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E. Canna” et al.

1. Introduction

*E>?97HEDV;l ?; 97BEDYJ;: KBHT7]9 HE9AI 7H; FEJ;DJ?7BBO
?CFEHR7DJ97HED H;I;HLE?HPDPK;D9?D=J>; BEDJ;HC 90®B;?D
J>; IEB?: 7HJ> '7TH=; LEBC;| E<EF>®7HBELDVJ; <EHBOF;H?EJ?J; 7B
J;HJ?EDNI J>; I;7°"EEH 97K?D=BEMJECE: ;H7J; J;C F;H7/JKH; T [I;H
F;DJ?D?B7ED; = ( 9B *#7DB;0 7D: 97BEDIJ?EBO
C?N;: ;7 M7J;H7D: 7RAB?D>QHEJ>KL7B K?:l ;= 'EIJ ?2JO>0
‘HEJ>;KC7B];B:I 'HY>"H;;D ;J 7B &;BB;QJ 7B 'K:M?=
J 7B *E>?9718EDV ;| (21 FB7GBH;P?7J;: J;NIKH;I 9ED?IJ?D=E<
I;HF;DJD?J;9B71JI;D9BEI;: 801;JI E<97MELVJ; L;?DI 7D: EH807 C?
9H?JC7 JH?NK9> HE9AE®KH?DFH{;DJ :70 E9;7DI ;= J>; JB7DJ?9
ED7J3J? 7D: J>;?H78KD7D9; ?DEF>EB?JBECFB;N;| :E9KC;DJI
EF>®78ED/J; <EB7J?ED/BIE?D7D9?;DJE9;7DI ;= HY>"H;D ;J
7B .9>M7HP;D879>J 7B [THI7THEJJI? 7B 2;?11;HI
7D: ;HDEKBB? *F>?97HEDYJ;l 97D 7BIE<EHC7J :;;FJ> ?DIK8
:K9QJ?ELPED;| L?7?0;HW?ELE< C;J7 I;H F;DID?J;M?J>9718ED?9'K
?:1 B;7:?D=UE97REDVJ?EE<HEIAEHED=?B7J;l 7D: JE |; GK;IJH7
J?EDDJEY;7D?9B78I7D: IKFH7IK8:K9J?ELT7DJB; +?99EBP 7B
.97C8;BBKH3 7B />;1;  IMEFHE9;II;I JE;J>H7<«;9) 1JEH=;
7D: JH7IHEHEHE®EY;7DI JEIK8:K9QJ?EPED;I 7D: J>; JH7DY;HE< * #
AK?:1 ?DJELEB7D?9H9I BJ;J 7B EBB?DJ 7B &;HH?9A
7D: EDDEBBO .97C8;BBKH3 7B EH?D:;;FH F7THIE<J>;
C7DJB;

NF;HZT;DJI 7D: J>;HCE:OD7C?9CE: ;BB?D#K==;1J H;BJ?L;?CCE
8?BJE< ?DIK8:K9J?D=£9;7D?®HKIJ7TBESAIEL;HO>?=>FH;IIKH; J;C
F;H7IJKH;| P-T 9ED?J?EDKDB;|I J>; HE9AITH; ?DBJH7J;: 80 # ,* H?9>
AK?:I EBB?DJ 7B &;HH?9AD: EDDEBBO (EB?D7
7D: +EB? +EB?2J 7B JK: 21 E<;NFEIl;: >?=>P/T C;J7
CEH>?9HE9AIE9KC;DJ IEC; CE8B?RPEDKH?DAK8:K9J?ED?J>;H
80:; 97BEDVJ?EM;7AU?EDEH80978ELYJ; :?I IEBK?E?D7GKEKI *K
?:1 =K; 7D: )?9EB;I9K EEA &EBB7HI 7B IH;PPEJJQ
7B (7B7IF?D7;J 7B +?99EB3? 7B .7F?;:DP7;J 7B

.97C8;BBKHZ 7B >SEML;H J>; 197B; E<J>?IHB7J;:
JH7REHX7I HC77?D;: KD®B;7HI;; J>; :?19KI?ED8O FIJ;?D ;J 7B

12;B: 7D: 1J78B; ?1BJEF; 1JK: ?;| E<>?=>P 7D: KBH2?=>FH;IIKH;
(UHP) C;J7 CEHF>?9IK?J;l ?D?97J; J>7JJ>; ;NJ;DJE< CE8B?RPEBO
J>;1; FHES;I;1 ?1>?=>BQ F;D:;DJ KFEDJ>; :; =H;; JEM>?9>HE9AB;
>7L; 71 101J;Cl EF;D JE?DBJIHI?EBO;NJ;HD7BBO H?L;: # ;* H?92K
?:1 EBB?DD 7B FIJ;?D ;J 7B

SHFE;,DID?J;?1 F?IEJ7B?DJ>; IK8:K9J?ELPED; 9(B;8;97KI; 7I
J>; HIKBE<7DJ?EH?J;; >QH7J?ED?JKFFB?;l# ;* JE7: @¥DJ97I8ED
7J; HEQAIJ>KI FEJ;DJ?7BBBA2.?D=; 97BEDVJ?EMH;7?EDI?; :;1J7
8B?RIPEE<97BEDYJ;l 7D: 97MELDYJ; :?1IEBK?ED.97C 8;BBKH3 7B

(EH; EL;H I;HF;DJ?D;?I H70?L;,JE  * # ~K?:l 7D: I; GK;IJ;HI
* 4 <HECK?:I L?7978EDVJI?EE<?JII1?B97J; C?QH7BI .97C8;BBKH
7B />; 1JK:0 E<EF>9®7HBELDYJ;l ?1J?C;BO=?L;DH:9;DJ ?03;HIJ
?DIK8:KQJ?EIPED; 9M®B?DZD: 97D7: :H;ll J>; C;9> 7D?ICIE< IJEH
7=; 7D: BEIIM?J>?D 1?D=B; 9ECFB;NHE9AQIJ;C 7D: 8;JM;;D I;HF;D
JD?J;7D: 978EDVJ; 8;7H?D=H;I;HLE?HI

8KD :7DJ F;JHEH7F>?9D: F,JHBE=?MEHA/L7?B3B;JE:7J;
M?J>FH};DJ :70 7D: <EI?BE9;7D?EF>97BELVJ; HE9AI ED7JJ?
B;H9;J 7B EBB?DU 7B EHJ;IE=DE;J 7B H?;ID;H

"7BB7D: /E=B?7JJ? '7<70;J 7B /H;L;l ;7B

2;?1;H) 7D: ;HDEKBB? >EML;H B;ll 710;DJ?ED>7I 8;;D F77:
JE EF>®7BELDVJ; ;LEBK?ED:KH?D= IK8:K9J?EDPED; C;J7 CEH>?IC

EBB?DiJ 7B :8H;J ;J 7B H?;ID;H .97C8;BBKH?
J 7B 2; <BKIl;: EDEF>978ED/J;l ;NFEl;: ?D BF?D; F;D
D?D;EF>EB?J{; GK;D9;l H;FH;;DJ?D=7 M?:; H7D=;E<F;7A C;J7CEH
F>?9P-T <HECBEMI E9;7D?9ED?J?EDH;9EH:;: 80 F;D D?D;EF>?
97BEDYJ;l JE FKCF;BBO?J; 8BK;19>?1J 7D: ;9BE=2J;<P®?;| 9ED?J?EDI
NF; HD9;: 80 EF>97I8EDVJ;| <HEC
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J>; "?=KH?70D: J>; 2;1J ;HD BFI $DJ>?IF7F;H 87I;: EDIJK:O E<

>?=>P C;J7 CEH->?9HE9AIM; :;CED 1JH7J;J>7J;; 97BEDYJ?EDD: :?I

|IEBK?EDFHO?RITI?EDFHEY; ;I EEH7J?D=?D7007?;DJIK8:K9J?EPED;I

7H; 8;13 JH79;: 807 9EC8DWI?ELE<:; J7?B;:];B: 7D: F,JHEH7F>?€&8

;HL7J?EDIY(  ?mD;DJEH?;l 7D:  * 7D: .H?IBEF;101J;C 7329l ?;
?IBEF;|

2. Geological setting
2.1. Northern Ligurian Apennineophicarbonates

$DJ>; )EHJ=HD'?=KH?70F;D D?D; EF>EB?J;|;2J>;HEDKH7I B7H=;
EBJEB?J>PDJ>; I;: TT;:DJ7TH@OI9> E<J>; NJ;HD7B?=KH?:;0D?JI EH
<EH@7H=9E>;H,DJ 8E: ?;| ?DJ>; $3;HD7B?=KH?:;0D?JI $DJ>; B7J
J;HI;.J J?D=EF>97BED/J;| !?= EDKHJI>; IJH7FEHTF>?9EFE<]>;
I;HF;DJ?D?P;C7DJB; ;= EHJ;IE=DE;J 7B 7D: 7H;EL;HB7?BO
F?BEMB7I7BJ/D: E9;7D?9;: TC;DJI ?; HI?EB7RZD9>;HJI B?CIJED;
7D: CK: IJED; $DIK9>7 97I;1 J>; (E>E ?I9ECCEDB®;FH;;DJ;: 80
FHi;HL;: FHE7HO9ED79JIE<I;HF;DID?J;EF>R®7H8EDVJ; M?J>F?BEM
8717BJ7D: BR7BBM®™I?J>NJ;DI?ED7B;9JED?8H;D?77D: :;;F E9;7D?9
I;; T;DJI BJ;J 7B :97D:?7 J 7B '7=78H7?;BB;
/>KI <7HJ;9JED?9*$ 7D: I;; T;DJI7THO*$$ EF>97BEDVJ;l >7L;
8;;D :?1J7?BK?I>;: 87l;; EDJ;NIKH7BD: F,JHEH7F>?%;7JKH;| ; =
“CE?D; ;J 7B />, *$ JOF;?19>7H;HP;: SOFEBOF>7I8H?J
JB;:K9J?BJESHB;;; <EA7J?ED/H;L;l 7D: #7HF;H />;1;  HE9AI
:?IFB7Q7HBQ;HF;DJ?D;<EB7J?EDY<J;H C7DJB; C?DH/BI 7D: ?DI>;7H
;NJ;DI?ED7R,;?DI <EBEM;: 80 ?DBIJHI?EE< * , H?9*K?:| JE<EHCY
I; GK;D9; E<=;D;H7J?EDIE<97B?J; L;?DI ?DH;IFEDI; JE?DH;7P”D=>0
‘HEJ>KC7BAK?: FHIIKH; +a¢0. + gogsgigzoe /> B7IBHZB;:; <EB7
J?EDB;: JE<EB7J?ELE<L;?DI |BB;: 8097B?J;7D: J7BAHKI;l /H;L;l
7D: #7HF;H />; ;. E<J;9JED?9D: >QHEJ>;KC7B IJHKIKH;!
H;9EH:;: 80J>; *$ ?IH;B7J;: JEJ>; J;9JED?INFHKH; E<J>; E9;7D?9
C7DJB;7JIKH79; B;L;Bl KD;H FHEH;II?L;BOBEM;HI;C F;H7JKH;9ED?
J?EDI7J ;NJ;DI?ED7BEH;9ECFB;N;| 7J IBEMIFH;7: ?D=H?:=;l />, *$
17C FB;I 7H; J>KIH;AH;;D J7?L;E<;NJ;DI?ED7B7KBJ J?D=I/H;L;| 7D:
#7THF;H 7D: 7H; 9ECF7HBB; M?J>EF>97BELDYJ;| 8;D;7J> J>;
'EIJ ?JO>QHEJ>KC7BL;DI 7JJ>; (?: JB7DJ?@:=; ;= 'KIM?=,J
7B ;9 JED?9: TT;DJ7HOGIMEHAD=E<J>; ;NFEIl;: |;HF;DJ?D?P;:
C7DJB; 9EKB;: M?J>97B?J; FH9?RITI?EDB;7:1 JE J>; <EB7J?E[E<
*$$ I>EM?D=7D=KB7HEIK8 7D=KB7HtHF;DJD?J;9B7IJIE<L7H®@D=?P;I
?D7 C0H?J|;: T;DJI7TH@7JIH?NH;L;l 7D: #7HF;H
*N?27 J?EDYD: 97HEDVJ?EDFHEY;I;I 79ECF7DOJ>; >QHEJ>;KC7B7B
J;H J?ED/BENMD=<ER7 J?E[E<>;C7J?J; 7D: J>KI9ED:;HH?DKFEDI>;l;
HE9AI7 JOFB7BH;: 9EBEKHKH?D=7 FHEY;ll J>EK=>JE>7L; =;D;H7J;:
J>; "?=KH?7[EF>9®78ELDVJ; L7HJO ADEMD7! Rossodi Levanto "7BB?

