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Abstract Nite Kidbler index [KI} and oxygen isclope
(brachiopods and  micriles) ovestigatong  have  been
performed on maore than 300 Frasnian limestones sampled
in ene bovchole amd nwmenous caterops s the Thinant
Synclinorium {Belgium, northern Irance) of the northern
Variscan front. The illite Klibler index and 550 data of a
Fkmthick, ectonieally repesied Prasnian seres from the
Focant borchole are compared with their sumounding
susface corvespondents aind docwment in-gitn reheating
nduced by Vanscon lectonic loading, which post-dated
sedimentary burial alteration. The boundary  hetween
these two thermal processas (sedimentary Dorial and
tectonic loading] oo the Focanl profile comesponds 1o an
impaortant location where the heat induced by the tectonic
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lnading was cguivalent to that Frasnian straty sulfered
during maximimmn sedimentary burial. Wainly based on
this knowledge and on a former comadont salour alier-
ation index smdy, the thickness of the eroded thrust sheet
in the Focanl area is estimaied w be around 3000 m.
COmyzen iaotopic cxchange in these Prasmun closed
carhenate systems, occwring under highest-grade diage-
nesis and anchimestamerphism, records two events, Bra-
chingads present  quite differcnt and more domogensons
paittern, due (o their higher resistance 1o heat alteration.
These thermal events caused both 840 ceconds 1o become
increasingly lighter than the presumed original ssawaler
signature, The comparison berween KT and %0 profiles
indicates that 1llitz K1 apalysis 15 move appropriate than
%3 in highlighting the temperature variations in the
burial meatamorphism at the periphery of orogenic balts.

Keywords Focant borehole « Frasman carbonates - lite
Eribsler index - Oxygen isotopes - Sedimentary bural -
Tectonic loading

Introduction

Wery low-pade metamarphizm 1s widely developed at the
periphery of crogenic belts (Robinson and Mesnmars
1994 Tn such subgreenschist metamorphism {ircluding
strong dingenesizy, illite K1 studies of sedimentary rocks
are impornant indicators (Kisch 19871, KL stdies, con-
bined with other analvaes (ef. petrography, isotopes) of
the geological setling, have led 10 a greater understanding
of the distribution of metumerphic grade, stvle and origin,
Studies have been carried out, for example, in the Glurus
Alps ol marheast Switzerland (Frey 1088), in the
Variscan belt in southwest Eozland (Warr et al, 19913,
and in the Calcdnnides of castern Englund and Scundi-
mavia (Memman et al. 1993, Warn er al. 1996). In their
review of previous studies, Memiman and Frey [1599)
concluded that burial has a fundamental influerce an low-
temperalure metamaorphism, no matter whether the over-



burden is generated by normul basin-filling sedimentation
or by tectonostratigrzphical thickening.

Compared with cafier Tctors, lemperatuce is believed
o be the most importunt parameter aflecung the Kibler
imdex  (KOhler 1907a, 19%GTh, 1968 KI values of
anchizone aml epizone grades comelate with changes in
crystallite size observed by transmission eleciron micros-
copy (Merriman et al. 1990, 1995, Mieto and Sanchez-
Mavas 1994), Based on mineral facies study, the illie KI
onuiion (Kibler 19670), which can also be associaed
with coalification stage (e.g. Teichmuller et al. 1979,
cortesponds o recognised changes in mineral facies from
zeolits, through  prehnite—pumpellyile, oo gresnschis
facies {e.g. Warr 199673, The KEI method is restricted to
womes of how-grade metamorphism and strong diagenesis
{Kiibler und Jubovedoff 2000, Geologicnl processes such
as regional burial, tectonic overburden and local contact
metamorphizm aire the main geclogical causes of such
illite K1 (e.g. Schaer and Persoz 1976; Fortey e 2l 1993,
Smellie ef al. 1996]. The diagenctic altzration of oxygen
isotopes, which occurs during carbonate cementation,
replocement wnd recystallicaton (Marshall 19925, hin
ders the precise empernture determinztion of pelaso-
openng, bul can be applied w0 disgenetic/metamorphic
studies (e.o. Weis and Préar 1994, Mochel & ol [996;
Sharp 19844 Such &% values depend on the temperature
and isatopac composition of fuids during alteration, since
different corbonate munerals show zhgltl differences in
fractionation [Marshall 1992; Holser et al. 1996). The
tvpical KL patiem caused by a thermal event could be
reluted to varous gradients, such as stratigraphical, depth
and distonee.

The [illing of sedimentary basing and subsequent
tectonic inversion is a general evolulionary process of
many ancient basins (Einsele 1Y92; Busby and Ingersoll
1935, Twring its evolution, the hasin fill can expericnce
Iwo tvpes af thenmal regimes, sedimentary burial and
tectonic Ipading, if their burdens are significant within o
steady, npward-dominated heat transfer environment. The
thermal record of the fonmer bas been widely docamented
in our study area [Dinant Synclinorium) and strutigraph-
ical gradients {increasing KI with stratigraphical age)
established for the Lale Palaeozoic (Dandeis 1985
Muchez et al. 1991; Fielitz und Mansy 1999; Han el al.
2000]. The: recosd of reheating by the latter (ie. tectonic
Iading) was alse demenstuated (Han er al, 20005 Juch
2000, but there hus been no further discussion on ils
ceigin and implication in terms of basin evolution {e.g.
Diimant Syoclinorivm), This paper is therefore devoted
the analvsis of tectonic loading by studving the deep
Focant horehole {southem part of the Dinant Syoclinori-
umd ecanposed of more han 3,000 m of repeated Frasnian
tormations. Since regional stratigraphical illite KL values
from Middle Devonian o Lower Carboniterous series are
R (Hin 15999, Hing e al, 20000, the Focant borehols
constitutes an ideal cuse study of the processes celated W
barial, Additional analyses of oxygen isotopes have boen
cirrien] oul in order 1o characterize the nature of burizl and
related palasofluids,
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The purpose of this paper iz {1} o document the
reheating under the Varsean ectonie loading regime,
hased on well-constructed depth prodiles of the illie
crystallinities and oxvgen isorapes, and compare the KI
puttern with thuse of (e periphenes in otlher onogenic
belts; (2] to discuss the significance of the formative
mechamizsmes sl the conditions of such reheating in order
to puin @ better understanding of the Varscan tectonic
load: and (3} & compare the thermal behaviours aof Kl
comadont colour alteration index and oxygen isotopes of
carbonates during diggenesis and very low-grade mers-
morphism.

