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Abstract, This muliidisciplinary stody (facies analysis, sequence
stratigraphy; calcareous nannofossils and carbon stable isotopes) fo-
cuses on the Lower to Middle Toarcian succession cropping out in the
Coimbra region (Northern sector of the Lusitanian Basin}, Portugal.
Deposited on homoclinal carbonate ramp, the sampled hemipelagic se-
ries, consisting of marl/limestone alternations, can be subdivided into
three third-order depositional sequences (ST1, 5T2 and ST3) charac-
terised by different vertical facies arrangements and paleontelogical
contents. The sequence boundaries lie within the Polymorphum Zone,
around the Polymorphum/Levisoni Zone boundary and in the Bifrons
Subzone {Bifrons Zone). The calcareous nannofossils provide a con-
tinuous succession of age-significant assemblages, and a useful ser of
nannobichorizons that include the 1O of Calcivascularis japsae, the
LOs of Biscutum grande and Biscutirn finchii, and the FOs of Carino-
lithus cantaluppi, Carinolithus superbus, Discorbabdus striaties and Dis-
corhabdus ignotus, The evolution of the 8“C agrees with che sequential
developments of the series because the positive excursions roughly co-
incide with transgressive depositional phases, whereas a negarive trend
is observed during regressive phases.

Riassunto. Questo studie multidisciplinare (analisi di facies,
stratigrafia sequenziale, nannofossili calcarei ed isoropi swbili del car-
bonio) si focalizza sulla successione del Toarciano da inferiore a medio
che affiora nella regione di Coimbra (settore settentrionale del Bacino
Lusitanica), Portogallo. Depositara su una rampa carbonatica omocli-
nalica, la serie emipelagica campionata, costituita da alternanze marne/
caleari, pud essere suddivisa in tre sequenze deposizionali di terzo or-
dine (ST, ST2 ed ST3), caratterizzare da differend organizzazioni ver-
ticali di facies e cantenuei paleontologici. T limiti di sequenza glacciono
nella Zona a Polymorphum, intorne al limite di Zona Polymorphum/
Levisoni, ¢ nella Sottozonz a Bifrons (Zona a Bifrons). I nannofossili
calcarei forniscono una successione continua di associazioni rempo-si-
gnificative, ed un’uiile serie di nannobioorizzont che includono la LO

di Calcfvascudaris jansae, le LO di Biscutin grande e Biscutum finchii,
¢ le FO di Cannolithus cantaluppi, Carinolithus superbus, Discarhabdus
striatus e Discarbabdus ignotus. Levoluzione del #"C concorda con gli
sviluppi sequenziali della serie, perché le escursioni positive coincidono
pressappoce con le fasi deposizionali trasgressive, mentre si osserva un
andamento negativo durance le fasi regressive.

Introduction

The Upper Liassic of the Lusitanian Basin is domi-
nated by marl/marly limestone and limestone alternations,
usually characterized by a rich and diverse necktonic and
benthic macrofauna (Duarte 1995, 1997). The Toarcian
succession is thicker and more hemipelagic in the Coim-
bra region (Duarte 1997). The continuous and nicely ex-
posed hithological record is useful to study the palecen-
vironmental conditions that controlled the sedimentation
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 aim of this
study is to improve the sequence stratigraphy of the ear-
ly-middle Toarcian of the Coimbra region, and hence of
the northern sector of the Lusitanian Basin. Facies anal-
ysis and stable isotopes, in particular, are useful tools
to identify the major transgressive-regressive cycles and
sequence evolution, mainly based on the recognition of
the main discontinuities (sequence boundaries} and maxi-
mum flooding surfaces. Calcareous nannofossils are used
to refine the biostratigraphic frame, based either ammo-
nite biostratigraphy recovered from the lierature (El-
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Fig. T - A: Location of the main Lower Toarcian successions in the Lusitanian Basin; B: Location map of the studied sections.

mi et al. 1989; Rocha et al. 1996) and from the personal
" communications of S. Elmi, R. Mouterde and R. Rocha
% during field trips.

: "The achieved results are compared with the previ-
ous studies on sequence analysis of the Toarcian succes-

sion cropping out in other sectors of the Lusitanian Ba-
sin (Duarte 1995, 1997).

