIMS zircon ages and Nd isotope sys-
tematics of the 2.2 Ga mafic intrusions in northern and eastern
Finland[J]. Bulletin of the Geological Society of Finland, 2010,
82(1):31-62.

Harper G D. Structural styles of hydrothermal discharge in
ophiolite/sea-floor systems[M]//Barrie C T, Hannington M D.
Volcanic-associated massive sulfide deposits: Processes and ex-
amples in modern and ancient settings. Society of Economic
Geologists Reviews in Economic Geology, 1997: 53-73.

Hasterok D, Gard M, Bishop C M B, et al. Chemical identification of
metamorphic protoliths using machine learning methods[J].
Computers & Geosciences, 2019, 132: 56—68.

Hedenquist J] W, Lowenstern J B. The role of magmas in the forma-
tion of hydrothermal ore deposits [J]. Nature, 1994, 370(6490):
519-527.

Hernandez-uribe D, Palin R M, Cone K A, et al. Petrological implica-
tions of seafloor hydrothermal alteration of subducted mid-
ocean ridge basalt[J]. Journal of Petrology, 2021, 61(9):
egaa086.

Hinchey A M, Carr S D. Protolith composition of cordierite-gedrite
basement rocks and garnet amphibolite of the Bearpaw Lake
area of the Thor-Odin dome, Monashee Complex, British
Columbia, Canada[J]. The Canadian Mineralogist, 2007, 45(3):
607-629.

Hoffer E, Grant J A. Experimental investigation of the formation of
cordierite-orthopyroxene parageneses in pelitic rocks[J]. Con-
tributions to Mineralogy and Petrology, 1980, 73(1): 15-22.

Hood S B, Cracknell M J, Gazley M F. Linking protolith rocks to
altered equivalents by combining unsupervised and supervised
machine learning [J]. Journal of Geochemical Exploration, 2018,
186: 270—280.

Hu Y, Liu S, Fu J, et al. Neoarchean-early paleoproterozoic granit-

oids, the geothermal gradient and geodynamic evolution in the

Hengshan terrane, North China Craton [J]. Gondwana Research,
2021, 94: 143—163.

Humphris S E, Thompson G, Hydrothermal alteration of oceanic
basalts by seawater[J]. Geochimica et Cosmochimica Acta,
1978,42(1): 107-125.

Huang H, Niu Y, Zhao Z, et al. On the enigma of Nb-Ta and Zr-Hf
fractionation—a critical review[J]. Journal of Earth Science,
2011, 22(1): 52-66.

Irving A J, Ashley P M. Amphibole - olivine - spinel, cordierite -
anthophyllite and related hornfelses associated with metamorph-
osed serpentinites in the Goobarragandra district, near Tumut,
New South Wales[J]. Journal of the Geological Society of Aus-
tralia, 1976, 23(1): 19-43.

Iwamori H, Yoshida K, Nakamura H, et al. Classification of geo-
chemical data based on multivariate statistical analyses: Com-
plementary roles of cluster, principal component, and independ-
ent component analyses[J]. Geochemistry, Geophysics, Geo-
systems, 2017, 18(11): 3966—3981.

Jahn B M, Gallet S, Han J. Geochemistry of the Xining, Xifeng and
Jixian sections, Loess Plateau of China: eolian dust provenance
and paleosol evolution during the last 140 ka[J]. Chemical
Geology, 2001, 178(1-4): 71-94.

Jenner F E, Bennett V C, Yaxley G, et al. Eoarchean within-plate
basalts from southwest Greenland[J]. Geology, 2013, 41(3):
327-330.

Jin S, Ma Y, Yang S, et al. The application of big data and machine
learning in petrogeochemistry[C]//2024 10th International Con-
ference on Big Data and Information Analytics (BigDIA). Chi-
ang Mai, Thailand: IEEE, 2024: 209-212.