Geological selting

The Dinant Synelinorum (southem Belpim and northenm
France), including the Philippeville Massit, is located in
the nosthem part of the Ardenne allechthon, and forms
part of the Ehenohercynian bell of the Mid-European
Variscides (Fig. 1, inse). To the north of the Mid Faull,
which regresens the northem boundary of the synclino-
riura, lies the Deabant Massal with itz parawtochthanous
cover {Meillicz and Mansy U]

The Varizean front in Belgium and northern France is
represented by Brabant parauiechthonons and Ardenne
allochthonous massifs. Both consist of Early Palasoeon:
wcampersnt hasement composed of siliciclastic forma-
tions with Caledonian—Acadian  deformarions  (Michor
1976, Meilliez et al. 19691 Mansy and Meilliez 1993),
The subsequent Palacozoic sedimentation on the passive
margin of the Ardenne developed during Devonian tines
in some synsedimentary ME-5W and MW-SE [uli-
cantrallad sub-basing (Fig. 1A; Thorez et al. [988; Kasimi
and Prépt 1996; Lacguement 2001), Devonian strata
gencrally thicken by ratios of 1:3 1o 1:3 from the nonberly
Beabant Massil wowards the south. Landmasses wers
lucuted in northerm Belpium wp witil Carboniferous times,
while southerly depositional centres were conneclad 1o
French basins, Henee, many hiatuses ocour in the Erubunt
ares thet are missing in the Ardenne (Mamer and Préat
19496}, Extensionzl tectonics occurred close (o the Bocrol
Massif, as indicated by middle to late Devonian intnisicn
of sramodiorile dykes, and was suhsequently fallowed by
regional low-grude metamerphism (Gollelte e al, 19910,
At the heginning of late Carboniferous tmes, o series ol
non-ngriee W pamlic siliciclstic sediments (Bless 1983,
Peproth et al. 1994} were deposited in a foreland basin
scrting (Bless o al. 1985 Meilliez et al. 1991), with a
maximum thickness estimated o 45000 m in the contral
part of the synclinorum, bised on g consdont eolour
alteration index (CAT) sedy (Helsen 19495a).

The Wariscan northward thrusting was sctivated along
the former, swcep extensional [l planes and new,
subhorizontal, lithologically weak planes (Bless 1 al,
198% Meillies and Mansy 19900, The shutdown of
sodimentation within the Dinant Synelinorium, cansed by
the thrusting during Silesian times, is charactenzed by a
gradual northward migration (ErAr dating, Pigué ot al.
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Fig. 1 a Geologscal map of sputhemn Belgium and northern Framee
wilh Location af the Dinast Synclinorivm, limited o othe narth by
the Mlidi Fault oned 10 the south by the Caladonian basement of the
Beocroi and Stavelot massits. The syoclinarium, with doadnant NE-

19841, Thiz migration has been confinmed by the position
af the dizgeneticfanchizons) boundary whick 12 system-
aticolly located in younger series in the neeth {Han et al.
20000, The basin shortening, estimated at a minimom of
I¥E (Raoult and Meilliez 1935 Adwms and Vanden-
berghe 1993; Muansy et al. 1997), produced a tectonically
thickened stack, which changed the nature of the aver-
Tawdens froan & nonmal sedinentary, buned seguence 1o a
thicker tectonie load. Following Variscan movement, the
region remained a palacohigh excepr for its westam and
eastarmn fanks where local, thin Meso-Cenaeoic cover was
deposited (Zaegler 1990; Meilliez ot al. 10015

The Frasnian serics. which are the focus af this paper,
consist of an alernaion of shales and  lmestones

AW ard WW-SE synsedimentary faults, shaws n rmcrnl EME-
WEW crrike, b Struciural cross section threugh the symclincaum.
Tl feset msp shows the locaten of the sody repion 1 e
Rhemohercynian belt of the Mid-European Varscides

(Boulvain aod Coen-Avbern 1997, Boulvain € al, 1999),
They are biostratisraphically well dzfined by their
conodont zonaticn (Bultynek ot al. 1998). Facics analysis
reveals a generally shallow sedimentation environmen
{broud shelf’ with carbonate mud mounds in an cuter
ramp setting (Fig. 2], The thickness of the Frasnian serigs
ranges from abaut 450 m b the southern bordes and 350 m
in the Philippeville Muossit o 250 m in the northern border
of the Dinant Synclinovium {Boulvain 22 al. 19997,
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oormeialon I:RE=I'.|.':7~H2:I (Robion et al. 1485; Averbuch, personal
CEHTImEnicalEm ),

Oaymen soloocs

A tolal of 180 sumples were collecied for cxygen isolope shady of
aoth pure micrtes and brochiopod shells from limestanes, sholy
limestores and colearoous shales of the Pocam beschole sand the Lo
Boverie quarry (Fig, 3 Than secbons (L3 w | omm hicky were
prepared For cach bruchiopod and wsed For optical micnoscope amd
colbadoluminescence stmby. From the 180 sumples collecied,
11 hamngsneans micrites repressnting 1% of the total micrise
snmples were refined, md 53 non-laminescent hrachiopods. (i«
wille non-buminescent imleaal secondiy Sayer) megnescalingg alxul
Al ol the wedal shells. Both bruchiopods and macriles were used
aecinse lhey are comsicdered o be likely dilTersntial fsilopic
reactors during dizaeretic alterntion (Morshall 1952).

The cxvpen isoaope compositions were mensured after drilling
aboat 100 mg of powder for sach comwdered sample with a 0.3- ar
(L5amm-thick dnll. The poasdler wes cleaned o 0% hydrogen
neroxide for about 3 min 0 remaove any arganic contaminamion,
rinsed aned then dried for 50 min 2t 80 °C, The samples were
analysed with o ¥G Bsotech PRISM nwss spectrometer in the
htond labsacatory by onlime neacioa, with purlicd omlwphesphooc
il al B0 "0 Omypen isoliope ralivs are expressed as per mil (20
deviation fnom the Peedee Belemnile [PDE) stamland, Calibralion
s the POR stnndord wos peformed vin cthe Inkbarntary siandand o
NOCE, J;-:p.m-:luu::b:ln:.' of replicate sandands was always better
HEET N S

Results
[lite Klibler index

Miee KT vartarions in Frasian racks
af the Dinant Synclinoritm

The detailed illite K1 wmvesngaion of the surfice steals
(limestones and shales) from Middle Devonian to Lower
Carhoniferous series in eight suhareas of the Dinant
Synclinorimm revealed the Following chacactenstcs (Han
et al. 2000k (1) 62% of total illite K1 values fall into the
highest-grade diagenetic zone (0.42-0.62° A2, 30% in
the lower anchimetamorphic zone (00330042 A200, and
T outside these wones; (2) a clear cormelation betwesn
increasing rctamorphic grade based on illite KI data and
stratigraphoe depih 15 obagquitons; (33 the position of the
diggrenetic-enchizone boundary occurs al higher strati-
rraphic levels towards the north.