Geological setting and studied sections

Although in the Coimbra region (Fig. 1), the Up-
per Liassic succession is expanded and shows well-devel-
oped hemipelagic characteristics, up to now, few papers
focused on it. The earlier published works deal with am-
monite biostratigraphy and regional geology (Choffat
1880; Charnay 1962; Courbouleix 1972; Courbouleix
et al. 1974; Soares et al. 1985; Duarte 1995). This lack
of detailed study is probably related to the widespread
anthropogenic activities and rtectonics; the dominance
of marly lithotypes that characterize the Toarcian por-
tion undoubredly favoured both anthropogenic activities
(mainly agriculture) and growth of vepetation. Never-
theless, an initial refined sequence and sedimentological
analysis of the Toarcian succession, cropping out in this
region, has been developed (Duarte 1995). The compos-
ite section of the Lower-Middle Toarcian succession is
based on the Ribeiro/Fornos, Marmeleira and Cabego da

Azeveda sub-sections (Fig. 2), and is useful to ljustrate
the stratigraphy and sequence analysis of the Lower to
Middle Toarcian succession exposed in the northern sec-
tor of the Lusitanian Basin.

Lithostratigraphy and sedimentology

The studied succession belongs to the §. Giio For-
mation, ranging in age from the Early Toarcian (Poly-
morphum Zone) up to Late Toarcian (Meneghinni Zone)
(Duarte & Soares 2002). Based on the vertical facies ar-
rangement, berween marl and limestone beds, and the
stratigraphical distribution of the macrofauna, the stud-
ied succession (Lower-Middle Toarcian) could be divided
into four members (Fig. 2), easily recognizable across a
large area of the Lusitanian Basin.

Marly limestones with Leptaena facies Member (MLLF). Cor-
relatable with the M5T'1 of Duarte (1995, 1997), it belongs to the Pol-
ymorphum Zone and is characterized by greyish alternations of deci-
metric to metric marly beds, recording a [arge variability of carbonate
cantent (26 to 63%), with centimetric marly limestones. It contains a
very rich benthic and neckronic macrofauna, characrerized by the sig-
nificant presence of tny brachiopads (Koninckells liasiana and Nan-
nirbynchia pygmoea), belemnites, pyritized ammanites (Dactyliocer-
atids), bivalves {essentially Plicatielz sp.) and small gastropods (Plen-
rotomaria sp.). The bioturbation is very strang, with some limestone
levels particularly rich in Zoophycos and ferruginous rubular burrows.
The member is 20 m thick.
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Fig.2 - Compostite section and syn-

Biostratt Lithostrati thetic stratigraphic charr for
1ostrall- ! ush | Compoasite section and main stratigraphic features the Lower-Middle Toarcian
graphy graphy of the Coimbra region.

B Tiny Brachiopods
% —b Y P
]
=
[ m
i 7]
& e
2E
<3 *
. w
o [ %]
=)
i
2 E| 8
z & | g BB  H. sublevisoni
< m B &
3 = 28
> g | H ES
S CAR-RE
v
" I
Mt e
50 5| 2 i
E 4 4 @@ S. bouchard;
TNL Eg Sm=
= EE:‘E —D G@GB@E D Semicelatum
% MLLF| 27 Rich nnd diversified macrofaunn
0 A~ = D= =
Marly limestone G Ammoanites * Crinoids X Very rare
Marl O Belemniles 2 Thalassinoides L Rare
Calcisiltite/fine ﬂl Terebmtulida §§ Zoophyeos - Few
Culenrenite -
——D  Discontinuity @ Rhynchonellidn v Chondrites —  Common

#N Ripplemuks  rcm Thinshelled Ay Siliceoussponge ™= Abundnt

= Lnmination Bivalves mud mounds

A Transgressive system tract v Highstand system tract ' Lowstand system tract

Thin Nodular Limestones Member (TNL). Corresponding
to the MST2A of Duarte (1995, 1997}, this member, referable to the
lowermost Levisoni Zone, is characrerised by thin (centimetric) bed-
ded aleernations of limestanes and marlstones (grey to brownish). The
basal part of this unit is composed (about 3/4 m) of barren brownish
clays (carbonate content less than 10%) and marls. The limestones
include calcilurites o fine calearenites, with irregular surfaces {amal-
gamated structures), locally with lamination, cross-bedding, symmer-
rical and current ripples. The thin (<14 cm thick) calcareous levels
are usually strongly biorurbaced; Thalassinoides, Chondrites and fer-
ruginous wbular burrows are common. Unfortunately the entire 14
m thick succession belonging to this member yields only few and
scattered macrofaunal remains such as ammonites belonging 1o the
Hildaites genus.

