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(LUSITANIAN BASIN, PORTUGAL): SEQUENCE STRATIGRAPHY,

CALCAREOUS NANNOFOSSILS AND STABLE-ISOTOPE EVOLUTION
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Receited llarch 7,200-1; accepted Jullt 12,266j

Kclt 6-6vo1t, Sequence stratigrrphy, Cllclreous Nlnnotossils,
Carbon stable isotopes, l-orver-Middle To;rrcirn, Lusitanìln Blsin,
Portugal.

Abstrttct.This multidisciplinar,v studv (facies analysrs, sequence

strîtillrirph% c;rlclreous nlnnofossils :rnd crrbon strrblc isotopes) fo-
cuses on the Los,er to Middle Toarcian succession cropping out in the

Coinrbra region (Northern sector of the Lusitrni;rn B;rsin), Portug;rl.

Dcposited on homoclin;rl c;lrbonare r;ìr.np, the sanrpled henripehgic se-

ries, consistins of m;rrlllimestone ;rltern;rtions, can be subdivided into
three thircl-order depositional scquences (STl, ST2 and ST3) ch.rr.rc-

terised by different vertic:rl Îrcies rrriìngenlents end palcontologic;rl
contents. The sequence boundaries lie rvithin the Polvnrorphunr Zone,
;rlound the Polynrorphur.n/Levisoni Zone boundrry and in the Bifrons
Subzone (Bifrons Zone). The calc;rreous nannofossils provide a con-
tinuous succession of age-signific;rnt assenblages,;.rnd l useful scr of
n;rnnobiohorizons that ìncludc' the LO ol C,tÌcitascuLtris .jans,te, the
LOs of Bìscutunt grLtn(le i,nd I]ìscutunt fìnchìr, ;rnd thc'FOs of Carlzio-
litbus cantrtluppi, CarinoLithus superbus, Discorhabdus stridtus x.nd Dis-
corbabdus ìgnotus.The evolution of the ò''C agrees ri'ith the sequentìrl
developnrents of the series because the positir.e excursions roughlv co-
incide s,ith transgressive depositional phases, rvherels iì negative trend
is observed durìng regressive pheses.

Riassuttto. Questo studio multidisciplinare (an;rlisi di facies.

stratiqrafia sequenziale, nannofossili calcarei ed ìsotopi stabili del cer-
bonìo) si Îocalizz,a sull;r successione del Tolrci;rno d,r inferiore l nredìo

che affiora nelle resione di Coimbra (settore settentrionale del Bacinc>

Lusìtanico), Portogallo. Depositata su un;l ranrpa carbonatic:r orrocli-
n:rlica, Ia serìe emipelaeiciì campionata! costituita d;r alternanze nrlrne/
calcari, può essere suddivisa in tre sequenze deposizionalì di terz-o or-
dine (STl, ST2 ed ST3), crrettcrìzzate da differenti organizz-;rzioni ver-

ticali di facies e contenuti paleontologici. I linriti di sequenzi gi.rcciono
nella Zona a Polymorphunr, intorno al linrite diZona, Polvnrorphunr/
Levisoni, e nella Sottozon;r l Bifrons (Zona. t Bifrons). I rrannofossili
calcareì forniscono una successione continu;r di associazioni tenrpo-si-
rÌnificatìve, ed un'utile serie di n;rnnobioorizzonti che includono la l-O

di C,tlcir:,tsculdt'is jntsae,le LO di Biscutun gr,tnde e Biscutunt fincbii,
e le IjO di C'trinolitbus cantaluppì, CarinoLithus superbus, Discorhabdus
stfiLttils c Discorhabdus iglofzs. IJevoluzione del A''C concordl con glì

sviluppi sequenzialì della serie, perché le escursioni positive coincidono
pressllppoco con le firsi deposizionllì trrsgressive, nrentre si o\sL'rv.ì un
,rncl,rnrenro neg;rtivo durante le flsi regressive.

Introduction

The Upper Liassic of the Lusitanian Basin is domi-
nated by n.rarl/r.narly limestone and limestone alternations,
usually characterized by a rich and diverse necktonic and

benthic nacrofauna (Duarte 1995, 1997). The Toarcian
succession is thicker and more hemipelagic in the Coim-
bra region (Duarte 1997).The continuous and nicely ex-

posed lithological record is useful to study the paleoen-
vironmental conditions that controlled the sedimentxtion
of this distal sector of the Lusitanian Basin, not affected
during the Toarcian by anoxic deposition.

Based on facies analysis, calcareous nannofossils
and stable (oxygen and carbon) isotopes, the ain.r of this
study is to improve the sequence stratisraphy of the ear-

ly-middle Toarcian of the Coimbra region, and hence of
the northern sector of the Lusitanian Basin. Facies an:rl-

ysis and stable isotopes, in particular, are useful tools
to identify the major transgressive-reqressive cycles and

sequence evolution, mainly based on the recognition of
the n.rain discontinuities (sequence boundaries) and n-raxi-

mum flooding surfaces. Calcareous n2lnnofossils are used

to refine the biostratisraphic frame, based either ammo-
nite biostratigraphy recovered from the li1s..t".o /Fl-
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Fig.l-A:l-tlc.rtitlnoithcrll.rinl,tlrr'crTtr.trciltlstlccc-5S;()l]\inthc[,trsirrnirnBi1sil];

nri et,rl. 19891 Rochrr et al. 199(r) rrnd fronr the pcrsonrrl

cor.r.rr.nunicr.rtions of S. Elnri. R. Moutc'rde rrnd Iì. Iìochrr
during ficld trips.

Thc ,rchieved results arc conlpafecl u'ith thc prcvi-
ous studics on sequence analysis of the Toarciln succcs-

sion cropping or,rt ir.r other scctors of the Lusitrrrri,rn Bl-
sin (Drrrrte 1995, 1997).

