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Mineralized veins resulting from fluid flow 
in decollement zones of the Sicilian prism 

evidence from fluid inclusions 
by NICOLE GUILHAUMOU* , CHRISTOPHE LARROQUE**, ELISABETH NICOT*, FRANÇOIS ROURE*'" * 

and JEAN-FRANÇOIS STE PHAN ** 

Ker ,,"orJs. - Accrc tionnry prism. Décollement. Minera lized ve ins, Fluid inclusions, Transient n uiù now. Sieily 

AbSlraCI. - Imbri c~tions (Ook plncc at the frontal part of the Sicilian accrctionary prism during the Plio-Quatcrnary.The structural seuing show, 
a superposit ion of southwurd directed thrust -sheets bounded by two décollement lcvels. Syntcctonic veins wcrc samplcd in thrust fault wnes located 
al the fron tal part of the pri ,ml. In the Iowa thru,t fault zone. hydraulic brec<:ias include qu~rtz and calcite vdns. The initial crystallisation tlu ids 
have been entr~pped in the,e veins Jnd preserved as different generations of fluid inclusions. Primary intracrystal linc aqucous flu id inclusions are 
composcd of low sôli inity wmer (neJr 0.8 wt % equ.NaCl) deplcted in gas and display homogcn isation tcmperatures incrcasing from quartz hl calcite 
to values up to 200°C. In calcitc ve ins. hydrocarbon nuid inclusions containing light aliphatic " i l indicate the occurr~nce of organic malter in the 
teetonie wedge with u thermal evolut i"n compri,ed with in the oil window. 

The pressure required is the li thostutic pres,ure . in agreement with the conditions implied by the tectonic setting aceoun ting for the formation 
of hydr~ulic brceeiJs. lt ranges from 140oC_O.!\kbar for quartz up to 23SoC-Ikbar for calcitc dcposi tion_ Intersection or oil and aqueou~ ~OIUlion 
isochores lc~d to comparable values. In addition t:1e occurrence of pyrobitumen p~r1icles in lhe veins indicates thn the fl uids renched tempera!urcs 
higher than 1 SO°e. These high ternperature fluid, He localized in the I"wer fault zon~. ln the uppe r fault zone. syntec tonic calcite veins only display 
low lemperature fl uid inc lus ions. The resu lts of X-ray studies on the folia ted host- rock of the veins providc cvidence for a highly localized incipient 
thermal t ransformation of the clay mincrals (ifS of R.l type) atthe contact with the hyùraulic hreccia. while the ove r~ll mass of lhe surrounding shales 
remained unaffce ted (liS of Ro type) 

The ,tri ... t localizat ion of the veins in lhe f~ull lOne, suggest that dewatering of the Sici lian wedge occurrcd along high-permeability déco llcments 
and fau1t ~. In l h~ lower fau lllOne . warm flu id <:ircul~lion of fresh WJter was responsible for the hydraulic fracturing and the subsequent vein format ion 
restric ted to the bJSJI déco llement. where a thcflml desequilibrium occurrcd be tween the tluids and thc shale matrix . Thi!; may he interpreled as the 
result of larg~ - ,~ale advec tion of fluid, ari,ing from the deeper in ternaI wne of the prism ~nd flowing along the basal décollement. 

Veines minéralisées: indices de paléo-circulations de l1uides 
dans les décollements du prisme sicilien: 

données des inclusions l1uides 

MOIS dé.,'. - Prii;rlle d·accrétion. Décollemen t. Vein~s minérali'~es . Ind usions fluides. Ci rçu lations lr~nsiloires de fluides chauds. Sicile. 

Rhum". - LJ zone frontale du prisme sici lien présente des veines minéralisées syntectoniqucs localisées dans le, zones de chevauchement 
(mél ange varico lorc). Les brèches hyd raulique,. échantillonnées dan~ le ehevau~hemen t basal . sonl formées de veines de quartz et de calcite. Au 
moment de la cristalli,ation. les tluides ont été piégés en différentes générations d'inc lusions. Lcs inclusions aqueus~s ,primaires présentent une faih le 
,alini!~ (0.8 wt % N~CI) avec' de' tempér~ture' d'homogéné i s~tlOn croissantes du quartz il IJ calcite et atteignant 200 e. Dans les veInes dc calCIte, 
des incl us ions d ' hydroearbures légers attestent dc ia présencc dans lc fl uide de matière organique au ,ta d~ de maturation de la fe nêtre à huile. 

Le calcul des condit ions P-T. à partir de l'évolution des isochores. en Jccord Jvee la prcssion li thostatique minimale nécessaire à la formation 
des hrh'hes hydraulique,. con du it à de, valeurs de 140°C dans le quartz à 235°C dans IJ calcite pour des pressions de 0,8 à 1 kb. Le recoupemcnt 
de l'isochore des hydrocarbures inclus avec celui jes solutions aqueuses amène à des valeurs comparable, . De plus. de , panicules d~ pyrobilumes, 
a5Sociécs aux ve ines de ~ aleite, indiquent qu'elle, on! a!!eint une température d'au moins 150°C (d ~ ns le cas d'une maturation de type «bassin 
sédimentaire »). Lcs fl uides chauds ainsi caractérisés sont localisés dans la zone de chevaueh~ment basal (mélange v~riçolore inférieur) . on ne les 
retrouve pas d~ns les ve ines échantillonnées dans les zones de ehevJuchement plus superficielles (mélange varicolore supérieur) . Le, ,peetres X de<; 
argilü du mélang~ cneai,sant de<; hr~ches hydraulique<; présentent des ind i ce~ de lransformation thermique des minéraux argileux (liS de type R3) 
,itués un iquement au contact de la brèche 

La stricte 1()Ç~lis~t i on de, veines au niveau des zones de failles suggère que l ' expulsion dcs fluides , lors dc la déformat ion au haut du pri,me 
sicilien, s'cst effectuée lc long des zones de forte perméabilité (failles ct décollcmcnts). De<; fluides chauds et très peu salés ont circulé dan~ la zone 
de chevauchement basal , conncctée au déco llement inféricur du prisme, et provoqué la format ion des hrèches hydrau li qu~s. Le déséquilibre thermique 
entre l'enc~issanl des brèches et Ic, fl uides piégés suggère que ces fl uides n' ont pas été chauffés ;11 Silu . mais or.t migré . le long du décollement , 
depuis des zones plus internes ct plus profondes du prisme. 

RésUlI1é érendu. - Des travaux récents, basés sur des données de terrain c t de subsurface en Sicile e t dans r Apennin 
du Sud, montrent que durant la convergence entre les plaques Afrique et Europe (fig . 1) le:; sédiments déposés sur la 
marge africaine et les fonds océaniques de la Néotéthys , actuellement subduits, ont été accrétés contre la marge européenne 
au Néogè ne. Cet ensemble const itue aujourd'hui trois prismes d'accrétion-collision juxtaposés latéralement. du nord-est 
au sud-ouest : l'Apennin, la ride calabraise et la Sicile [Roure et al., 1990] . 

Des échantillons ont été prélevés au niveau des chevauchements de base de l'Unité tectonique inférieure. au pied 
du M I Scalpello, dans la partie orientale du domaine de Caltanisseua (fig. 1). Les échantillons analysés sont des blocs 
de radiolarite provenant d'un niveau interstratifié dans une matrice argi leuse écailleuse (d'âge crétacé inférieur). Cel1e 
format ion (mélange varicolore inférieur. fig. 1) est disposée en lentilles de 30 à 50 m au pied de la barre de calcaire 
triasique du MI Scalpello ct souligne la zone de chevauchement lLarroque, 93J. 

