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Geochemical characteristics of apatite in metabasic rocks under different
metamorphic conditions: a case study from the Paleoproterozoic Trans-North China
Orogen

Abstract: [Objective]Apatite is a common accessory mineral, widely distributed in various
types of rocks. Its U-Pb age, trace element (especially REE, Th, U, and Sr) and Sr-Nd isotopic
compositions can provide important information on chronology and magmatism. However, the
study of its geochemical behavior at different metamorphic levels during orogenesis remains
unclear. As a typical continent-to-continent collisional orogenic belt in the Paleoproterozoic, the
Trans-North China Orogen (TNCO) has recorded an integrated metamorphic sequence ranging
from greenschist, amphibolite to granulite facies, so it is an ideal area to study the
geochemical behavior of apatite during the various grades of metamorphism involving the
orogenic process. [Methods] In this study, we systematically collected metabasic samples
that experienced different metamorphic grades, including greenschist, amphibolite and mafic
granulite in the Wutai-Hengshan area of the TNCO. We carried out detailed petrographic
observations and conducted geochemical analyses on those apatite grains from metabasic
rocks with different metamorphic grades. [Results]Our results show that the apatite grains
from the greenschist samples contain both types of magmatic and metamorphic origin. The
apatite grains from amphibolite samples are mainly metamorphic origin. By contrast, those
grains from the granulite samples are intimately related to the crustal anatexis, exhibiting
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geochemical characteristics of magmatic origin apatite. [Conclusion] This study shows that
the trace element variation of apatite can clearly reflect the influence of metamorphic grades,
crustal anatexis and the coexisting rock-forming minerals with the variation of temperature
and pressure conditions during metamorphism. [Significance] The new results of this study
provide new constraints on our understanding of the element migration and geochemical
balance within the apatite during the orogeny.

Keywords: North China Craton; Trans-North China Orogen; metabasic rocks;

metamorphism; apatite; trace elements
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(Wang et al., 2004; Kroner et al., 2005a; Polat et al., 2005; Liu et al., 2006; Trap et al., 2007;
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& TS TR &L F P IR RIS TR TR AAE, TR XA R AR5 200 A R
PR RE S B KA HEAT T VRGN A M S AR T R BRI 2B T o BRI I 45 AT BT SRR R 2R A AT X
g3, MR AR B R H SR AN AR 25 i A B &R, DLA T RIEB AT AT SR G AR
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Santosh, 2011; Yang and Santosh, 2017; ##[H, 2019; FirA%, 2022) o A KL s h7 s R
O3 N IR BRN PSR B, A A e AR L BE T, B iE LA (Trans-North China
Orogen, TNCO) ([ 1, Zhao et al., 1998, 2005, 2010, 2012; Yang and Santosh, 2015) . Z<fi
BRIV R /e~ 1.85 Ga wr b fid s R AREEE, BEECEA (W TTG. mRMACE S 03 T £ 71
() P-T Bg 4%, KRG LA 17 h ok AR AL L F4F (Zhao et al., 2000, 2001, 2005; Chen et
al., 2020; Liu et al., 2020; Mao et al., 2024) .
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Fig. 1 Tectonic subdivision of the North China Craton (modified after Zhao et al., 2001, 2005)
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FrRRE AR CIE LS ) R, THILACE R E—W R X Y5 WIVE ST Ul e r B8, 22 9 e iAoy (& 2,
Zhang et al., 2007, 2012; He et al., 2021) .

1.1 HEHEX

X N AT FE A H T 0 R E R A RAR N E A . HARRTE REFEIAH AL GRA G o
FHETERE (ERRCE, 2023) , RAEGEH K A—E 7o b AR K a E D Bl AR — B SR (Liu et
al., 2004; Sun et al,, 2019) . FAEFAEH A N LA R0 AR & MOEA T LUER =S Fog

(K 2,4, 1986; Zhang et al., 2012) .

ThEAMETHAMNAEHZRTR— KA R, BRMNE . X Ra . Jea . ibafDbERE
LU, AR RER 2.66~2.64 Ga IR ki, ~2.50 Ga MM ~2.52 Ga B kil
TE RHAC A8 K i AR e 3 (Wilde et al., 2004; Polat et al., 2005; Zhang et al., 2012; Wang et al.,
2014) .

HHE SRR MAESH, E2—BUSRFAMHANENZIEAE, HKER LS. PeRBRE 2
b B E A BTR E H, BTA RIS ARERZE, MWlR— Bk LR . St REHE~
2.54 Ga 2114 f1 2.56~2.52 Ga ERME KA, R & W IEHETE T8 K A H (Wilde et al.,
2004; Liu et al., 2016b; Gao and Santosh, 2019) .