Geological setting and studied sections

Althouqh in the Coinrbrrr rcsion (Fig. t), thc Up-
per [,i:rssic sr.rccession is cxp,rndcd ,rnd shon's rvcll-dcvcl-
opcd hcnripcl,rgic ch,rr,rcte ristics, up to no\\', feri' p,ipcrs

focused on it. The e,rrlier published u.orks dell rl'ith rrn.r-

monitc biostrrrtisr:rphr,,rnd rcgional geologr' (Choff.rt
1880; Chrrrnry' 1962; Courbor.rlcix 1972; Courboulcix
et,rl. 197.{; Sorrres et al. l9tì5; Durrrrc. 1995). This lnck

of detaìlcd study is probirbly reLrted to tl.re rvidcsprcrrcl

:lnthropogenic,rctivities lnd tcctonics; the clonrin;rncc

of nr,rrlv lithon'pes that ch;rr;rctcrizc the To,rrci.rrr por-
tion nncloubtcdIv f,rr-oured both,rnthropo genic .rct ivi t ics

(n.rainlv irgricr,rltr.rre) and grou'th of veqetrrtion. Ncvcr-
theless,,rn initi,rl refined seclLrcrlcc,rnd sedinrentologic.rl
,rn:rlvsis of thc To,rrci,rn succcssiorr, croppinq or.rt irr this
resior.r, h,rs bcen developed (Dr-rartc 1995). The conlpos-
ite section of the l-ower-Middle Tolrcian succcssior.r is

based orr thc Ribeiro/Forrros, Mlrmclcirl ,rnd Crrbego clrr

Azevedir sub-sections (Fig. 2), ,rnd is r-rscful to illustrate
the str:rtigrr.rphr' .rnc1 sequence ln,rlvsis of the Lower to
Middle To,rrcirrn succcssion exposed in thc northern sec-

tor ol th.'Lusit,rrri.rrr Blsin.

Lithostratigraphy and sedimentology

The studied succession belongs to tl.re S. Giio For-
nration, r,rnging in ,rse fronr the Earlv Toarcirn (Polv-
rrorphun.r Zonc) r"rp to Late Toarcian (Me ncghinni Zone)
(Duirrte & So:rrcs 2Aa2). Based on the verticirl facies ar-

rangenlent, betu'ccn mirrl irnd linrestone beds, and the

stratier:rphicll distribution of the nracrofauna, the stud-
ied succcssion (Lori,cr-Middle Toarcian) coLrld be divided
into four nrcnrbers (Fir:. 2), easilv recosrrizable across a

l,rrge arcir of thc Lr-rsitlnian Basin.

Marly lirncstones rvith Leptaena facies Mcrnber (MLLF). Cor-
rel;rtrblc uith thc MSTI ot Durrte (1995, 1997).it bclongs to the Pol-
vnrorphunr Zorrc.rnd is ch.rr.rcterizecl bv grevish .rltcrnrtions of dcci-
nrctric to nrrrric rlrrlv btrls, rccording r lrrgc vrri;rbilin of carbon;rte

eontent (2(r t() 6-1",,). rrith cerrtinrctric rrr:rrir'li:lcstoncs. It cont,tins,r
r'.'rv rich bcnthic rnd rrecktolric nr,rcrofrunr. clrrncterizc.i hv thc sig-

nilic.rnt prcscncc rtf tirrr br,rchiopocJs (Konittthclla li,tsidttt tnd Natr-
ttirht'ncÌ:ia n'gDto&r), lrtlcnrnircs, pvritizcd ,rnrnronitcs (Dactvliocer-

.rtirls), biv.rlvcs (e sscnti.rlh Plitaruh sp.) .rnri srr.rll grrstropods (Plau-

nttottr,u'i.t sp.). 'l'hc l)i()turb.ìtion is vcrv strong, u ith sonre linrestone

lcvcls prrticLrl.u'h rich in /.rxryl.t,cos ancl fclruginous tubul,rr burro*,s.
Tìrc nrcnrbcr is l0 rrr rhick.



Thin Nodular Linrestones Member (TNL). Corresponcling
to the N4ST2A of Durrrtc (1995.1997), this nrcnrbcr. refer,rblc to the

lorvernrost I-evisoni Zone, is chrr,rctcriscd bv thin (centinretric) bccl-

ded;rltern;rtions of linrcstones ancl nr;rrlstones (grev to brot'nish). Thc
b,rsrl plrt of this unit is corrposccl (rbout 3/{ nr) of brrrren [rrol nish

cl;rvs (c;rrbon;rtL' contcnt less th;rn lO'ii') ancl rr;irls. Tlrc linre stoncs

include cllcih,rtites to finc cllc,rrcnìtcs, ri'ith irreilul.rr surfiìces (rulill-
grìÌlrted structurcs), locrllv u,ith lrrnrinltion, cross-bctlcli n,;. \\'rìrnrct-

ricll and current ripples. l'hc tirin (< l-{ crn thick) c.rlc.rrcous le ve ls

rre usuaf lv stronglv bioturb.rtetl; Tlnlassinoidcs, Clxntdritts .rn.l fcr-
ruginous tubul,rr lrurrtr.r's iìre c(]rìlnr()n. Unfortun.rte lv rhe cntirc l{
nr thick succcssion belonging to this nreruber vicltls onlv fcu ,rnti

scirttered mrcrofrunrl rentrrins such rs rntntonitcs belongilrg ro thc
Hr/r/artes genus.