2.2. WesternAlps

/>, BF?D;7H>3;9JKH9ED?1JI EXB7H=J;9JED?&D?JE<QEDD;DJ7B
7D: E9;7D?%_D?JO, = 7B +?7RJ 7B J>; EF>®7BEDVJ; HE9AI
1JK:?;: >;H; 8, BED3IEJ>; E9;7D?B?J>EP;H; ;NFEI;: 7JJ>H;; C7?DBE
97B1?;1 E<J>; OFF;H +,DD?D?D7FF; IJ79A7D: H;9EH?D=FHEH;II?L;BO
>?=>H;7A C;J7 CEH>?9%P-T :KH?D=K8:K9J?ED!?= IHEC BEM;HE
>?=>H=H7:; J>; [7TCFB;: BR7B?;| 7H; J>, FKCF,BBO?J9IREB?J<7
9?;1 ;1 JH2EBJ="?E5ED,; '"?=KH?7BFI J>; 8BK;|9>?IXx®?; ,K,OH7I
0870; BB7BJO!H;D9> BFI 7D: J>; ;9BE=2J;<®?;| C;,J7 CEH>EI;:
1EBJH?I 1?<'?=KH?7BFI

2.2.1. SestriVoltaggiozone

/>, ;1 JH2REBI=?EPED; 9ED?1JI E<I;L ;H7BJ;9JED?XKD?JI7D: ?I
8; B?;L;: JEH;FH;DJ J>; ) . @KDYELDPED;8; JM;;D J>; BF?D;9>7?D
7D: J>; )EHJ=HD F;D D?D;l H?IF?D7D: 7FFED? /> EF>?
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Fig. 1. .?2CFB
F;D D?D;EF>EB?J,CE: 7;:
CE: q;: 7<;H 7DD7W.J 7B
1IJ7HIOC8EB

7<HM;LL 7D: #7THFH

=, EBE®7BC7F E<J>; 2;1J ;HD BFI 7D: BR7J?EE<JI>; IJK:?;: 7H7I CE: ?<0<;H EBB?DU 7B
7H;7E<IJK:O <HEQ>; ,K;OH7I 0870; PED; CE: 7;:
7D: H;sH;D9; J>;H;?D 'E 97J?EDE<J>; 9EB;9J;: I7C FB;| <EHBB>H;; 7H7l E<lJK:0 JE=;J>;HM?J=J>; H]F;9 J?L;17C FB;$BB;BI 7H;?D?97J;: M?2JxJ>;

Chemical Geologgxx (XXXX) XXX-XXX

", EBE®7BCTF E<$DI;HD7B?=KH?:; <HEC)>; '?=KH?7)
7IH(?9>7H: I 7B = EBE®7BC7F E<J>; 1IEBJH7I 17<

9718EDYJ; HE9AI7C FB;: ?DJ>?I7H;7 8; BEDJE J>; |?=E=D7KD?J9ED
1?13?D=E<E9;7D?9B?J>EF;H?9C7DIB;9ECF7HBB; JEJ>7J?DJ>; 1EBJH?
(71 1?< 8KIM>?9>;1 97F;: ;9BE®2J;<®?;| C;J7 CEH>?IC :KH?D=BF?D;
IK8:K9QJ?ED/>; C;J7 CEH>?9=H7:; E<J>?IKD?X>| FKCF;BBO?J9JDRE
B?J<®?;l ?DJ>; 1378?BJ(;B: E<B7NED?J; Z 7D: "+7
“ED? ;J 7B #;H; EF>®78EDVJ;l OHEFEKJD;7HJ>; L?B7=; E<
+?2;,JH7B7LEFH?D:; 97C;JH?9?P;: IB?9;IM?Jy . EHDJWI?ED 17C
FB;l ?DI?= . IF?J3;J>; FEBOF>7I;; <EB7J?ED>7J7<;9J;: J>; 1?
=E=D7KD?JJ>; EH7®7BE9;7D?9; GK;D9; I>EM?D=EF>97BED/J;| ED
JEFE<J>; KBHT7]9 7D: =788HE?87I; C;DJ 7D: 8; BEM/ LER7DEI;: ?
C;DJ7HQOEL;H 97DIJ?B8& H;E=D?P;: H?IF?D?D: 7FFED?

2.2.2. Queyrascomplex

/>; K;OH71 9ECFB;N?I F7THE<J>; +?;: CEDJ"?=KH?7EE C7?D M;IJ
E<J>; ;9BE=2J;<®?;| (ED L?IEEF>EB?J7D: D;7HJ>; 9ED79IM?J>J>;
H?Z7DOEM7?1:EC7?D 1?7= />?1 9ECFB;NM71 ?0;H-H;J;: 71 7 I;:
T;DITHONPHI?ED7H®;:=; 9ECFEI;: E<E9;7D?9;: TC;DJI 7D: 79
9H;J;: IB?9;| E<E9;7D?9B?J>EP;H; '7<70;J 7B '"7=78H7?;BB;J
7B [>; C;J7CEH>?9=H7:; ?DBH;7l;l ;71IIM7H:I <HECJ;C F;H
7IKH; Z 7D: FH;lIKH; "+7 JEP-T 9ED?J?EDF;H)7?RD=JE
J>; 8BK;19>?1XkB?;| 9ED?J?EDIKF JE Z 7D: P "+7  =TH: ;J
7B />; K;OH7| EF>EB?JO9HEFEKJ7I 19710;H;: B7H=EBJEB?J>I
M?J3>?0>; C;J71;: ;D JI7THO9>?1J;l 'KIJHS J>; EF>EB?JB8E: ?;| FH;
IHL; J>; EH?7®7B?0;HD7BIJHKIKH;7D: 1IJH7J?F>0 ;D78B?DH9ED
1IJHK9?EDE<J>;?HE9;7D?93>?UEHO/H?97HID: ';,CE?D; 2?2J>7?D
;79> 8E:O J>H;; C7 @E®ECFED;DJI E<J>; E9;7D?B?J>ER;H; 97D8;
?213?BK?I>;: <HEGREJEC JEJEFJ>;l; 7H; ? 7DKBHT7]9 I; GK;D9;
E<I;HF;DJ?D?P;C7DJB;:; H?L;: F;H?EJ?J;| BR7BBEHEIOKIBO'7J; /H?
711?9=78HE?DHK’EDI 7HF;D7 7D: 780 ?? 7 :?19ED?BEKI
8717BJ?B70;HE<J>EB;2J?¢?BEMB7I7BJI 7D: ???7|;: TC;DJ7H®;B7=?9
9EL;HH;FH}I;DJ;: 80J>; .9>?1JI 'KIJHS 9ECFB;N2>;H; J>; 8717BJ?8
GK;D9; ?1 C?11?D=J>; KBHTZ7]9 7D: J>; I;: C;DJ7HM®E9AD7DS; :?
H;9JB@DOEDI79J /H?97HJD: ';,CE?D; />, EF>®7BED/J; HE9AI
7TH;EDJEFE<J>; KBHT7]9 |; GK;D9;7D: 97D8; IK8:?L?:;: ?DJEHEKFI
E<J;9JED?9$ 7D: I;; T;DJITHO*$$ EH2?D/>; ]HIJ JOF;?19>7H
79;H°P;: 807 :;DI; D;JMEHAE<97B?J;L;?DI 7D: <H7¥H;I<EHC;: 80
J;9JED?INJ;DI?ED7D: >QH7KB?8H7IKHD=J>; * $$ JOF;:; H?L;I<HEC
?DI?JKHMEHRD=E<*$ Ed;HF;DJ?D?J;TD: EHB7I7BJ?@7J;H?BI<EHC
?D=9B71JI?D7 COH?JC7JH?N= ',CE?D; ;J 7B />, FH;l;D9;
E<EF>97BED/J; HESAPI ?03;HH;J;: 71 H;AH;DJ?DsNFBEKH; E<C7DJB,;

JEI;7 M7J;HEDJ>; E9;7D EEH /H?97HJD: ",CE?D; />, EF>?
97BEDYJ; 17C FB;l 7D7/BOP;:?DJ>?I1JK:O 0 [7CFB;l ?D!?= N
F;HD9;: 8BK;19>?1XkD?;l P-T 9ED?J?EDI Z 7D: "+7

(?9>7H: ;J 7B

2.2.3. Voltri Massif

/>; EF>EB?J2EBIHTI 17<?1 7 8BK;19>?1J JE ;9BE=2J;<B?;| 9EC
FB;NE<%KHT?9 E9;7D?9B?J>EP;H; 9ECFEI;: E<I;HF;DJ?D?J;>EIJ
?D==783HE 7D: 87I7BX; H?L;: ;9BE=2J; 7D: C;J7THE?D=2?J; />?| I;
GK;D9; ?1 71IE9Q7J;: M?J>?=>P C;J7 CEH>EI;: E9;7D?9;: C;DJ ?;
97B97D: C?9719>?1J1 H;<;HH;:JE71 .9>?1J;| 'KIJHS ?0;HB7¢H;: M?J>
C;J78717BJI7D: 9>;HJl ;= >?;17 ;J 7B -;.C D7DJIE<IK8 9ED
JD;DI7BB?J>ER;H?9C7DJB;7H; M;BBNFEI;: ?DJ>; HHEE 88?EC;J7
F;H?EJ?J; KD?JH;AH;;DJ?D=J>;, FH; BF?D; H?2D=7D: E9;7D"EEH7B
J;HJ?EBXEBEM;: 80 IK8:KQJ?EDVD: C;J7 CEH>?IC 7J;9BE=2J;<®?;|
P-T 9ED?J?EDI#;HC7DD;J 7B #EE=;H:K?@DH7J?D3 7B
.97C8;BBKH? iJ 7B

1?ILHI ;J 7B +;7A C;J7CEH>?9P-T ;| JT7J;| <EHI>;

1EBJHF| 1?7<7H; 78EKJ Z 7D: "+7 ?CC?DE;J 7B
;H?9E ;J 7B (;I1?=7 7D: .97C8;BBKH? 9ED?J?EDI

J>7JFHEK9;: C;J7 CEH>?9%EB?L?D; 7DJ?EH?J?DI;HF;DJ?D?J;=7HD;J

ECF>79?J; HK?B?D;9BE=2J;7D: >?=>.? 8;7H?D=F>;D=?J; =7H
D;J?DC;J7I;: TT;DJI7TH®IE9AI?;B: 7D: =;E9>;,C B7BL 2;D9; 7DD7W
J 7B I;i;H?9E ;J 7B .97C8;BBKH?D: /ED7H?D? JE
=;J>;H M?J>DKC;H®7BCE: ;BB?D=(7B7J;|1J7 ;J 7B IK==;1J1 7
9ECFB;N>?UEH&EH>; 1EBJH7| 1?7<:KH?D=FHEH7:; 7D: H;HEHT7:;
;LEBK?EDBED3I>; IB78C7DJB;?03;H79;