The clay assemblage of the stwdied Frasnian rocks
(106 samplesy 15 characterized by dominent illite and
chloritz with a few smectite, kaolinite and random mixed-
lavers. ANl measured illie K1 and cocresponding KIS
vitlues are listed in Table | as o function of stratigraphicel
tormation and geographical location. According to mean
KIS walwes at cach Jocation, the illie KT lateral disiribuo-
o of surface Frismian strut i the Dinunt Synclinodum
reveals a regional ditference (Fig. 3). In the southern
border, illite KI averages 0.55%, with a range from 00,45 1o
087" A28 Tlhte K1 averages 0,52 and (47 0 the western
and eastem parts of the Philippeville Massif respectively,
and ranges from 041 ta 0,657 and from 058 1o (L5387 A28,

The illite KI of the norhern border of the Dinant
Synclinoriam shows the highest grade, reaching (.37° on
avernge, and mnging feom L33 10 041" A28, Such a
peographical distribution displays an obvious increase o
metamorphic grade northwards from the diagenetic zone
1o the apchizone, el is consistent with the general paem
determined from the complete Middle to Upper Devonian
sevies in the Dinant Synclinoriwm, including the Philippe-

ville Massil {Han e al, 20000,

e K verintiony in Frosninn mocky
af the Focant borefole

The Focat bosehole (Fig. LAY, with & depth of 3,208 m,
cuts several thrust sheets wath different deformational
styles (Boulvain and Coen-Aubert 1997}, repeating che
Frasnian steata lor maore than 3 km (Fig, 43, The rormal
thickness of the Frasnian series 15 ubout 350—430 m in the
southern horder of the Dinant Synclinorium and in the
Phalippeville Mazsif (Fig, 2) where the stratotype has
been historically defised.

Clay assemblages of the Frasnian stratn from the
borehode comsist of illie and chlorite, aking ep on
average about 63 and 35% respectively (Goudulier 15808),
The averages and ranges of illite KI (based on Y8 samples
ol Tahle 1] frvm esch formation {0 |'|I-é|l'|1!~é|'] i aeach
tectonic sheet enuble subdivision of the Focant profile
inie two main pars, the boundary lying at 1,100-1.200 m
(Fig. 41 In the vpger zone (zone A), KI values do not
present wny signdficant change wath depth ur stebgraph-
ical formation, varying from (145 w 0.60° A28, which is
sumilar e the outcrop values of the nearhy soatherm
border {see above). In the lower section [zone B), an
obvious gradient with an average slope of 0.013% A28/
100 m, hased on a regression  equation {Yy=
26— 124 ] O K] with BP=0.883 (using mean
KI und depth of formation section on regression plots of
Staview 400, is present independently of the siratigra-
phy. The maximum illite Kl difference in the same
formation between these two zones reaches 025 A28
{much larger than a complete anchizone interval), based
on mesn comparison between the lowenmest Meuville
Formation (zone B) and its comespondent in the upper
section (zone A

%0 variations in Frasnian rocks of the Focant borehole
umd Lo Bovene quarry

The large La Boverie quarny exposes superimposed Arche
(tremwitans-ponctote comodon zones) and Lion (st o
jamiede conodont zones) members which constitute two
of the three Frasmian carhonare mound sratigraphical
levels in Belgiom, esch mound being embedded by shales
ard argillaceous limestones (Doulvain et al. 19999, The
oxygon isotopic investigation displays no significant
difference between these members in the quary, The
brachiopod 60 values range from —4.647 o =8 380%.,
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Tubde 1 Mite Kidbler indices of Frasnian beds in the Dinane Synclinorivm and Philippeville Massif, &7 (Laile) Tlile Kiibler indes ("AZ248)
hefars calibration, 815 Kiibler indes stasdand

Snmple Bive Fovmartion KT K1 Sumpde Sive Farmnticm Kl Kl
[ Imemlser} Ly (KIS) na. Lznuber) (Lilk=y  (EIS)
ABRDE H48a® Franchimont MELI-WAL 0.0 G
Hig Frischas BIE .38 a7 Hagh* Franchimmont MELU-Y AL [0 L]
Hlda Fuisches RIE .35 052 H51 V. iambn PHY 0,33 LIRS
H 1%k Fodaches RIE .34 15 H5la ¥ Cinmhan PHW (.36 52
Hide Foisches BIE [T} TL6T Hilh  Liamboin PHY 035 (.52
HI&d Frisches BIE 40 L HSlc W Cambon PHWV n3il 1145
HI1% Frisches MEU-% AL .35 0.2 Hila W.Dumban BHY 0.3l .45
HI1%a Foisches MELL-VAL 3% 057 Hiln V.Gumbon NEU-VAL {40 nh
HI4E* Foisches NEL-Y AL 4D (I Hi4 Snweur FOF 038 0,37
12 Fuisches MELU-Y AL 38 037 H54a Sauour PLF 0.37 053
H12 Clirmme CHA m33 .52 H5dk Hauwlour PI:F 0.31 [N K]
H32n Climmnée CHA 033 0,52 Hide Haulour FDF 0n.a7 0.55
Hik Gimnée CHA 0.3l .45 Hs55 Lauiour FHY 0,38 0,57
H32c Gimnée CHA 0.3l .45 Hi%n Sauour Py {1,401 0,6
H33 Clinnée EIE nAn 0.6 H35k Bamour PHY a2 L0
H33u® Gimnie BIE 0,39 0,58 1154 Suuous FHY 0.24 .41
Ha3k* Gimmie BLE 0,33 0,57 H37 Sauiour WEU-VAL 0,42 0.4
H3ic Gimnie BIE 035 .32 H3Tu Sauiour NEU-VaL 0,35 0,52
cPHA CF1 Cerfantnine FHY 0.32 .44
KT Soulme CHA .25 k4R L= Cerlonning FHY .31 .45
HE ol e MI5 0,21 1145 CE2% Cerlonning FHY 0.32 0.4
Hila Sl MIS 1,33 il LR35 Cerlaylaime FHY 0.5 .52
Hana Sogilme BIE .27 .58 CFI& Ceriomling PHY 1,34 (.53
Hal® Snalme NEU-VAL 0.24 el CE5 Cerfoninine PHY .58 L&
H4la" Soalme MEL-V AL .24 LIET CFG Cerfomining PIY .38 057
H4lh Souluws NEL-W AL .28 an CEThbas Ceifomiaine PHY 43 ihiad
Hale Aoulmes MEU-VAL 020 nal CFT& Cur ot PHY 025 Dbl
H42 Foulme HEU-YAL O30 n43 CF7 Cerfoalaine PHY n3e 58
HelZs" Armlme NEILV AL 31 LAa3 CF&3 Cerftmlinine PHY 041 D62
MAR2 Slanmoant CHA D31 045 CF122 Cerfoninine PV 0.31 D43
MLARION Marmane CHA 3z IR T] CE Cerromiaine PITY 0.35 D52
WARZID Marmont CHA nan 0.43% CFII o omtaime PHY 041 D62
MARZIZ Sacmant CHA S 148 271 Beawchalsiu MEU 0,35 D57
MARZ1T Marmane CHA [an 043 522 Teichateau MEU 0400 6
MARZID Marmears CHA nan 0A3 573 Bemschateau MEU 0,34 5
MARLEHL Marnar BIE n.in 043 524" Beaschmean VAL 0.3% 057
KMARD2D Mz BIE naz LT NBLS
MARMNAZ Marmwet BIE 0.3s 032 FRYEO Prv FHY 0.2 0.36
MARDGE Marmaet BIE 0.34 03 FRY6S Pry I'HY 0,2 0.3
MARIDA Bdnirmiert RIT .31 LU B PRYE4* Pry 'HY (.20 10,36
MAKILL Bdarim BIE 0.3z s PRYS3 Pry PHY 0,24 11,36
2! Flantmong NELI 1.3a 058 PRY 4% Pry PFHY .24 .36
¥3 Flaatmiong NEU 0,25 0,48 PRY47 Pry FHY .28 0,349
< Hualmang MEU 0,34 L] PRY42 Pry EHY 01, 26 .36
L Hamtmang MWELI 0.35 k37 PR 2R Pry PHY 27 0,4
Wi Haxitiaig MELI 0.39 (L5 PRY T Pry FHY 017 138
Wi Haxismom WAL 0,3 (k53 PRY 26 Pry PHY 27 (L3R
wPHM GO 2H Gourdinne FHY 24 ihal
H45 Frunchimant — MI4 .35 .52 GO |l Goundinme PHY 24 .33
H4n Franchimant CLIA 0.33 048 GO Gourdinme PHV 024 033
Helan Franchinam CHA (.31 042 GO0 Ganrdinne PHY h.24 033
HAT Frachimem BIE 0,32 e 233 Gourdinne FHY (.25 034
H4Th Franchunsmil BIE 38 57 CHA0] Courdinme PHY .25 11340
Hd7e Frunchimimal EIE 031 045 O30 Goundinme FHV 0,26 136
H4s? Franzhimest NEL-WAL [kl 037 0327 Crourdinne PHY 1,29 n41
Tl linl of these snmples is shaly limestone (o caleareous sbalel. athers are limestores. V.Ganbon, Villers-le-Gamban; SBDS,