Marls and rnîrly linrestones s,ith Hildaites and Hildoccras
Member (MMLHH). This vcrv thick nrcmbcr, corrclrtrble sith tlre

MST2B of Duertc (1995, 1997), rcrches in this re'giorr ne.trlr'95 rr ìn

thickness. Sp:rnning fnrrl uppe nrost l-cvisoni to nriclrllc-uppcr yr.rrt ,rf
the Bifrons Zone, is:l.rtle up of dt'cinretric to nrctric;rltern.rtiorrs of
marls. marlv linrcstoncs .rncl lirrcstone s (nrudstonts), s itlt thc lrtte r
increasing tou'lrds the top ol rhis unit. The necktonic (.rnrnronitcs)

117

lìig.2 - Conrpostite section;rncl svn-

thetic str;rrigr;rphic ch;rrt for
the Lorvcr-Miclcllc ft;ircian
of the Coinrbr;r regron.

end br'nthic (br;rclriopocls and bivalves) i;run;rl ;rssociation ir r pcrsist-
cnt lcrrturc oi this unit. but ,rlr',rvs with lon'diversitr'. Thc brlchiopods,
!'sscntirllv rhvnchoncllids (Soarcsirln'nchid) and tercbmtulids (Telothttis
jauberti) ilre vcrv rich ,rt thc b,rse of the member, refer,rblc ro the I-e-
visoni Zonct u'lrilst sonrc lrorizons of the upperrlost prrt of this.rm-
rlonite Zone iìrc verv rich in thin-shelled bivrlve (like llositrz). These

fcrrturcs ,rrc obscrvctl in othcr scctions of the northern scctor of thc
l-usitaniirn lìasin (l)u.rrtc | 99l).

Marls and n1îrlv limestones with sponge bioconstructions
Member (MMLSts). This 60 nr thick unit, r,rnsing fronr the uppe rnrost
Bifrons Zone to thr krucr p,rrt of tlre llonarelli Zone, is correl.rt,rblc

uith thc tr'lST-l oi Du.rrtc (1995, 1997). Althoush it cliscontinuouslr.
crops out, it shous.r sinril.rr rìronotorlous feilture throughout the Lusi-
txniiln Birsin (Durrte 1997). \i/ith tlrc exception of thc nr;rrlv luse, the

tunit is conrposccl of regul.rr;rltcrn;rtions of clecinrctric to nrctric nrtrrlv

becls rvith cenri- ro clecinrctrìc nrrrlr'linrcstones. Throughout thc cntire
nrcnrbcr tlre occurrcncc of snrlll siliccor,rs sponge nrud mouncls, prcfcr-
cntjallv lssocirrtccl u,ith c;rlc;rrcous litlrofacics, is;r tvpic.ri lncl clotlin;rnt
ferturc oi tlris unir (Durrrte et aI.200 l). The Ììl:rcrofilunl shou,s ;r l:rrge

rlive rsin', locrlh with lrigh conccntrltiorrs of l:ln'rorroids, rll'nchoncl-
licls, crinoicls,rnd bir':rlvcs.

Loi;'er-tlf idtlle Toarci,n Jhnt tbe Lusitanian Basin

Biostrati-
graphy

Lithostrati-
graphy

Composite section and nrain stratigraphic features
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Lcvisoni Zone).

Calcareous nannofossils

Mcthods. A tot;rl ol 130 closclv sp,rce rl s,rrpìcs u crc collcctctl.
llcc.rusc thc ìinrestoncs ir.rr c bccn stronglr' .rilcctctl bv clirgencsis. nrostìr'
:rrrrll or nrrrrlr'ììnrcstonc intcrlrls ìr,rvr lrecn srnrprlccl. In orticr lo re

t.tirr tìrc origin.tl rrtit, bctu trn n,rnnoiossìls ,rncl othcr trrgntenrs. ncìtlrcr
ccntriiugrtiorr n()r ultrirs()un(l r crc rpplictl. ScrriqLr.rntit.rtire rrrrlvsis
urs pcr|rrnrctl uith.r ìigìrt rricroscopc using ll50X nr.rgnific.rtion. A
t,rt.rl oi lOCC fitltls oi licrl lìrr e .tcìr s.1rìlplc we rc ol.scrve cl ro e stinr.te
thc tot,rl .tntl rcl.rtire rlruncl,rrcc cl.rsscs rn.l the clcqrcc of p11s11i.11i,,,,.

Spccirl rttentit,n s.is p.iirl t() \nrcrr slitle .crs corrcspontìirrg to criricrl

strrtignphic inte n,rls (c.u. be ginnirrg rnrl cnclins r.rngc t,i rgc-signili-
c.ìnt riì\iì) or t() po()r.rncl Lr.rcl bv prcscrverl ,rsscntbl,rgcs: in bttth c,rses

Iìr(ìrL th.ur 1000-1500 ficlJ: oi vicl hrrvc irccn otrsc'rrcri. Srrerr sliclc

prcpriltìon rUtl scnticlurrntit;rtir c rrn.rlYsis wcre rtlopte tl bf cil-rse .1n Jd-
rlitionrl purposc ,rf or,r irrve stigrrtion l,rs to clcvcìop .r re li.rblc ,rncl c,rs-

i ìr rcprotlucii.lc [riostnti gr.lph ic lr.urcl rtr]i.

Assemblages. Thc studìed s,rnrples yielded 32 dif-
fere nt n,.rrrr.rofossil taxa (liste'c1 in Appendix l). The str:rti-

iÌraphic rirnges of selected spec;e s ilrc oLltlined for each

t

Main stratigraphic and
sedirììerìloloqical lcattrres
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Louer-Middlc Ttxtrcian front tltc Lusitaniatt Basin ll9

section in Figs. l-5 rnd a sunlnlrìrv schenle of their rirnge
is reported in Fis. 6. The bulk of the arssen.rblases arre chirr-
acterized by,rbund,rnt Schìzospb"terella md Lotbarittgius,
alons \\,ith the senera Biscutun md Crepidolithus. Tlte
diasenes is-resistirnr senera S clt i zos p haerella and Lothar in -
gias frc'quentlv represent r llrgc :lnrounr (up to 90-95'2,)
of the depleted asse nrblases, irnd frequentlv rhev rrre tlre'
only tax,r present, rvith r-r lorv ,rbundancc-.