Kelsey D E, Hand M. On ultrahigh temperature crustal metamorph-
ism: Phase equilibria, trace element thermometry, bulk composi-

tectonic  settings [J].

tion, heat timescales and

Geoscience Frontiers, 2015, 6(3): 311-356.

sources,

Kohn M J. The fall and rise of metamorphic zircon[J]. American
Mineralogist, 2016, 101(12): 2568—2569.

Kroner A, Wilde S A, Li J H, et al. Age and evolution of a late
Archean to Paleoproterozoic upper to lower crustal section in
the Wutaishan/Hengshan/Fuping terrain of northern ChinalJ].
Journal of Asian Earth Sciences, 2005, 24(5): 577-595.

Kroner A, Wilde S A, Zhao G C, et al. Zircon geochronology and
metamorphic evolution of mafic dykes in the Hengshan Com-
plex of northern China: evidence for late Palaeoproterozoic ex-
tension and subsequent high-pressure metamorphism in the
North China Craton[J]. Precambrian Research, 2006, 146(1-2):
45-67.

Langmuir D, Herman J S. The mobility of thorium in natural waters
at low temperatures[J]. Geochimica et Cosmochimica Acta,
1980, 44(11): 1753-1766.


https://doi.org/10.1080/17538947.2016.1264490
https://doi.org/10.1080/17538947.2016.1264490
https://doi.org/10.1016/j.jseaes.2004.01.017
https://doi.org/10.1016/j.precamres.2017.06.023
https://doi.org/10.1016/j.precamres.2017.06.023
https://doi.org/10.1038/s43247-025-03131-1
https://doi.org/10.17741/bgsf/82.1.002
https://doi.org/10.1016/j.cageo.2019.07.004
https://doi.org/10.1038/370519a0
https://doi.org/10.1093/petrology/egaa086
https://doi.org/10.2113/gscanmin.45.3.607
https://doi.org/10.1007/BF00376257
https://doi.org/10.1007/BF00376257
https://doi.org/10.1016/j.gexplo.2018.01.002
https://doi.org/10.1016/j.gr.2021.03.004
https://doi.org/10.1007/s12583-011-0157-x
https://doi.org/10.1080/00167617608728919
https://doi.org/10.1080/00167617608728919
https://doi.org/10.1080/00167617608728919
https://doi.org/10.1002/2016gc006663
https://doi.org/10.1002/2016gc006663
https://doi.org/10.1002/2016gc006663
https://doi.org/10.1016/S0009-2541(00)00430-7
https://doi.org/10.1016/S0009-2541(00)00430-7
https://doi.org/10.1130/G33787.1
https://doi.org/10.1016/j.gsf.2014.09.006
https://doi.org/10.2138/am-2015-5064
https://doi.org/10.2138/am-2015-5064
https://doi.org/10.1016/j.jseaes.2004.01.001
https://doi.org/10.1016/j.precamres.2006.01.008
https://doi.org/10.1016/0016-7037(80)90226-4

82 o4t o# R

NORTHWESTERN GEOLOGY

2026 4

Linnen R L, Keppler H. Melt composition control of Zr/Hf fractiona-
tion in magmatic processes[J]. Geochimica et Cosmochimica
Acta, 2002, 66(18): 3293-3301.

Liu C T, Liu X M, Zhang Z J. Data-Driven Investigation Reveals
Subaerial Proportion of Basalts Since the Early Archean[J].
Geophysical Research Letters, 2024, 51(12): €2023GL107066.

Liu C, Zhao G, Liu F, et al. Constraints of volcanic rocks of the Wu-
tai Complex (Shanxi Province, Northern China) on a giant late
Neoarchean intra-oceanic arc system in the Trans-North China
Orogen[J]. Journal of Asian Earth Sciences, 2016, 123:
178-212.

Liu J, Palin R M, Mitchell R N, et al. Archaean multi-stage magmat-
ic underplating drove formation of continental nuclei in the
North China Craton[J]. Nature Communications, 2024, 15(1):
6231.