svuthern border of Digant Synelinerinm; wFHM, western part of Philippeville Mossif; ePHM, ensemn part of Philippeville Masal: NBDS,
nonhern becder of Digant Synelinoriom, Formation and member numes are NIS, Nismes Fammatien; CHA [PDEL Chillon (Pont e [
Falle] Formstion: KIE, Bisumont kember; PHY, Philippeville Formation: NEU (VALY Neuville (¥alisenes) Formatien [afler Boulviin el
al. 1503, 1oy =
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Tahle 2 [z Kobler imdices of the Fecanl bonchole

Depth {m) Stage Bormnation Kl Kl Depth Stagpe Farmalicn El (Lille) KL
[member) (Lilley [ ARH i) [memiher)
74 Furn FAME 0.5 0.52 1,501 Fra MEL {325
T Fum FAME .4 060 1,544 Ira BRI 0.275
0.5 Fain FAME 0,175 0.56 1,540 Fra BOVT 0.275
U Fra MEL .25 052 1.G10 Tra MEL* 0275
1243 Fra MEU L3795 0,56 1640 Tra BIE 0325
152 Fru MEU (i LLEL 1,652 TFra RIE 027
152 Fra NEL i 0.5l 1,700 Fra BIE 0,25
175 Fia MWELT .35 .52 1.74% Fra BRI .25
20 Fa HEU .35 .52 1301 Tra BOU 0275
255 Fra MEU 0574 01.56 1 &1 Tra BLMI 023
T3 Fra NEL b4 (1,601 1,251 Tra MEUF 025
bl Fra MAT L3735 .58 1.0 Fra ROHT 025
305 Fra MAT 35 0.52 1.957 Fra BOU 0.275
] Fea MAT 04 00,6401 1.957 Ira BOU 025
351 Fra MAT 03 .44 2000 Tra MNEU 025
305 Fra NEL o (.64 2040 Fra WEL 0275
4345 Fra MAT 135 0.52 21 Fra BOU 025
441 Pea MAT 035 i1.52 2104 Fra BoU 0.25
501 Fea MAT 035 0,52 2,153 Fra B 0235
548 Fra MAT 0375 0,546 20l Fra BIE 0275
a0l Fam FAME 03s 032 2252 Fra BIE 0.225
a0l Fam TAME 035 .52 2252 Fra BIE 0.25
5] Fam FAME n3s 0132 23 Fra BOU 025
02 Fra MAT D375 0,54 23511 Ira B 0,25
504 Fra MAT 0375 0,546 X AN Ira BIE 0225
7504 TFra MAT 03s .52 2400 Fra BIE 025
BN Fra MAT 11325 L4k 1452 Fra ERM 0.25
EEL: Fra NEU 375 01,56 2500 Fra ERM 0,275
it Fa MAT 0as 01,52 2550} Ira ERM 0.25
Y Fira MAT [L375 .56 2550 Fra FRM 0.25
L Fra MAT 035 .52 2582 Fra ERM 015
535§ Fra MAT .35 152 1801 Fra ERM 0,25
5 Fr MAT 375 {156 1621 Fra ERM 0,25
1,061 Fra NEU nis {152 A5 Fra BIE 0.2
1,150 Fia MAT (1.35 0.52 2672 I'ra BOU 0.2
1,150 Fra MAT L33 040 2,700 Frn AL 0.225 03l
1,000 Fra NEL 035 .52 2702 Fin AL 0.2 027
1,151 Frn HEL 0.is .52 2,750 Fra BOLI 0,2 0.7
1,140 Fin BOU 0.33 .52 2,79% Fra B 0.2 0.27
1M1 Fia BOU 0.3 044 2850 Fra B 024 0,33
1,250 Fra BOU 0.3 4 2850 Fra ROL 0z 027
1,3 Fru BOU 0.325 4R 2,500 Fra MEL 0,225 0.31
1,340 Fin RO 0.1 0dd 356 Fra Bt 0,25 0,33
1,349 Fin B 035 51 54 Fra HEL 0.2 0,27
137 Fia B 0,325 0.4% 3002 Fra NEU 0225 0.31
1,441 Fra BOU (.15 053 3,054 Frn SIS 0.175 012
1425 Frn NEUY 0.1 1k 3,100 Ciiy FRO 0,175 0.1z
1450 Fin RO 0.1 044 3,150 Ciiy FRO 0,2 0,27
1501 Fia MELI n.? 024 3,115 Liiw FRL 0.z 0,27