Thc sreat abundance irnd diversity of the iìsscnl-
blages from the lon'ermost To;rrciirn Polvnrorphunr Zone
(correlatirble with the Tenuicostatr,r n t Zone) is most I i kely
related to tl.rcir high clay conrcnrs (Fig. l). These i.rsscr.n-

blages rre dominated b,v Scbizosphaerelltt spp., L. lnuffii.
C. jansae, B. rto,i:utrt, B. prinsii tnd S. cruciulzs, i'rlong s,itl.r
C. crassus, B. grande, B. finchii tnd L. utnbriezslr-. Thc,rs-
semblages irre also characteriz-ed by the occurrc'nce of l.
sigillatus:rnd very r,rre specir.r.rcns of L. L,elatus. Across the
Polymorphunr-Levisoni Zone bour.rdalry rhe rrssenrbl,rge

composition changcs remarkably due to the abuncl:rnce

decrease of C. jansae and S. cruciulzs. Unfortun;rtclv, thc
lowernrost p,rrt of the Levisoni Zone is rcpresented bv
thin nodr.rlar lir.nestone lithoflcies rhar lre r.rsually b,rrren
or providc few and badly prese r-ved nannofossil specinrcns.
Howevcr, thc few fossiliferous sanrples collected ;rt thc-

Fornos sub-section furnish age significanr-irssenlbl:rses
that allow us to recosnize the lowernrost part of the Le-
visoni Zone as the level of disappearances of B. grande,
B. finchii,rnd of C. jansae as rvell :ls rhe :lppeilrance of rhe
genus Carinolirbus (C. cantaluppi ii).

tven the overlyinu sirn.rples belonginu ro the Llp-
per part of the Levisoni, Bifrons and Gradata p .p. Zones,
collected at the M:lrn.releira irnd Cirbego drr Azeveda sub-
sections, furnish a conrinuos succession of ;rse-sisnificant
assemblaqes, although the rrrajorin'of thenr are scaìrce ilnd
bildlv presen'ed. In the middle of the upper part of the Le-
visoni Zone the firsr appearance:rnd the relative i.rbundancc
increase of C. superbus is readily detectirble. Likewisc, the
first occurrcnce of Discorbabdus, rvith D. ìgnotus irnd D.
striatus, is observed ,rround the Levisoni-Bifrons Zone
boundarv cven if both species arc extrenrelv reìre up ro
the middle p:rrt of the Bifrons Zone. Consequenrl)', thc irs-

sembl,rsc.s referable ro rhe uppcr p:rrt of the Levisoni Zorre
and Bifrons Zone are quite sinril,rr irnd :rrc chrracterizcd b1'

the conrnrcrn occurrence ol Scbizospbaerella ltnd L. haufii
together rvith C. cantaluppii ancl C, superbrs (fronr tl.rc r.rp-

per part of thc'Levisoni Zonc), I). ignotus irnd D. striatus
(from the Lrpper p:lrr of the Bifrons Zonc) and extrcrlclv
rare spccinrcr:.s of Lotharingius z'clrttus. Across the Bifrons-
Gradatr Zone boundilrv rhe ,rssenrblages further ch,rnge
due to the renrarkable ,rbundirncc decre,rse of Lotltarirtgitts
hauffii, which rlmost dis:rppcirrs within the Grirdar;r Zone.

Nannofossil bioevents
As nrentioned ,rbove, only the sirr.r.rples bclorrgirrg

to the Polvnrorphunr Zone provide rvell-preservccl ttr.rd

diverse nlnnofossil :rssenlbl:rgcs, rvhcre,rs tl.rosc fronr tlre

overlving ;rlrrnronire zones are frequentlv depleted by di-
irsenesis. Nevertheless, rhe biostratigraphic signal is not
corrrpletely overshadowed, and arll the main early-middle
Toarcian n:rnnofossil evenrs, utilized in both Boreal and
Tethyan sections, have been identified. Therefore, based

orr ir closelv splced sampling of the sequential units crop-
pinr: out in the Coimbra resion, they are correcrly placed
rvith respecr to the available :rnrnronite biostratigraphy
(Elnri ct al. 1989; Rocha et al. 1996).

LO of Crtlci,itascularis jansae. This taxon disappears
within the TNL Member, slinhtly rbove its sharp ,rbun-
dirnce decrclse that rouuhly coincides with the MLLF/
TNL (i. c. DT2) boundarl'. Hence, C. jansae is useful ro
date both thc first intra-Toarcii'rn discontinuity (DTl)
(nearlv coincidcnt with its sharp ,rbundance decrease) and
DT2 (lyinu below its disappearance). A sharp,rbundance
decrease of C. j"tnsae rs lvell as the LO of C. jansae have
rrlso been rccosnized in the sanre stratiuraphic position in
the Penichc secrion (Perilli & Duarte in progress).

FO of C,trinolitbus cantaluppiii. Although the few
fossilifercous srmples collected wirhin the TNL Menr-
ber providc scarce and badly preserved assemblases, rhe
:ìppearancc of the senus Carinolithus, wirh the FO of C.
cantaluppi, is readily detectable just above the MLLF/
TNL boundarv. This biohorizon has been recosnized
above this boundarv in both Peniche and Fieueira da
Foz scctions (Perilli 8l Duarte in progress); in this latter
sections it lics within the TNL Men.rber.

LOs of Biscutum grande and Biscutum fincbii.Both
taxa are siunificlntly presenr within the MMLF Member,
rvhereas they lre extrenrely rare in the TNL Men.rber. Be-
cause onlv fen,and scattered B. fincbii are presenr in rhe
ovcrlvins birs:rl portion of the MMLHH Member, both
biohorizons should be placed in the lower part of the Levi-
soni Zone. With respect to depositional sequence and anr-
nronite zoncs, the LOs ol Biscutum grande and Biscutum

finchiilie in thc same srrarisraphic position in the Peniche
and Fisueira dn Foz secrions (Perilli & Duarte in proeress).