Ludwig K R. User's manual for Isoplot 3.00: a geochronological
toolkit for Microsoft Excel[R]. Berkeley Geochronology Center
Special Publication, 2003, 4: 1-70.

Lyons T W, Reinhard C T, Planavsky N J. The rise of oxygen in
Earth’s early ocean and atmosphere[J]. Nature, 2014,
506(7488): 307-315.

Lyu J, Guo Z, Tang M. Compositional evolution of the Archean sub-
aerial crust revisited using machine learning constraints[J].
Chemical Geology, 2025, 693: 122986.

Matsuno S, Uno M, Okamoto A, et al. Machine-learning techniques
for quantifying the protolith composition and mass transfer his-
tory of metabasalt[J]. Scientific Reports, 2022, 12(1): 1385.

Middelburg J J, Van der weijden C H, Woittiez J R W. Chemical pro-
cesses affecting the mobility of major, minor and trace elements
during weathering of granitic rocks[J]. Chemical Geology,
1988, 68(3—4): 253-273.

Moller A, O'brien P J, Kennedy A, et al. Linking growth episodes of
zircon and metamorphic textures to zircon chemistry: an ex-
ample from the ultrahigh-temperature granulites of Rogaland
(SW Norway)[J]. Geological Society, London, Special Publica-
tions, 2003, 220(1): 65-81.

Nadeau O, Stix J, Williams-jones A E. The behavior of Cu, Zn and
Pb during magmatic—hydrothermal activity at Merapi volcano,
Indonesia[J]. Chemical Geology, 2013, 342: 167—179.

Nesbitt H W, Young G M. Prediction of some weathering trends of
plutonic and volcanic rocks based on thermodynamic and kinet-
ic considerations[J]. Geochimica et Cosmochimica Acta, 1984,
48(7): 1523-1534.

Nesbitt H W, Young G M, Mclennan S M, et al. Effects of chemical
weathering and sorting on the petrogenesis of siliciclastic sedi-
ments, with implications for provenance studies[J]. Journal of
Geology, 1996, 104(5): 525-542.

Niu Y. Earth processes cause Zr-Hf and Nb-Ta fractionations, but

why and how?[J]. RSC Advances, 2012, 2(9): 3587-3591.

O'brien P J, Walte N, LI J. The petrology of two distinct granulite
types in the Hengshan Mts, China, and tectonic implications [J].
Journal of Asian Earth Sciences, 2005, 24(5): 615
627.

Ordoiiez-Calderdn J C, Polat A, Fryer B J, et al. Evidence for HFSE
and REE mobility during calc-silicate metasomatism,
Mesoarchean (~3075Ma) Ivisaartoq greenstone belt, southern
West Greenland[J]. Precambrian Research, 2008, 161(3-4):
317-340.

Pan Y, Fleet M E. Geochemistry and origin of cordierite-orthoam-
phibole gneiss and associated rocks at an Archaean volcanogen-
ic massive sulphide camp: Manitouwadge, Ontario, Canadal[J].
Precambrian Research, 1995, 74(1-2): 73—89.

Pearce J A. Geochemical fingerprinting of oceanic basalts with ap-
plications to ophiolite classification and the search for Archean
oceanic crust[J]. Lithos, 2008, 100(1—4): 14—48.

Pearce J A, Cann J R. Tectonic setting of basic volcanic rocks de-
termined using trace element analyses[J]. Earth and Planetary
Science Letters, 1973, 19(2): 290-300.

Peck W H, Valley J W. Genesis of cordierite - gedrite gneisses, Cent-
ral Metasedimentary Belt boundary thrust zone, Grenville
Province, Ontario, Canadal[J]. The Canadian Mineralogist,
2000, 38(2): 511-524.

Peng P, Feng L, Sun F, et al. Dating the Gaofan and Hutuo Groups —
Targets to investigate the Paleoproterozoic Great Oxidation
Event in North China[J]. Journal of Asian Earth Sciences, 2017,
138: 535-547.