S B sLilled, dllice Kibler Index (A28 before calibraion; KIS, Kobler index starkland; Fra, Fresian: Fun, Fanesmian. Gov, Givetion
Farmation and member names are FRO, Fromelenses Feamation: MIS, Miemes Farmaticn; ERM. Ermitage Member: BIE, Biewmont
Memher, BOL, Boussu-en-Fagne Member; NEU, Meaville Formation: MAT, Matagrne Formation; FAME, Famenne Farmaticn (Boulvaiin

and Coen-Auhert 1097

" [liez 1 volues of formation sections ane incorparubed inta that of rearhy famaticn sections doe 10 hele small thickness

whereas micrite %0 display a lurger range from -4.394
o —10,7 3% (Table ),

The 40 values (73 micrites and 43 achiopods) of
the Focant borghole ave lsted in Table 4 and drawn as two
depth dizsteibution figures with formation labels (Fig. 3}
As seen with the KT daa, the 540 disidbutions of bath
micrites and brachiopods display a boundary ot about
=10 m dividing the profile into two 2ones. The micrite
walues (Fig. 5) of the upper zone range from —4.3 1o

=12.1%«, without difference hetween the Matagne und
Mewville formations (Upper Frasnian), Their 850 range is
similar i those of the Lower-Middle Frasnian in the La
Boverie quarry, The & 180y of the lower zune. ineluding e
Mewville, Boussu, Bieumant and Ermitage formations (or
members), presenis a lighter and norower field viryving
berween —£.0 and —12.3%.. The brachiopod 670 (Fig. 5)
of the upper zone of the borehole shows a distribution
from —4.7 tn —9.4%., similar 1o that of the La Boverie
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Sumple Farmalion or memaer  §90 (PR &S0 PDB) Sample  Formation S0 DBy 810 (PLRY
i, brachinpod micrise n oir memher hrachicpod nuicrite
LGRS Uppermost Doussu =i, 34| —B.356 Dk U'pper Ermilage —H.350

Fl2 1_I|T|nr Foaissn =T.327 5619 RA3Em 17pper Frmitage —5. 145
fl3 Llpper Boussu =&.172 =547 Bz% Upper Ermitage 5,793 6,580
2 Upper Beassu 5381 Bl Upper Enmitage  -7.276 o
fl2a Upper Baussu —d. 304 1B Upper Enonilage =047 5055
B 2009 Upper Boussu =5112 10734 7 Muddle Ermitage  =5.472 =706k
B40z0r LUpper Ermitage =B 260

Fig. 4 Frasnian illite KI distri- lite erystalimty ( 428)

tmticms af the Focant berehods, e My s sl
The KI walues of the upoer zone — e e ——

(2ome Ay ahove s 2ignificant Hrje==s ks g
difference with m—si-;na.'l struli & E I L

graphical formation and deqth b

based an boch mean and mangs, | |

all belonging ta the highess-
ey diapenetic cone. The
Bower wone {wone 8 displays a
clear KI deqth gradient withan
anchizane apnins struciurally
repeated Prasnion formations
arwd membens, The st graphi-
cal sundivision and sruciusz]
analysis of the honeheole are
from Raulezin and Coen-Anh-
et {1997} and Locguement
(3001
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Tabbe 4 550 values (e POB) of e bacliopeds and of the micrites in the Foeant boehole

Lepil Foeemation AR ppE) RO (PDE) Deph Eormuricn A0 (PDE) 80 (PDE)
[l vr msnker trachiopod mieTilE inup or mgnbszr brachicped micrine
—-47.5  Famenne —9.425 —4.240 —1,240 Boussu =10.714
-124 Upper Muuville —11.57% —1.344 Buoussu — 10550 —10914
=17} Uipper Newville =5.521 =431 =1.373 Biussu =10.347 =11.4%%
19,5 Upper Newville 303 3,005 1.377 Bnuzsu —Ahfd
=23 Upper Neuville =317 4,159 -1.383 Boussu =11.931
=342 Lower Matagme =473 1T =155 Boussu =7.282 ~1 1097
=K Upper Mewville —11.62 —1.3%5 Boussu —103ELn
415 Merville —3.54]1 —1.401 Briassu =055 —11314
=l Lower Matngne =890 =1.471 Lower Mewville =520
47 Loswer Matogne -8.147 =i, 854 =|.4%] Lower Meuville =523
—1% Levwir Matagni —i.080 —1.4522 Mewville ecronized) =3.039
=503 Lorwer Famenne =5.5003 =758 —1.525 Mewville (ecromlzed) R —10222
=hd3 Levwer Famenne =T.196 =4 N —=1.637 Lower Bousu =4 —=11.305
={it 5 Lovwer FPamenne =0,597 = 662 Bleam nnt —10.321 =11024:4
=714 I_[pp-:.f H.amgnc =501 ) Bleamont ING1H -11.21T9
—hnl Uppar Mewville —11.12% -G08 Bileamont =11624
] Upper Mewville -7.521 -1.714 Bleamionl —11.452
e R ] Lower Maingne =7.275 =3,542 =1. 757 Loawer Doussu 11522
—nlk Lower Mataone 5,450 =775 Bnaussn =117
—tnixlh Laowwicr Matagne -11.241 -1.834 Lawer Menville 10885
—lial Uppar Mewville -12.101 -1.927 Upper Boussu —6,591 12307
451 Upper Mewville —-1L750 —1. 375 Uppa Buusiu —11.7%
=THEifi Upper Mewville 12.043 =107 Lawer Meuville —104973
=G L'J:p:r Mewville =11.229 =2.038 Menville =11.421
—4g Upper Newville -11.069 -1144 Lawer Boussu 4,502
—Lsi Uppar Mewville —-11.678 —2 144 Lower Bousau —11 46
10w Upper Mewville —7.448 —8.B09 -2114 Bleumonl —11534
=1013 Uppar Mewville =0,224 =11.542 ] Bleamual =11.697
=1 025 Lower Matagne =1 100 -1.135 Blenmomt 10744 =10.784
1425 Laowwcr Malazne —5. 164 -1 244 Blenmont 10517 11 460
=1 1G Lovasar Malagne —4.524 =187 =2.313 Bousse mi =10 =04
=1 Tk Laivaar haingne —8.047 —45.538 -1414 Unper Ermiluaye 4354 —11L.821
1 Losvar Maiagne 10217 =14%] Unper Ermiitipe —NCREXL =11.3649
-1, Leswer Maagne —H474 —2A442 Unper Ermicnpe =11.638 —-8.542
—1,1m8 Loswer Malagne —5.652 9058 -2A6d  Unper Ermitage =115
=15y Leawer Malagne =131 -11.64% -1.547 Upper Ennitage =055
-1,174 (Lower?) Newville —5.063 =-11.440 e n L] Unper Ermituge =114
=1,174 {Lower?) Mepville - 105 =1 620 Upper Brmitige 10455
1,211 Uppar Boussu 11608 12065 =27 Bougan =10.431
frecundzed)
—1,17% Bousaa -11.644 =337 Boussu =1L F00 —12. 138
=127 Tonsaa =1LTR =183 JETRITESTTS B =]
1871 Bousiu -10.725

quarty and without sigoificant difference between the
different formutions. The bruchiopod value range of the
lower zone in the borchole is from =00 © =1 L5 and
lighter than that of the vpper zone,