FO of Carinolitbus superbus. Common to both
Tethy:rn iurd Boreal secrions, in rhc investig:rted succes-
sion C. supcrbus is present fronr the base of the Marrrrelei-
rrì scctiorl, u,hcre the nriddle part of the MMLHH Menr-
ber crops oLrt. Consequenrly the FO of Carinolithus su-
parbus lics rvithin the l-er,'isoni Zone, as observed in tlre
Pcniche rrnd Figueira d,r Foz sccrion (Perilli ,! Duarte in
progrcss). Nevcrtheless, due ro its lorv and scattered oc-
crlrrence in its initial range, el lowcr first irppcarance of
this t:rxon is not excludcd.

FO of Discorhrtbdus striatus a,nd Discorbabdus ig-
zr.rrlrs. Although both trrxir :lrc cxtre nrelv rare in their in-
itial rirnge, thcir:rppe:'rrirnce. is rricelv recogniz:rble in rhc
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Fig. 5 - Stratieraphic distribution of the main nannofossil taxa in the CabeEo da Azeveda section (uppern.rost Bifrons Zone to lowermost Gra-
data Zone).

t2r

middle-upper part of the Marmeleira section that corre-
spond to the middle part of the MMLHH Member. Both
biohorizons are referable to the lower part of the Bifrons
Zone, because their appearance lies below the Sublevisoni
Subzone. The FO of Discorhabdus striatus has been iden-
tified slightly above the Levison/Bifrons Zone boundary
of both Peniche and Figueira da Foz sections (Perilli &
Duarte, in progress).

Stratigraphic distribution of the main nannofossil taxa in the

Marmeleira section (uppermost Levisoni Zone to Bifrons
Zone).

Carbon and oxygen stable isotopes

In the studies of carbonate sediments, particularly in
pelagic environments, carbon and oxygen stable isotopes
have been widely used as an important stratigraphic tool or
as an important paleoceanographic/paleoclimatic indicator
(Scholle Et Arthur 1980; Renard 1984,1986; Shackleton
& Hall 1984; \Weissert 1989; Follmi et al. 1994; \Weissert

et al. 1998; Jenkyns et al.2002). The hemipelagic nature
(marl/limestone alternations) of the Toarcian sediments,
supported by ammonite and nannofossil biostratigraphy,
constitutes a good context for isotope study.

Methods. To investigate both ò''C and ò'"O stable isotopes, 29

samples of bulk-rock micritic carbonate sediments from calcareous levels

belonging to the Lower-Middle Toarcian members were analysed. The

Main stratigraphic and
sedimentolosical features
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MMCB Member
MMLSB Member
MMLSB Member
MMLSB Member
MMLSB Member
MMLSB Member
MMLSB Member
MMLSB Member
MMLHH Member
MMLHH Member
MMLHH Member
MMLHH Member
MMLHH Member
MMLHH Member
MMLHH Member
MMLHH Member
MMLHH Member
MMLHH Member
MMLHH Member
MMLHH Member
TNL Member
TNL Member
MLLF Member
MLLF Member
MLLF Member
MLLF Member
MLLF Member
MLLF Member
Lemede Formation

UNITS Samples ò,,c ò'ro
1.19 -3.56
0.48 -4.76
0.8 -3.46

0.68 -4.99
1.84 -2.95
1.63 -3.49
1.83 -3.04
1.89 -3

1.79 -4.48
2.01 -3.27
2.38 -3.55
2.21 -3.37
1.37 -3.46
2.66 -3.59
2.24 -4.57
2.73 -3.76
3.1 -3.41

3.O2 -3.58
2.84 -3.77
1.7 -2.78
0.2 -2.75

-0.24 -3.19
2.6 -3.79

2.08 -3.8
0.94 -4.45
1.26 -4.43
1.41 -3.63
0.56 -3.43
0.49 -4.04

served in other sections of the Lusitirnian Birsin, :ìs point-
ed out b)r D,rr.te (1995, 1998); the achieved results also

support the ò'tC ,rs a good stratieraphic t.nirrker.

As outlined in Fig. 6, the lower part of the succes-

sion is charac terlzed by two positive trends observed with-
in the MLLF (0.56 to 2.6"1,,,) and TNL (-0.24 to 0.2'2,.)

separated by a minin.rum values found in the TNL Member

(R60 and EP249). Besides, the sreatest Totrrcian change

occurs at the boundary between those units (frorn 2.6 to
_-0.24"t,,,). Unfortunately, the trend observed within the

overlying MLLF Member is not uniform, showing in this

mer.nber some ir.nportant variations (positive and nega-

tive excursions) and a big dìfference between the values

obtained for the same unit (more than 2.00'x*) (Fig. 0).

However, it is in the middle p,rrt of the MMLHH
Member (Levisoni Zone) that the maximum values, reach-

ing 3.00 '2,. (MM44 and MM50), ,rre observed. Fluctua-
tions in ò'tC are generally nesative in the upper part of
the MMLHH Melrrber (Bifrons Zone; from 3.1 ro 1.79"t-)

and throughout the MMLSB Member (uppermost Bifrons

Zone to Bonarellii Zone; 1.89 to 0.48'2,,'). These trends

have been previously observed by Duarte (1995, 1993) in
the Rabagal and Porto de Mós resions, located southern

of Coimbra region (Fig. t).
ò''O: ranging front -4.99'u", to -2.75'l*,, the oxygen-

isotope values agree with the results obtained by Duarte
(1998) in other sections (e. g. RabaEal, Brenha :rnd Porto
de Mós) of the Lusitanian Basin. Compared with the ò''C
trends, the oxygen-isotope values are highly v.rriable (Fig.

6); nevertheless, several interesting trends can be point-
ed out, particularly between MLLF and TNL Members.

The maximum value is obtained at the top of TNL Mem-
ber, whilst the minimum value is observed at the top of
MMLSB Member. Because of the thermodependence of
oxygen isotopes (McRea 1950; Epstein et al. 1953), a di-
agenetic nrodification during burial may have occurred.