* Ecole Normale Supérieure, Lab. Géologie, URA 13 16 du CNRS , 24 rue Lhomond, 75{}{}S Paris, France. 
M Institut de Géodynamique . URA N° t2i9 du CNRS. Univ. Nice-Soph i ~ Antipolis, Av. Albert Einstein , 06560 Valbonne. France . 

*** Insti tut Français du Pétro le 1-4 Av. Bois Préau , 92S00 Rueil Malmaison. France. 
/I.-lan uscri t déposé lc 23 décembre 1993, accepté après rév ision le II mai 1994. 
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Les blocs sonl constitués par des éléme nts de radi olarites, di spcrsés au se in de veines de quartz et de calcite (pl. 1 : 
1). La largeur des veines es t comprise entre 1 et 20 mm et le volum e moyen occupé par ces minéra li sations varie de 
20 il 40 % su ivant les échan tillons. Les veines sont plus ou moin s déformées (veines pli ssées et Ci S:lillées. déformation 
des macles de la calcite, déc al age des différente s générations de vei nes). Certains blocs montrent aussi des injections 
d'argile en tre lc s veines et les éléments de radiolarites (pl. 1: 3). Tou te s ces figure s. typ iques de l'éclatement des blocs, 
nous amènent ù les int erpréter COlllme des brèches résultant de la fracturation hydrauli que du ni vea u de rad iolarites 
initial. Quelques éch antillons permettent de reconnaître une chronologie parmi les différentes génératio ns de veines. Le 
quartz est le premier à cristall iser, il est su ivi par au moins deux générations de calci te (calc ite 1 et [Il. La première 
emprunte partiellement le réseau dcs !"cntes de quartz al ors que la seconde em prun te le ré seau dc la ca lcite 1 ou recoupe 
l ' ensemble . 

Une ét ude détaillée de I· ensemble de cc secteur montre que les minéralisations so nt localisées uniq uement au niveau 
des che vauchements. Nous les considé rons donc comme dcs vcines syntecton iques cont empo rain es du I"onctionnement 
de ces zones de fai lle [Roure el al., 1990; Larroque, 1993 [. 

Dans les veines de quartz ct dc ealci te échantillonnées dans le chevauc hemcnt basal. le s fluides associés à la 
minéralisation ont été piégés en différent es générations d'inclusions flu ides. Les inclu sions aqueuses primaires contiennent 
des solutions de faibles sal inités (proc hcs dc 0,8 équi v. \Vt % NaCI ) do nt les températurcs d 'homogénéisation. mesurées 
par microthermométrie, présentent des valeurs croissante s de 90"C dans le quartz aux époll!es à 180°C dan s la calcite 
cen tralc. Dans les vei nes de calcite [et [l, des incl usion s contenant des hydrocarbures lég ers en CS -C I2 ont été carac 
térisées par microspectrornétrie infra-rouge (FrIR ) et microrJuorcscence uv. El les aUestent de la présencc dans le rJuide 
min éral isate ur. de matière organique ayant dépassé le stade de maturation de la fenêtre à huile. 

Le calcul des condi tions pression-tempérmure . à partir de l' évoluti on des is ochores des inclusions aqueu se s, compte 
tenu de la pression minimale (pression lithosta tique + poids de la colo nnc d'cau au moment de la déformation) de 0,8 
il 1 kbar nécessaire il la for mation des brèches hydraul iques, conduit il des valeurs de piègeagc de 140°C dans Jc quartz 
à 235"C dans la calc it e. Le rec oupement dc l 'isochore calculé d'une huil e légère à faible teneur cn mét hane . proche de 
cellc contenue dans les inclusions d'hydrocarbures avec celu i des soluti ons aqueuses amène à des vale urs comparables. 
De plus, des particules de pyrobilllmes, associées aux veines de calcitc, indiquent qu ' elles ont atteint une te mpérature 
d'au moins 150°C. On nc les retrouve pas dans les veine s échantil lon nées da ns les zo nes de chevauc hement plus su
perficielles du mélange varicolore su périeur, où les inclusions aqueuses son t essentiellement mon ophasées et de fa ible 
sali n ité. Elles tém oignent de circulati ons de rJui dcs de basse températu re d·environ 50-60°C. On n'y observc pas d'in
clusions d'hydrocarbut·es. 

Le spect re X des argiles du mélange encaissant de s brèches hydt·auliques prése nte des indices de transformation 
thermique dcs minérau x arg ileux (lIS de Iy pe R.,) sit ués un iq uement au contact de la brèche a lors que l' ensemb le du 
mélangc est constitué de minéraux argileux Ils de typc Ro. 

La stricte localisation des veines au niveau des zones de failles suggè re que I· expul sion des fluides, lors de la 
formation du prisme sicilien, s'est effectuée le long des LOnes de forte perméabilité (chevauchements ct décollements). 
Des fluides chauds ct très peu salés ont circu lé dans la zone de chevauche ment basal, co nnectée au décollement inférieur 
du prisme, el provoq ué la formation de s brèches hydrauliques. Le déséquilibre thermiq ue entre re ncaissant des brèches 
et les fluides piégés suggèrc que ces tluides n·ont pas été chauffés in Si/II, mai s ont migré le long du décollement, 
depui s des zone s plus internes et plus profondes du pri sme . 

Ces rés ul tats nous amènent à poser un certain nombre de pro blèmes concernant : (1) la raison de rabscnce de 
veines minéralisées hors des zones dc fai lle; (2) la source de chaleu r et I·o ri gine des fluidcs dilués ains i que; (3) 
l'origine dcs hydrocarbu res (roche mère potentielle) et leur mécanisme dc migration . Ils seront abordés dans une étude 
plus généralc en relation avec un modèle de circulation de !l ui de proposé pour le fron t du prisme sicilien (La rroque el 
al. , cn préparation). 

1. - INTRODUCTlOJ\ 

Subduction wedges are built up by accretion and defl)f
mati on of water-rich sediments. Numerous data show that 
sediments entering subduction lones eontai n, on average , 
more than 50% walCr and los e mos! of their tluids du ri ng 
subsequent dcfor1llation [Bray and Karig. 1985[. For 
wedges con taini ng shaly lay crs, the de watering see ms 10 
be con trolled by faults 7.Ones [Le Pichon et al., 1986: 
Moore, 1989 ; Le Pichon et al., 1993]. [n this work, wc aim 
to asscss the importance of the fluid distribution and dynam ics 
in the deformation proccsses of the Sicilian wedge. 

The Sici li an wedge (fig. 1) was bui lt up in a mixed sub
duction and colli sion context where the tectonÎc processes 
are similar to those occurring within modern ocean ic ac
cretionary prisms [Roure et al., 1990[. Outcrops of the dé-
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collemcnt zones are exposed, in the frontal part of the 
wedge, a ll owing direct structural st udies and sampling. We 
focused our sam pling on the syntectonic veins and on the 
surrounding shales of the décollement in order to study the 
fluid inclusions and determine the physica l and ehemical 
properties of the paleo-flu ids (composition, PIT cond itions 
of trapp in g). 

Since th ermodynamic data are available for many types 
of fluid systems, it is poss ible to carry out a rigorous treat
ment of the flu id inclusion data fRoedder, 1984[. The se re
sults are important for constraini ng the thermal modell ing 
0 1" the shallow part of subd uction zones, The present data 
relate to a Plio-Pleistoce ne décollemem zone, and thus arc 
useful for comparison with modern accretionary wedges 
sllch as Barbados [Foucher et al. , 1990[ or Nankai prism 
[Yamano et al., 1992]. 
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F IG . 1. - Structural map of central Sicily. a: piggybac k basins ( Iate Pl ioccTl c-early Ple istocene); b : Upper Tectonic Unit (Iatc Oligoce nc 10 carly 
Plcistoœne): c : Lowe!" Tectonic Unit (Trias to midelle Miocene Mt Scalpe llo du plex zone): d: UppCI va rico lourcd mélange (late Cretaceolls-mieltllc 
Eoce ne); e: Il/wer varicoloured mé lange (carly Crelaceous); f: intcJlw l unit (Pa nonnide) : g : Plio-Quate rn ary volcanis rn ; h: thrust; 1: deformalion 
l·rOIlI: j : norilla i fau l t. l , 2, 5 : sampling sil cs. 