/>, EF>®7HEDIJ; HEQAE<J>; 1EBJH7?! 1?<9HEREKJ?DI;L ;H7BBE
97BI?; 17= 7D: M;H; JHIJ :; 19H?8;: 80 EHJ;IE=DE;J 7B
EHJ;IE=DE;J 7B />;1;  HEQAI9ED?IJ E<9718EDYJ; C?DQH7B
F>71;1  978®7?J; :EBEC?J;7D: EHC7=D;I1?J; 9EN?IPD=M?J>7DJ?EH?J;
7D: BR7BBCT;J7 CEH>?9EB?L?D{>;l; HE9AITH; ?03;HH;J;: 71 J>;
C;J7 CEH>?QEKD;H-7HJPDJ>; DEDIK8:K9J;: E9;7D?EF>97H8ED/J;|
E<J>; )EHJ=HD F;D D?D;|EF>EB?J;IM?J>=H7:;| H7D2D=<HEG=H;;D
19>?1J JE 8BK;19>?1J JE ;9BE=2J;<®?;| -; 9;DJB0O.97C8;BBKH?] 7B

;3 19H?8;: ?D:; J77B>; ;LEBK?EDC;J7 CEH->?9H;79J?EDI7D:
7D: * ?IBEF; 9ECFH?J?EDVJ7DEKOHERM?J>?D>; 1IEBIH7?I 1?7<>?7=>
B?=XD=J>; >?=>FEJ;DJ?7E<|;HF;DJD?J;<EH; GK;lJ;H?D=7D: J>KI
?DK;D9?D=J>; :;;F 9®B; />; I7CFB;l <HECI>; 1EBJH7! 1?<7D7
BOP;:?DJ>?11JK:0 7H; <HECIMEBR7R)?;| H;FH;;DJ?D=EF>97BELDV J;|
7<;9J;: 80J>; ;9BE=2J;<P?;l C,J7CEH>?IC '7 +;197 .97C8;BBKH?2
7B "+ * |7CFB;l 7D: .7DJDD7 . I7CFB;l

3. Petrography and microstructures

/>; EF>®78ED/J; I7CFB;l FH{;DJ;: >;H; HJ7?DL ?2;D9; E<9EC
FB;NFEBOF>71>?0EH?;1 #,H; M; :; 19H?8;J>; A;0<;7JKH;IE<H;FH}I;D
JA?L,EF>®7BEDY; 17C FB;l <HEC79> BR7BJO<EHR>; )EHJ=HD F;D
D?D; M; HJ7?D)>; 9B7I7 97J?ELE<J>; EF>97HBELDVJ;l E<J;9JED?90

‘HEJ>IKE7B *$  7D: I;: T;DI7THO*$$ EH2?D?DP?7BEMHEEI;: 80
“CE?D; ;J 7B BIE M; :; I19H?8;J>; E9;7D?9;HF;DJD?J;;N
FEI;: ?DJ>; )EHJ=HD F;D D?D; H=7H?D=?J71 J>; IJ7H3D=C7J;H7B

FHBEEB?J>KER>; >?=>;H=H7:; EF>®718ED/J;|
3.1. OceanicNorthern Apennineophicarbonates

3.1.1. Serpentiniteprotolith rocks

/>; KBHT7]9 FHHEB?J>E<J>; E9;7D?9EF>97HBELDVJ;l 7H; H;F
Hj;DJ;: 80 >?=>BO JE <KBBO I;HF;DJ?D?P;:C7DJB; F;H?
:EJ?J;1 $DJ>;l; HEOQAIIJ7J?9FI;K:E CEH>?9H;FB79¢C;DJ B;: JE<EH
C7J?ELCE<C;l> [|;HF;DJ?D; C7=D;J?J;J;NIKH;I 7<;HC7DJB;EB?L?D;
7D: 8713?J;7<9;HC7DJIB; FOHEND;l ?DM>?9>JH79;|E<J>; <EH;H FO
HEND; 9B;7l7=; 7H;1J?BBI;E=D?P8B; />; C;:?KC =H7?D?P; E<J>;
FI;K:E CEHF>I 7D: J>; ?IEJHEF2BNIKH;IK==;1J 7D EH?7®7B>7HP8KH
=?J;<EH>;l; KBHT7]9 HE9AI/>; 17CFB;9EB;9J;: ?DJ>?11JK:O :E;l
DEJ:?IFB7QL 2;D9; <EH; <EB7J?ED8KJ >?=>T I>;7H :EC7?DI 7H,;
;; 19H?8;: ?DJ>; B?BI7IKH;<EHI>; |;HF;DJD®?J;87I; C;DJ /H;L;l 7D:
#7HF;H

3.1.2. Ophicarbonate®of tectonicand hydrothermalorigin (OCI)

/>; EF>®7RBED/J;| E<J;9JED?9D: >QHEJ>KL7BEH??D*$ 9ED
J7?DI;L ;H7B=;D;H7J?EDIE<97HBED/J; L;?DIl EL;H-H?DD=J>; I;HF;D
J?D?P;FHOKHEH 7B9?KC97BED/J; ?I J>; CEIJ M?:; IFH;7: C?DQH7B
K8?®JIEKI ?D J>;I; HE9AI7J J>?1 1J7=; .7C FB;l 97D :?IFB70OL7H?
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78BQNJ;DI?L; 97MELDVI?ELE<J>; 1IJ7H3ID=I;HF;DID?J;:KH?D=J>;, >O

‘HEJ>;KC7B790?RJO/>; 7CEKDJIE<L;?DH;B7J;: 97@?J;97DH7D=<HEC
<SMCE:7B  97B?J; ;= 5- JE =0 E<J>;

>EIJHESA>; >EIJI;HF;DID?J3;>71 J>; J;NIKH,E<7 @PAM FKHPB;8H;9

9?7M?J>9B71JIH7D2D=7?DI?P; <HECJ>;, EKQHEHR97B; C ?DI?P; JE
>7D: I7TCFB;1?P; <;M 9C 7D: JECC 197B; />; KBHT7]9 9B71JI7BIE
?IFB7Q.7HGD=NJ;DJI E<97EDIJ?ED<HEC $. JE

5-' ?DLERC,;

/>, KBHT7]9 9B7IJI9EHIFED: JE<KBBEHF;DJ?D?P;:F;H?EJ?J;|
M>?9>:E DEJFHj;HL; EB?L?D/D: M>?9>H7H;BEH};HL; H;B?9C7D
JB;FAHEND; 7D: IF?D;BF7H?7BBED;HJ;: JEC7=D;J?J; />, 9B7IJIE<
J>; >EIJ;HF;DID?J;7H; >,J;HE; D;EKI ?DI?P; 7D: FEBGED7B?DI>7F;
M?J>K8 7D=KB7HE7D=KB7H=;] 79> 9B7IFH};HL;l 7 H;9EH:E<J>;
EH?D7EKD; <EHC;: 7D: :; <EHC;: IJHKIKH;E<J>; |;HF;DJ?D?P;C7D
JB;F;H?EJ?J;>ElJ />; CEDE#DEKI9>HOIEJ?B; C7=D;J?J;7II;C 8B7=;
E<J>; FKH;;HF;DJD?J;9B71J1?| BE7BBORECF7D?;: 80 <EB7J?E[E<
9>BH?J;J7BID: JH;CE?J;);7H J>; 97B?J;>QHEJ>;iC7BL;?DI J>; I;H
F;DID?J;9B7IIKD/<;9J;: 8097BMEDVJ?EDD: FH];HL?D=C7DJB;FCHEN
;D; H;B?9-EM ;L 2;D9; E<?DBJHI?EDI>; <EHE<IC7BBJEC;:?KC
1?7P;: 97B?J;L;?08;JI

1>, LHFE;DID?J;9B71JI7H; 7<;9J;: 80L7HED=:; =H;;| E<97BED/
J?ED<HECC?DEHEL;H-HEMJ80 D;E8B7J?9D; =H7?D;:97B?J;JEH;:
21> 9B7IJII>EM?D=F;H.7I?L; JE<KBB7BELDVJ?ELVIIEQ7J;: M?J>EN
27 J?ED/>?1 97BEDII?EDH;FH];DJ 7 A;O <;7JKH;E<IK9> >QHEJ>;H
C7BB@B;H;: E9;7D?EF>97BELDVJ;| <KB®BEDrJ?EME<I>; KBHT7]9
1?7B97J; 9B7IJRERKHIM?J><ERB7 J?EE<L7HP8BO’8KD7DJ >;C7J?J; 7<
J;HC7=D;J?J; -; FB79C;DJ 8097B?J;E<l;HF;DJ?D;<HEQ>; 9EH;E<J>;
C;I> J;NIKH;7D: 7BED#®B;7l7=; E<J>; <EB;H FQHEND; 8097B?J;E9
9KHI?DD;7HBG@BHE9;7D?97C FB;l 'E 97BBGBED3>; 9B;7l7=;| E<l;H
F;DJ?D?P;FQHEND;| JH7?B<IC7BB=H;;D 7DH7:?J?9%=7HD;J 9OHQI7BI’H;
?0;HEHEMDM?J>;HF;DJ?D;7D: 97B?J; 1?= $DI7C FB;| M>;H; J>;
97BEDVI?ED7I 8;;D GK?J;NJ;DI?L; J>; I;HF;DI®?J;9B71JI7H;;DJ?H;BO
HFB79;: 80]D; 197B;97B?J;=H7?DrD: 7 |BC E<>;C7J?J; =HEMI7TBED=
J>; 8EHH =?[?D=J>,C 7 =>EIJB?A]J;NJKH; !?= $0;HIJ ?D=BO
J>; <KBB7/BEDVJ?EE<J>; KBHT7]9 |?BD7J; 9B71JI7HF;7HI JES8; 7IIE
977J;: M?JxJ>; <EB7J?EME<78KD7DJ >;,C7J?J; 7= IK==;13?D=
J>733>;1; @ HB;7I1;: 80J>; 97BEDJ;: 1?B97J;1 M71 9ED;HJ;: JE!; 2
J>KI1J78B7D=;C7J?J; :K; JE?D®H;7I;: EN?P?D=9ED?J?EDI

/>, B7138HZB;:; <EB7J?EDL;DJ H;9EH:;: 80J>;l; HE9APRI H;FH;
1;DJ;: 80J>; <EQ7J?EME<97B?J;L;?DI J>7J9HEIOKI7BBEHLEKI [JHK9
JKH;I 7B9?J;?19E7HI;=H7?D;:7D: I>EMI ;K>; :H7B>78?J7/D: JOFB7BBO
JM?D?D=/7B9?IE8;HL;: ?D:HKIOJ;NJKH;|I9ECCEDBQ@DJ>; 9EH;E<J>;
L;?DI 1;;C ?D=B8;MH};DJ?D=71 J>; B7IFHI9?RI7J;| $DIEC; [7CFB;l
97B?J;?IHFB79;: 80J7BI=H=7J;l 7=

3.1.3. SedimentaryophicarbonategOCII)

I>;l; HEQAL?IFB7CY |;: TC;D J7THGBH;B?7B?A;J;NIKH; M?J>9B71JI
9ED?II?D=E<I;HF;DJ?D?J;EHE<HMEHA;: *$ />, |;;: T;DI7THO $$
9B7IJUOM7BBRI FB7GD=KB7k=;| 7D: M?:;BOL7TH@D=H77?I?P;<HEC
I;L ;H7BC?B?CJ;HIJE<;M >KDH;:I E<CWHECJ;HI />; C?DH7&II;,C
8B7=;E<J>; 9B71JI71 ?DJ>; *$ 9ED?1JI E<;HF;DJ?D; C7=D;J?J; 9>BE
H?J;J7BYD: C?DEHIH;CEB?J; 7I;: EDJ>; ;NJ;DJE<97HED/J?ELYD:
ENe7 J?EDIMEJOF;| E<I;: ;D J7TH@H;®?7197D8; ?:;DJ}: ? 17C
FB;l." 7D: ()/ I>EM?D=C?DEH/D: 78K07DJ 97EDYJ?ED
7D: EN7 J?EDH;IF;9J?L;BOrD: ?? ITCFB;." I>EM?D=?0J;HC;
1?77, TCEKDJIE<Q7TBED/J?EDD: EN7 J?ED