Interpretation and discussion
Factors affecting illice KI

In order to condaer and interpret illice K1 determinations
propedly, three possible factors affecting illite KI have
been evalwned. Temperaure bas been considered as he
maost important factor in the study area in our previoos
works, since the widespread illite KT stracigraphical
eradient in e Danaed Syochinorive (Han et al, 20000 1=
consistent with the temperaturs increasing with the age of

the series, as detenmined by CATL values (Helsen 1995a).
The illite Kl dillerence mduced by lthologsy belwesn
dominant limestonss and shaly limestones (incleding a
few caleareous shalesh has heen investigated. The com-
parison of illie K1 in the same formation (or member) ai
each given location (Table 5) between 31 limestones and
12 shaly limesiones (ealcarecus shales) displays a slight
mean difference of 0003, with a range [rom 001 1w
0067 A28, The trend of decreasing difference with
inereasing diageneticdmetamorplic grade in the studied
rocks with dominunt limesiones seems consisient with
Eubler's {196E. 1984) opinion that gradually weakened
lithological inflaence on KI from diagencsis towards
melamerphism becomes pegligible ot the onser of the
anchizone. Considering that limestones wre dominant, and
e K1 mean difference between using and not using
shaly limestonzs is bess than 00017 A28 (see right caliemn
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Fig. 5 Nlite K1 [® A2, micrte and hrachiopod Pl (PO
peafiles, with port af conodont colour alteratian index (CAL) prafile
ifrom Helsen [%950) of the Focont borehole, The fhres line
segmencs (-l on b teps of the prodfiles cach represent the volne
vatges of the comespondigg surface Frasnian swata ot the nearby

sowthern boeder (@) and Boverke guarmy (b ¢) of the Dinant
Synclinorium, which are wsed W compare with these af the
harchale. Based om these patlemns, oo peothermal repomes. i
sedimentary burial (A and tactomic lamding (5. are recognised. See
text for detnils

Tuhle 5 Comparisom of illite KT values A28 hebween Tmestones and shaly limestones fincluding a Few caleanoois shales)

Lacation Formetian K]‘ji‘l:ll.'ﬁll'lm.: K1 shaly hmestone Lithalagreal differciso: Differcnee
{or mewher| (| ] 151} (51—} lornsution—L0

Prv PHY NAT (n=ty 136 (=1} .01 —L11]
053039

Honhme MEL (or VALY AL {u=31 2 (=3} | (LIS
[30-n43 41045

Hemtmeoit MNEU D52 (n=3) 058 (u=2} 0 024
[aB-0.58 057058

Cerfontaine PFHV 052 {u=12) 05T (n=2} D (LT
041065 DEI-N62

Foisches MEL jor VALY [LS5 {n=T) 50 (n=2) 10l 0oz
[LA2-0.57 MST-E0

Enst Gimmee BIE [0 (n=2) 058 (u=2p 002 T
052060 (57058

En, sumple number, Mike K1 values in columns of imedonzs and shaly lmestones conssst ol mean and range. K1 value of fornation is the
mean of all samplas (fimestomes and shaly limestoness) in the formation. For the mame of formation (or member). soc Table 1

ol Tuble 51, the lithology effect 15 therelore peeligible n
this study. The stress fuctor is not yet clear, duc to the
existence of contrasting conclusions derived from some
olher studies (Frey 1987, For this reason, an investigation
on the relutionship between illite K1 distribution and
structural location has been performed in a gingle fold
{oancrap scale] i the Avesnes quarry (western Linant
Synclinorium) and two thrust faolts. one at Villers-le-

Gambon (site & oo Fig. 3] and the other at Franchimont
{site 7 on Fig. 5 and Han 1999, As a resull, there i3 no
convincing evidence to suppont the influence of stress,
simee K1 values hetwean the anticline hinge zone and the
limb are almost the sime, and those in the Ful belis seem
to ke miore subject to the stratigraphy, and nol the distance
to the thrust fault. Tncreasing K content in the fluids,
leading 1o improved dllite KI, has been supgested (e.g.
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Weaver and Beck 1971} The stable isolope compositien
uf pre-, syn- and post-Variscan veing im the westem
[rinant Synclinoriom shows that these fluids were chem-
ically similar to the swrounding lmestones {Kenis el al.
20001 Seme studies have concluded that the carbonate
curly diagencsis leads to closed systems (e.g. Chamley et
al, 1997 Kiiblar and Jabovedelf 20005, XRF chemical
anilyses have shown that the swdied limestones have low
levels of K («<015%; Boulvain 1981; Préat et al. 1983;
Dejonghe 1985), and therefore the influence of these
luids on e studied KI is considersd 1o be limited. The K
needed by illite growth in carbonates is most likely
derived from the dissolution of smaller illites dwing
recrvatallizaton, Based on the above discussion, it could
be confirmed that Kl wvalues in this study are mainly
determined by temperature and that other factors are
negligible,

Recognition of two kinds of penetic negimes

The illite KI, micrite and brachiopad 8150 profiles of the
Focant borehole display 2 commen boundary around
=1, 100t = 1,200 m, separating two distinguishable zones
(Fig. 53. The value ranges of both K1 and 800 in zone A
are consisten! with their surface correspondents (see
Fig. 5 line sepments a-c). showing the sume values
among the formations. The value range of Frasnian KI in
sone A, Falling mto the highest-prade dingenetic cone (e,
042-0.62" A28 in Hun et al, 20000, coincides with the
general Devonian stratigraphical illie K1 gradient in the
soiihern border of the Divant Synclinedum (Han el al,
20060, thear Pig. Sa). This type of gradient, widely existing
in the synclincriom {Dandois 1985 Fielitx and Mansy
1995, Han e al. 2000), is cne of the criteria used o
recognize o sedimentary burtal metamorphism [ Merriman
and Frey 19991, K-Ar illite ages of 3267 Ma (Piqué ez
al, 1984) for the Devonian recks in the southern border
suppart also the noture of this metamorphism predating
the Yanscan orogeny which started from Westphalian
times in the study area (Fielitz and Mangy 1999), The
average d'°0 composition of brachiopods. criginally in
isotopic equilibrium with seawater (Veizer et al. 1997), is
340%e lighter than the 8'%0 signature of the Frasnian
seawater (Hurley and Lohmann 1989 Anderson 1990},
und the %0 micrite volues are 4.5%. lighter than the
seawater signature. Based on these KI and 830 patems,
it appears that zone A, together with nearby, surface
Frosmun strate, experienced a diagenetic modification
through the sedimentary hurial regime, and kept this
reeord,

Below 1,200 m, a clear Kl depth gradient in the
Variscan thickened profile, independent of steatigraphy
(Fig. 5} indicates an importani reheating. Thas s also
confirmed by the conodont colour alieration  index
[Helsen 1945B), which parallels this gradient (Fig. 5}
The 5% value ranges of hoth micrites and brachopods
are peperally lghter and narmower than their upper
comespondents, and concentrate between — [0 and —12%.