FIG. 1. - Sc/u'I/W slruc/UIïII dl' la Sicile cell/rall'. a : /)assills )lo/lants (Pliocènc .wpéricur-P/é istocèlle illférieur): b : unité /ectolliqlle supérieure .. c : 
II/lité fec/o/liqlll' i/!féricul"e: el : méllllige l'aricolore .H/périeur (Cn'lacé s/ll ,éric/lr-Eochlc moyen) : c : mélange l'aricalore illférieur (Crétacé in/ërieur); 
f: I//Iift' inleme (Pwwrmide) : g. l'o!c:an ism e plia -quaternaire: h: cheval/chelllen/s: : frolll de déforma /ion; j: faille 1l01"1IIflle. 1,2 ... ,5: ~·i/es 

ri · éclUlllli Ilo//age. 

II. - TECTON IC SETTI NG 

The Apennine-S ic ili an be ll is part of the complex Alp ine 
collis ion boundary (fig. 1) between the African and 
European continents lRoure el al., 1990 ; Case ro el a!., 
19S9l. Il is composed of the sedim cntary co ver of th e south
crn margin of Teth ys, the ocean basin bet ween Afri ca and 
Europe whi ch oecurred in the .JurassÎc and was late r sub
duc tcd 1 Derco urt cl al ., 1986.1. The uppe r plate, occupying 
most of Sici ly, is made of a post-Miocene acc retionary 
wedge. The Lec toni e imbri cations (offsc rap in g and lInder
plaLin g) began during the carly Mioce ne, conti nlling at least 
throllgh the early Plei stoce ne and probably IIp to th e present 
rMcKenzie, 1972"1. The so ulhern tip of Sicil y corres ponds 
10 th e poorly defo rmed Afri can plate (Ragusa foreland) . The 
present study was lIlldertaken in the central Sicilian domain, 
the most rronlal unit of the bel!. This domain (fi g . 1 and 
2) displays Plio-Q ualernary Ihin-skinned teclO nÎcs, whi ch 
affect Triass ic li mestones and Cretaceo ll s 10 Quaternary 
turbidite-rich sequ ences lLentini el af., 1974 ; Di Geronimo 
el a!., 1978; Bianchi el al. , 1987] . The imbricate stack com
prises a lower and an upper Ihru st- sheel units ( fi g. 2) . The 

lower thrll sl-sheets (Middle Triass ic to Middle Miocene 
mate rial ) make up tectonic dupl exes [Bianchi el al., 1987; 
Roure ef a/ .• 1990]. At the base of these duplexes (M' Scal
pe llo area, fi g. 1) le nses of varicoloured mé lange (l ower 
mélange), which are involved in the basal thrus t Fault zone, 
crop o ut (fig. 1). 

The uppe r thrust-sheets (late Oligocene to early Pl eisto
cene materi a l) generally lie on top of a décollement zone 
whi ch co ntain s a varicoloured mélange [upper mélange, 
Roure el al. , 1990; Larroque, 1993] compo sed of rcd and 
green clayey matrix with a typical "block s in matrix" fabric 
[Cowan, 1985]. 

The biostratigraphic age of the varicoloured mélange 
ranges l'rom early Cretaceous (Iower varicoloured melange) 
to Upper Cre taceous-Middle Eocene (upper varicoloured 
me lan ge), for both the matrix and lhe blocks [Larroque, 
1993]. Blocks are marine sandstones , mudslones, limestones 
and radi o larian cherts. T he matrix is intensively shcared and 
microfolded, di splaying the typical structure of brittle-duc
tile shear zones [Prior and Berhmann, 1990] . Many of the 
blocks are deformed, show ing veins of quartz and/or calcite. 

BI/II . Soc. géol. FI:, 1994, nO 5 
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FIG. 2 . - S implifi ed lCclOllos lraligraphi c s uccessions. a : lai e Pli oce ne 10 QU<ll ernary shalçs an d sanel s; b : Mess inian 10 ca rly Pl iocene limcs tOIlC and 
evaporîlcs: ç: laIe Oligoce ne to laie Mioccne lurbid iles : d : late C rct aceous to midd Jc Eocene varico Joured mé lange: c: laIe Oli goccne 10 rnidd Je 
Mioccne lu rbi dil e : f: Eocene pelagie l imeslo nc s : g: Ju rassic radi olaria n c he rIs : h: Triassic l imesloncs: i : carly Crclaccous varico lo urcd ll1~la n gc: 
j : Plio-Qualcrn.n y sand and sha lcs; k : Mi ocene limcstoncs. 

FIG. 2. - CO/OIIIII!.\" Il'cIOi/OslrlI rigral)II iqul!s sil1lpliflùs. a: Pliocèlle supériellr li Q I/(III!/'II(/in' (argiles el .wb/es); b: Mel"silliell à P/iocèlll' illférieur 
(calcaires et (}wlpori tes); c: Oligoclme supérieur li Miocèlle .\'Ilpérieur (série t1/rbidilh!/le): fi : Crho('(' il Fo('h,,' 1II0Y('11 (IIu;lallge l'lI/ù'olore): e: 
Oligocèlll' supérieu r à Miocèlle inférieur (série fIIrbidiriqm.') .. f: cl/fcl/ire pé/agiqul' éO~'l'l/(' : g: Jurassique (radiolarir/.'s): h : Trias (ca/cain's) .. i : 
Cretacé inférieûr (mélange mrit.:o[ore) .. j : Plio-Quatenwire (sab/l' l't argiles); k : Mioâlle (m lcairl' d l' plaIe-forme). 

Furthenno re, in the most fronta l part of the be lt , shal e di
apiri sm of the mé lange sugges ts the presence of overpres
sured fJuid s in the v ic inily of the décolle me nt 1 La rroq ue et 
al. , 199 11. 

III. - S AM PLING AND REL ATIONS HIP OF VE INS TO D EFO R
MATION 

Mine rali zed ve ins occ ur main ly within the va r ico loured 
mé lange , a l the bases of fhe lower and the upper thrust
sheels, large s ized ve in s (1 centime tre s ize) are localized 

PL. 1. - PLATE [ 

in the bl ocks of the mé la nge , smaller on es ( 1 m il lime lre 
s ize) are illte rbedded in the sca ly planes of the matri x, Few 
are in continuity from the b lac ks to the matri x ( lOto 
20 centime tre s length) . No significant mi nera li zations are 
fo und in the thrust-sheet uni ts. 

- ln the lowe r mé lange, 10 sHmple s we re colleclcd in 
the thru s t Fau lt zone al the base of the lowe r unit (south 
of th e M' Scalpe llo, s ites 1 and 2, fig. 1) . A comp lex c he rt 
le ve l (30 10 4 0 c m thick) is c mbedded in Ih e sca ly c lay 
mau'ix . Brecc iated beds di splay a typical " pu zz le" struc ture 
w ith c las ts o f c he rt and exte ns ional ve in s filled by minc
ra liza ti on s (p l. 1 1, 2 and 3), The clas ts are mostly angular 

1. - Hydrau lic brccci a of the lowc r mé tange showing diffcrCll l gC ll cralions of ve in s : quarl z ~;'I1cile 1 and calci te 11 (sil e n" 1). 