Discussion

Sequence stratigraphy and depositional system

The composite section of the Lower-Middle Toar-

cian of tl.re Coimbra region is orsanised into three depo-

sitional sequences (STl to ST3). These sequences rre cor-

rel:rtable with the MSTl-MST3 sequentiill units of Duarte

(1995, 1997) and thel' are bounded by four (DT1 to DT4)
isochronous region,rl discontinuities (Figs. 2 and 6), partic-

ularly ren.rirrkable in the southeast part of the basin (Tomar

region; Fit. l). Based on amt.nonite and cirlcareous nanno-

fossil biostratieraphic datar, the duration of each sequence

asrees with the tinre ranse estimated by Vail et al. ( I 991 ) for
the third-order depositional seqr.rences (0,5 to 3 My).

Accordins to Du:rrte (1995, 1997), these character-

istic trends are quite similar to those observed in other
classical sections of the Lusitanian Basin (i.e. Alv,riízere,
Porto de Mós, Rirbagal and Fieueira da Foz; Fig. I ). How-

SS 45
SS 38
SS 32
SS 20
MB 76
MB 57
MB 4OB

MB 01

MM 95
MM 91

MM 77
MM 71

MM 69
MM 64
MM 58
MM 54
MM 50
MM 44
MM 40
EP336
EP249
R60
R56
R52
R41
R33
R'18
R09
R01

Tab. I - List of the isotopic results ("/..) in the Lol'er-Middle Toar-

cirn succession of the Coinrbra re'gion. MMCB Member -

Marls and M;rrlv Limestones with Brachiopods Membcr in

Duerte & Sorres (2002).

totel cerbon:rte content of e;rch s;rmple u',rs rn,rlvsed through the Ber-

nard calcimeter. The finel isotopic conrposition of carbon rnd oxl'gen,
rvas obteined using l Finnig;rn MAT 252 mrss spe ctronleter at Petrobr,rs

Rese;rrch Center (Cenpes, Brazil), follou'ins thc tr,rditionrl procedures

(McCre;r 1950). All the values lrre reported in prrts per nrìl (%.) nota-
tion (ò) relative to the PDB (Pee Dee Belemnite) intern;rtional stlndrrd
(Crlig 1957). Cerbon-and oxr'9en-isotope rrtios rìre listetl in Tab. I;rnd
pkrtted along the stratignphic conrposite section in lìig. 6.

Results
ò'rC: the carbon-isotope ratio shows :r large variir-

tion within the Lower-Middle To;rrcian succession, with
values ranging between -0.24v",' and +3.1'z',,. Despite the

low nun-rber of analysis, significant oscillations are ob-
served within and between each member. The isotopic
variation curve of ò'tC rouehly agrees with the trends ob-
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ever, several particular sedin-rentary features are observed

only in the Coimbrir resion. The ST1-ST3 sequences have

been deposited in the differentiated context of a homocli-
nal c,rrbonate ramp systenl dipping towards the northwest
(Duarte 1997).The thickness of each sequence increrses in
this direction, favoured by ,r great subsidence-controlled
accommodation. In fact, the Lower-Middle Toarcian suc-

cession is 170 n-r thick in the dist;rl part of the basin (Figue-
ira da Foz irnd Coimbra), whereas in the southern proxi-
mal sectors (Tomar) it reaches onlv 50 m (Duarte 1997).

DTl: this first Toarcian discontinuity is loc:rted in
the lowermost Polymorphum Zone. This surface coin-
cides with the boundary between the Lemede and S. Giào
Formations (Fig. 2), and corresponds to the first Toarcian
flooding surface. Conrpared with the much more calcare-

ous uppermost part of the underlying Spinatum Zone, the
base of STI is interpreted as a deepenins phirse, a large

scale event observed in many other Boreal and Tethyan
sections at the base of Toarcian.

STl: this sequence corresponds to the MLLF Mem-
ber, and is the most arsillaceous unit of the entire Toar-
cian succession. The marl/m:.rrly limestone alternations
show an interesting rhythmicity at various scales (parase-

quences and parasequence sroups). Usually, several sedi-

mentological and stratinornic irspects show an elementary
rhythmic sequential orsanisation (parasequence), begin-
nine with marl grading to marll'lirrestone. This sequence

is very asymmetric, and a large part of it, is interpreted
as a transgressive svstenl tract. Hence it is quite difficult
to identify the maxirnum flooding surface althoush this
probably corresponds to a thick lin.restone bed (0.80 m),
very rich ir-r Dactylioceratids (a sood event horizon easily
recognizable in all the Lusitanian Basin). However, the
transgressive trend is well documented by the òrrC values

because a maximum excursion (2.6T ,,,,) has been obtained
for this Dactylioceratid-rich horizon (Fius. 2, 3 and 6).

DT2: this unconformity corresponds to the MLLF/
TNL Member boundary. Defines the nrost important sed-
imentolocical and palaeontolosical chanse observed in
whole the Lower Jurarssic succession of the Lusitanian
Basin, and reflects sienific,rnt tectonic activity (Duarte
& Soares, 1993; Duarte 1997). Roughlv correspondine
to the Polyrnorphum-Levisoni Zone boundrrry (Duarte
1997),it lies betrveen the sharp abundance decre:rse of C.

jansae and the appearance o[ C. cantaluppiii. In the dist;rl
facies of the Coin.rbrl region, the sreat change observed
between the MLLF and TLN Members, corresponds to
an abrupt decrease in the ò''C (Figs. 2 and 6).

ST2: this sequence begins with brownish clays and
marls that characterize the base of TNL Merlber. These

facies, exclusive to the northern p:Ìrt of the Lusitanian Ba-

sin, trre usually unfossiliferous, providinu only scarce nan-

nofossil assen.rblases stronely depleted by diagenesis (Fig.
2). Upwards, this sequence grades into thin silty to sandy

limestone alternations with marly cl,ry interbeds that cor-
responds to the typical TNL Member in whole the basin.