/>; =H;;D 9EBEKE<EF>®7RBED/J; ." H™:9J1 J>; >?=>CE:7B
78K07D9; E<>QHEKII?B97J; C?DH7BIIJ?BBH];HL;: ?DJ>; HEQA/>;
J;NIKH;IE<J>; I;HF;DID?J;9B71JIFH{;HL; J>; C7DJB;C?DH7BE C7?DI
>EML;H IEC; 9B71JIM?J>9ECFB;NJ;NJKH;B?A;BQ H?L,<HECFH; ;N?1J
?D=l;HF;DJ?D;L;?DI />; C7JH?R7B?J;H7D=;<HECCH?JIEIF7HHO
J>; B7JH EDKH;D9; JOF; I>EM?D= JM?D?D=  />;
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I;; ;D J7THOIHKIKH;I 7H; 9KIBO 97B7?J; L;?DI I>EM?D= <HECH?CJE
9EH; 7 9>7D=; <HE@EJHER: 7RIE?H;=KB7BBEAGNIKH;I 17=

I>; EF>®7H8EDVJ; I7CFB; ()/ I>EMI 7D ?3;DI; :; =H;; E<
97BEDVJ?ELYD: ENe7 J2EDM?J>7 H;: :?I> 9EBEKHK; 7 B7H=7CEKDJ
E<>;C7J?J; 2= | $DI7CFB;." EDBG <;M  E<J>; 9B71JI
1J?BBHj;HL; J>; EH7B7BI;HF;DJD?J;9ECFH?J?EDM>?B;M?:; IFH;7:
=>EIIB?AJ;NIKH;|:; H?L.<HEGKBB;FB79C;DJ E<<EH;H I1?807J; C?D
:H7BI8OID; =H7?D;:97B?J; 'E 97BBQ>; 9B7IJI7H; 9ECFEI;: E<I?D:B;
9HQI7BIE<97B?J; FHE88BQ; H?L;: <HEGHMEHAD=E<J>; *$ 7D: 7I
IE9Q7J;: >QHEJ>KC7B97B?J;L;?DI />, C7JH?ME<I7CFB; ()/
9ED?1JI C7?DBE<C;:?KC  JEID; 197B; JE C?OHEHQI7BB?DsH7?DE<
7D;>:H7B97B?J; M?2J>BB7J; 7D: ?H;=KB7HD;HIHQI7BB?BEKD:7TH?;!
BED=J>; 9E¥79J8; IM;;D J>; 9B71JI7D: J>; C7JIH?N7B?J;=HEMI7I
9;C;DJ 9HKIJUORD7BBEEHCD=H7RITV?ED7R7H: B?AF7J;HDI

3.2. Subductionrelated ophicarbonates

3.2.1. Pumpellyiteactinolite-faciesophicarbonates
.7C FB;l +' 7D: + ?IFB7AMEJ;NJKH7BBO<;HDJ JOF;|

E<C?HEE C7?DI ?D?97»D=CKBFB; 1J7=;] E<H9HQI7B?RPELE<97B
9?J;=H7?DV>; [HIJ CPHEE C7?D9ED?1JI E<9E7HI; JEC;:?KC I?P;:
=H7?DE<97B?J; I>EM?D=:; L;BEFC;DJ E<7 I;9 ED: =;D;H7J?ELE<
JM?IB7C;B7;9KJI?D=xJ>?=>7D=B;| J>; ;7HB?;KEHC;: =;D;H7J?ELYD:
7<;9J3;: 80=HEMJE<IM?D<H;; 97B?J;=H7?DV/>; 9E7HI;97B?J; 21
9KJ8OI>;7H PED;| J>7JH;AH);DJ J>; I;9 ED: JOF;E<COHEE C7?DES8
I;HL;: ?DJ>;l; I7CFB;l />; 1>;7H PED;l 9ED?IJ E<C;:?KC JE]D;
=H7?D;: KDJM?DD;: 97B?J; ?H;=KB7HDI>7F; 7D: M?J>9ECFB;N
=H7?BEKD:7H?;| BED=J>; I>;7H PED;| 97B?J; ?IF7H?7BB{dHQI7B
B?P;:7D: 8; 9EC;| ;BER7J;: 7D: H; EHDPJ;: 9BE;H,DIJBCDJB>; 1>;7H
PED; EHDJ7W?ED!?= EJ> I7CFB;l + 7D: + 7BIE
9ED7?D LEB I;HF;DID?J;9B71JH7D2D="DI?P; <HEG;L ;H7B;D
J?C;JH;1 JE7 <;M C?B?CJ;HI $D=;D;H7BJ>; B7H=;IBB71JI7H; 8HRA;D
7D: :?1FB79;: 7TBED3>; I>;7H PED;I
71 1?=CE?:7BFEW>QHBB71JI />; |;HF;DJ?D;9B71JI9ED?1J E<C7=D;J?J;
7D: 7DJ?EH?JI>EM?D=J7&B7HD: ?0;HBE9AD=J;NJIKH;I=HEMDYJ J>;
iNF;DI; E<C;I> B?AB?P7H:?8>HOIEJ?BDI>;7H PED;| J>?D7HA]BCI
E<7DJ?EH?J7H; ?03;HB7(H;: M?J>J>; 97B7?J; =?1?D=JEJ>; HESAD

B?AJ;NIKH; />; |;HF;DID?J;9B7131?DJ>;l; 17C FB;l J>KI:; H?L;
<HETD;7HBM@7=; E<E9;7D?9;HF;DJ?D?B7EDD: 97EYJ?ED

A;0<;7JKHF;HI7?RDIEJ>;l; I17C FB;1?1J>; HFB79C;DJ E<7DJ?=
EH?IM?J>?D>; 9B71JI80 D;E8B7J?97B?J; 7B9?J;EL;HFHEMJI>E®KH
7BED3>; 9EDI79J18; IM;;D 7DJ?EH?J7D: 97B?J;M?J>?D>; I>;7H PED;|
7D: ?07?:; J>; L7HEKI I;HF;DJ?D;9B71JI !?= />, J;NIKH;1 ?D?
97J; J>7JH;FB79C;DJ E<I;HF;DJ?D;8097B?J;M7I :K; JEsyn:; <EB7
J?EPDBIHI?EBOI7BED?9K?:|

3.2.2. Blueschisfaciesophicarbonates

7CFB;l 0 7D: O H;FH;;DJ EF>97BED/J;| H; ;GKB8H7J;:
7J8BK;19>?1Xx®?;| P-T 9ED?J?EDI 0 9ED?IJI E<OETHI; [;HF;DID?J;
9B713I?D7 9E7HI;=H7?D;:97B?J; C7JH?NSDJ>; 9B71Jl 7DJ?EH?JEL;H
=HEMI7HB?;HHF;DJ?D;C?0QH/BI7D: ?DJ>; C7 @EBE<J>; 9B71J1 J>;
EH?D78;HF;DID?J;J;NJKH;?l 9HEII9KJI7D: EL;H-HEMBOD;JMEHAE<
97B8?J;8;7H?D=L;?DI />; 9E7HI;=H7?D;:C7JH?NEHCD=97B?J;?| 7D
>;:H7B7D: I>EMI 9EHIE:;: =H7?BEKD:7H?;| KDK BEI; ;NJ?D$?ED7D:
78HKF®>7D=; ?DJ>; IM?B=HEMJI><;7JKH;|J>7JIE=;J>;H H;FH};DJ :;
<EB7J?EDKH?D=9HQI7B?RI?ED/>; 97B?J;=H7?DKEHC;: 7BED=J>;
9ED79JIM?J>J>; |;HF;DID?J;9B71JI7D: M?J>?0>; <H7IKH;D;JMEHA
17= :?IFB7QBER7J; J;NIKH;IIK==;1J?D=l0D:; <EB7J?E®»HQI7B
B?RI?ED

.7CFB; 0 I>EMI J>; :; L;BERC;DJ E<97HEDVJ; H?9>>;7H
PED;!| 78;HD72D=M?J>E C7?DI M?J>78KD7DJ I;HF;DID?J;9B71JI />;
I1>;7H PED; J;NJKH;l 7H; GK?J;1?CB7HIE J>EI; ?DI7CFB;l +'
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Fig. 2. +>EJECBHEH7F>IE<J>; J;9JED?®QHEJ>IC7B*$ 7D: I;: TT,DI7THC $$ EF>978BEDVJ;l <HECQ>; )EHIJ>HD F;D D?D;l
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F7HB;B/D: 9HEIl;: FEB78P;: B?=>C0HEF>E

JE=H7F>E<9ECFB;J;B®7BENVJ;: |;HF;DID?J;9B71J GK7DJ97B?2J;=H7?DEL;H-HENID=FI;K:E CEH->?9I;HF;DJ?D;C?DH7BI?DJ>; 9;BEE<C;|> J;NJKH;7D: 7 ]BC E<>;C7J?J; =HEMD

7BED3>; 8EHH =?12D=J>,C 7 =>EIJB?AJNIKH;*$ ()
<EB7J?E[E<EQ;7D?%=7HD;] 7BEDI>; 9B;717=; *$  $.

E9;7D?EF>B7BENJ;l *$ ()
SHFE  9B7IIM?J2H;=KB7HP7F; 7H;L?MBB; *$$ ()

7D: +' 7D: TH; 9>7HQ;HP;: 80 H; EHDJ7W?EDE<97B?J; 7D:

I;HF;DJD?J;9B71J17BEDJ>; |1>;7H <B2J?ED/D: 80 9HQI7B?RIPELE<
D;E8B7J?997B?J;;C 7D7PD=<HECJ>; =H7?BEKD:7H?;|E<<EB;H 97B
9?J; 1?7= ;. <EA7J?EDM?J>?D>; |I>;7H PED;IB;7:1 JE<H7IKHD=E<
J>; I;HF;DID?J;9B7131 =H7?D?P; H;K9J?ED7D: KDREHEHDJIWI?EE<
J>; 7TDJ?EH?IMTA;l 2?2J>?DJ>; |>;7H PED;l J>; C7JH?N7B?J;?I L;HO
ID; =H7?D;: CTNTTKC {C 7D: I>EMI >;J;HEH7BB7HD: >CF?:

?EJEF29783H?IOR7BE<.OD7C?9H9HQI7B?RIPEDYD: ?CF7H3ID=7 C7H

8B; B?AJ;NIKH; />; B79A<IM?B7C;B7;?DI>?IJOF;E<Q7B?J;IK==;1JI

7D ?DH;71; ?DJ>; T 9ED?J?EDM?J>H;IF;9J JEJ>7J,NF; HD9;: 80J>;

9E7HI;=H7?D;:97B?J;9HQI7BI

3.2.3. Eclogitefaciesophicarbonates

.7C FB;l <HECJ>; '7 +;197 BR7BJO'+ *
?IFB7Q'D 7DJ?EH?J; 97B?J; C7=D;J?J; \
FB; '+ * C?DH7B71I;,C 8B7=; |

D
>QHE =7HD;J ?DI7C
?DJ>; E9;7D?97CFB;l =7H

'EHC;H FEW>QHBB7IE<I;HF,DJ?D?P;FCHEND; ?; 871J?J; H;: :7I>;:
[7B97=Hz=7J;| EL;H=HENMID=OE7HI;=H7?DE<97B?J;?DJ7kPL; L;?DI />?| H;FRH];DJI J>; B7IFHE9;Il 7<;92D=J>;
EOJHE?:7BHKI ?H;=KB7H8BE9AQ7B?J;?DL;?D *$$ ." !
IEH ?0;HFHIW?EE<J>; H;sH,D9;1 JE9QEBEKPDI>?I]= KH;B;5D:  J>; H;7:;H ?IH;<;HH;:JEJ>; M;8 L;H?EDE<I>?I7THDB;

B?D;F7H?7BBOBEDJ;: 9EKB;: M?J>

7B9?J;?DI;: T;DJ7THE@7JIH?N?92D>;C7J?J; .;L ;H7H;HF;DJD?J;