Peng P, Guo J, Zhai M, et al. Genesis of the Hengling magmatic belt
in the North China Craton: implications for Paleoproterozoic
tectonics [J]. Lithos, 2012, 148: 27-44.

Petrelli M, Caricchi L, Perugini D. Machine Learning Thermo - Ba-
rometry: Application to Clinopyroxene - Bearing Magmas[J].
Journal of Geophysical Research: Solid Earth, 2020, 125(9):
€2020JB020130.

Pitra P, Boulvais P, Antonoff V, et al. Wagnerite in a cordierite-
gedrite gneiss: Witness of long-term fluid-rock interaction in the
continental crust (Ile d’Yeu, Armorican Massif, France)[J].
American Mineralogist, 2008, 93(2-3): 315-326.

Ptacek M P, Dauphas N, Greber N D. Chemical evolution of the con-
tinental crust from a data-driven inversion of terrigenous sedi-
ment compositions[J]. Earth and Planetary Science Letters,
2020, 539: 116090.

Qian J H, Wei C J. P-T—t evolution of garnet amphibolites in the Wu-
tai-Hengshan area, North China Craton: insights from phase
equilibria and geochronology [J]. Journal of Metamorphic Geo-
logy, 2016, 34(5): 423—446.

Qian J, Wei C, Clarke G L, et al. Metamorphic evolution and Zircon


https://doi.org/10.1016/S0016-7037(02)00924-9
https://doi.org/10.1016/S0016-7037(02)00924-9
https://doi.org/10.1029/2023GL107066
https://doi.org/10.1016/j.jseaes.2016.04.006
https://doi.org/10.1038/s41467-024-50435-5
https://doi.org/10.1038/nature13068
https://doi.org/10.1016/j.chemgeo.2025.122986
https://doi.org/10.1038/s41598-022-05109-x
https://doi.org/10.1016/0009-2541(88)90025-3
https://doi.org/10.1144/GSL.SP.2003.220.01.04
https://doi.org/10.1144/GSL.SP.2003.220.01.04
https://doi.org/10.1144/GSL.SP.2003.220.01.04
https://doi.org/10.1016/j.chemgeo.2013.01.018
https://doi.org/10.1016/0016-7037(84)90408-3
https://doi.org/10.1086/629850
https://doi.org/10.1086/629850
https://doi.org/10.1039/c2ra00384h
https://doi.org/10.1016/j.jseaes.2004.01.002
https://doi.org/10.1016/j.precamres.2007.09.004
https://doi.org/10.1016/0301-9268(95)00010-3
https://doi.org/10.1016/j.lithos.2007.06.016
https://doi.org/10.1016/0012-821X(73)90129-5
https://doi.org/10.1016/0012-821X(73)90129-5
https://doi.org/10.2113/gscanmin.38.2.511
https://doi.org/10.1016/j.jseaes.2017.03.001
https://doi.org/10.1016/j.lithos.2012.05.021
https://doi.org/10.1029/2020JB020130
https://doi.org/10.2138/am.2008.2597
https://doi.org/10.1016/j.epsl.2020.116090
https://doi.org/10.1111/jmg.12186
https://doi.org/10.1111/jmg.12186
https://doi.org/10.1111/jmg.12186

/\‘/~4/ﬂ;ﬁ

Aok A5 18 ILAR 4 2] SR AL AR SO 45 &

B4 75 R 2 L PG L/ L b DX DN 2 1 D 83

ages of Garnet—orthoamphibole rocks in southern Hengshan,
North China Craton: Insights into the regional Paleoproterozoic
P-T-t history [J]. Precambrian Research, 2015, 256: 223-240.

Qian J, Wei C, Yin C. Paleoproterozoic P-T—t evolution in the Heng-
shan—Wutai-Fuping area, North China Craton: evidence from
petrological and geochronological data[J]. Precambrian Re-
search, 2017, 303: 91-104.

Qian J, Wei C, Zhou X, et al. Metamorphic P-T paths and new zir-
con U-Pb age data for garnet-mica schist from the Wutai
Group, North China Craton[J]. Precambrian Research, 2013,
233:282-296.