Marls and marly limestones with Hildaites and Hildoceras
Member (MMLHH). This very thick member, correlatable with the
MST2B of Duarte (1995, 1997), reaches in this region nearly 95 m in
thickness. Spanning from uppermost Levisoni to middle-upper part of
the Bifrons Zone, is made up of decimerric to metric alternations of
marls, marly limestones and limestones (mudstones), with the Jarter
increasing rowards the top of chis unit. The neckronic (ammonites)

and benthic (brachiopods and bivalves) faunal association is a persist-
ent feature of this unit, bur always with low diversiry, The brachiopods,
essentially thynchonellids (Soaresiriynchia) and terebrarulids (Telothyris
Jauberti) are very rich at the base of the member, referable to the Le-
visoni Zone; whilst some horizons of the uppermost part of this am-
monite Zane are very rich in thin-shelled bivalve (lilke Bositra). These
features are observed in other sections of the northern sector of the
Lusicanian Basin (Duarte 1997).

Marls and marly limestones with sponge bioconstructions
Member (MMLSB). This 60 m thick unit, ranging from the uppermost
Bifrons Zone to the lower part of the Bonarelli Zone, is correlarable
with the MST3 of Duarte (1995, 1997). Although it discontinuously
crops out, it shows a similar monotonous feature throughout the Lusi-
tanizn Basin (Duarce 1997). With the exception of the marly base, the
unit is composed of regular alternations of decimetric to metric marly
beds with centi- to decimerric marly limestones. Throughout the encire
member the occurrence of small siliceous sponge mud mounds, prefer-
entially associated with caleareous lithofacies, is a typical and dominant
feawure of this unit (Duarre et al. 2001). The macrofauna shows a large
diversiry, locally with high concentrations of ammonoids, thynchonel-
lids, erinoids and bivalves.



Levisoni Zone).

Calcareous nannofossils

Methods. A total of 180 closely spaced samples were collected.
Becanse the limestones have been strongly affected by diagenesis, mostly
marly or marly limestone intervals have been sampled. In order to re-
tain the original ratio between nannolossils and other fragments, neither
centrifugation nor ulumsound were applied. Semiquantitative analysis
was performed with a light microscope using 1250X magnification. A
toral of 1000 fields of view for each sample were observed to estimate
the tosal and relative abundance classes and the degree of preservazion.
Special attenrion was paid to smear slide sets corresponding to critical

118 L. Duarte, N. Perilli, R. Dino, R. Rodrigues & R. Paredes
S K =2 9
. . . i i) 2=
Main stratigraphic and gl 2l 12|18 leolalZl.1E|E|«
. . =8 SIS |E|SIE|E|Tl1z|3|I8|E|2 |3
sedimentological features S8 g|E|S (8|21 || |®|E|%|%
[=] 3 8 b ) = = o = ] b s
FES|S|5 S| E|S I R|A]S 2|8 |&® |8
|l ey | | of |ed | o9 | ed | o Jeg [ | o3 [~ | 3 | i
p— pra — =
% p— pa—— 3 — p—
5 = F = L
= = = — T
pe— p— pow— p— p—
— = o —
== —} o =]
w7 pamay p— p— p— —— pu
] p— p— p— =
=
o j— — o — ol
m = = p— 3
4]
B . - -
8
_g jomene: e be - o
S = L B L B
g Browni
= rownish Clays
= and Marls
—D
. — — — —  — p—
o i — — ¥ — = = = . — — [
g == - = T E = L
p— — p—— - il p— — -
72 il i p— p— p— pusu— j— p—
.2
8
[3351
E g — f— p— p— — — p— —
g ¥, — = -
= — pomam —
S — ¥ E napl 8 - .
3 2 - .
5 % 3 FoL
= & L
z % i Ok
Mt| % [
6 8 .
T B
= ¥
&
8 %
—D
fi] . ———=————— o e —_]
Fig.3 - Seratigraphic distribution of the main nannofossil taxa in the Ribeiro/Foraos composite section (Polymorphum Zone 1o lowermost

steatigtaphic intervals (e.g. beginning and ending range of age-signifi-
cant taxa) or to poor and bad by preserved assemblages; in both cases
more than 2000-2500 fields of view have been observed. Smear slide
preparation and semiquantitative analysis were adopted because an ad-
ditional purpose of our investigation was to develop  reliable and eas-
ily reproducible biostratigraphic framewark.