FhEENERAENEEESAEAHTFMGWWER b, Hades. wibs. Ba. TREM E
Bttt — KK L H N, B ASZA A RTERE~2.35 GaWBHEAFER. ~2.19 Ga MK S
F1~2.18 Ga ML RN A L FEGIZ T @ LRy /8y 2.35~2.18 Ga (Zhang et al., 2012; Liu
et al., 2016a; Peng et al., 2017) .

hEB P AE R R R, AR T EANEM, ETREENER, SRR EERETA
WELV R IR A8 R FAFAE (BB 5, 2018; MBI 7%, 2019) o MF#HAKh 71L& #E A WLV B AR AR (K 7
WA F TN 5 A AR R A R U S T e & 2B #F 1.88~1.82 Ga (Kréner et al., 2005a; Liu et al., 2006; Trap et
al., 2007; Qian et al., 2013; Qian and Wei, 2016) .

1.2 {ElHX

P Ll b X 322 3 RO AR B RE MR i R 52 A 2R, DUR KT W) BT Uy S ml it — 2R 43 b fE
FAEMEEE LA P4 (K2, Qian and Wei, 2016; Sun et al., 2019; He et al., 2021) .

JefE 25 FEEH TTG F ks s RIS VE RS AR, AV 2 = IR S ORI/ TTG F ks 240 TR ER
BRI HA R ALER A TE 2.52~2.48 Ga I TTG F bk M B 7 46 5 R R A 1 32 B2 40 3530 4y

(Kréner et al., 2005a) , HAMNEH/DEER NL 2.71~2.67 Ga ITER T RS, LARER S AGTE 2.44
~2.43 Ga fi12.14~2.03 Ga 1 —KAL K i i JikA (Liu et al., 2002, 2004; Kroner et al., 2005a,
2005b; Hu et al., 2021) . XEA w10 ARt 2, JF7E 1.88~1.85 Ga HAAI5Z 2 1 & & kL
FARBRAER, b E SE IERAE S Z L5 (Kroner et al., 2005a; = iifAa%s, 2023) . %
X5 H G XA AHATE 1.88~1.82 Ga MREIIL[FIZ 7 1 48 A #H— M TN A A —RRREA AHAZ BL/EA] (Liu
et al., 2006; Trap et al., 2007) .

FTE LA HEE TTG RS . R EEE RN A IR 5EA 55, LASUONZETTG Fka . 1HIL TTG F s &
BONZEIRIER RS, HAAE) 80%LL L, XA AL T4 1.90~1.85 Ga fkia tHARFER AT Z KR E&
#AAER (Zhang et al., 2007) .

KRGSV AL T R dbE L Jes 2 /), JRRPE W], 9649 2 kmo KRGV FE KT L4 5
TTG ke MR KR A R, HELEASAHEAEMNE. KERFKE . BEMATRES (Zhang et al.,
2007; He et al., 2021) . i A X2k 5K 55 W) M B9 ) 4 00 @I v RS AN 528 kiR #E 47 @ 2, 3R18 T
1938+31 Ma KA i F i fl 186016 Ma 1L X kA 4s it (He et al., 2021) ©
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Fig. 2 Lithologic map of the Wutai -Hengshan Complex. Colored circles represent the sampling locations in this
study (modified after Zhao et al., 2007; Zhang et al., 2012)
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T - L X ) FE M R ) T b e AR SRR, ST SR A - A DA A - R A —
BB IAR T H, R 78 A48 et 5 A i A R I B AR ML IX . ASHIF FEAE 12 X 4 iR & T HAA R
RMEMBHMES, REEMENE 2. ERGHXCRES A RHKANERERS 2 45, 7R L X RS IR
KB RER 248, ik 6 £FFE

SERAEFEN 22WT-03, 22WT-21 EH A G 4A GWER Y, THRMNKASRA TN, S aHE
R, REBEANERF, ERU NE—SW, i N—W (& 3a, b) . #HKANERES 22WT-07. 22WT-22
WHAGRAE AR, BAMEESRRTA . KIERARCA LR EZE=H, A Een SE, ¥
DU S = TR SR ks o, B MBS ML E NE R REE (B 3a, © o SEEPERRRLE FE S 22WT-
09. 22WT-12 it HibfE L A, BFANDUE B~ T TTG Frka s, TN HRkigiE (B 3d, e , /
MR EENEIE, BAMNY “AmRE” 480, RPEET TR EREETRE (Zhang et al.,
2006) .
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Fig. 3 Field occurrence of metabasic rocks of different metamorphic grades in the Wutai - Hengshan Complex
and the representative photos