D;J <EHCI7BED=>; 9B;717=;| E<J>; |;HF;DJ?D?P;FQHEND; 7D: BE
97BBOHEKD:C7=D;J?J;FE:l :?IFB79;: 7TBEDJ>; C7?D<B?J?ED!?=
| E9;D E®KHPDI;HF;DID?J; J>; C7=D;J?J;FE:I C70:; H?L<HEC
E9;7D?978;H/J?ED/D: HO9HQI7B?RIPECE< H H?9>C7DJB; IF?D;B />;
C7?D:?<;HD9; 8;JM;:D J>; IME'7 +;197 17CFB;l ?1J>; IJHED=;, <EH
C7J?ED/<;92D="+ * 7 J;NIKH;I?CB7HE J>7JE<I7CFB;l 0
7D: +' ; IF?7; J>; J;NOIKH7BRCB7RUQIE O 7D: +'
;; <EHC;: 97B?J;?DI7C FB; '+ * ?1 CK9> |D;H =H7?D;:
7D: 9ED7?DICEH; ;GK?=HHB7H781?9I7D: >CF?:?EJEF?3E ?:?EJEF?9
9HQI7BI.7C FB;'+ * B7H=;BEED?IJI E<97B?J;L;?DI 9KJI?DI>;
;DI?HHE9AJHKIKH;7D: IK==;1J?D=B7J; IK8:K9J?EDH;B7J;: ?DBIH7
J?EE< 8;7H?D="K?:| 7BED=H7IKH;|
/>; . DD7 EF>®718ED/J;l 7H;J>; EDBOYC FB;| I>EM?D=EBEC?J;
7D: C7=D;I?J; 71IE9Q7J;: M?J>7DJ?EH?J;C7=D;J?J; C?DEHI>BH?J;
7D: :?ER?:;; $DJ>;l; HESAIQE7HI; FE>QHBB7J?9C7=D;1?J; E®KHI
M?2J>?D J>; <BPJ?ED FHEKO;: 7J >?=>P O9ED?J?EDI FHES8-
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Fig. 3. +>EJEC®HEH7F>IE<J>; IK8:K9J;: EF>®718EDVJ;I *B: ;BERX7J;: 7D: IJH77?D;:97B?J; =H7?DIF7H?7BB@9HQI7B?P;: 7BED=H7?BEKD:7H?;| EC FB;J; HOHQI7B?P7
J?ECE<KDJM?DD;: 97B?J;| 7BED7 @EH;7H PED;?I L?I8B; +' - EHDJ;: ;HF,DID?J;9B7IJ7BEDI>; I>;7H PED; F7R?7BBOEDYJ;: 7H8 9B71J -;B?9JE<IM?DD;:
97B?J;| 7H; L?r8B; ;D9BEl;: ?D HOHQI7B?P;: FHEH7:; 97B?J; COBED?J;l +' JH;J9>;:  HF;DID?J; 9B71J HF  M?J> COHE<HRIH;l 7D: FH;lIKH; [>7: EMI
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1BB;: 80synJ;9JED?9NJ;DI?ED7B7B?2J;18;HI
FEW>HBB7IJIFHEK9?D3D; KDIM?DD;:97B?J;=H7?DI0
+ * I B?9JE<J>; >?=>FH;lIKH; B70;W?J=EBEC?J;

<HEQ7CFB;.

?ER?:; 7DJ?EH?J;

.0D J;9J 97B?J; .ODJ;9JED?97B?J;?| FHE88BMB?DA;.JEJ>; E9;7D?9J7=; 0
"H;;D =7HD;J D :H7:?2J; 7IIE97J;: M?JEN:;

Chemical Geologgxx (XXXX) XXX-XXX

? D7C?9H9HQI7B?RIPEE<EB: 1JH77D;:97B?J;
H C7=D;J?J; H C=J 7D: 97B?J;7BED€7 @EH <EB7J?EPED;
' # +HC7HO/D: FIK:E 1,9 ED:7HOK?: ?BBKPEDI !$ >EIJ;: ?DC7=D;1?J; (=

IEH ?0;HFHIW?EEE<I>; H;sH,D9;1 JESEBEKPDI>?I]= KH;B;5D:  J>; H;7:;H ?IHi<;HH;: JEJ>; M;8 L;H?EDE<J>?I7HDB;

8BQY| J>; HIKBE<J;9JED?%1C;C 8;HC;DJ E<<EH;H L;?DI 17C FB;.

D ?0;HIJ ?D=<;7JKH;E<J>?IC7=D;1?J; ?| J>; FH;I;D9; E<FH?
C7HO7D: FI;K:E 1,9 ED:7THO'K?: ?@BKEDI 7= " # I[>EM?D=J78
KB7H>7F;| L7H®8B;1?P; <HEC JE<;M {C 7D: ?DBBRD=80 B?&?:

=71 *9 971?EOBBQC7BB/=Hz=7J;| E</? 9BDE-KC?J; 7H;FH];DJ 7D:
7IE97J;: M?J=J>; C7=D;I?J; =H7?D(7= D;I?J; ?I F7TR?7BBCFB79;: 80
:EBEC?J7D: 97B?J;7BEDSED79JIM?J>7DJ?EH?J7D: 9E®KH;DIM?J>
J>?IHFB79C;DJ 79BKB7HH;CEBB?IM7I <EHC;: 7<J;H7DJ?EH?J;

.7C FB; . I>EMI C20HB97B; I>;7H PED;l 1?CB7HIE J>EI,
<EKD:?DJ>; EJ>HIK8:K9J?EM;B7J;: I7TCFB;l ?DIK9> I>;7H;: E
C77?DI :EBEC?J;?I EL;H-HEMDBO97B?J; 7DJ?EH?J7D: C?DEHD>BH?J;
B?A;BA@B7J;: JEH;HEHT7:; :;; <EB7J?ED>EK=> >?=>P 9ED?J?EDM;H;
H;79>;: ?DJ>; . DD7 7H;7 71 :; 19H?8;: ?DB?BI7JKH; DE ;L 2;D9;
E<C;J7CEH>?9EB?L?D>7! 8;;D <EKD:?DJ>; I7CFB;l ?I;l J27J;:
>H; #EM;L;H M; ?0;HH;JJ>; :EBEC?J; 7DJ?EH?J; :?ER?:; 7I
I;.C 8B7=; 1?= | 7| H;AH;:DIJ?D=>?=>P 9ED?J?EDBRECF7HBB; M?J>
J>El; E<J>; EF>®7BEDVJ;l <HEQ>; 5;HC7JJ.771 0D?J >7J?BEDH;7
2 BFI J> B7JHF;7A C;J7CEH>EI;: 7J "+7 7D: Z

H?;1D;H

4. Methods
4.1. Bulk rocks

2>EB; HE9AC7 @EB; C;DJ 7D7BQ M;H; F;H<EHC;: 7J 9J'78I 'J:
KI?D=7 <K?EDJ;9>D?GK;C FBE@D=7 '? C;J78 EH7J; J;JH7&H7J;<KH?ED
?=;13;; ?D7 M;7A DIH?99?: 7D: C;7 IKH;: 80$+ *. 9 9KH79QD:
FHOP?ED7H; ;1 J€7J;: 71 8;JJ;HI>7D '‘Ell ED?DJ?ED*$ M7I
5 J;HC?D;: 80M;?=>J:?<;HD9; <EBEMD=?-D3J?E[E<I7C FB;l ?D7 <KH
D79; />, 7CEKDE<* ,M7I:; J;HC?D;: 8097B?C;JHGJIJI>; $"™ )-
+?17 $J7BBOH;792D4C7BB/B?GKIEXI7C FB; 78EKJ = M?J#B
7D: C;7 IKHPD=I>; HB;7I; E<* , <HE®7BEDVJ;l J>HEK=3>; LEKC;
E<M7J;HI1>?<J;: ?D7 =H7K7J;: 90B?Bl />; 9ED;DJHJI?EC?I J>;D 97B
9KB7J;: KI?D=7 97TBBHT?EB?D;/>; * ,C;7 IKH;: <HEQ7C FB;9ED7?D
?D=J>; B;ll H;793?L;C7=D;1?J; ?DJ>; 71I;C 8B7=; ?; C708;
KD;H ;1 J€7J;: />, 7CEKDE<#,* M7I1;1 JT7J;: 80J>; I?CFB;:?<;H
;D9; 8;IM;;D *$ 7D: * ,9EDI;DJI<EHT79> I7C FB;

/H79; ;B C;DJ 9E®;DJHI?EDI;N9;FJ <EH M;H; 79ECFB?I>;: Kl
?D=7D =B;DJ N GK7:HKEB;$+ (. 7J" SE19?;D9;l (EDJF;BB?;H
/ $* <B?BIO(EDJF;BB?;H!H7D9; <EBEMD=J>; FHE;:KH; :;
I9H?8;: ?D"E:7H: ;J 7B 7D: $EDELJ 7B EHED9ED®;D
JHI?EDKEHBB7C FB;l M;H; :; J;HC?D;: 80 ?IBJEF; :?BK?EKI?D=J>;
)$. ~( IF?A; ?D7 1?0=B; 9EB;JEH." $IEC7II FEI2?L;J>H
C7B?EDPJI?ELZ7Il IF;9JHECIH+ /$(. HKD?D=2DOD7C?CE:; 7J

J>; ¢ )- 4?17 $J7BO

4.2. Mineral compositions

(7 @ESB; C;DJ C?DH7BOECFH2I?EDM;H; C;7 IKH;: 7JJ>; ; F7HJ
C;DJ E<7HJ>.9?,D9;] 0D2;H?JCE<(? BTDE$J7BOKI?D=J>; ;B;9JHED
CPHEHES;% * .KF;HFHES; />, 7D7BQ M;H; 9EDK9J;: M?J>
72. 1015C 73 Al D <EH>; ;B;9JHEDB;7C 7D: {C 8;7C
1?7P; 2; Kl;: D7KH7B?BD7J; 1IJ7D07H:I J>; DKC8;HI H<;HIJEJ>; ?0J;H
D7W?ED7B7D7H:I (= EDEB?L?D; [, ED<70B?J; )7 EDEC
F>797J; /? ED?B;D?J; (D EDHE:ED?J:& EDA <;B:IF7H B 7D:
7 ED7DEB>?J; H EDC;J7TBB?FKH; H 7D: .? EDMEB7IED?J;

(?D;H7BIH79;;B C;DJ 9ED®;DIJHI?EDM;H; :; J;HC?D;: 7JJ>; OD?
L;H?JOE< ;HD 80 B7I;H78B3?EDKI?D=7 "; EB7I +HE DC
H! ;N9?C;H B7I;H 9EK-B;: JE 7D B7D - ; $+ (. ?DJHIC;DJ
S+ (. D 7BO87BIIH7J:?;1 737 H;K9J?ED/D: ?IJHIC;DJ EF
JT?PI?EDFHE; :KH;| 9BEI;BEGEBEMI>EI; HFEHJ;: 80 .F7D:B;H;J 7B

7D: +JJA; ) 7B ;7C 1?P;1 M;H; 71 B7TH=71 FEII?8B;
KF JE {C :?7C; J;H JEBEM;H>; :; J;9J?EMB?CJI 97BKB7J;: KI?D=
J>; IJH?EDJ <EBKBJ?ED’D+;JJA; ;J 7B NJ;HD7BJ7D7H: ?P7
J?EDM71 7=7?DIJ>; " 8717BJ=B7Il ;C FBE@D=J>; L7K;| 9?J;:
?D+;J;HI 7D: +;JJA,; 7D: J>; "E -,C :7J7 871; %E9>KCJ 7B