Assemblages. The smdied samples yielded 32 dif-
ferent nannofossil taxa (listed in Appendix 1). The strati-
graphic ranges of selected species are outlined for each
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section in Figs. 3-5 and a summary scheme of their range
is reported in Fig. 6. The bulk of the assemblages are char-
acterized by abundant Schizospbaerella and Lotharingius,
along with the genera Biscutum and Crepidolithus. The
diagenesis-resistant genera Schizosphaerella and Lotharin-
gius frequently represent a large amount (up to 90-95%)
of the depleted assemblages, and frequently they are the
only taxa present, with a low abundance.

The great abundance and diversity of the assem-
blages from the lowermost Toarcian Polymorphum Zone
(correlatable with the Tenuicostatum Zone) is most likely
related to their high clay contents (Fig. 3). These assem-
blages are dominated by Schizosphaerella spp., L. hauffii,
C. jansae, B. novum, B. prinsii and S. crucindus, along with
C. crassus, B. grande, B. finchii and L. umbriensis. The as-
semblages are also characterized by the occurrence of L.
sigillatus and very rare specimens of L. velatus. Across the
Polymorphum-Levisoni Zone boundary the assemblage
composition changes remarkably due to the abundance
decrease of C. jansae and S. crucinius. Unfortunately, the
lowermost part of the Levisoni Zone is represented by
thin nodular limestone lithofacies that are usually barren
or provide few and badly preserved nannofossil specimens.
However, the few fossiliferous samples collected at the
Fornos sub-section furnish age significant-assemblages
that allow us to recognize the lowermost part of the Le-
visoni Zone as the level of disappearances of B. grande,
B. finchii and of C. jansae as well as the appearance of the
genus Carinolithus (C. cantaluppiii).

Even the overlying samples belonging to the up-
per part of the Levisoni, Bifrons and Gradata p.p. Zones,
collected at the Marmeleira and Cabeco da Azeveda sub-
sections, furnish a continuos succession of age-significant
assemblages, although the majority of them are scarce and
badly preserved. In the middle of the upper part of the Le-
visoni Zone the first appearance and the relative abundance
increase of C. superbus is readily detectable. Likewise, the
first occurrence of Discorhabdus, with D. ignotus and D.
striatis, is observed around the Levisoni-Bifrons Zone
boundary, even if both species are extremely rare up to
the middle part of the Bifrons Zone. Consequently, the as-
semblages referable to the upper part of the Levisoni Zone
and Bifrons Zone are quite similar and are characterized by
the common occurrence of Sehizosphaerella and L. haufii
together with C. cantaluppii and C. superbus (from the up-
per part of the Levisoni Zone), D. ignotus and D. striatus
(from the upper part of the Bifrons Zone) and extremely
rare specimens of Lotharingins welatus. Across the Bifrons-
Gradata Zone boundary the assemblages further change
due to the remarkable abundance decrease of Lotharingius
hauffti, which almost disappears within the Gradata Zone,

Nannofossil bioevents

As mentioned above, only the samples belonging
to the Polymorphum Zone provide well-preserved and
diverse nannofossil assemblages, whereas those from the

overlying ammonite zones are frequently depleted by di-
agenesis. Nevertheless, the biostratigraphic signal is not
completely overshadowed, and all the main early-middle
Toarcian nannofossil events, utilized in both Boreal and
Tethyan sections, have been identified. Therefore, based
on a closely spaced sampling of the sequential units crop-
ping out in the Coimbra region, they are correctly placed
with respect to the available ammonite biostratigraphy
(Elmi et al. 1989; Rocha et al. 1996).