(a, b) Greenschist; (c, d) Plagioclase amphibolite; (e, f) Mafic granulite
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AEFANATR, SHIEAE, S aEas. fHCANARES 22WT-22 (B 49, h) RRCIRAE S, -
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~50um) , FES5MNAILE,
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Fig. 4 Microscopic characteristics of the samples (Ap: apatite; Chl: chlorite; Fsp: feldspar; Grt: garnet; Hbl:

hornblende; Ilm: ilmenite; Px: pyroxene; Qtz: quartz; Zr: zircon)
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FESRATACER (DI BB kit s %) fERI B B ARG IR AR 52k, B Pk 5 s K A
SETEAE R AREE LT, 2 RTINS (CL) B,

S AR KA BN CLER > RARELAE, BAERRE AT, mosbghty— (K
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Fig. 5 CLimages of the representative samples (Red circle is the location of in-situ analysis, with the beam spot
of 32 um in width).

(a, b) Greenschist; (c, d) Plagioclase amphibolite; (e, f) Mafic granulite

2.2 &EERERLR

A MR IR AR B i ARG R A A . 4 HA RIGAKU A & 47 1) Zsx Primus 11 £
X FHER TR (XRF) AT RIeE 241, {E Agilent 7700e ICP-MS AT TG ZH 04T
2.3 BRATXELER

Wik R ICRE R T IER RS TR R s (BRiE) W cR SRR T LR =%, i
AL 4 B RECH) JEOL JXA-ISP100 H-FHRET T (EPMA)Y o TAEZKMFAIE#EEE 15 kV, &
EFELIE 10 nA FISRBE 10 um. 2 K. Na. F. Cl&Eshttn®k, LUR/D bt b fdiske. {#H ZAF
RIEREF AT A4 Wil AT R IE . I TARMERFRHER I F: EKA (K, kA (CafP) , #KA (Na
FAD , #iA (Mg) , A¥ (S, HEA (S) , 5A (F) , &S A (CO , #Yy (Fe) , ik
¥ (Mn) FR#HEA (Sr) .
2.4 WrAMERTER

Tk A JEA R TG 2 A AT AR P LR S e R = S e e B, 0 EPMA DU 1A [RIRE & 34T LA-ICP-MS . (B
s o et - P JRRRE A S B AR IR M E AR T 193 nm ArF #ES T RO RS (5 )/em? e R
5 Hz EEMIR) 5 Agilent 7900 ICP-MS BiHl. HOLRIPRYTEA N 32 um, N 10 um. o (d
FAARHERE & NIST 612 (GeoRem %4 2> HEAT R #E, FFdd ke NIST 610 ZEATII . LAFY) Ca & &
(EPMA 73455 fERMtr. A lolite 4 #fFidk T #dm 4022 (Paton et al., 2011) .

3 P BTl L

B E2EERERR
EX AL E-TEILHXCRAER 6 AFRFE AT T 424 FHE TR BRI =, RN 1.
4T K 100% 5 15, ARHEMESFEM K SIO, &8N 44.7 wt.%~49.9 wt. %, BEIAVE{ESME S o vu
M, LUK TiO, (0.60 wt.%~1.74 wt.%, <2 wt.%) FIfk MgO (3.57 wt.%~8.64 wt.%) NHFIE (£
1) . £ Nb/Y-Zr/Ti Elf# (Kl 6a, Pearce, 1996) v, i3 BIEEWH M % BUA X8, FF, fR4E SiOo-
TFeO/MgO K¢ (K 6b, Miyashiro, 1974) , XU&Ff 5 BA R BEFRHE, X 58 5K TFeO/MgO Lh{E
TIO S EEEAMAX—E (F60) .
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Fig. 6 Diagram of whole rock major element (Reference data: Li et al., 2010; Guo et al., 2013; Guo et al., 2015;
Guo et al., 2017)

(a) Nb/Y-Zr/Ti classification diagram of metabasic rocks in Wutai and Hengshan (modified after Pearce, 1996);
(b) SiO,-TFeO/MgO classification diagram(modified afterMiyashiro, 1974); (c) Diagram of TiO,-TFeO/MgO
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7% (86 Eu = 0.83~0.90) .
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Fig. 7 Diagram of whole rock trace element (Standardized values according to Sun and Mc.Donough, 1989)