7J7 H;K9J?EDC FBEO;:.$". "K?BBEDI 7B 7D: J>;
IKC E<7BE;7 IKH;: ;B C;DJ EN:;I JEI7TEEN?:;I 72 MJ C?DKI
*$ ;= #7BJHI 7B M71 KI;: 71 3>; ?00;HD7BJ7D7H: <EKEK7D
J?]97J?EDK; JEJ>; B79A&<7J7 <EH 2 I, @ JHE7B; M71 97BKB7J;:
71 5* 8 B3?EMH7J;IM;H; JKHD;:JE9 {C F;HFKBI;L?771;DK7
J?EE<J>; B7;HEKFKJ8;7C J>; B7l;HH;F, J3?EH7I;M71  #P (;7
IKH;C;DJ 79KH79QD: FH91?EDM;H; CEDJEH;: 807D7BOI?D= (
=B7lI<HEQ$./ 71 7TDKDADEMDYD: J>; :7J7 CEIJBO=H;; JEM?J>?D
E<J>; H;sH,D9; L78;l .KFFBC;D J7HQ78B;

4.3. Isotopicanalyses

/>; I7CFB;l M;H; 7D/BOP;:<EHs 7D: & * 7JJ>; ; F7HGC;DJ
E<7HJ>7D: DLMER;DJ7B9?,D9;l ';>?=> 0ODZ;H?JOO0. KI1?D=7
1?DD27D(/ =71 C71l IF;9JHECJ;H9EK-B;: M?J>7 "71 ;D9> $3$
101J;C 7FFB@D=J>; C;J>E:l :; 19H?8;: 80 EEA &EBB7H] 7B
7D: EBB?DU 7B 2; T7D/BOP;:8KBAHE9AI’I M;BB/I CEH; FKH;
97BEDJ;| <HEC:?<<;HDJ J;NUKH7BJ J?D=II7C FB;: 80 COHEH?BB?D=
KI?D=JKD+J;D 978#7?:; 8?JI M?J>:?7C;JJHE< 7D: CC 7B97?J;
:EBEC?JEHC7=D;1?J; M7I H;79J;: 7J Z <EH C?D EH > HJ]F;9
J?L,BOM?J> C' F>EIF>EH?99?: # ,+*, ?DEKH JEHB;7I;
* o TPEH?D=JEJ>; C;J>E:l E<(9H;7 +7KB7D: .AHPOF;A

7D: >7HC7 ;J 7B BB:7J7 7H; FH};DJ;: ?DIJ7D7H:
BJ7 s DEIAJ?EDHFEHJ;: H;BJ?L; JE1+  7D: 1. (*2 <EH$ 7D:
€ * HIF;9J?L;BG;= KB7THD7BQ E<7D?D>EKI; IJ7D7H: 7D: J>; 2D
J;HD7I?ED7B7D7H: ). 7BEM;: CEDJIERD=7D: 9EH;A?EE<J>;
:7J7 H)KB3D=?D7 IJ7D7H: :; L7J?ED , E<Q 0 <EWEJ>¢ 7D:
§ *
JHED?KC?IBEF; 7D7BQ M;H; F;H<EHC;: KI?D=7 ?DD27D(/
CKB®EB;QEHC7II IF;,9JHECIH 7J J>; $™ )- +?17 $J7BO

EFH7J;: ?D:OD7C?9CE:;; 7<;H ?EDN9>7D=; FKH?P7J?EDI>HEK=>
HIF,9 H;I?D (7 IKH;: 2 .H2&. H HJ?ElI M;H; DER7®P;: JE
aH2H - FB27J; 7D7BQ E<)$./ .~( H* 4, 37D

TH: =7L; 7D 7L;H7=; L7BK;E< \ . n +K8B?I>;:

L78&;l 7H; 7: @KIJ;: JE® H 2 H JHED?KC 8B7DAIM;H;
78EKJ D= M>?9>7H; D;=B28B; =?L;D J>; .H 9ED®;DIJHJI?EDI?DJ>;

17C FB;1 7D7BOP;:?DJ>?11JK:0

5. Results
5.1. Bulk rock major and trace elementconcentrations

/>; C7@EB; C;DJ M>EB;HE9ARED®;DJHI?EDE<J>; I7C FB;l 7H;H;
FEHJ;: ?D/78B; />; 9ECFB?J?EDIE<EF>97HELYJ;| 7H; B?DA;:JE
J>; FHEER?ECE<KBHT7]9 7D: 97BED/J; 9ECFED;DJFH];DJ >;H;
J>; 9ECFH?I?EE<7 FKH;I;HF;DJB®?J;7D: 7D E9;7D?B?CI|JED; ()/

7D: 5- HjF;9J?L;BOM;H; 9ED?:;H;: 71 J>; ;D: C;C

8;HI <EH 7BB E< J>; EF>97HBEDVJ; HEO9AI J>7J M;H; ?;l J?



Table 1

2>EB; HE9A7 @EMNIJ

7D: JH79;B C;DJ FFC 7D7BQ <EHHF;DJD?J; B?ClJED; 7D: EF>97BELDYJ; HESAI

Oc. serp. Limestone

Oc. tectonic ophicarbonates

Oc. Sedimentary ophicarbonates

Prograde ophicarbonates

Eclogite facies ophicarbonates

o
5

o
5

5

$.

o

+ + 0

0

"+
*

GPS sample
location

N N
44.19811 44.34558

N N
44.19811 44.34558

N
44.34558

N
44.32808

N N N
44.19654 44.19654 44.19811

N N N
4453202 44.53202 44.58542

N
4458542

N N N
44.40907 44.40907 4455364

N
44.55364

E E
9.58860 9.45221

E E
9.58860 9.45221

E
9.45221

E
9.44154

E E E
9.58915 9.58915 9.58860

E

E 88.181 E 88.181 6.92014

E
6.92014

E E E
8.54205 8.54205 8.44636

E
8.44636

It A /ED

b.d.l.

n.d.

n.d.
n.d.

n.d.

Not
determined

b.d.l

b.d.l




Table 1 Continued

Oc. serp. Limestone  Oc. tectonic ophicarbonates Oc. Sedimentary ophicarbonates Prograde ophicarbonates Eclogite facies ophicarbonates
o/ o o " .
5-' 5- 5-' $. + +' 0 0 . . * *
GPS sample N N N N N N N N N N N N N N N N N
location 44.19811 44.34558 44.19811 44.34558 44.34558 44.32808 44.19654 44.19654 44.19811 44.53202 44.53202 44.58542 44.58542 44.40907 44.40907 44.55364 44.55364
E E E E E E E E E E E E E E E

9.58860 9.45221 9.58860 9.45221 9.45221 9.44154 9.58915 9.58915 9.58860 E 88.181 E 88.181 6.92014 6.92014 8.54205 8.54205 8.44636 8.44636

7 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

b.d.l. b.d.l. b.d.l b.d.l.

n.d. DEJ;J;HC?D;:

b.d.l. 8;BEM:;J;9J?EDB?C?JI
7 #,* 97B9KB;7I :?";H;D9; 8;IM;;D *$ BEIIE<?=D?J?EED: * , C;7IKH;:
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5.2. Mineral chemistryand in situ trace elementconcentrations

(7 @EB, C;DJ 9ECFH2J?EDE<H;RH;;;D J7J?L; 7D7BQ E<C?DQH7BI
?D;79> I7CFB; 7H; HFEHJ;: ?DJ>; /78B;1 7D: 7D: ?DJ>; KF
FBC;DJ7HQ78B; . 7D: 7 :; J77?B;::; I9H?B?EDE<J>; 9>;C ?IJHE<
J>;, HEQAEHED=C?DH7BI?| HFEHJ;: ?DJ>; .KFFBC;D J7TH{7 J;H7B

H?;20 J>; I;HF;DJ?D;<HECEY;7D?9D: IK8:K9J?EDHB7J;: EF>®7H
8EDYJ;l I>EMI C7@EHB, C;DJ 9ECFH?2I?ED?CB7HIE J>7JE<I;HF;D
J?D;?DJ>; FKH; ;HF;DID?J;17C FB; 9>7HJ;HP;: 80 >?=>(=* 7D:
.?* o 9EDJ;DJI 7D: L7THED=7CEKDJIE</?* , B.* , 7D: H * , HB7J;: JE
J>; C7DJB;C?DH7BI>7IM7I HFB79;: ?; EB?L?DEHFCHEND; 7B
9?KCO7BEDVJ; 7* , ?1J>; :EC D7DRECFED;DJE<J>; 97TBELDVJ;|
?D7BHE9;7D?97D: IK8:K9J?EMB7J;: EF>97BELDYJ;! iN9;FJ
?D;9BE=?J79C FB;l . 7D: . />; B7J;HIMEI7C FB;l 9ED
J7?0C7=D;1?J; (=* , m:L* 7D: :EBEC?J; M?J>7
7 (= H??ED;7H 71 J>; CEIJ 78KD7DJ 97HEDYJ; C?QH7BI

/>; ?DI?JKIH79;B; C;DJ 9ECFH?J?EDE<I;HF;DJ?D;I7D: 97BEDYJ;!
<HEQ>; IUK:?;: I7CFB;| 7TH;H;FEHJ;:?D/78B; /78B; 7D: ?D\?=
2>,D DER7BP;: JEJ>; FH?@?L;C7DIB,L7EK;l 7= J>; JH79;B,
C;DJ F7I;HDIE<I;HF;DJ?D;C?DH/BI<HEEY;7D?EF>D7BELDY J;| I>EM
FEIJ?L;7DEC/B?;I?DI 0 I .8 .H7D:'? M>H;71 EJ>H$'| 7D:
/> TH;:; FB;J;: )= 7J7L;#. #?=>1?;B: .JH;D=J>B; C;DJI 7DEC
7B?;17BIETH; FH};DJ EC F7H;: JEJ>; JH79;B, C;DJ 9E®;DJHI?EDE<
J>; FKH;E9;7D?9;HF;DJ?D;l =H;0];B: ?D!?= J>;1; I;HF;DJ?D?J;
7BIE7H;;DH?9>;:?D7 M?JH;IF;9J JE; 9ECF7J8B;M?J>]>; 8KBAIE9A
7J7<EH$ 7D: *$$ | ;NF;9J;; 97B?J;?DJ>; *$ 7D: *$$ I7CFB;l
1?= CEIJBO>EMI ;DH?9€;DJ ?D.H M?J>19710;H;: ;DH?9€;DJI ?D

8 7 '7 7D: '? 7B9?J;<HEQ>; B;ll 9718ELYJ;: 7D: B;ll EN?P;:
I7CFB;." >71 CK9>>?=>:H) 9ED;DJHI?EDI>7DJ>; 97B?J;?DJ>;
EJ>HI7TCFB;l | <EH>; I;HF;DJ?D;C?DH7BI '7 ?D97B?J;?1 ;DH?9>;:
H;BJ?L,JE; ;= |I7CFB;()/ 17=

DJ?=EH?J<HEQKS8:K9J;: EF>®7HBELD/J;l 7= I>EMI JH79;;B
; C;DJ 9ED®;DIHI?EDBECF7HBB; JEJ>EI; E<J>; E9;7D?97C FB;l ;N
9;FJ<EHL7H?8B;.H 7DEC7B?;| M?J>J>; 9E®;DJHI?EDPD=;D;H7EBEM;H
J>7D+( ?DJ>; ;9BE=?J19C FB;| 7D: >?=>;HJ>7D+( ?DJ>; 7BEJ>;H
HE9AI)E J78BOI 7D: .8 9ED®;DJHI?EDRDJI>; . 7D: .
17C FB;1 <7BRIJ>; KH-;HB?C?7H<J>; E9;7D?9Y;B: $DI?JKIH79;B, C;DJ
7D7BQ E<J>; 97B?J;1?DI7C FB;+' H)L;7B;: 9E®;DJHJI?EDBEC
F7HBB;JEJ>El, E<E9;7D?9 $ 7= $DOEDH71JJ>; 97B?J;1?DJ>;
8BK;19>?1k®7?;| EF>®7BED/J;l 7H;:; FB;J;: ?D'? 7D: ;DH?9>;: ?D+8
7D: (- H;BJ?L; JE#- 7D: I>EM FEIJ?L; K 7DEC/B?;l 1?=
9ECF7H;: M?J>97B?J;<HEC)>; E9;7D?%¥EF>9718ED/J;l 7H8SEDYJ;l ?D
J>; ;9BE=?J19C FB;| <HEC7 +;I197 I>EM JH79;;B, C;DJ F7J;HDI9EC
F7HBB; JEJ>EI;, E<E9;7D?EF>9®7BELYJ;l >EML;H J>,OI>EM ;DH?9>
C;DJ ?D2 7D: +8 EBEC?J;7D: 97B?J;?DI7TCFB,; . . DD7
7H;7 7H;9>7HI;HP;: 8OIJHED5DH?9€;DJ ?D- +8 .H7D: (-
H;BJ?L;JE#- *L;H 7BB)>; 9E®;DJHI?EDE<D;7HB@BBH79;B, C;DJI
?D97B?J;?DJ>?117C FB; 7H; ED; EMH E<C7=D3K:; >?=>;HI>7DJ>EI;
?DJ>; :EBEC?J;l (7= D;1?J; ?DI7C FB;. I>EM BEMPED®;DJHI?EDI
?D7BBH79;B;, C;DJI M?J3L;HOBEMH 9ELJ;DJI 8KIM?IHIHEDDH?9>
C;DJ ?D#- H;BJ?L;JE(- 7D: -