LO of Calcivascilaris jansae. This taxon disappears
within the TNL Member, shightly above its sharp abun-
dance decrease that roughly coincides with the MLLF/
TNL (i. e. DT2) boundary. Hence, C. jansae is useful to
date both the first intra-Toarcian discontinvity (D'T1)
(nearly coincident with its sharp abundance decrease) and
DT2 (lying below its disappearance). A sharp abundance
decrease of C. jansae as well as the LO of C. jansae have
also been recognized in the same stratigraphic position in
the Peniche section (Perilli & Duarte in progress).

FO of Carinolithts cantaluppiii. Although the few
fossilifereous samples collected within the TNL Mem-
ber provide scarce and badly preserved assemblages, the
appearance of the genus Carinolithus, with the FO of C.
cantaluppi, is readily detectable just above the MLLE/
TNL boundary. This biohorizon has been recognized
above this boundary in both Peniche and Figueira da
Foz sections (Perilli & Duarte in progress); in this latter
sections it lies within the TNL Member.

L.Os of Biscutum grande and Biscutum finchii. Both
taxa are significantly present within the MMLF Member,
whereas they are extremely rare in the TNL Member. Be-
cause only few and scactered B. finchii are present in the
overlying basal portion of the MMLHH Member, both
bichorizons should be placed in the lower part of the Levi-
soni Zone. With respect to depositional sequence and am-
monite zones, the LOs of Biscutum grande and Biscutum
finchii lie in the same stratigraphic position in the Peniche
and Figueira da Foz sections (Perilli & Duarte in progress).

FO of Carinolithus superbus. Common to both
Tethyan and Boreal sections, in the investigated succes-
sion C. superbus is present from the base of the Marmelei-
ra section, where the middle part of the MMLHH Mem-
ber crops out. Consequently the FO of Carinolithus siu-
perbus lies within the Levisoni Zone, as observed in the
Peniche and Figueira da Foz section (Perilli & Duarte in
progress). Nevertheless, due to its low and scartered oc-
currence in its inivial range, a lower first appearance of
this taxon is not excluded.

FO of Discorbabdus striatus and Discorbabdns ig-
notus. Although both taxa are extremely rare in their in-
itial range, their appearance is nicely recognizable in the
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Fig. 5 - Stratigraphic distriburion of the main nannofossil taxa in the Cabego da Azeveda section (uppermost Bifrons Zane o lowermost Gra-

data Zone).

middle-upper part of the Marmeléira 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 Discarbabdus striatus has been iden-
tified slightly above the Levison/Bifrons Zone boundary
of both Peniche and Figueira da Foz sections (Perilli &
Duarte, in progress).

Fig. 4 - Strarigrephic distribution of the main nannofossil taxa in the
Marmeleira section (uppermost Levisoni Zane 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 & 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 §°C and §"O stable isoropes, 29
samples of bullk-rock micritic earbonate sediments from caleareous levels
belanging to the Lower-Middle Toarcian members were analysed. The
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UNITS Samples orC 00
MMCB Member S8 45 119 -3.56
MMLSB Member S5 38 0.48 -4.76
MMLSB Member S8 32 0.8 -3.46
MMLSB Member 8520 0.68 -4.99
MMLSB Member MB 76 1.84 -2.95
MMLSB Member MB 57 1.63 -3.49
MMLSB Member MB 40B 1.83 -3.04
MMLSB Member MB 01 1.89 -3
MMLHH Member MM 95 1.79 -4.48
MMLHH Member MM 21 201  -3.27
MMLHH Member MM 77 238 -3.55
MMLHH Member MM 71 221 -3.37
MMLHH Member MM 69 1.37 -3.46
MMLHH Member MM 64 266 -3.59
MMLHH Member MM 58 2.24 -457
MMLHH Member MM 54 273 -3.76
MMLHH Member MM 50 3.1 -3.41
MMLHH Member MM 44 3.02 -3.58
MMLHH Member MM 40 284 -3.77
MMLHH Member EP336 1.7 -2.78
TNL Member EP249 0.2 -2.75
TNL Member R 60 -0.24 -3.19
MLLF Member R 56 26 -3.79
MLLF Member R 52 " 2.08 -3.8
MLLF Member R 41 094 -445
MLLF Member R 33 126 443
MLLF Member R 18 141 -3.63
MLLF Member R 09 0.56 -3.43
Lemede Formation R 01 049 404