(a) Chondrite-normalized diagram of rare earth element for the metabasic rocks; (b) Primitive mantle-
normalized diagram of trace elements for the metabasic rocks
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LEX LG -H I XCREER 6 R FEVE AR R B ACA AT T EREE TR o, g R K 2. 1E
TR, 22WT-03 L5 8K AR N Ap-03, 22WT-07 #E5 R A RN Ap-07,  BAEKHE.
KA FEEITCRARFEERN CaO. P,Os f1 F %5, H i CaO F E&m (54.0 wt.% ~55.0 wt.
%) , P.Os& N 41.0 wt.%~42.4 wt.%, AFEZRREMERPZER/N. FEEN1.24 wt.%~5.22
wt.%, RHCA NS FES I F S B BAC T2 AR PERRORCE R, (H Cl & & m T4 5 PR PE RRORLE FE
(K 8e, f; £2) .
ettt A (Ap-03 fl Ap-21) EETCHERFHEWT: CaO KZMIEHE K 53.9 wt.%~55.0
wt. %, P51 N 54.5 wt.%; P,Os AR 4LTE N 40.3 wt.%~42.9 wt.%, PN 41.9 wt.%; F 5 &
IS AL TG Ll 4.07 wt.%~5.22 wt.%, “FIE N 4.54 wt.% (& 8; £2) . #KANERES TR A
(Ap-07 1 Ap-22) FEICERFFEM F: CaO HALVEFE N 53.2 wt.%~55.2 wt.%, “F¥J{E N 54.4 wt.
%; P,OsIALTEHAN 41.0 wt.%~42.6 wt.%, “F¥JEN41.9 wt.%; F SERBMERAN 1.24 wt.%~
4.50 wt.%, “FIHEHN1.96 wt.% (& 8; £ 2) . FEMFRRCAM M IBEKA (Ap-09 Al Ap-12) £EITHR
FREI T : CaO AR fLIE A 53.7 wt.%~55.1 wt.%, “F¥J{E N 54.4 wt.%; P,Os A (LGN 41.2
wt.%~42.3 wt.%, “FH{ERN 41.8 wt.%; F HEZLTEHEY 3.43 wt.%~3.97 wt.%, “FI¥fEN 3.66
wt.% (&8; £2) .
CEERE, AR RPN EEE A P B AA ERICR XM EE K ECER, CaO fl P.Os & EEA
I A 57 28 A i T S5 3 IX
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Fig. 8 Major element diagram for apatite grains of different metamorphic grades
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AR TN AR S R O T R G R A RARHIE S e, (BT RE 7R AER (WRb) (X3,4) . %
Fr A AR A AR A2 BEu fiom s, JEMERRCA A B A E Eu iR . AFEFEG REE & & 2
K, RHCANERE S REE & & AL T 28 A FEEERRRCE AR (BT 9) &

W £ 3, 4 fras, SR AT KA REE & & 75 i 7£ 120 ~ 7488x10° 2 7], “FIH{E A
1728%10°, AFfbjulEi k. Sr&ENAi(E 368 ~ 3577x10° 2 /8], “F¥ME N 1521%10°, #4rHA Sr
i H . FHCAIN SRS REE S B0ME 1.04 ~189%x10° 8], “Fi#{E N 92x10°°, Bk ERAL. Sr
SR 161 ~ 441x10° 200, PN 246X 100, K T-4 i akem, #0BA Srms . Ik
FAE E REE &0 7E 442 ~2056%x10°5 2 8], P3N 1033%10°. Sr& &N Aift 76 ~ 261x10°
Z I8, FHEA 155%10°, IKTahd, SREMINGRE AT, 277 Sr iz .
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Fig. 10 Trace element diagram for apatite of different genetic types (modified after O'Sullivan et al., 2020)

4% O'Sullivan et al. (2020) &l o044, AR SCERF: St BB A A 2047 T B &l 49

ARSI B, S Fr amiEdh 22WT-03 fil 22WT-21 B L e R ABMVERIAER ), Hh ] BE A 75 A 3l
DRIFA AR Jo7 13 DR PR R R B I KA o i SR AR i KA R I B e R B4 (W La. Ce %) , (La/Yb)w
tb{E 4 1.37~39.97, “F¥ME N 16.25; HA Eu 7% (6Eu = 0.51~0.83), “F#{E N 0.69, HAEHEM
SrfimE (K 9a, £3) . BRMHEBEKARIHER TR T, (La/Yb)nE{E N 0.13~2.03, “FH1MH
4 0.68; HA EuERHE5 MR (6Eu = 0.25~1.08), “FIYE AN 0.69. ASIHE] R KB I A7 B & T 2 RFAIE
5 O'Sullivan et al. (2020)#iE 1 —%.
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i, HEILRST R, WL aEMER & E5 MK T 2R A M EERRLA B 5, BAR KA R M
LREE % HREE [ Ff&#a%h, f77E Sr kR % 5 i m B miffEal (B 9b) . H(La/Yb)y EifE % 0.06~1.05,
RN 0.44; HA Eu ERW 57 5% (6Eu = 0.12~1.12), “FHME N 0.74. Pt FA 1HE K 78X — 48 Jii
B B A IR AT 70 o1 IR 3 AR A A AE