1. - Brèche hydraulique du mélange illj"ériell r pl"éSCII/(l/ll lel' différen /es géllératio/l.I· dl' l 'cille.l· : ql/arl:., m'cile J ef ca/cile 1/ (si le n O 1) . 

2 . - Thin -sec tion micropholography show in g quartz "c in s, calcite 1 an d calcite Il ve in s in hydralllic brecci a (s it e n" 1). 

2 . - Pholographie (ffi/lie milice) de la géométrie des l 'l' il/ô' dl' qI/arr:,., des Vl'ÎlU'l' dl' clilcil/.' 1 el 1/ dallS les brèches hydrlwliqlll's (.I·ite /lU 1). 

3. - Hydrau lic brccc ias of the lower mél;lllge (cheri c1as ts): ;l : cheri; b : q uart z: c: d uys fl owagc into the breee ia (s ite nO 1). 

3. - Brèche IIydrauliqne dn II/éll/llg e il/fériell r: ;l : murce(l/l de radiola rile; b : ql/{/rt ~ .. C : argile illjectée t/CIII S la brèche (sile 11° 1). 

4. - Extr:ldos ten sion vcin s w ith ca lcite m incral izal ion in a fol dcd blocks of Ihe upper mé l:lnge (s ite n" 5). 

4. - Veille de calcile slIr I"e.\"lr(ldo.\" d'I/I/ pli lians /II/ bloc du mélallge .wpérie// r (.\·;Ie Il'' 5). 

5. - Th in-sec ti on mi erophotography or hyd rocarbon flui d inclusio n in sparry c alcit e vc in : in tra ns illilled light (l e ft) a nd UV light (righ t) (s il e n" 1). 

5. - Microphologmp/lie (fall/e mince) d'ulle illdusion pl/ide à hydroc(lrh llre dall s 1I11i! l'eine dl' ("olci te spaririq/lc : ell lumière lrammise (à ga l/che), 
e/l édairag/.' UV (à droire) (l'ùe Il '' 1). 

6. - Pyrobitumen parl icle in a ca lc ite ve in (site nO 1). 

(L - Porticule de fJ.,'robitullll' d(/IIS IlIIe l'ei /l e de cl/ /cile (site Il'' 1). 

/Juil. Suc. géol. Fr. , 1994, nO 5 
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and do nOI show any signi ficant displacemenl. rota tion or 
illlcrnai deform:Hioll . The size of Ihe c lasls range from a 
few mil limet res to fe\\' cell timetres. 

Pho(O 1 ill USlrales the relative chrollo logy of ve ining in 
the r:ldiokl ri an cheri boudins. Qu artz is firs! to crystallize 
around Ihe p:ttches of rad lolarian chen in a vuggy llelwork . 
T he geomelry o f this Ile twork " ppe:lrs complex wi th veins 
par:llici. perpendic ular and obliq ue to the beddi ll g and sug
gest some bursting o f the roc k. NCX I, an carly gencration 
of la rge calcile vei ns partly inlrudes and crossculs Ihe prc
vious quart/. vei ns. Many of the calc ile Iw ins are st ra inee! . 
Thi~ pattcrn is crosse ul , pcrpendicu lar 10 the bede!i ng, by 
al Jeasl one I"urther gcnerali on of ealcil e ve ins (pholo 2). 
Numcroll s features of twinn ing or fau l1 ing and fo ldin g vcin s 
:l rc major c ri teria 10 assume thal these vein s are synl CC lon ic . 
So mc ~lHn p l e~ ~h ow Ill ud inj ection through the c lm;ll; and 
lh e ye in s (pll oto 3) . The transi ti on to the bcd rock is pro
grc ~ s i yc. l)ltl somc veins pe nelralc a fcw centimetcr inlo 
the ~ea l y clay bedrock. Since these features are typi clll o f 
hyd raulic brcccias [Phi llips. 1972: Sibsoll . 1986 : k brak, 
19921, we in fc r that tlu ids cause hydrau lic frac turing of the 
rock during dcformati on . 

- At the base of Ihe upper thrust-sheet units, 
12 s<llIl ples were co l1 cc tcd in the upper mél ange a l thrcc 
diffcrcnt siles (site), 3. 4. 5. fig . 1). Only calc ite-Iype minc
ra lizati ons is fo und inside blocb of green ll1udslone or 
whi le limes tone. T he blocks also show evide nce of sy nlec-

tonie cry),\:Llli.l.alÎon {extrados te nsion veins (photo 4), 
fau ltcd :md fo lded ve insl. bUI no features typical uf hy
draulic rracturing :Ire present. 

IV. - TlI ER:'>i "L EVOLUTION OF THE ROC KS 

A) l'ctrography of the \'e ins 

Petrographi e obse rvati ons associa ted wi th n uÎd inclu 
sions studi es were carricd out on 2 sels of sam ples (t able 1). 

ln th e hydraulic brecci as of th e Iower m éltlllg e , li fi brous 
t·cd or grey chalcedony cryslallize carly as tin )' rim s arOll nd 
the brecc ia ted fragments. Then microcrys lal lin e quartz oc
c\.I rs in vc ins wit h inereasing si ze in the cent re . X-ray ulluly
sis docs not in di ca te th e forme r presenc e of opa l. The fi rst 
gcnern!ion of c:t1cile e rystals (calc ite 1) are pure sparitic
Iype in la rge ve ins (around 10 mm or more) ohen occurri ng 
Ihrough the pat h pos itionned first by qU:l rt./. vc ins. The 
second ge nera tion of carbonate veill s (calc itc Il ) b sma ller 
~ i7.e (1 Illm) :l nd ofte n crossc uting the former. SEM and mi
croprobe :lIl alyscs show varying Mn contenl (up 10 5 % 
.\1 nO in Ihe calc ite Il) . The widlh of the "eins is 1-20 mm. 

TAlILE 1. - Typ-c of În~- tu,Îun~ În lhe ~ludied .~mples. 

1 

Lo \\"cr mélange 

1 

(.hc~ 1. 2) 

S.mpIL" )Ç' 

Upper mélange 

« ilC< 3. 4 . 5) 

S~mplc< N' 

T ABU 1. - Tl1'" J"illdlt.l"ÎI>II.f '/11/1.'· /<'.\ md,,'of ';'·/I/<I!liIIO<!JIél'S. 

Aqucous singlephasc Aqlloous lwophase Hydrocarbon Bitumen 
inclusions inclusions inclusions a rticl t s 

Calcile] and Il and qunfll Calcite 1 and Il veins Calcite(I):lI1d Il vcin~ 

vc.ns (chcncl~sls) (d>:rtclasl.S) 
(chcncl"~~.) ::.I.l%, ni%. )7·198 H l . 1l·ll l 

lI· l '!6. 27·1 '.l6, 1 ~·9). 
, •. ~J lo·~) 

C:llcile VCÎM 
(Cre,>ccous green llludstor.c ) (Cretace"", !:",en "' '''1<>'''') 