(in contrast with their lirger dispersions in zone A) excepl
at a tew points (see the four open dots in Fig. 5) These
display a gencral re-equoilibrinm caused by the same
rebeating evenl &5 the KL pattern, since the boundary and
the stratigrophical intervals are exactly the same. Several
prssitle genlogical agents responsible for sueh reheating
hove been considered, Foctional hepting dunng threst
faunlting with charactenstics of short life and narrow
(=meveral metres) thermal metamorphic zone (Bustin
19831 does pol G the feature of onr profile with sn
wlmost 2-km-wide zone of successively  progressive
reheating. Heat flow from intemal to peripheral pans of
forelamed basing in a wpographically driven convection
regime could generate a nodable metamorphism in the
shallow peripheral pars (Gayer et al. 1998}, but its very
high geothermil gradients, contrasting sharply with thi
of the Dinant hesin (4050 *Clkm, see below), exclude
this model (ie. surface high-temperature flow). There is
N evidence 10 suppar any magmatkc viey taking place
during sedimentary filling of the basin during syn- and
post-Yariscan times in the siody region {Mceillicz et al.
1991 ). According to the regional setting and the feature of
the profile, this rehesting was most likely induced by
tectonic burial, within a steady (i.c. no perurbations due
to conveetive heat flow), upward (From beneath the crust)
heat tramsler remme. This regime seems simdlar o that
suggested for the Ruhr basin in the northern part of the
Wariscan belt (westem Germanyy during maximum hurial
{Linke et al. 1994; Bitker 21 al. 1995),

The tour anomalous dita points {open dots in Fig. 5)
near the boundary, three in brachiopods and one in
micriie, are likely 10 be the remainders of the sedimentary
burial genesis. In this context, these particular bra-
chiopnds display a higher resistance to heat-induced
isotopic exchange than the micrites, as also noled in
#ome A where brachiopods are negrer o the original 6'%0
seawarer value than the micrites. Mevertheless, these
minor points oo oot allect the general paltemm of re-
equilibration.

Zone B, with a thickness of about 2 km, belongs to the
anchizone with its small upper part in the ghest grade of
dingenesis (Fig. 4). The CAI data of this section (Fig. 5)
cannot he vsed for the wemperature estimation of the
anchizone, since e same lemperatune estimated [rom the
CAl zone (4.5-5.0) covers more than | km, and complete
data below amd above this zone are nod availabde, The
chlerite K1 in the carbonate rocks of the upper Palaeozsic
in the study region 15 nod as good as illite KI for recording
a depth gradient indoced by burial (Han et al. 2000}
Therefore, the temperature estirnation here is based on the
Kl zonation alome. If 225-300 “C is sdopted as a
temperafure range for the anchizone (hased on Kisch
(19871, froam 200-250 *C onser 10 300 "C highegrade
boundary}, and upproximately represents thut of zone B, it
could produce o small 8'%0 difference {2-3%.) berween
the uppermost aind the lowerdmost parts in an isotopically
homogeneous  fluid, wsing the calcite—water oxyzen-
fractionztiom equation (Faure 1986, Table 2.5.1). The
sidies on carbonate texiures and geochemisiry of Upper



Palaeoeaic sequences, and particularly in the Devanian
hecls af the Thinant Synclinorium, and adjacent areas have
shown that these series atiained a closed siate soon after
garly diagenetic cementation. This s based on isolopic
siilarities between fluids and surrounding limesiones in
both pre-Vanscm and Vanscan times {(Weis and Préat
1994; Chamley et al. 1997 Kems el al. 20000, S0, 0o
irmpostant fluid invasion (there is no important dolomili-
zation, no non-carhonae veing, ete.) is to be expeocted,
and the trapped flusds produced quate honageneans
miygan values derived from an dsotopically  stmilar
compesition of limestapes, As a result, the observed
G0 profile of zone B is probably foomed by rectonic
reheating in such “carbonate closed systems', with
unimporiant isotopic fractionation difference.

The profile through zone B (Fig. 5) also reveals the
different responses of illite K1, CAL and §0 in the depth
interval of 2 ke to the anchimetamorphic conditions, The
KL profile, which generally increases inm metamorphic
grade with depth (hence, temperaturs). demonsirates a
detatled and very sensitive gradient. By contrast, no CAl
change with depth can be detected within the CAT4.5-5.0
interval (more than 1 km thack) compared wath the K1
data, although the complete CAL profile does show o
similar grudient, The 890 values of Both brachiopods and
micrites show re-equilibration but witheut a depth rend,
Thesa comparative results show that illite KI analysis is
more sensiive than CAL amd maore ap{n‘npri.atc than
oxvgen isotopes 1o highlight o progressive hurial meta-
imriphisin.

Reheating and Variscan thrusting

Using the CAL data, Helsen (1995a) has estimated that the
ultimate sedimentary burial depth of the basal Frasnian in
the sowthern bordar of the Dinant Synclinorium was
around 4000 m (Fig, Ga) Al this depth, Frasnian illite KT
regched their temperature maximom as g sedimentary
burial genests, and the ariginal 8'%0 signature of sewwater
in Frosnian carbonates wis mostly erased dusing this
Iwirial dingencsis. Subsequent Varscon deformation by
thrusting and Tolding placed these Frosnion strota o
various depths during the tectonism (Fig. 6b). In such a
prafile. the heat suffered by the Frasnian in zone B could
he significantly higher than their previcusly experienced
sedimentury bural beat, while the apper zone (A} did not
encounicr higher heat than duning the previous regime.
The preason is thar these zones were at different depth-
related temperaiune locations i the Variscan tectonic
profile, with a steady, upward heat ransler, Between both
wones must lie a boundary where the tectonic lowding heat
approximately equals previcus burial heat. Above this
moundary, sedimentory burial-genetic illiee KI and diage-
netically modified &0 sould remuin unchanged. Below
the boundary, the second beating on the Frasniun series
started during the largest Varzcan tecionie loading, and
s illine KT suffered re-improvement e becoms leclanic
loading-peneie K1 (KIty and form the depth gradient.

i

Mesnwhile, disgenetic §'%0 in both micrites and bra-
chiopods re-equilibrated with fluids in a closed system. It
i obviows that the Jocation of such a boundary for other
steatigraphical series in this tectonic losding profile could
vary, and must be decper for older strata in the above-
assumed heat lrunsfer regime.

The A/B boundary 1= an important indicator in such a
lectonic loading profile and represents the ssodhermal
lecation of two regimes experienced by the Frasnian
series. This knowledge 15 wselul 10 recover the dimension
of ultimate ¥Wariscan roctonie stacking.