Rahim Y, Li Q, Hu P, et al. Depositional age and provenance of
metasedimentary rocks from the Hengshan Complex, North
China Craton: implications for the late Neoarchean to early Pa-
leoproterozoic tectonic setting of the Trans-North China Oro-
gen[J]. Precambrian Research, 2024, 404: 107322.

Raith M, Karmakar S, Brown M. Ultra-high-temperature metamorph-
ism and multistage decompressional evolution of sapphirine
granulites from the Palni Hill ranges, southern India[J]. Journal
of Metamorphic Geology, 1997, 15(3): 379-399.

Reinhardt J. Cordierite-anthophyllite rocks from north-west Queens-
land, Australia: metamorphosed magnesian pelites[J]. Journal
of Metamorphic Geology, 1987, 5(4): 451-472.

Rogers J J W, Santosh M. Configuration of Columbia, a Meso-
proterozoic Supercontinent[J]. Gondwana Research, 2002,
5(1):5-22.

Rubatto D. Zircon: the metamorphic mineral[J]. Reviews in Miner-
alogy and Geochemistry, 2017, 83(1): 261-302.

Rubatto D, Hermann J. Zircon formation during fluid circulation in
eclogites (Monviso, Western Alps): implications for Zr and Hf
budget in subduction zones[J]. Geochimica et Cosmochimica
Acta, 2003, 67(12): 2173-2187.

Safronov V T. Initial mineral composition and geochemical signa-
ture of high-alumina gneisses in the Chupa Formation of the Be-
lomorian Group, the Baltic Shield[J]. Lithology and Mineral
Resources, 2005, 40(5): 472—482.

Seewald J S, Seyfried W E. The effect of temperature on metal mo-
bility in subseafloor hydrothermal systems: constraints from
basalt alteration experiments[J]. Earth and Planetary Science
Letters, 1990, 101(2): 388-403.

Seyfried W E. Experimental and theoretical constraints on hydro-
thermal alteration processes at mid-ocean ridges[J]. Annual Re-
view of Earth and Planetary Sciences, 1987, 15: 317-335.

Shi G, Li X, Li Q, et al. Ion microprobe U-Pb age and Zr-in-rutile
thermometry of rutiles from the Daixian rutile deposit in the
Hengshan Mountains, Shanxi Province, ChinalJ]. Economic
Geology, 2012, 107(3): 525-535.

Slama J, Kosler J, Condon D J, et al. Plesovice zircon: A new natural

reference material for U-Pb and Hf isotopic microanalysis[J].
Chemical Geology, 2008, 249(1-2): 1-35.

Smith M S, Dymek R F, Schneiderman J S. Implications of Trace
Element Geochemistry for the Origin of Cordierite-Orthoam-
phibole Rocks from Orijérvi, SW Finland[J]. The Journal of
Geology, 1992, 100(5): 545-559.

Souza neto J A, Sallet R, Moritz R, et al. The occurrence of antho-
phyllite—phlogopite-bearing schist in the Serido Belt, northeast-
ern Brazil: geological significance and potential guide of pro-
specting for gold and emerald deposits[J]. Journal of South
American Earth Sciences, 2023, 126: 104334.

Sugitani K, Yamashita F, Nagaoka T, et al. Geochemistry and sedi-
mentary petrology of Archean clastic sedimentary rocks at Mt.
Goldsworthy, Pilbara Craton, Western Australia: evidence for
the early evolution of continental crust and hydrothermal altera-
tion[J]. Precambrian Research, 2006, 147(1-2): 124—147.

Sun D, Li Q, Liu S, et al. Neoarchean-Paleoproterozoic magmatic arc
evolution in the Wutai-Hengshan-Fuping area, North China
Craton: New perspectives from zircon U-Pb ages and Hf isotop-
ic data[J]. Precambrian Research, 2019, 331: 105368.