Several patterns can characterise the sequential organisa-
tion (n.ricrosequences), but all of them are fining upward
and can shows a millimetric-scale bioclastic lag, composed
of echinoid fragrnents. These facies show tempestitic-tur-
biditic features (Duarte 1992), observed in the other sec-

tions of the Lusitanian Basin, and related to tectonic trig-
ser mechanisms (Wright & Wilson 1984; Duarte & Soares

1993; Duarte 1997).The carbon-isotope evoiution in these

levels shows an abrupt decrease, which support the low-
stand system tract interpretation, throueh the increase of
lighter conrinenral 'tC in the depositional system.

The overlyine part of ST2, coincident with the MML-
HH Menrber, is composed of marl/limestone decimetric to
metric alternations. The alternations are not so rhythmic as

other sectors of the Lusitanian Basin, like RabaEal (Duarte
1994), and it has been difficult to discern the elementary
sequences (parasequences). The limestone beds are com-
posed of thin (centimetric) lin.restone levels alternating with
centimetric marls. Despite the similarities with the TNL
Member, the facies at the base of the MMLHH Member
are exclusively lutitic and particularly rich in brachiopods
(rhynchonellids and terebratulids). The base of this thick
unit corresponds to a transgressive event (transsressive sys-

tem tract), shown by an increase in marly deposits and a

positive carbon-isotope excursion (values above 3.00 %o)
(Fig. 0). This event ends with some evidence of pelagic dep-

osition (top of the Levisoni Zone).In fact, the maximum
flooding surface is shown by thin-shelled bivalve-rich (Bosi-

tra sp.) horizons (Figs. 2, 4, and 6). The transgressive sys-

tem tract is overlain by a thick aerading/prograding pack-
age. The series become proeressively more calcareous and

the vertical facies association, compared with the evolution
recosnised in other points of the basin (Duarte 1997), tl-
lustrate a shallowing-upward evolution (highstand system

tract). This trend is corroborated by the ò''C record, show-
ing x nggxlll'e excursion (Fig. 6), interpreted as the result
of an increase in continental 'tC than a decrease in marine

productivity. With exception of TNL Member, the vertical
distribution and diversity of calcareous nannofossils is very
similar in whole ST2 (in MMLHH Member).

DT3: this unconformity is easily recognizable in the

superbly exposed RabaEal section (located 15km at south
of Coimbra), has been not recoqnized in the studied com-
posite section, due to the bad exposures in the Coimbra
region. However, the n.rajor f:rcies change, correspondine
to :r flooding surface, occurs between the MMLHH and

MMLSB Men.rbers (Bifrons Subzone; Duarte 1997). and
lies below the sh;rrp abundance decrease ol L. hauffii.The
AE (Acrne End) of L. hauffii in other sections such as

RabaEirl and Peniche (Periili & Duarte, in progress) took
place above the Bifrons-Gradata Zone boundary.
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Fig. 6 - Sequence stratìgraphy, stratigraphic distribution of the main nannofossil taxa and carbon-isotopic record for the Lower-Middle Toar-

cian of Coimbra region (see legend in Fig. 2).

ST3: the base of the MMLSB Member corresponds
to a thick and widespread marl deposit. The elementary
sequential organisation of ST3 shows regular alternations,
composed of deci- to metric marls bed that evolve to cen-

ti- to decimetric marly limestones towards the top. The
asymmetry of these parasequences is well illustrated at

the top of the limestone beds by the small sponge mud
mounds (Duarte et al. 2001). The increase of bioclastic
remains at the top of this sequence, easily recognizable
in the eastern part of the basin (Duarte 1997), suggests

an important regressive phase (highstand system tract).
Despite this apparent uniformity of lithofacies associa-

tions, the marl/limestone couplets are often affected by
small-scale syndepositional structures, characterized by
lenticular and tabular bioclastic build-ups, particularly
rich in crinoids and brachiopods (Fig.2). In the ST3 of
Coimbra section, the regressive trend is correlative of a

slight negative trend in the ò''C record (Fig. 6).

ò"C as a Sequence Stratigraphic and Palaeocea-

nographic Tool
The carbon-isotope (d''C) record shown herein

confirms the trends illustrated in Duarte (1 998), for other
regions of the Lusitanian Basin. The first main conclu-
sion of the observed variations is that the link with the
sequence analysis previously established, should indicate

a mechanism of a prtmary nature. The isotopic variation
curve clearly shows remarkable changes at the boundaries
between several depositional sequences. The large (fun-
damentally abrupt) positive fluctuations correspond to
transgressive periods. Vith the exception of ST1, which
is truncated at the top (erosional surface), the upper-
most part of ST2 and ST3 shows gradual negative shifts,
associated with regressive phases (Fig. 6). These results

confirm that ò''C may be important indicator of palae-

odepth (Letolle & Renard 1980) and, indirectly, changes

in sea level: for instance, positive oscillations occur dur-
ing rransgressive evenrs (Fóllmi et al. 1,994, \Weissert et

a|. 1,998). This evidence can be corroborated here: ac-

cording to several authors (Weissert 1989; Jenkyns et al.

1994), the two main reasons that control this parameter
in oceanic environment are burial of organic carbon and

productivity. If the low levels of organic matter present
in the sediments do not seem to agree the possibility of
carbon transfer, fixed to the organic matter of marine
sediments, the productivity factor does not seem to be

sufficient to justify all the variability of the carbon-iso-
tope curve. Thus, the decrease of ò'tC cannot be due to a

simple break in productivity. As demonstrated in previous
work (Duarte 1998), the good correlation between the

sequence development and the carbon-isotope variation
can be explained by the interplay of ''C of continental
origin. In fact, the increase of lighter carbon-isotope in
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the carbonate sediments confirms the continental influ-
ence on deposition and consequently a regressive phase.