Tab. 1 - List of the isotopic results (%o} in the Lower-Middle Toar-
cian succession of the Coimbra region. MMCB Member -
Marls and Marly Lirnestones with Brachiopods Member in

Duarte & Soares (2002},

toral carhonate content of each sample was analysed through the Ber-
nard calcimeter, The final isotopic composition of carbon and oxygen,
was obtained using a Finnigan MAT 232 mass spectrometer at Petrobras
Research Center (Cenpes, Brazil), following the sraditional procedures
(McCrea 1950). Al che values are reported in parts per mil (%o} nota-
tion {8} relative to the PDB (Pee Dee Belemnite} international standard
(Craig 1957). Carbon-and oxygen-isotope ratios are listed in Tab. Tand
plosted along the strarigraphic composite section in Fig, 6.

Results

8“C: the carbon-isotope ratio shows a large varia-
tion within the Lower-Middle Toarcian succession, with
values ranging between -0.24%o and +3.1%.. Despite the
low number of analysis, significant oscillations are ob-
served within and between each member. The isoropic
variation curve of 8"°C roughly agrees with the trends ob-

served in other sections of the Lusitanian Basin, as point-
ed out by Duarte (1995, 1998); the achieved results also
support the 8*C as a good stratigraphic marker.

As outlined in Fig. 6, the lower part of the succes-
sion is characterized by two positive trends observed with-
in the MLLF (0.56 to 2.6%) and TNL (-0.24 to 0.2%)
separated by a minimum values found in the TNL Member
(R60 and EP249). Besides, the greatest Toarcian change
occurs at the boundary between these units (from 2.6 to
~0.24%:). Unfortunately, the trend observed within the
overlying MLLF Member is not uniform, showing in this
member some important variations (positive and nega-
tive excursions) and a big difference between the values
obtained for the same unit (more than 2.00%.) (Fig. 6).

However, it is in the middle part of the MMLHH
Member (Levisoni Zone) that the maximurm values, reach-
ing 3.00 %o (MM44 and MM50), are observed. Fluctua-
tions in §"C are generally negative in the upper part of
the MMLHH Member (Bifrons Zone; from 3.1 to 1.79%a)
and throughout the MMLSB Member (uppermost Bifrons
Zone to Bonarellii Zone; 1.89 to 0.48%o). These trends
have been previously observed by Duarte (1995, 1998) in
the Rabagal and Porto de Més regions, located southern
of Coimbra region (Fig. 1).

8"Q: ranging from -4.99%o to -2.75%s., the oxygen-
isotope values agree with the results obtained by Duarte
(1998) in other sections (e. g. Rabagal, Brenha and Porto
de Més) of the Lusitanian Basin. Compared with the §°C
trends, the oxygen-isotope values are highly variable (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 modification during burial may have occurred.

Discussion

Sequence stratigraphy and depositional system

The composite section of the Lower-Middle Toar-
cian of the Coimbra region is organised into three depo-
sitional sequences (ST1 to ST3). These sequences are cor-
relatable with the MST1-MST3 sequential units of Duarte
(1995, 1997) and they are bounded by four (DT1 to DT4)
isochronous regional discontinuities (Figs. 2 and 6), partic-
ularly remarkable in the southeast part of the basin (Tomar
region; Iig. 1). Based on ammonite and calcareous nanno-
fossil biostratigraphic data, the duration of each sequence
agrees with the time range estimated by Vail et al. (1991) for
the third-order depositional sequences (0,5 1o 3 My).

According to Duarte (1995, 1997), these character-
istic trends are quite similar to those observed in other
classical sections of the Lusitanian Basin (i.e. Alvaiizere,
Porto de Més, Rabagal and Figueira da Foz; Fig. 1). How-
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ever, several particular sedimentary features are observed
only in the Coimbra region. The ST1-5T3 sequences have
been deposired in the differentiated context of a homocli-
nal carbonate ramp system dipping towards the northwest
(Duarte 1997). The thickness of each sequence increases in
this direction, favoured by a great subsidence-controlled
accommodation. In fact, the Lower-Middle Toarcian sue-
cession 15 170 m thick in the distal part of the basin (Figue-
ira da Foz and Coimbra), whereas in the southern proxi-
mal sectors (Tomar) it reaches only 50 m (Duarte 1997).