R RN B, SRR S R 22WT-09 1 22WT-12 A8 & £ L A0 = B Sr[AIAL R 7
s (B 9c) o DULIRATHERT fE1X — B BOEE AR R A R R i KA A7 4E, H(La/Yb)w EbfE N 2.54~34.19,
FHME N 14.04; BA Eu /7% (6Eu = 0.39~0.97), “FI{E N 0.67.

SEE R RFHIE S R R R X 4y, AT R b SO R RIS AR BE A A R B AR (TS 5245 T3 — P ILRC
BN, 25 R B KA BORLAE CL B il 22 BT 2 BT, miEIRECh e, FtECh%— (Sun et al.,
2021; Bruand et al., 2017) . FFEHBAKAE CLETSFEEXHERER, FYRiKkaEE6%Z, A4
A IX, A —, s BARfAER (E5) .
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ATABFAR R, 2Rl ek S5 B R B MI-FIME, TTiERMEL SRR EE, #RAE N

Wy, geidsk A IR TR IE R IE R, WA RIEX AL — Hse iR g E A AR i . AR &5
(Chu et al., 2009; Nathwani et al., 2020) .

LESE AR 22WT-03 A1 22WT-21 A1 (178 57 B[R 2K A B 275 3 LREE, {HA2% #1KILH LREE &
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& LREE ™4 d S KA 54+ FEUY, TR M A FIAT AR W55 . SR, FEPERORCA FE & 22WT-09
HT22WT-12 R4S R B KA B 42 B % 5 LREE, RIFIRIE IS % o HoAh = LREE EIH™ 473 B i 1) LREE 7]



R BB KA . SR AR ATA 1 LREE & & m TR BB A R i, 7RI — 78 ol [ B 1102 S Rl R e
KA LREE &5 fth T s 2078 W B B PR RRRL A AR S B A, X R AR T R B2 4k, WA R
LREE Al th & 1E— @R L2 B4 A Rem . AHARWE FONRTE SR R BT e & T IRIGTE R, BIWY0k
GBI, I AR R I 1) R 2 EE B HAS AT A

TEMAR AR A A, Bl R 2 R T s LS SRR g2, B R s S ) 2 R AR R A R
N 53 8 T2 P R A TR o H N R B, PR - G078 I 55 R BB 2 2R FS IR R A I o R P Tl A A A7
(Henrichs et al., 2018) . HEMBTEREY, HEARGETM B, ARSI B A 7] LS 2t
IR AR FH BT B A8 00 R B KA 6 AE (B 9a) o BEAE IR S5 A I es,  FEA7 H i) 2 S R B A 1) 7 =
BB, AW A 7R i R R KA, DR 7 R i R LT S A R R A A, AR R B 2 R s R
KA. BRI, a8 o o B S LR AG  R  RRFAE B A F e Sl Eu 87 5 i R AR AR TR R ik
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KA REFAE R B A A J A, T2 28 IR e v B 2 R T R

X —IR 5RIGEA R A ML AL 5 R B AT Re AR TR F R R S R B A (H IR IG
TER ARG, Z AT AT R s A 22l E A G 2 5 TR AR 854 (Chen and Zheng, 2017) . #
A B E S LA 2 N B AR AR AR RIS UTUE (Xia et al., 2009, 2010; Chen et al., 2010,
2011) , X =AHLH] S BT ARG AR I AR TR IR AR AR R AR B . ol [ S A AR X — R L T . IR
I BB M o m A UOR B A R A AR I AYRRTE (& 11, Chen et al., 2010; Chen and Zheng,
2017; Xia et al., 2019) .
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Fig. 11 Chondrite-normalized REE patterns for solid-state recrystallization of metamorphosed zircons from the
Dabie-Sulu orogenic belt. The gray zone denotes the protolith zircon of magmatic origin (modified after Chen
and Zheng, 2017, Reference data: Chen et al., 2010; Xia et al., 2010)
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