Chemical Geologgxx (XXXX) XXX-XXX

5.3. Isotopegeochemistry

5.3.1. Carbonand oxygenisotopecompositionf carbonates
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5.3.2. Strontiumisotopecompositions
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Fig. 9. 7HJEED ?BKIH72D=J>; |; GK;D9; E< >QH7J?ED7D: 97HELVJ?ECEN7 J?ED
FHEQ;Il;l 7<;9PD=C7DJB;HEQAFJEQ;7D?®ED?J?EDL.;; J;NJ<ER?I9KI?ED

:K9J?Bj>;7H PED;l 7= J JI>?107=; :; <EB7J?EBC?=>J>7L; E9
9KHH;:KD;H 9>;C B7BBOBEI;: EHEF;DI01J;C 9ED?J?EDI/>; 8;
>TL?EKHE<J>;l; HE9AILKH?D=IK8:K9J?EM®7D8; HiL;7B;: 80 J;NUKH7B
7D7BRI 7D: 1JK:0 E<=;E9>;C B7BC7THAHI 2?J> J>; ;N9;FJ?EE<I7C
FB;l . 7D: . J>; C7T@BBIOE< J>; IK8:K9J;: EF>®7H
8EDYJ;l <EHM>?9>:7J7 7H; FH};DJ;: >;H; :?IFB707DJ?EH?J;
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Fig. 10. 9 J?RJQU?RIO?7=H7C<EH? 7D: * , BE=a.?*, 7D: BE=a* ,
97BKB7J;: KI?D=)>; +;HFB;63IE<M7H; EDDEBBO
\GK7I?EE<IJ7]; E<#EBB7D7D: +EM;BB <EHE* 7D: * o AK2

HjF;9J7L,BO; F?93D=F>7I; ;.GKB?H?7?DJI>; (=* 7*
7D: J>; ?D;HD7BED?1);DJIJ>;HCE:OD7C?9.7J7871; E#EBB7D7D: +EM;BB
&;0 97H8EDYJ; ?D ?DH;:

BX o ¥ #,Y * L1013,C 7 Z 7D: 87H
7D: J>; 9ECF;DI7J;: -;:B?9> &MED= *-&

J7B@D ?D=H;;D 7D: HB;7I; #* ?D8BK; 8EKD:7H?;I7H;;C F>71?P;: .;; J;NJ<EH

?19KIIZED 'EH ?0;HFHIW?EE<I>; H;<H,D9;1 JESEBEKPDI>?I]= KH;B;5D: J>; H;7:;H ?IHi<;HH;: JEJ>; M;8 L;H?EDE<J>?I7HDB;

97B?J; 71 J>; C7?D C?DH7B7II;,C 8B7=; />;?H J;NJKH;l 7D: C?DH7B
711;C 8B7=;9EKB:H;9J 7D ?03;HD7BH;?1 JHBKI?EDH:9HQI7B?RIPELE<
C?DH7BI7D: ;B C;DJI ?D;H?J;: <HEC)>; E9;7D?9J7=; #EM;L;H J>;
FKCF;BBO?J;7D: J>; 8BK;l9>?1Xx®?;| I7CFB;l 7H; 9>7HJ;HP;. 80
=HEMJ¥E<I;9 ED:7TH®7B?J;7<J;HJ>; |;HF;DJ?D?B7EE<J>; FEW>QHE
9B71JI:?1 FB79;: 7BED3>; I>;7H PED;<B?J?ED!?= />, =EC;JHO
E<J>;l; 9B71JIIK==;1J1 syn J;9JED?®7HBEDVJ?ELE<I;HF;DJ?D;:KH?D=
;7THB@K8:K9J?EDJ7=;] NF;HT;DJ7BJK:?;l I>EM;: J>7JJ>; IEEK8?BJO
E<97B?J;?D# ;* H?9¥K?: ?DH;71;1 M?J>?BH;7PD=P-T 9ED?J?EDE<
J>; I01J;,C  79?7=B7D: (7DD?D= IK==;1?D=3>7JJ>; 978ED
7J?EE<J>; I;HF;DID?J;9B71JIC70 >7L; H)]KBJ;: <HEC?DI?JK97BED
7J; :?1|IEBK?EBEBEM;: 80 ?DI?JK97HBED/J; FHO9?RI7TI?ED | IKC ?D=7
9BEI;: 1013;C 9ED?J?EDJ>; #,* H,GK?H;:JEJH?SH 97B87?J;:?1 IEBK?ED
C70>7L; 8;,D :; H?L;:<HEQ>; I;HF;DID?J;9B7I1REB<7l <;MMJ E<
#.* ?21HB;71;: :KH?D=J>; |;HF;DJ?D;F>71; JH7I?EDI?DBH;7RPD=P-T
9ED?J?EDI.9>M7HJPJ 7B

. ?J?ED7BNIKH7R 2;D9; <EH CE8?BJOKH?D=K8:K9J?E?IFHE
L?:;: 80J>; E®DKH;D9; E<O7BEDYJ; L;?DI QHEISKJI?D=)>; ;9BE2J;<7
9?;1 EF>®7EDVJ;l ?DJ>; 1EBJHZI I?<'+ * D EJ>;H?D?
97J?EDE<EF;D 101J;C 8;>7L?EKHD: ?DBJHJI?EDE< 8;7H?D="K?:|
FH9?RI7PD=;9BE=2J;<®?;| C7=D;1?J; L;?DI ?| FHE?:;: 80J>; 78KD
:7DJ "K?: ?DBBKEDI >EIJ;: 80 FEWH>HBB7J?9C7=D;I?J; E<I7C FB;
. | I>EMD ?D!?= 7D: 71 :?19KIl;:  8;BEM J>;l; ?D
9BKPEDI I>EMI 1?7-D?®7DJ;DH?96;DJ ?D!( H:BJ?L; JE J>; 9ED

9:DJHI?EDPDJI>;?HC7=D;1?2J; >E1JI />?1 C?=>J8; <KBb;H;L 2;D9; <EH
?0DBJHI?EE< 8;7H?D=K?:| ;NJ;HD7RIEJ>; EF>97HBEDVJ; >EIJ

[7A;D JE;J>;H J>; J;NJKH;I7D: EJ>;HE8I;HL7J?EDFH{;DJ;: 78EL;
<EH?1J?D9JE C7?DI ?DJ>; EF>®7EDVJ;l M; ?;1 J27J;; FHE?:; 7
H;9EH:E< CE8B?RPELEL;H7 M?:; H7D=E<P-T 9ED?J?EDI8; =?D?D=
EDJ>; I;7°EEH 7D: :KH?D=_;HO;7HB@7=;| E<IK8:K9J?ED

6.2. Bulk and in-situ trace elementfeatures

$J>71 8;;D :;CED IJH7J;: J>7JJ>; |;HF;DJ?D?B?7ELCE<J>; E9;7D?9
C7DJB; HEQAIE;l DEJIJHED=BOE: ?<QJ>; - 9ECFH?J?EDE< J>;
F;H?EJ?J; FHEEB?J>I;19>7CFI ;J 7B 7D: H;sH,D9; J>H;?D
/>, - 9ECFH?J?EDE<J>; H;sH.D9; I;HF;DID?J;()/ J>KI
H;AED78BCH\;9J1 ?JIC7DJB; FHEEB?J3>7J?| 9ECF7HBB; JE $03;HD7B
"?=KH?:; "?=KH?7$J7BOrD: (EDJ; (7= =?EH; EHI?97 IH7D9; F;H?
:EJ?J;l =H;0];B: 7?D!?= -7CFED; ;J 7B /> 1?C
‘B7PI0O?D J>; JH79;;B C;DJ 9ECFH?J?EDE<HE9AEHED=I;HF;DJ?D;
<HEC()/ I>EM?D=FEIJ?L; 7DEC/BO/D: :; FBJJ?ED?D'$'
7D: =H;0];B: ?D!?= M?J>EJ>;HE9;7D?9;HF;DJ?D?J;l; =
&E:EBRDO?J 7B 9EDHCI J>7JJ>; 7B;H/J?EFHEY;Il E®KHH;:
?D7 C7H?D;DLHER;DJ $D9EDH713J>; 97H8ED/I?ELE<EQ;7D?9;H
F;DJ?D?J;1?-D?®7DJB@<;9JI - 9ED;DJHI?EDI 7= BB;D 7D:
. O<H?;: 9 9EH?D=BQ®ECF7H;: JEI;HF;DID®?J;()/ 7BB
E<EKHE9;7D?%EF>97ED/J;l :?IFB7QDH?9€;DJI ?D'7 7D: L7H?8B;
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Fig. 11. EC F7HMED8;JM;;D ?DI?JKIH79;B; C;DJI :7J7 <EWET7HI;7D: HOHQI7B?P;:97B?J;<HECG-KCF;B3;0?J;
FE?J?EDE<'K?: ?BBKED C7=D;I?J; C?N;: C;7 IKH,C;DJ 9ECF7H;: M?J>FKH;C7=D;I?J; 7H;H;FEHJ;: ?D

;; FBJ?EDPD; I?7= />, ENe7 J?EDFHE9;I1 J>7JE®KHIKH?D=97H
8EDYJ?EDHL;7B;: 809ED ;H?EDE<C7=D;J?J;JE>;C7J?J; 7BIE7<;9JI
J>; 8; >7L?EKIE<; J>7JKFEDENe?P;: JE; @ 8;9EC;| ?MECF7J8B;
?DJ>; I;HF;DJ?D;7D: 9718EDYJ; ;H?KC :; FBJ?ED?I H;9EH:;: 80J>;
8KBAHE9AD: J>; C?DH7B?DI?JK7D7BQ E<CEIJ E9;7D?EF>97BED
73,1 1?= 7D: />; ;DH?9€;DJ E<7 | 0 +8 I .8 H
'? ?DJ>; E9;7D?EF>R®7H8ELDVJ;l 7D: J>;?HHE9AEHEDH;HF;DJ?D;7D:
97HEDYJ; 97D8; 7BIEB?DA;.JEJ>; 97BEDVJ?EDYD: EN7 J?EE<JI>I,
HE9AI D:H;7D? ;J 7B DH?9¢;DJ E<!/(  ?DI;HF;DJ?D;C708;
:NFB7?D;:80J>; 7TRA\TB?DOED?J?EDE<J>; >QHEJ>;}C7B;DLMHEDQ;DJ
?0OH;7PD=7: IEHB?EDE<J>;l; ;B C;DJI EDJEJ>; I;HF;DJ?D;C?DH7B
IJHKIKH; 9 9EH?D=JEJ>; ;NF;HZ;D J7TBMEHA0'7<70;J 7B J>;

| 7D: .8 ;DH?9€;DJI ?DI;HF;DJ?D; 7= 97D8; ;NFB7?D;:M>;D
9ED?:;H?D=J>7J1 2 7D: .82 7H;<7LEKH78BGGK;IJ;H;: 80I;HF;D
J?D;C?QH7BI 9ECF7H;: M?J>1 @ 7D: .82 J>; B7J;HM>?9>7H; CE
8B?P;:?DJ>; "K?: F>7I; 7D: EHFHO?RI7J; 71 .8 )? 79;I IEHCF>7I;1
IEH J>; EF>®78ED/J; 97B?J; J>; ?DI?JKIH79;;B, C;DJ 9EM®;DJHI?EDI
7H; 1I?CB7HE J>EI; E<I;HF;DJ?D; 7JB;71J<EHI J>7J7?1 LTHP8BOD
H?9>;: OHD?KC?I CEIJBODH?9>;:?D97B?J;?DJ>; B;ll ENe?P;: I7CFB;
9ED?1J;DIM?I>?J1>?=>IEBK8?BI(VJ ;B; L7J;: ENG;D <kK792JO

;= 77B;07D: -7=D7HI:EJJ?H &;FFB;H7D: 20BB?; *D J>;
9EDH7HQ>; ; 9ED®;DIHI?ECXDI>?II7CFB;?1B;ll :; FB;J;: F;H>7FI
?D?972D=7 A;0?DK;D9; E<EN®;D <kK792J®DJ>; ; IJEH=; 8OEF>?
97HBEDrJ; C?DQH7BI

/>, JH79;;B, C;DJ F7I;HDIE<J>; C7T @EBCE<J>; IK8:K9J;: EF>?