A good example can be seen at the base of ST2 (TNL
Member), where the lowest values of ò''C are observed
(Fig. 6). As demonstrated above, the detrital facies and

other features present in the TNL Member indicate low-
stand deposition.

This characteristic shallowing event, observed at

the base of Levisoni (Falciferum/Serpentinum) Zone in
the whole Lusitanian Basin, is related with local tecton-
ics (Duarte 1997).k is coeval of the well-known global
anoxic event (Jenkyns & Clayton 1986; Jenkyns 1988;

Jenkyns et al. 1991; Rohl et a\.2a01, amons others), re-
lated to a widespread deepening phase (Hallam 1988; Haq
et al. 1988; Hardenbol et al. 1998). Excluding some areas

(e.g. Rosales et al.2001), a rapid negative carbon-isotope
excursion characterizes the marine carbonates of lower-
most LevisoniZone in some European basins (Jenkyns
et al. 2002). This event, well recognized in the Lusita-
nian Basin, was recently explained as the result of large

methane gas-hydrate dissociation (Hesselbo et al. 2000;

Beerling et aL.2002).

On the other hand, the highest values of ò'rC, re-
corded in the Lusitanian Basin, within the middle-upper
part of Levisoni Zone, and the gradual decrease up to
the Bifrons Zone is consistent with the trends observed
in other Boreal and Tethyan basins (Jenkyns & Clayton,
1986; Baudin 1989; Jenkyns et al. 1991,2002;Jiménez et

a\.1996: Rosales et al. 2001).

Conclusions

The Lower-Middle Toarcian succession of the
Coimbra region in the northern sector of the Lusitani-
an Basin is dominated by monotonous marl/marly lime-
stone and limestone alternations, usually characterised
by rich and diverse necktonic and benthic macrofauna.
Based on facies analysis, calcareous nannofossils and sta-

ble isotopes, the following conclusions should be em-
phasized.

The series can be subdivided into three deposi-
tional sequences (ST1, ST2 and ST3), bounded by three
discontinuities: at base of Polymorphum Zone (DT1),
across the Polymorphum/Levisoni Zone boundary (DT2)
and within the Bifrons Subzone (DT3), respectively. The
most significant sedimentological change is observed at

the ST1/ST2 boundary, where the facies of the base of
Levisoni Zone are interpreted as a result of a strong shal-

lowing in the deposition (lowstand).
Although only the samples collected at the Ribeiro

sub-section provide well preserved and diverse nanno-
fossil assemblages, the samples collected from the over-
lying Levisoni, Bifrons and Gradata p.p. Zones furnish
age-significant assemblages that provide a useful set of
nannobiohorizons. They include the disappearances of
B. grande, B. fincbii and C. jansae, and the first appear-

ances of the C. cantaluppii, C. superbus, D. ignotus and D.
striatws, and the sharp abundance decrease of L. haffii.
These events support and refine the available ammonite
biostratigraphy.

The ò'rC is an important tool in sequence strati-
graphic interpretation. Two main positive carbon-isotope
excursions are observed: at the top of Polymorphum Zone
(2.6v*) and in the upper part of Levisoni Zone (3.1v"").
Both peaks are interpreted as deepening phases. The late

early Toarcian inferred deepening phase is supported by
the presence of thin-shelled bivalve (like Bositra) ho-
rizons. Between these two peaks, the minimum value

CA.24%"), observed at the base of Levisoni Zone (base

of ST2), is interpreted as induced by an abrupt increase

of continental ''C in the carbonate sediments.
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Taxonomic Appendix

Calcareous nannofossil species recognized.
Bibliography references for citated taxa can be found in Bown & Cooper (1998).

Biscutum dubiwm (NoéI, 1965) Grùn in Grùn et a1..1974
Biscutum fincbii (Crux, 1979) Bown, 1987

Biscwtwm grande Bown, 1987
Biscutum intermedium Bown, 1987
Biscwtum noaum (Goy, 1979) Bown, 1982
Bussonius prinsii (NoèI, 1973) Goy,1979
Calciaascularis jansae (Wiegand, 1984) Bown & Young in Young er al. 1986
Calyculus spp. indet.
Calyculws noelae depressa (Goy in Goy et al. 1979) Crux, 1982
Calyculus noelae recondita (Goy in Goy et aL. 1979) Crux, 1,987

Carinolithus spp. indet.
Carinolitbus cantaluppiii Cobianchi, 1990

Carinolithus poulnabronei Mattioli, 1 996
Carinolithus superbus (Deflandre, 1954) Prins in Grún et al. 1974
Crepidolitbus cauus Rood, Hay k Barnard, 1,973

Crepidolithus crdssus (Deflandre, 1954) NoéI, 1965

C rep idolith u s gran ulatus Bown, 1 98 Z

Discorbabdws ignotus (Gorka, 1952) Perch-nielsen, 1968
Discorhabdus striatus Moshkovitz Er Ehrlich, 1976
Lotbaringius barozii NoèI, 1973

Lotbaringius crucicentralis (Medd, 1921) Grún & Zweili, 1980
Lotharingiws bauffii Grùn & Zweilj in Grùn er al. 1974
Lotharingiws sigillatus (Stradner, 1961) Prins in Grún et a\.1974
Lotbaringius aelatus Bown & Cooper, 1989
L. umbriensis Mattioli, 1996

Mitrolithus lenticularis Bown. 1982
Parabdolitbus liasicus Deflandre, 1952

S cb izo sphaere lla spp. indet.
Similiscutwm ouciwlwm de Kaenel tr Bergen, 1993
Tubirhabdus patulus Prins ex Rood, Hay &'Barnard, 1,973

Zeugrhabdotus cboffatii Rood, Hay &. Barnard, 1973
Zeugrhabdotus erectus (Deflandre, 1954) Reinhardt, 1965
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