Sun S S, Mcdonough W F. Chemical and isotopic systematics of
oceanic basalts: implications for mantle composition and pro-
cesses[J]. Geological Society, London, Special Publications,
1989, 42(1): 313-345.

Sun Z, Liao Z, Shen W, et al. Comparing mineral weathering and ele-
mental transport between earth’s critical zone with different par-
ent rocks in Yanshan Mountain, Hebei Province, Chinal[J]. Acta
Geochimica, 2022, 41(6): 982—999.

Taylor S R, Mclennan S M. The continental crust: its composition
and evolution[M]. Oxford: Blackwell Scientific Publications,
1985: 312.

Tuttle L, Henry D J, Mogk D W, et al. Archean cordierite-or-
thopyroxene rocks from the eastern Beartooth Mountains,
Montana, USA: insights into the local metamorphic
pressure-temperature history [J]. Mineralogical Magazine, 2025,
89(6): 775-790.

Vallance T G. Mafic Rock Alteration and Isochemical Development
of Some Cordierite-Anthophyllite Rocks[J]. Journal of Petro-
logy, 1967, 8(1): 84-96.

Van Buuren S, Boshuizen H C, Knook D L. Multiple imputation of
missing blood pressure covariates in survival analysis[J]. Stat-
istics in Medicine, 1999, 18(6): 681—-694.

Volkert R A, Peck W H. Constraints from geochemistry and oxygen
isotopes for the hydrothermal origin of orthoamphibole mafic
gneiss in the New Jersey Highlands, North-Central Appalachi-
ans, USA[J]. Lithos, 2017, 294-295: 184-197.

Van Achterbergh E, Ryan C, Jackson S, et al. Appendix 3, data re-
duction software for LA-ICP-MS[A]. In: Sylvester P (ed). Laser-


https://doi.org/10.1016/j.precamres.2014.11.013
https://doi.org/10.1016/j.precamres.2017.02.016
https://doi.org/10.1016/j.precamres.2017.02.016
https://doi.org/10.1016/j.precamres.2017.02.016
https://doi.org/10.1016/j.precamres.2013.05.012
https://doi.org/10.1016/j.precamres.2024.107322
https://doi.org/10.1111/j.1525-1314.1997.00027.x
https://doi.org/10.1111/j.1525-1314.1997.00027.x
https://doi.org/10.1016/S1342-937X(05)70883-2
https://doi.org/10.2138/rmg.2017.83.9
https://doi.org/10.2138/rmg.2017.83.9
https://doi.org/10.2138/rmg.2017.83.9
https://doi.org/10.1016/S0016-7037(02)01321-2
https://doi.org/10.1016/S0016-7037(02)01321-2
https://doi.org/10.1007/s10987-005-0044-6
https://doi.org/10.1007/s10987-005-0044-6
https://doi.org/10.1016/0012-821x(90)90168-w
https://doi.org/10.1016/0012-821x(90)90168-w
https://doi.org/10.1146/annurev.ea.15.050187.001533
https://doi.org/10.1146/annurev.ea.15.050187.001533
https://doi.org/10.1146/annurev.ea.15.050187.001533
https://doi.org/10.2113/econgeo.107.3.525
https://doi.org/10.2113/econgeo.107.3.525
https://doi.org/10.1086/629607
https://doi.org/10.1086/629607
https://doi.org/10.1016/j.jsames.2023.104334
https://doi.org/10.1016/j.jsames.2023.104334
https://doi.org/10.1016/j.precamres.2006.02.006
https://doi.org/10.1016/j.precamres.2019.105368
https://doi.org/10.1144/GSL.SP.1989.042.01.19
https://doi.org/10.1007/s11631-022-00562-x
https://doi.org/10.1007/s11631-022-00562-x
https://doi.org/10.1180/mgm.2025.10152
https://doi.org/10.1093/petrology/8.1.84
https://doi.org/10.1093/petrology/8.1.84
https://doi.org/10.1093/petrology/8.1.84
https://doi.org/10.1002/(SICI)1097-0258(19990330)18:6<681::AID-SIM71>3.0.CO;2-R
https://doi.org/10.1002/(SICI)1097-0258(19990330)18:6<681::AID-SIM71>3.0.CO;2-R

84 modb oH# R

NORTHWESTERN GEOLOGY

2026 4

Ablation-ICPMS in the Earth Sciences[C]. Mineral Association
of Canada, 2001, 29: 239-243..