(Eocene wh ite lime'10"c) / 

1 
nI7? 73· 1)) . l()'l. [hol 9· I , E4-1 
];1.2. u;. lC3-57 1'.0· 12 

TIlH h Il . - E'lim;ll(,"d mÎnrralogil'al composi tion of hulk TI",k based un inlcnsÎ lics ralÎo of f>Ctcc tcd l'''aks 10 lhe 4.27 À pc~k of quanz : 1:\1 : itlÎle/mil·u: 
K/C : ~~l()tÎnÎle: (" : ehlnritc: QI : quanz: Cc : calcile: Dot : dolomÎle : Hml : hemm Île: F : felds par: GOCI. goclhilc. 
MÎn~ralol!Îcut ~ulllpt)~ili"n "r lhe clay-sÎze fraclÎoll « 2 1.lln ). from clhytcn-gtrcot snlvuled prcp.l rmion : ISo: random inlcTSlra lificd i llile/smeCli lc: 1 : 
~~palld"t>lc ÎtlÎte: <,Ii, Sm : ~rc(,"nl Sllle<'llte laye r~ dclermilled fmm angular posÎlJon of Ihe 9(003)" ""ak 3nd lhe 6(001 ):0 pcaks: Ro. mndo lll 0'l!ani ~U li ()n : 
R" (m.krcd Orl:~IIÎ~<I(ÎUll of Ih~ t"·1ll lype. K/C. undÎffc rcnlÎmcd KaolÎnÎ lclChtorÎle: M, 10 À ph~sc. 
T ABLl Il . - C,)JJlIJfJ.<i/i"" mi""m/,,.~ i'l"" approcllét' dt' /n roel/t' IOta/t' (blllh .<ur /" Tl/flf'orl tll'of imel10filh dl< flic si/t'c/io""i "'"1'(," fe flic ,} 4.27 À du 
ql<flrt~.J; IIM: illildmi/·ll: KIC. /;t",lil1ll1': C : cll/orill' : Qz: quart;.; Cc: cult-iu: OuI: d%milt'; Ilml : hima/lu: F: frlds/wlll; Goet : gOl'l/l//('. 
C"'''I'Mi/itm minim/oRilfu,' dl' III fmc/ioll orgill'lIu ( <: 2 ]..lm). aprè.r Imi/l'II/t'III 0 f"éllly/b'l'-gl)"co/: ISo imer .<lmlifié désordonné illîlds>IIt'Clile; 1. 
il/il<' nOl/fit/Ml'; 'l Sm : /,mm.·,,"wge dl' ofml'CI;Il' déterminé Ù flarti, Jt' It, Iifni/ioll fIIIJlII/ai,t' Il,, pic (()()JJ" polir lïmerstrll/ifii l'I 9(001 ho flO'" i"iIIi/l' 
XOllfl/llllr; Ro: "'Xlm;.""Îl", "és""lm",ù; R, : orgalli.<miOll (I,t/OImét' tir 1)"/' 1' IMI/. KlC : /;(w/jnildrh/orite j"diffirellôil': M : fJllUS" 10 A. 

Mi ne ra log1cal Clay . • ize rndion < "' . Bulk Rod< , .. ïlon 
s ",",l'"..Ji !l<1TOIŒ' 1 • (s.a 

J~l)10 "', l " c~ '" "" '" " ":,1 ,'" 
~, < ,- " . II("J:lJhl I)ill1 110"" 11-1sA ,,' " w, ,.". U9" VilA 4.1 ... HÙ 

.. o;s. 
LOWER Mf..t..ANGIl 

~H% , 
" " 

,. , 0.7t , 
,m , ~ " 

,. , n~ ' .W 

'M' , < " ".~ 0.27 0.61 , o.n Dl . ~ 1 OA4 i 

UP1'ER MEL" 1'iGR ,., , 
" " n Q.S S 0.21 O.4S , 4.9S 

21-19) • • " " " 0.37 0.19 O. SS , 
" ~ 1 0. 22 

11·9] • < " " 
, 
" 1 O.~ 0.29 0.S9 , 0.33 0.25 0.36 

~~ • • " " ".~ 0.2 1 0.70 , 1.1"1 O. l ij O. ~6 
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while the mean volume occupied by the mineralizations V;lr

ies between 20 and 40 71,. 

ln the upper mélallge , the mineralizations arc ullil"ormly 
d istribu tcd in aIl the blocks , making up 10 % by volume 
of tne rocks. The crystal s arc pure calcite sparry-typc. The 
widtn of the veins is 1 to 20 mm. 

B) The shaly hedrock 

Samples of clayey mé lan ge matri x were :tn:llysed by X
ra)" diffraction for cac h si le [N icot el (II., 1992[. 

III the Iowa méltlllge: clay mélan ge I\wtrix s<l1l1ples 
' were collecled al the CO lllaCI with Ihe hydrauli c bn:ecin ( 10-
93, table Il ) and SOIllC tells of centirnelrcs I"rom the vei ns 
within thc brece ia (5-93 . 32-196). The bulk mineralogy con
tains abundant calci te and minor fe lspar. ChlOTile and 
kaolinite arc eil her distinglli shed by IWO peaks al 3.5 Â. 
or cons ide red as :In undifferellli,Hed K/C pn'Ise. 

The less than 2 pm fract ions arc quite d iffe rent : a ran
dom inle rstratified illitclsmcctile occurs in the sampl es (5-
93. 32-196) wil h in the clasts. whercu~ an orde red 
interstratil"ied illite/s lllcctite 01" R3 type is present in contact 
with the veins in s,lI npl e 10-93. 

III the upperlll é lailge (7-1. 7- 191. 8-191. 2 1- 193.1 3-93. 
44-65 , tabk Il ) S:lI llpfes were also colfeeted adj:lccnl and 
fanher away from the vei ns.The main diffcrcnce in the bulk 
rock mineralogy is Ihat the mat ri x is mostly de void o f cal
cite. 

The fraction less th,tn 2 )Jm contains quartz. in addi ti on 
of the day mineraI s. The dom inan t clay minerai is;. rando lll 
in lerstratificd iflite/smectile. with a broad range of s mcc ti te 
layers (80 10 40 % ). Kaolinite is commoll. Heating treat
mcnts and observation of the (060) peak position show that 
chlorite is abse nt Q I" undctec tabk in Ihi s fraction. 

v. - R ESULTS QI' Pt\I .AEO·FLum STUDtES 

As nuid inclusions rcsult from the trappin g of tluids 
during ancient fluid ci rc ulation, the characteri stics of thc 
inclusions most commonly e ntrapped in synteclonic mine
rali zations can prov ide direct informations on the nature 
und prr cond itions of the fluids ci rculating during defor
mation [Roedder, 19841. On the other hand. the charncteris
tic s of organic malter nssoci ated within mineralizations can 
give additional info rmation on the temperalure. In this 
study, aqueous syngenetic ffuid inclusions were co mmonly 
found in quartz and calcite, and hydrocarbon fluid inclu
sions (pl. 1 5) assoc inted \Vith bitumcn particles (pl. 1 6) 
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were observed in the calcite vein s of cheri cfasls (lower 
mélange, t:tble [). 

Using diffefent ,lI1alytical techniques. nn atte mpt was 
made 10 defi ne th e ~'omposition or Ihe fluids nnd their con
ditions o f Ilow in th e décollement zoncs during dcformatiol1 
[Larroque el al .. 1992: !9931. To be consistcnt with Ihe 
const,mt volume assumpt Éon. ill vest igalions were conducled 
on sheltered zones whe re microscopie observation does not 
show petrographic indication s o f stre tc hing or leakage.Thc 
dClails of the analYl ical techniques arc given in the appendix. 

A) Fluid inclusio n studies 

III fll e IOwér mélange , fluid inclusions in qU:lTlZ :lnd cal 
cile arc l1lost I"req uently round in hydrauli c brecc ias wilhin 
ehen clasts. 