97EDYJ;l 7D: J>; C?DQH7BIJ>;H;?D :E DEJ:?IFB7Q?=-D?®7DJ:?<
<;HD9;| <HECJ>; F7J;HDI?DJ>; E9;7D?9I7C FB;l !?=| 7D:
$DF7H?8B7HJ>; 9E7HI; 7D: HOHQI7B?P;:97B?J;?DCEIJ :;
<EHC;: IK8:KQJ?EMH;B7J;: I7TC FB;l :E DEJ>EM I?-D?®7DJ.?<<;HD9;I
?DJ>;?HJH79;;B C;DJ 8K:=Jl 1?= 7D: />?1 ;L?2;D9;
IK==;1J1 J>7J CE8B?RPED ?D J>;I; I7CFB;| E®KHH;: KD;H

Cs Ba Th W Ta La Pb Sb Sr 2Zr Sm Gd Dy Y Er Yb Sc

8BK;19>?1J 7D: ;9BE=2J;<B?;| I7CFB;l /H79; ;B C;DJ 9EC
+H?@7?L;C7DJB;:7J7 <HEG9 EDEK=> 7D: .KD

9BEI;: IO1J;C 9ED?J?EDI/>;, C7?D:?<;HD9;| ?D9ECFH?I?ELE<J>;
IK8:K9QJ?EM;B7J;: EF>®7H8ELDYJ;l <HECJ>; E9;7D?9ED;| 7H; :;;CED

1JH7J;: 80:7J7 <EHI>; ;9BE=?J29C FB;l . 7D: . M>?9>
I>EM J>; >?=31] - 9ED®;DJHJI?EDIDEJ; J>; ;DH?9€;DJ ?D- H;B
7J7L; JE (- 7D: #- ?DI7CFB,; . 1?= 7D: >?=>H+8

| .8 9ECF7H;: M?J>9ED;DJHI?EDPDEY;7D?9HIKHEHI 7=

/>1;  8KBAIE9AYTDECYB?;I7H; C7J9>;: 80 ;DH?9€;DJ ?D | '7 +8

| .8 E<J>; HE9AEHGD=EBEC?J;7D: 97B?J; 7= 7D: DH?9>

C;DJ ?DJ>;l; ;B C;DJI ?DKBHT7]9 HE9ABT7L; 8;;D 7IHABI;: JE;N
9>7D=; M?J>l;; TC;DJ :; H?L;: "K?:l :KH?D=K8:K9J?ED 7DD7W;J 7B
JI9>7CFL ) 7B '7<70;J 7B I>H; <EH;J>;
8KBAHE9AD: ?DI?JKJIH79;;B, C;DJ :7J7 IK==;1J J>7J8EJ>9BEI;: 7D:
EF;D101J;C 9ED?J?EDM;H; ;NF; HD9;: 80OEF>®7HBED/J;l :KH?D=J>;

IK8:K9J?EDEL;HJ>;?HFHHEH79J;:C;J7 CEH>?9>?UEH?;| $DI7C FB;.
J>; L;?DC7=D;1?J; JH7TFFHC7HCO/D: FI;K:E 1;9 ED:7HCDBBKEDI

1?= " # E<JI> ~K?: J>73711?13;; C7=D;1?J; =HEMJ>1 ;NF;9J;:
J> ' $+ (. 7D7BO E<?DBKED<H;;7D: E<?®BKEDS;7H?D=C7=
D;1?J3; 1?= I>EMI J>7JJ>; B7J;H:?IFB70ICK9> >?=>HI| 7

| .8 -8 2 +8 9ED®;DJHI?EDI/>?I ?D?97J;l J>71J>; ~K?: 97H
H?;: OHKIJ7BBCH?L;: JH79;,B, C;DJI ;?2J>;HIEKH9;: ?DIK8:K9J;: I;: ?
C;DJ7HQ@ GK;D9;l EHH;B;7I;: 80:; >QH7J?EE<FHLEKIBE;J7IEC7
J?P;: 7B;H;: E9;7D?®HKIEH7IIES7J;: I;HF;DJ?D?J;l,= 7DD7W7D:
(7B7I1F?D7 7D: H;sH,D9; J>;H;?D

6.3. Tracing C mobility with 3D isotopes

/>, E9;7D?9EF>B7BEDVJ;l UK:?;: >H; B?AEJ>HE9;7D?%EF>?
97BED/J;| <HECQ)>; BFI 7D: +OHD;;l ;= B;H9;J 7B '7<70

J 7B I>EM M?:; H7D=;1?D* 7D: ?IBEJEF; 9ECFE?J?EDI !?=
:; F;D: ?D=EDJ>; T E<I;HF;DJ?D?B7EDYD: EDJ>; 7CEKDJE<H,;
:K9;: 9EDH?8RD=JE J>; & E<J> ~K?:! ?DEBL;: ;= BJ;J
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7B 8 :B79EKH;J 7B $DJ>; E9;7D?9EF>B7I8EYJ;l FH;
;DJ;: >H; J> * 7D: ?IBEF; 9ECFEH2?EDIE<97B?J; 7H; 9ECF7
HBB; JE FK8B?I>;: L78;l <EH>; )JEHJ=HD F;D D?D;7H;7 EBB?D}J
7B "7IBBZD: /E=B?7JJ? .9>M7HP;D879>J 7B 1>;
97B?J;1;7 M7J;H ?IEJEF?9GKB?8?KC?D?97J;1 J>7JEF>®78ELYJ; 97B
9?J; =H;M 7<J;H I;HF;DJ?D; EL;H 7 T H7D=;E< Z TIIKC?D=
§* g7M73H 0 *);?B ;J7B ?D*$ 7D: *$$ 'EM;H T E<78EKJ
Z M;H; E8I7?D;: <EH7B?J;?DL;?DI 9HEII9KJI?D=7/BHEE9;7D?9

IJHKIKH;1?D*$ 7D: *$$ />;I; T H7D=;I7H;9ECF7HBB; JEJ>EI; 97B
9KB7J;: 80 .9>M7HP;D879>J 7B <EHEF>®7HELDVJ;l <HECJI>;
I7C; 7H;7 8; JM;;D 7D: Z BBE9;7D?9EF>97BELDVJ;| FH;
1;DJ;: >;H; FH};HL; 7 ?IBEF; ]D =;HFH?DIED?IJ;DIM?I>79GK2I?ED
E< KH?D=?;H/QU?EDM?J>;7 M7J;H:; H?L;: "K?:l $D* $$ HE9AIJI>;
C7JH?97B?J;?DB;ll EN?P;: I7CFB;l .* 7D: " I>EMI
IB?=>JBBREM;HS' B?A;BU J>; H;KBJE<?D;H/AU?EM?J>I;HF;DID?J;
9B71JI I>EM?D=?IEJEF97BBD;=7J?L;L7&;| BJ;J 7B 8 '7<70;J
7B />, >7?7=>:; =H;, E<XL7TH?P8?BIC?DJ>; * ?IBEF; 9ECFE
12J?EDE<J>; E9;7D?%FHHEB?J>7| JE8; J7A;D?DIJEHRPEKDM>;D :?|
9KII?D=J>; ;LEBKI?ECE<EF>®7HBELYJ;| :KH?D=IK8:K9J?EDLEBK?ED
/>, @ H2a HHD?EE<J>; E9;7D?EF>978ED/J;| ?Iu;l J27J;: >;H; 7D:
E<J>; FKH; ;HF;DID?J;()/ H7D=;8; IM;;D 7D:
1?= IK9> L7K;l 7FFHE79x)>; L7BK;E< ;5 ID;: <EHKHTI
1?91;7 M7J;H %ED;l;J 7B 9ED?1J;DIM?IN7RBEDII?ED7L?D=2D
LEBL;: %KHT?91;7 M7J;HH; ;GKB8H7J;: M?J>7 C7]9 KBHT7]9 H;l;H
LE?H

7HBEDYJ; § * L7K;l <EH>; FKCF;BBO?J7D: E<J>; 8BK;I9>?1Xk7
9?;1 EF>®718EDYJ;| EL;HB7R)>; BEM;H$ * H7D=<EH$ 7D: *$$ />;
T H7D=79>?;L;: <EW7B?J;9HQI7B?RIPEPDI>;l; HE9AI87I;: ED $ *
L7812 Z TIIKC?D=8* yom73m 0 *)?B ;J7B
.K9> T 7H; ?DJ>; H7D=;<EH/'B;H/J?EE<J>; E9;7D?%EF>B718ELVJ;|
?0?972D=J>7JJ>;l; EF>®7HBELDVJ;l HJ7?D0>; E9;7D?9* ?IBEEF; ?C
FH?DH<J>; FHEEB?HE9AI/>;H; <EH;7B>EK=>K8:K9J;: EF>®7HBED
7J3;1 97D:?I FB7Q?J>;HKD; <EHC;: EH; <EHC;: J;NIKH;I7JH8¥8B;JE
:0OD7C?9IK8:K9J?EPED; HOHQI7B?RIPEDJ>;?Hs * :E;| DEJH,GK?H;
9EDHZKI?EBO 7B;HJ?EDI;HI;7 M7J;HHE9AD;H/QA?ED2>;H;71 J>;
* ?IBJEF; 9ECFE?J?EDE<J>;l; HESAI7H; 9ED?1J;DJM?J>BB; EHDE
IK8:K9J?EMH;B7J;: CE: 7 97J?EE<I;7"EEH OECFH?J?EDIJ>; & L7B
K;I F7THI?8B7HBD-7JE<I7TCFB; 0 9EKB:H9J IEC; CE: 1
97J?EBO>?=>P C;J7CEH>?9"K?:| />; & L7K;l E<97B?J;?DJ>;
FKCF;BBO?X%®7?;1 I7C FB;1 7D: J>; KD; <EHC;: 8BK;19>?1k®?;! I7C FB;
0 I>EMDEI?-D?®7DJ; L7J?EXHEC>; L7K;l ;NF;9J;: <EHE9;7D?9
EF>978ED/J;l 7= = IF?J; J>; I7C FB?DE<JME =;D;H7J?EDIE<
;7THBOE7HI; 7D: B7J;HH;9HQI7B?P;: 97B7?J;?DJ>;l; |1K8:K9J?EDPED;
C;J7CEH>EI;: I7TCFB;l I;; F F;,D:?N!?= EKFB?D3>?IE8I;HL7
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