Wan Y, Miao P, Liu D, et al. Formation ages and source regions of
the Palaeoproterozoic Gaofan, Hutuo and Dongjiao groups in
the Wutai and Dongjiao areas of the North China Craton from
SHRIMP U-Pb dating of detrital zircons: Resolution of debates
over their stratigraphic relationships[J]. Chinese Science Bul-
letin, 2010, 55(13): 1278-1284.

Wang W, Liu S, Santosh M, et al. Neoarchean intra-oceanic arc sys-
tem in the Western Liaoning Province: Implications for Early
Precambrian crustal evolution in the Eastern Block of the North
China Craton[J]. Earth-Science Reviews, 2015, 150: 329-364.

Wiedenbeck M, Alle P, Corfu F, et al. Three natural zircon standards
for U - Th - Pb, Lu - Hf, trace element and REE analyses[J].
Geostandards Newsletter, 1995, 19(1): 1-23.

Wilde S A, Cawood P A, Wang K, et al. Determining Precambrian
crustal evolution in China: a case-study from Wutaishan, Shanxi
Province, demonstrating the application of precise SHRIMP U-
Pb geochronology[J]. Geological Society, London, Special
Publications, 2004, 226(1): 5-25.

Williams I S. Response of detrital zircon and monazite, and their
U-Pb isotopic systems, to regional metamorphism and host-rock
partial melting, Cooma Complex, southeastern AustralialJ].
Australian Journal of Earth Sciences, 2001, 48(4): 557—580.

Winchester J A, Floyd P A. Geochemical discrimination of different
magma series and their differentiation products using immobile
elements[J]. Chemical Geology, 1977, 20: 325-343.

Wolter H U, Seifert F. Mineralogy and genesis of cordierite-antho-
phyllite rocks from the sulfide deposit of Falun, Sweden[J].
Lithos, 1984, 17: 147-152.

Yakymchuk C. Prograde zircon growth in migmatites[J]. Journal of
Metamorphic Geology, 2023, 41(5): 719-743.

Yoshida S, Ueda H, Asanuma H, et al. Y-Ho fractionation during
basalt alteration in hydrothermal system: an implication for su-
perchondritic Y/Ho signature recorded in Precambrian banded
iron formations[J]. Chemical Geology, 2024, 670: 122421.

Yu C, Yang T, Zhang J, et al. Coexisting diverse P-T—t paths during
Neoarchean sagduction: insights from numerical modeling and

applications to the Eastern North China Craton[J]. Earth and

Planetary Science Letters, 2022, 586: 117529.

Yu X, Liu J, Li C, et al. Zircon U-Pb dating and Hf isotope analysis
on the Taihua Complex: Constraints on the formation and evolu-
tion of the Trans-North China Orogen[J]. Precambrian Re-
search, 2013, 230: 31-44.

Zhai M, Santosh M. Metallogeny of the North China Craton: Link
with secular changes in the evolving Earth[J]. Gondwana Re-
search, 2013, 24(1): 275-297.

Zhang H F, Zhu R X, Santosh M, et al. Episodic widespread magma
underplating beneath the North China Craton in the Phanerozo-
ic: Implications for craton destruction[J]. Gondwana Research,
2013,23(1): 95-107.

Zhang J, Zhao G, Li S, et al. Deformation history of the Hengshan
Complex: implications for the tectonic evolution of the Trans-
North China Orogen[J]. Journal of Structural Geology, 2007,
29(6): 933-949.