- Quart: l'eim (25-196. 27 -196. 12-93. 14-93. 16-93 . 
table 1), conlain aqueous prinwry f1uid inclusions in g.rowth 
zones and as iso lated cavities. T hey arc of small size (5 to 
10 I-l.tn) and o ftc nl y c lustered in Ihe inner part of the crys
tai s and in growth zones in the e xternal part. The inclusions 
ure biph:lse and show relalively hOlllogc neous lïlling ratios. 
The hOllloge nisation ternperaturc s (Th) obtai ncd for these 
inclusion s by microtherrnometry IGuilhaumou. 19821 arc 
Jess than IOO"C. \Vith a mode be twecll 70 and 9()OC 
(fig. 3A). The inc lu sions trapped Ilear the rims of quart z 
crystals have the hi ghes t Th values (near 90°C) . Mi crocryo
scopie anal yses (fig. 38 ) y ield very homogeneo us lasl melt
ing tempcrature o f ice (T m wi th an average (arollnd - IOC ). 
which is in ravor of a wei l preserved conte nt. Th is corres
ponds 10 a low sali nity \Vater wilh a composit ion in Ihe 
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FIG. 3. ~ A. - H01l1ogcni..alion lC1l11X"rlllun' s . ~: 
hydT<l"~rb,,n - bcaring tluid illdu.<iuli. in calcitc: b 
and c : aqucous tluid indu .< i()o~ in qll~rt, and cal<'it" 
vdn, (hydruillic brt""l"<'i'lj 
A. - T."rr. t1i~gral1l for nui!! indu,ions in quarn 
l\llÙ cakilc ,"cin, (hydrautir br~l"d,,) . 

FI(;. ~. - A. - Ji·"'I,,'rlllllrl'.' d·h"III".~ ';l1h.,"" I;'JII . " 
;lIdu.\·;,,,, "'''nlrocilrlil/J"<' "IIII.~ III (',,"·il,.: b el c : in
duûolls f//l id(';' "ql/"".\"'.\. dm/.I· /, •. ,. \"I·i,,,,.\· d,' " u(l rl~ 
('1 d,' c"I,il" (hr;"'l", hwlraUIi'lII('j. 
R. - D;"XnwIII1(, d(' .. ill·dlil/iml r..rr. l'O/tr la ill 
du .• hms fluides ,lm..,. 1 .... ,·âllr.' d,' qu"rt: ,"1 d .. ,"al· 
âlr dr.' b,,,cI,.. .• I,_,·dwul;qll('$. 
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FIG. 4. - A. - Mil'roFTIR speClrn of hydrocarbon n uid inclusions. Thc spcclrum shows characlcr islic vibrat ions of uliphatic componcnl s . 2852·2922~ 
2956 crW I (C-H al iph ) and of the mat ri x 2138-2242 c m" (qU'H'IZ). 
B. - Microrf lR <l ll alysis 011 bil ulllcn ]lart ic1cs. The specl ru m show charactcri stit' " ibmlions o f aromat ic çomponc nts al 760-820-870 cm·1 (aro mal ic 
C- H Jcformation bands), 1601 cm 1 (e = C Slrechin g of the rings), 1706 cm- I (C = 0 slrclchi ll g) and 3020-3060 cm' · (C- H st retc hing). The other 
bands bclwccn 2800-3000 cm,l and 1378- 1463 c m-I corres pond 10 slrc lchi ng and be nding of al iphali c C-H res pccl i"cly. 

FIG . 4. - A. - Speclre microFTlR /JOII/" les il/cll/siollS j7uide.\· il hydroca rbure: le spectre mal/Ire le.l· vibrations caractéJ'Î.\"I Îque'i de.s composé.l· alipha
tiques: 2852-2922-2 956 CII/' / (C-H aliph) ct de la II/atrice 2 UN-2 242 CI/r / (qua rI::,). 
B. - Spectre mÎcroFTIR po ur l e'\" parlicules bilfllllillellses." L e spect re mal/Ire l es l'ibralioll .\· ca ractéristique'\" de.\' call1/w.I'.!S aromatique.I·." 760-820-
87() cm l (déj'ortlw/ ioll d es C- H). 1 601 CI'" 1 (élol/ga/ ioll de~' C = Cl. /706 CI/,- I (élol/gllfioll des C = 0 ) and 3020-3060 CII/- I (élollKal io ll des C-H) . 
Les (11// 1'1',1' ballde.l· ('//ln' 2 800-3 000 cllr ' alld 1 378- 1 463 (:/Ir/ correspol/de/l{ re.specli vell/(!lIt (II/X élol/RflliollS el al/x déj'orll/lItioll.l" des C-H aliphatiques. 

H20-NaC I- (KCL) sys te m of 1.651 equi v.wt % NaCI a nd a 
density o f 0 .972 g/c m3 IBrown a nd La mb , 1989 1) . 

- Aqueolls large primary il/fracrystalline inclusions , 
about 15-20 ~lm in s ize, are mo re uniforml y distributed in 
cal cite crys tal s (25 -1 96, 27- 196, 12-93, 14-93 , 16-93, 
tabl e 1). Th ey are biphase, irreg ularly shaped a nd ofte n re
prese nta tive of dendrit ic g rowth . The liquid /va pour ratios 
a re re la tively homoge neous fo r weil preserved in c lusions. 
The Th va lues range from 120 to 200°C , with LwO modes, 
near 140 a nd 180°C (fig. 3A). The Tm va lues, a re higher 
than - 2°C, al so indicat ing a low sali nit y wate r (fi g. 38 ). 
The co mposition of the f1ui d a lso lies in the H20-NaCI - KCI, 
syste m with 0.827-1.65 1 equ iv. wl % NaCl a nd corres 
pondin g de nsiti es of 0.94-0.89 g/cm3, 

SEM-EDS analysis on Froze n inc lu sions [Ayo ra and Fon
rameau , 1990], \Vas used to compare the spec tra froIl1 dilu te 
sea water (sta ndard soluti o n wi th 112, 1/4, 1/8 and 1116 
di lut io n) a nd the spectra obta ined from inclu sions in quartz 
and calcite vei ns. The res ults show that the sa li nit y in these 
incl usion s is lower lhan 8 g/J. T hi s is very close to the va lue 
of equiv. 0.827 equi v. wl % NaCI calcula Lcd fro m mi cro
c ryosco pi c data. 

C H4, N2, H2S, S02, C02 and li ght hydrocarbons we re 
not detec ted by mieroRam a n speetrometry ( following 
cond iti ons defined by Burke a nd Lu stenhower [1 987]) in 
th e ga seo ll s phases or as di sso lved co mpo ne nt s in the 
aqueous phases of flu id in c lu sÎon s in any sa mp le . For 
CH~, the detec ti on lim it, in the operating conditi on , was 
near 0.04 mol e % . 

-- I II the calc ite "e ill s (25- 196, 27-196, 37 - 198, tab le 1), 
and at th e quartz/calcite inte rfaces, large hydrocarbon in
c lu sio ns (20-30 ,um) display ing UV fluorescent dull blue 
co lour in are observed (pl. 1 : 5). These inc lusion s are partly 
s ingle-phase. Whe n they arc biphase, the Th a re ra ng ing 
From 50 to 60°C (fi g . 3A). These hydroearbons were ana
Iysed by mic ro FTIR . The type of speet ra registe red 
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(fig. 4A) show the charac te ri s rÎ c slre lch ing vibrations of 
aliphat ics betwee n 2800 and 3 000 c m- l [Co lthup et of. , 
1990]. C H4, COl , aro mati cs, \Vater and sulphur compone nts 
were not detected. This s pectra is repre sentati ve o f a li ght 
a liphati e oi l depleted in C H4 a nd C02. The equivalent n
a lkanes ca lc ulated are in the range CS-Ci l [Gui lhUU111 0 11 e t 
(I!. , 1990 J. These hydrocarbo n bearing tluid inc lusions are 
mostl y a bu ndant in ca lcite Il . The ir randolll di stribution 
(pl. 1 5) a ll ow to pres ume Lhey are contemporaneous of 
aqucous primary inclu sions. 