DT1: this first Toarcian discontinuity is located in
the lowermost Polymorphum Zone. This surface coin-
cides with the boundary between the Lemede and S. Gido
Formations {Fig. 2), and corresponds to the first Toarcian
flooding surface. Compared with the much more calcare-
ous uppermost part of the underlying Spinatum Zone, the
base of ST1 is interpreted as a deepening phase, a large
scale event observed in many other Boreal and Tethyan
sections at the base of Toarcian.

ST1: this sequence corresponds to the MLLF Mem-
ber, and is the most argillaceous unit of the entire Toar-
cian succession. The marl/marly limestone alternations
show an interesting rhythmicity at various scales (parase-
quences and parasequence groups). Usually, several sedi-
mentological and stratinomic aspects show an elementary
rhythmic sequential organisation (parasequence), begin-
ning with marl grading to marly limestone. This sequence
1s very asymmetric, and a large part of ir, is interpreted
as a transgressive system tract. Hence it is quite difficult
to identify the maximum flooding surface although this
probably corresponds to a thick limestone bed (0.80 m),
very rich in Dactylioceratids (a good event horizon easily
recognizable in all the Lusitanian Basin). However, the
transgressive trend i1s well documented by the §°C values
because a maximum excursion (2.6%.) has been obtained
for this Dacrylioceratid-rich horizon (Figs. 2, 3'and 6).

DT2: this unconformity corresponds to the MLLF/
TNL Member boundary. Defines the most important sed-
mmentological and palaeontological change observed in
whole the Lower Jurassic succession of the Lusitanian
Basin, and reflects significant tectonic activity (Duarte
& Soares, 1993; Duarte 1997). Roughly corresponding
to the Polymorphum-Levisoni Zone boundary (Duarte
1997}, it lies berween the sharp abundance decrease of C.
jansae and the appearance of C. cantaluppiii, In the distal
facies of the Coimbra region, the great change observed
between the MLLF and TLN Members, corresponds to
an abrupt decrease in the §°C (Figs. 2 and 6).

ST2: this sequence begins with brownish clays and
marls that characrerize the base of TNL Member. These
facies, exclusive ta the northern part of the Lusitanian Ba-
sin, are usually unfossiliferous, providing only scarce nan-

nofossil assemblages strongly depleted by diagenesis (Fig,
2). Upwards, this sequence grades into thin silty to sandy
limestone alternations with marly clay interbeds that cor-
responds to the typical TNL Member in whole the basin.
Several patterns can characterise the sequential orpanisa-
tion (microsequences), but all of them are fining upward
and can shows a millimetric-scale bioclastic lag, composed
of echinoid fragments. These facies show tempestitic-tur-
biditic features (Duarte 1997), observed in the other sec-
tions of the Lusitanian Basin, and related to tectonic trig-
ger mechanisms (Wright & Wilson 1984; Duarte & Soares
1993; Duarte 1997). The carbon-isotope evolution in these
levels shows an abrupt decrease, which support the low-
stand system tract interpretation, through the increase of
lighter continental “C in the depositional system.

The overlying part of ST2, coincident with the MML-
HH Member, is composed of marl/limestone decimetric to
metric alternations. The alternations are not so rhythmic as
other sectors of the Lusitanian Basin, like Rabagal (Duarte
1994), and it has been difficult vo discern the elementary
sequences (parasequences). The limestone beds are com-
posed of thin (centimetric) limestone 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 terebraculids). The base of this thick
unit corresponds 1o a transgressive event (transgressive sys-
tem tract), shown by an increase in marly deposits and a
positive carbon-isotope excursion (values above 3.00 %o0)
(Fig. 6). 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 agrading/prograding pack-
age. The series become progressively more calcareous and
the vertical facies association, compared with the evelution
recognised in other points of the basin (Duarte 1997), il-
lustrate a shallowing-upward evolution (highstand system
tract}. This trend is corroborated by the §°C record, show-
ing a negative excursion (Fig. 6), interpreted as the result
of an increase in continental “C 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 Rabagal section (located 15km ar south
of Coimbra), has been not recognized in the studied com-
posite section, due to the bad exposures in the Coimbra
region. However, the major facies change, corresponding
to a flooding surface, occurs between the MMLHH and
MMLSB Members (Bifrons Subzone; Duarte 1997), and
lies below the sharp abundance decrease of L. hanffii. The
AE {Acme End) of L. bauffii in other sections such as
Rabagal and Peniche (Perilli & Duarte, in progress) took
place above the Bifrons-Gradata Zone boundary.
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Fig. 6 - Sequence stratigraphy, stratigraphic distribution of the main nannofossil taxa and carbon-isoropic 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 $T3 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 limeéstone 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 5°C record (Fig. 6).