Zhang Z, Zheng C, Liang C, et al. Metamorphism and P-T evolution
of high-pressure granulites from the Fuping Complex, North
China Craton[J]. Minerals, 2024, 14(2): 138—166.

Zhao G, Cawood P A, Wilde S A, et al. Review of global 2.1-1.8 Ga
orogens: implications for a pre-rodinia supercontinent[J]. Earth-
Science Reviews, 2002, 59(1—4): 125-162.

Zhao G, Cawood P A, Li S, et al. Amalgamation of the North China
Craton: Key issues and discussion[J]. Precambrian Research,
2012, 222-223: 55-76.

Zhao G, Sun M, Wilde S A, et al. Late Archean to Paleoproterozoic
evolution of the North China Craton: key issues revisited[J].
Precambrian Research, 2005, 136(2): 177-202.

Zhao G, Wilde S A, Cawood P A, et al. Archean blocks and their
boundaries in the North China Craton: lithological, geochemic-
al, structural and P-T path constraints and tectonic
evolution [J]. Precambrian Research, 2001, 107(1-2): 45-73.

Zoleikhaei Y, Frei D, Morton A, et al. Roundness of heavy minerals
(zircon and apatite) as a provenance tool for unraveling recyc-
ling: a case study from the Sefidrud and Sarbaz rivers in N and
SE Iran[J]. Sedimentary Geology, 2016, 342: 106—117.

Zuo R, Xiong Y, Wang J, et al. Deep learning and its application in
geochemical mapping[J]. Earth-Science Reviews, 2019, 192:
1-14.


https://doi.org/10.1007/s11434-009-0615-3
https://doi.org/10.1007/s11434-009-0615-3
https://doi.org/10.1007/s11434-009-0615-3
https://doi.org/10.1016/j.earscirev.2015.08.002
https://doi.org/10.1016/j.earscirev.2015.08.002
https://doi.org/10.1016/j.earscirev.2015.08.002
https://doi.org/10.1111/j.1751-908x.1995.tb00147.x
https://doi.org/10.1144/GSL.SP.2004.226.01.02
https://doi.org/10.1144/GSL.SP.2004.226.01.02
https://doi.org/10.1046/j.1440-0952.2001.00883.x
https://doi.org/10.1016/0009-2541(77)90057-2
https://doi.org/10.1016/0024-4937(84)90015-X
https://doi.org/10.1111/jmg.12715
https://doi.org/10.1111/jmg.12715
https://doi.org/10.1016/j.chemgeo.2024.122421
https://doi.org/10.1016/j.epsl.2022.117529
https://doi.org/10.1016/j.epsl.2022.117529
https://doi.org/10.1016/j.precamres.2012.12.008
https://doi.org/10.1016/j.precamres.2012.12.008
https://doi.org/10.1016/j.precamres.2012.12.008
https://doi.org/10.1016/j.gr.2013.02.007
https://doi.org/10.1016/j.gr.2013.02.007
https://doi.org/10.1016/j.gr.2013.02.007
https://doi.org/10.1016/j.gr.2011.12.006
https://doi.org/10.1016/j.jsg.2007.02.013
https://doi.org/10.3390/min14020138
https://doi.org/10.1016/S0012-8252(02)00073-9
https://doi.org/10.1016/S0012-8252(02)00073-9
https://doi.org/10.1016/S0012-8252(02)00073-9
https://doi.org/10.1016/j.precamres.2004.10.002
https://doi.org/10.1016/S0301-9268(00)00154-6
https://doi.org/10.1016/j.sedgeo.2016.06.016

	1 区域地质背景及样品特征
	2 研究方法
	2.1 全岩主微量元素分析
	2.2 LA-ICP-MS锆石U–Pb同位素定年分析
	2.3 机器学习分析

	3 研究结果
	3.1 主微量元素结果
	3.2 锆石U–Pb结果
	3.3 机器学习研究结果

	4 讨论
	4.1 直闪岩形成时代
	4.2 直闪岩成因

	5 结论
	参考文献