III the upper mélange , primary aqueous fluid inc lu sion s 
in calc ite ve in s (72- 177,73- 177 , 10-1, E6- 1, E6-2, E4-2, 
E3 -57, E4- 12, table l) are mostly Iiquid si ng le -phase at 
room te mpe rature. The few meas urements obtain ed in se l
dom b iphase inclu sions (Cretaceo lls green Illudstone 
bloc ks ~ 9-1 , E4-4 , table 1) show homogeni sat ion te mpe ra
tures neaf 50-60°C . 

Some large a nd flat-shaped aqueous s ingle-phase inclu '-' 
s io ns were observed in nume rous calc ite samples of ail 
bloc ks. These inc lusions fonnin g hea led shear pl anes are 
regularl y spaced within the planes from cleavages ste ps and 
thus conside red as secondary and characteri sti c of very late
stage f1uid dur ing brittle de formation [Roedde r 19 84 J. 

B) Organic matter sludies 

In the lowe r mé lange, the calcite ve ins contain nume ro us 
solid black part ieles (8-93 , 13- 111 , tab le 1 ; p l. 1 : 6 ), thal 
were easy to isolate from the rock for direct anal ysis [G uil 
haum ou and Larroque, 1993J. Roc k Eval pyrol ys is, app lied 
on isolated l'artic les from two different samples (tab le III ), 
give an HI averagi ng 578. Thi s is a typica l value for o rga ni c 
malle r of marine origin . The average tOmax va lues at 
445 ± 1°C indi cate hydrocarbons in the oi l window [Espi
ta lié et al. , 1985; Espitalié et o f., 1986]. MicroFTIR ana
lyses were obta ined on very Lhin part icles by c rushing the m 
in a dia mo nd ce ll to avoid deLecto r saturation . The spectra 
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TABIJ, III. - Rock Eval <lIwlyscs 01 bi(lllTlell panicks. 

T ABLE [[1. - Al/alne.l' Rock E\'ol des !wrticule.l' biIIllIlÙICII\'(' .I'. 

Calcite weight SI S2 S3 TO C emax HI 01 
r ·II for process 
Sample 
N" 

8-93 Il ,lmg 38,10 277 ,20 2,61 48,24% 447"C 574 5 

13-111 10,6n2!L 48,11 3GO,OO 2,64 6 1,73% 444"C 583 4 

Mean 43, 1 318,6 2,62 54,98'70 445"C 578 4,5 

mgHCJr,ROCK mr,HCJgROCK mgC02/gROCK mgHCf'TOC m,C02/ ' TOC 

obtaincd (fig. 4B) show aromatic vibra tions c haracterist ic 
of an organic componcnt with a high dcgrcc of matura tion 
Li.c . bi tu mc ns, Co lthup ef al., 1990 ] . 

VI. - INTERPRETAT[ON AND DIS CUSS ION 

Il is now weil establi shed in the sc ient ifi c litl e ralure, that 
fluid incl usions in quartz ve ins yie ld va li d inrormation, yet 
fluid inclus ion s in calc itc crysta ls rcmain undc ru til ized and 
need to be disc ussed. Nume ro ll s analyti ca l and expe rimen tal 
studics have bec n publi shcd on thi s su bjecl le.g . Guil
haulllou el al" 1984; Grati e r a nd Jenallon , 1984; Prezb i n
dowski and Larese, 1987; Bakke r, 19921. In l'oct these 
aUl hors ha ve shown that, in th e absence of s ignificant re 
heating or large change s in pressu re (i,e., hi gh pre ssure 
metamorphi sm), the in c lusions are able to prcscrvc the 
phy sico-chem ical paramele rs (composi ti on a nd density) of 
Ihe initia l fluid s ILefa uche ux el 01. , 1972 1. In the pre se nt 
study, the re is no reason l'rom geolog ical h isto ry or petro
graphi e observations to sugges t an)' heating abo ve trapp in g 
temperalure or a large drop in pressure afte r the inc lu sio ns 
formation . The dirfercnce in the T h va ill es of quartz an d 
calc ite (about 60°C) is not sulTicient in view or the inclu 
s ion s ize in quartz (5 -1 0l1m) and of the m inimum confining 
pressu re at time or vc in ro rmation (near 0.8-1 kbar), to ha ve 
indu ced an eq uilibration o f the inclusions in quartz IPccher 
and Bouil ler, 1984"]. Furthermore, care ful microscopie and 
SEM exa minalio n do not show an y evidellcc for s tretch in g 
or decre pitation in these sampl es, as obse rved by Bakker 
[ 1992]. 

There rore , we propose that the f1uid inc lu sio n data ob
tained fro m the chen c1asls, as indi catcd prcv ious ly arc in
di cati ve of an incre ase in tempe rature (l'rom quartz to 
calc ite) du r ing ve inin g, 

. A) PIT cond itions : fluid inclusions and organic mat
ter data 

In sampl es frolll th e lowe r mé lan ge, the prev iou sly di s
c llssed re lationships of the vei ns to cle l'o rmation show that 
the nuids respollsible for the quartz a nd ca lcite ve inin g 
we re e ntrapped during hyd rau li c fracturi ng of lhe c hert. We 
Illay assume that the fluid press ure during fracturin g was 
near the Ii thostatic press ure rS ibson, 1986]) . Restoralion of 
the lilhostratigraphic coI umn and hydros talic wate r coI umn 
al time of deformation y ield a reaso nabIe minimum esti
mation of depth for the lower fault zo ne (upper thrusl-sheet 
+ Iowcr thrust -sheet) : nea r 2,500-3 ,000 m. Fo r rocks at 
2,5 00-3,000 III with a de nsity of 2.4 under 1,000-2,000 III 

\Vatel' depth, we then comp uted a lithostatic press ure va lue 
of 0.8- 1 kbar. Following [he work of Phi ll ips 119721. we 
admit that whe n the rock is hydrauli call y frac tu red in a nor
mal fa ult scuing there is an abrupt drop in pressu re duc to 
opening of the frac tures, but in th e case of hydraul ic frac 
turing re la ted to thru st fauIt , howevcr the pressure remain , 
al Ieast, eq uaI to the li thos tati c load. 

Using the isochores correspondi ng to dc nsit ies of 0 .94 
and 0.89 g/c m 3 in the I-bO- NaCI-KC I sys tem [B rown and 
Lamb , 1989], for inclusions o f salinily 0 .827 wt % eq . 
NaCl, th e ave rage trapping te mpe ralU res (Tt) can be caIcu 
lated l'rom these press ure values. Th ey rail in th e range or 
140- 150°C for inclu sions in quartz vein s and 1 SO-23Y'C for 
in clus io ns in calc ite vein s (fig. 5). The hydrocarbon-bear
in g f1uid inc lu sion s obscrvcd in ca lc ite vcin s appear onen 
as coge net ic with aqucou s ones, an atlem pt \Vas made lO 
co mpute the liq uid/vapour curve and the isoc hore of a re
preseillati ve oil ll sing the Peng-Rob in son eqllation [Le Co r
nee el al. , in prog ressj. Il may be ass umed that the 
hydroc arbon eo ntained in the flllid inclus ions is a li gh t 
aliphatic o il lack in g of sign itïcant di sso lved gases (i,e . CH-t 
or C02) by having the ove rail co mposit io n ob tained by mi
c roFTIR (al kane equiva lent: CX-CL::), Fro m pre liminary 
work, we admi t that the gas con tenl is the ma in parameter 
influe nc ing the posilion of these curve s in P-T path s. Thu s, 
the aqueous and hydrocarbo n isoc ho res, for the inc lus ions 
e ntrapped in the saille ca lc ite ve in s intersect al pressure 
va lues near those prev iolls ly deter1l1in ed t'rom the minimum 
lith ostali c pressure ( fi g, 5). 