85C as a Sequence Stratigraphic and Palacocea-
nographic Fool

The carbon-isotope (3%C) record shown herein
confirms the trends illustrated in Duarte (1998), 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 primary 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. With 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 §°C may be important indicator of palae-
odepth (Letolle & Renard 1980) and, indirectly, changes
in sea level: for instance, positive oscillations cccur dur-
ing transgressive events (Follmi et al. 1994, Weissert et
al. 1998). 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 orpanic carbon and
productivicy. 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 5°C cannot be due toa
simple break in productivity. As demonstrated in previous
work (Duarte 1998), the good correlation berween 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 8°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 recron-
ics (Duarte 1997). It is coeval of the well-known global
anoxic event (Jenkyns & Clayton 1986; Jenkyns 1988;
Jenkyns ex al. 1991; Réhi et al. 2001, among 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 Levisoni Zone 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 §*C, 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
al. 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, usvally 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 5T1/5T2 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. finchii and C. jansae, and the first appear-
ances of the C. cantaluppii, C. superbus, D. ignotus and D.
striatus, and the sharp abundance decrease of L. hanffii.
These events support and refine the available ammonite
biostratigraphy.

The 8°C is an important tool in sequence strati-
graphic interpretation. Two main positive carbon-isotope
excursions are observed: at the top of Polymorphum Zone
(2.6%) and in the upper part of Levisoni Zone (3.1%.).
Both pealts 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. Berween these two peaks, the minimum value
(-0.24%.), 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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Biscutum dubinm (Noél, 1965} Griin in Griin et al. 1974
Biscutum finchii (Crux, 1979) Bown, 1987

Biscutum grande Bown, 1987

Biscutum intermedinm Bown, 1987

Biscutum novum (Goy, 1979) Bown, 1987

Bussonius prinsii (Noél, 1973) Goy, 1979

Calcivascularis jansae (Wiegand, 1984) Bown & Young in Young et al. 1986

Calyculus spp. indet.

Calyculus noelae depressa (Goy in Goy et al. 1979) Crux, 1987
Calycidus noelae recondita (Goy in Goy et al. 1979) Crux, 1987

Carinolithus spp. indet.
Carinolithus cantaluppiii Cobianchi, 1990
Carinolithus poulnabronei Marrtioli, 1996

Carinolithus superbus (Deflandre, 1954) Prins in Griin et al. 1974

Crepidolithus cavus Rood, Hay & Barnard, 1973
Crepidolithus crassus (Deflandre, 1954) Noél, 1965
Crepidolithus granulatus Bown, 1987

Discorbabdus ignotus (Gorka, 1957) Perch-nielsen, 1968
Discorbabdus striatus Moshkovitz & Ehrlich, 1976
Lotharingius barozii Noél, 1973

Lotharingius crucicentralis (Medd, 1971) Griin & Zweili, 1980

Lotharingius bauffii Griin & Zweili in Griin et al. 1974

Lotharingius sigillatus (Stradner, 1961) Prins in Griin et al. 1974

Lotharingins velatus Bown & Cooper, 1989

L. umbriensis Mattioli, 1996

Mitrolithus lenticularis Bown, 1987

Parabdolithus liasicis Deflandre, 1952

Schizosphaerella spp. indet.

Similiscutim crucinlum de Kaenel & Bergen, 1993
Tichirbabdus patulus Prins ex Rood, Hay & Barnard, 1973
Zengrbabdotus choffatii Rood, Hay & Barnard, 1973
Zeugrhabdotus evectus (Deflandre, 1954) Reinhardr, 1965