Based on he illite KI gradient of zone B oand its
comparison with the Klfdepth curves with the geothermal
gradient from USA Gulf Coast shales, the palaeogeatier-
mal gradient of a tectonic loading regime cun be
estimated. The thickness interval spanned by the KI
range (0,30 and 0.50* 28) of zone B is about 1,500 m,
according 1o i1z calenlated average slope of (L0137 267
100 m (see above), These values can be placed on Kl
versus depth curves with different peothenmal gradients
resulting [rom compuier modelling of the USA Gulf
Const shales {(Merrimian in Han et al. 2000, their Fig. 100}
and can be checked for ench curvee, The result shows that
the KI range of our zone B (0.30-0050° 28) and s
thickness interval are consistent with a geothermal
geadient of 40 *Cfkm. This estimated gradient of the
tectomic loading regime comeosponds 1o that of the
sedimentary burial regime in the Dinant basin (Han et
al. 20007, which has been based on Kl slope, CAI
temmperamre and comparison with the same Gull Coast
curves. The equality of deduced palasogeathermal gradi-
cnts between both regimes can also be seen from the
thermal history of the adjacent northem Varscan front
zone (Kenis el al, 20000, although in this case, 30 “Cikm
is deduced from fluid inclusions of quaz.

Since there i= no significant difference of the geother-
mal gradients between these regimes in the study area, the
isothermal chunscter of the boundary could be simply
represented by an iso-depih (ie. ectonic loading depib of
e boundary=Frasnian sedimentary barial depth). Thus,
the sedimentary burial depth of Frasnian beds can be uscd
10 determine the origingl tectonic loading depth of the
boundary (Fig. 6h). The recovered tectonic loading depth
of the boundary is equivalent e abour 4,000 m, since no
significant sedimentation took pluce in the sty region
e Warscan throsting (Meillizz and Mansy 19900, From
this, it is estimated that the thickness of the removed
thrust sheet in the souwthern border of ihe Dinani
Synclinorium  around the Focant borchole i about
3,000 m.

Comparison of illite KI patterng with other orogenic belts

Twn stages of thermal development (e sedimentary
burial and subsequant esionic sacking) e commonly
cxpericnoed in busins sl the penplery af many oregenic
helts, Tn the cxtermnal domain of the southem Canadian
Appalachians, illite KI dara of Lower Polasozoic series
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Fip 6@, b The two recognised gesthenmal regimes and eactive
reeovary of the restamtion Wariscon tectonic Toad. @ Frusmizn
sedimentaey burial depth (0 ar the end (early Namurian times) of
basinal sedimentation s about 4000 m o the southern border
[Helen 14995a) and gpenesis ol sdimealary bimal ilie Kl 1{'”.!].
The 4™ signamre of carhonate companents was lighter 18 %)
during diageresis, i The Frasninn seres were repeated al varying
tepths by subsequent Varsean  movements, The comparison
between sedimentary burial heat (Tsd and tecranic londing heat
(Tes the Frasnian saifered could diffencotiale two zones, 1o the
uppser zome czone A, the beot (770 35 lower than that ol the previoos
regime due o less tectanic burden, Therefore, their sedimentary

(Yang und Hesse 1991 display an inverled metamorphic
pantern, e, owoee mature, older rocks tecionically overlie
less mature, younger rocks. This inveried patiern also
appears in other crogenic belts, such as in the main central
thrust zone of the central Nepal Himalayas (Jamieson et
al. 1996], i the Glams Alps (Frey 1988), and in the
Wariscan thrust front in northern France (Bewguillon et al.
19851, Such patterns did not develop in site and e
renerwlly the resull ol tectonic assembly by thrust faults
juxtaposing deep buried strata over less-buried sirata.
Thetr metamoephism existed prior 1o the thrusting, even
though local medificaien of the patern may be syn- or
post-tectonic {Merriman and Frey 1999), Likewize, sym-
metrical repetifion of the K1 values caosed by lolding
[Danadoas 19850 and metamorphic hiatuses resulting from
thrust faulting {Mernman and Frey 1959) are also the
result of post-metamorphic tectonic displacement, An
gocrelionary  baial pattem comprises o sequence of
continuons metwmorphic rones developed in sitn and

buril genetic recomiers (Kis and 5s) ane umchangged. The
reheating appesred in the lower zome {zore B due o sigmlicardly
higher beal than 1he previoas regime, which hes resimproved illie
KI (K0 and re eguilibrted e Sotopic signabire (870 The
noamndnry indicales 2 bocation where Ti equals Ts. Since the
J__-cul'_crmal grmlir-nrs of the teno regimes are Equi\'ahnl (aEG 1ER),
s tectonie loading depth (5% of the bousdary is equal e the
sedimentary burial depth (D5} of the Frasnian in the soothem
horder. 8o, il could be deduced that the boundary bare @bl
4000 moof tectonic load, and the load removed by sabsequent
crosiom & nesr 5000 m

shows grade increasing into younger tracls of sieaa within
the thrust stack (Merrman and Frey 19990, In the Fooant
profile. this strutigraphy-related trend of in-site metamor-
phism {younger tracts of stratn dowmwards) does not
uppenr. Bazad on the preceding comparison and discus-
sion, o Lypes of very low-grade metamorphisms at the
periphery of arogenic belts can be recognised, One is pre-
progenic burial  metamorphism, and @5 subsequently
tectonically displaced o devebop varied illite K1 ptterns,
such as inverted stacking, hiatuses and so on. This type
frequently keeps & hasin-wide stratigraphic gradient (e,
increasing metamorphic geade with stratigraphic age).
The other is an in-situ syn- of POSEoM@ENIc iectonic
loading meramarphism (during maximum stacking) and
parillels e depth gradient in the fold-thrust stck.



Conclusians

The illite K1 and 40 (including AL patterns aof the
tectomically repeated Frasnian carbonates of the Focent
burehale al the periphery of the norcthern Variscan belt
(Belgivm, France) docement an in-site reheating dug o
Varizcan thickened load following sedimentury burial. It
15 Iypically characterized by depth gradient illite K1 (CAI)
and re-eguilibrated S0 being more matieee and liglhre
respectively than their sedimentary burial-genetic precur-
s0rs,

The boundary betwesn the lectonic loading reheaned
lower zone and the sedimentary burial-genetic upper zone
of the Focani profile is an important thermal indicator. Ii
reprasents a special lecation [or the Frasnian stage in the
Wariscan fold-thrust stack where the tectenic leading heat
which the Frasnian strata suffered shouwld equal the
sedimentury burial heat it had previously experienced.
Based on this knowledze and the melevant geological
setting, the thickness of the eroded thrust sheet around the
Focant berehole is estimated 1o be around 3,000 m.

Two periods of oxygen isolopic exchanges taking
place in the brachioposds and micrites cocurred. indtially
during the highest-geade diagenesis and thew during the
anchimetumorphism. They coused 850 reconds of these
carbonate components to become increasingly lighter than
the presemed Frasman  seawaler signature, although
brachiopods present o higher resistines 1o heat-induced
isctopic exchange than the micrites. The compenson
ameng illite KT, CAT and §'°0 profiles of the Focant
borchele indicates that illite K1 analysis is more sensitive
than Al and more appropriate than &0 in highlighting
i progressive, very low-grade metamarphism in the burial
of the basins.
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