From compari son w ith a rtifi cial maturation or organi c 
matte r and th e correspondin g maturation stage in Ihe Pari s 
basi Il , telllperatures of at leas t 150°C, are also supporled 
by the high lllaturity leve l of the pyrobitumen s e ntrapped 
in ca lc ile ve in s IGu ilh aulllo u and Larroque , 19931. 
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FI G. 5. - Trapp ing tcmpcraturc dcfincd from isochorcs fo r ;lqucous rluids 
in quartz vcins (Th == IOO"C) and in ca lcite vei ns (T h == 140 ;lnd ISOne) 
fo r a flu id pressure o f 0 ,8 - 1 Kb. 

FIG. 5 . - Telllpémii/res de piés('oge déduit es des isochores des illc!II.I"iOIl .I· 
aqllel/ses dalls les l'cilles de qI/art:. (TI, == lO(f'C) cl dan s les veines de 
calcite (T" == 140 el lSO"C) pour un e p ression de fluide comprise e ntre 
0.8 - 1 Kb. 
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ln veins from blocks of the upper mélange, mostly 
single-phase rluid inclusions were found, being interpreted 
as typical or low tempe rature fluids. The measurements on 
seldom biphase inclusions observcd indicate temperature 
near 50-60"C. 

8) Incipient and localized transformation of the matrix 

Although temperature is not the only parameter control
ling Ihe diagenesis or clay minerais [Perry and Hower, 
1972; Velde and Vasseur, 1992 1, it nevertheless rcmains a 
major factor. Ils clays of Ro type in the upper and lower 
mélange indicate thaT these sha les were not subjected to 
temperatures above 60-100"C [Velde, 19851-

On the contrary, clays in contact with the hydraulie brec
cia (liS of R_1 type) are possibly compatible with the trap
ping temperatures of fluids in quartz and calcite veins. 
Thll s, if the recrystallization of Ils clays of Ro and RJ type 
is cocvaL this increased diagenesis in the shale surround ing 
could be relalcd to the warm rluids in them. Therefore, a 
local thermal gradient wou Id exisl between the veins and 
thc host-rock. The effect of this heal source would be lirnited 
by the initial volume of the warm flujd with the thermal 
gradient decreasing as a function of time and kinetics. 

C) Transient tluid-flow along the basal décollement 

The veining occurred durîng dîsruption of bedding in [hc 
varico loured mélanges . probably related to the emplacemc nt 
of the upper and lower thrust-sheets during Plio-Pleistocene 
imb rications [Roure el a/ ., 1990: Larroque ef a/ ., 1991; 
Larroque, 19931 

The lack of extensive veining inside the thrusl~shccl 
units indicates a negligible diffusive fluid f10w Ihroughout 
the overaH wedge. The localization of the veins, found only 
along the main thrus! plane (i .e . varicoloured mélange), 
shows that Ihe syntectonic dewatering of the Sicilian wedge 
was essentially control1ed by the high permeability décolle
ment zones. Similar observations have been made by 
Orange cl al. [19931 in the late Mioccne weSlern Olympic 
accrctionary complex, sllldying the paragcnctic se4uences 
of lhe vein s. Furthermore, in the Sicilian casc, high 
tcmperature freshwater (with a prograde evolution from 
150"C in quartz vcins to more th an 200°C in calci te veins) 
have been trapped in the lower thrusl fault zone connected 
to thc basa l décol1emenl [Larroque el al., 1993]. 

Such a thermal cvelH is not regionally recorded- in the 
surrounding shales, but a local imprint is detected just at 
the contact of the hydraul ic breccia. 11 may thus be con
c1uded that these Iluids were not heated il! sim but f10wed 
in l'rom a warmer zone, and were possibly channclled along 
the basal décollement l'rom a deeper internaI part of the 
prism . Thu s, the Iluid Ilow was probably rapid and brier. 
precluding the thermal cquilibrium betwee n the shaly 
matrix and the Iluids . 

The dirrerelll nature of hydrolhcrmal 1l1in era1.~ (quartz 
and calcite) and the rnutual crosscutting relations between 
the "ein sets (bcdding paralle! and perpendicular exten
siona l vcins, pL 1 : 2) suggest multiple episodes of brec
ciation and hydrotherma l rece1l1entation. Thus, deformation 
of Ihe c1asts and f1uid activity may have eontinued after 
the carly veining . Such episodic l1uid flow along revcrse 
faults has already been proposed by Sibson et al . [1988J. 
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CONCLUSION 

The chemical composition and the pressure-tempera turc 
conditions of fluids aclive in the Sicilian acc retionary prism 
can be obtained by sludying the syngenetic fluid inclu sions 
entrapped within syntectonic veins in the varicoloured 
melange. The upper mélange contains calcite veins in 
blocks only, with typical low temperature - low salinity 
fluid entrapped in fluid inclu sions . Temperatures are lower 
than 100"C and the composition is near fresh watcr. On the 
contrary, the lower mélange displays hydraulic breccias 
\Vith successive episodes of quartz and calcite veining . Two 
main typcs o f fluid are recognized : (1) a very low salinity 
water (approximativel y 0 .8 eq ui v. wl % NaCI) without sig
nitïcant amounts of dissolved gas (e .g. C02 -CH 4) in both 
quartz and calcite and ( Il ) a light aliphatic ail (hosled only 
in calcite) w ithout significant amollnts of gas and relatively 
depleted in water. Microtherrnometric measurements indi
ca te high-temperaturcs lov.' salinity rluids with a prograde 
evolu1Îon l'rom 150"C in quartz, at the onsets of vein for 
mation to more than 2ÛÛ"C in later stage calcite. The calcite 
veins also display pyrobitumens with a maturation level in
dicative of high tcmperature. 

The re!ationships betwecn veining and deformation sug~ 
gesL that the inclusions were entrapped successively du ring 
the main dcformation cpisodes. Restoration of the minimal 
lithostratigraphic succession at the time or deformation 
yield a minimum associated pressurc of 0.8 - 1 kbar. The 
pressure-ternperature value s obtailled by intersecting Ihe 
isochores of aqucou~ and oil inclu~ion~ in culcîle minerais 
fall in the same range. The surrounding shales of the dé
collement do not record such high temperature but thc trans
formation of clays, nem the contact of the vcins in the 
hydraulic breçcias. indicates a local thermal irnprinl. 

On the basis of the prcsent data, five main points are 
established: (1) the local ization of syntecton ic vcins along 
the décollement zones, (2) multiple cpisodcs of veining in 
the hydraulic breccias accompanied by an increase in 
tempcrature, (3) a di fference in temperature between the 
fluids cntrappcd in the uppe r and lower mélanges, (4) a 
thermal desequilibrÎu1T1 between the host-rock and the fluids 
in the lower mélange, (5) the presence of oil and pyrobi tu
mcns associated \Vith warm fluid in the lower mélange. 

Finally, ail the data suggcst a syntectonic dewatering of 
the scdimcntary succession along the décollement and thrusl 
faults in volving a wann tl"llllsient flow of deep frcsh water, 
çhannelled along the basal décollement. Thercl"ore, precipi~ 
tating veins cou Id devclop in a lluid flow regime. Either 
the precipitation occurred during thc flow or during thi' 
quiet period of this transient regime . In any cases, veining 
is not the only crileria to suspect fluid flow but the chemical 
and thermal desequilibrium with the surrounding matrix 
also support this conclusion. Numerous problems remain. 
however, co ncerning the nature of the heat source, the 
origin of Ihe low salinity water and the organic malter as 
weil as Ihe lype of the hydrocarbon maturation proccss in
volved (source rocks). These topics arc discussed in a more 
general study which proposes a lluid flo\\' modcl for Ihe 
front of the Sicilian prism during Plio-Pleistocene [Lar
roque et a/., in progressl. 
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