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ABSTRACT

Analyses of foraminifera and ostracoda ar¢ made from Kimmeridgian-Barremian
outcrops in the Lusitanian Basin of Portugal, and wells in the Grand Banks of
Newfoundland. In the Praia Azul section, a slightly brackish to marine assemblage of
ostracoda including Cytherella, Cytherelloidea and Schuleridea characterize outer lagoon
or bay paleoenvironments; associated foraminifera include Everticyclammina,
Mesoendothvra, Freixialina and Haplophragmoides. The mesohaline to polyhaline
ostracoda Pcraranotacythere, Galliaecytheridea and Schuleridea characterize brackish
lagoons with local oyster patch reefs; associated foraminifera include Choffatella and
Rectocyclammina. Landward of the patch reefs, freshwater intiu...ce is indicated by the
ostracoda Fabanella, Darwinula and Cypridea; Choffatella is the associated foraminifera.
The foraminifera Eoguttulina is ubiquitous to these environments. Classification of the
foraminifera on test morphology permits recognition of sub-environments, based on
habitat. In the Cabo Espichel section, Choffatella and smaller agglutinated foraminifera are
associated with rapid basin subsidance in the early Tithonian, whereas Anchispirocyclina
is associated with lower rates of basin subsidence and shallow carbonate sedimentation
during the latest Jurassic and early Berriasian. Ostracoda indicate fluctuating marine-
brackish salinity. Rapid ostracod speciation in the early Berriasian, combined with
opportunistic associations of Anchispiricyclina and Discorbis, may be linked to
environmental instability during the Berriasian regression. At Ericeira, smaller agglutinated
foraminifera are associated with Berriasian-Hauterivian marginal to non-marine
sedimentation. Ammobaculites assemblages indicate river estuary paleoenvironments,
whereas Ammobaculites-Trochammina and trochamminid assemblages indicate marsh
paleoenvironments. Two biozonations are proposed for the Lusitanian Basin.

Examination of cored intervals from Grand Banks wells revealed similarity in the
microfossil assemblages from marginal marine environments. Presence of a form of
Ammobaculites subcretaceus displaying a novel mode of growth may be a biostratigraphic
marker for the top of the Berriasian in Portugal and the Grand Banks. A stratigraphic
re-evaluation of the Grand Banks wells is made, and suggests the Jurassic-Cretaceous
boundary occurs at greater depth than previously thought. A new foraminiferal biozonation
is proposed for the Grand Banks. A review of the stratigraphic and subsidence histories
of the North Atlantic rift basins indicates most transgressive- regressive events are linked to
tectonic, rather than eustatic events.
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CHAPTER 1
INTRODUCTION

1.1: Purpose of investigation

The primary objective of this study is to obtain a better understanding of the
paleoecological factors controlling the aistribution of Foraminifera and Ostracoda in the
Kimmeridgian to Barremian shallow marine deposits of the North Atlantic. These deposits
are widely distributed in a number of circum-Atlantic basins, many of which have yielded
significant hydrocarbons. However, biostratigraphic correlation between and within these
basins is difficult due to the rarity or absence of planktonic fossils and apparent facies
dependance of many of the benthic fossils.

The two study areas chosen, the Lusitanian Basin of west Portugal and the Grand
Banks of Newfoundland are well suited to this investigation. Paleogeographic
reconstructions of the North Atlantic (Pitman and Talwani, 1972; Jansa and Wade, 1985a;
Srivastava and Tapscott, 1986) have shown that the Lusitanian Basin and the Grand Banks
of Newfoundland were conjugate prior to significant sea floor spreading in the Early
Cretaceous (Aptian, Figure 1.1). Hiscott et al. (1990a) have demonstrated a comparable
tectonic and sedimentologic development for the Mesozoic syn-rift basins of the North
Atlantic. Exton and Gradstein (1984) showed a similar sedimentologic and biostratigraphic
history for the Early Jurassic, while Stam (1986) showed the foraminiferal assemblages of
Portugal an-” he Grand Banks of Newfoundland to be closely similar in the Middle and
Late Jurassic. The outcrop sections in the Lusitanian Basin are well exposed and are
composed of a wide variety of facies representative of many different shallow and marginal
marire paleoenvironments. The wells selected in the Grand Banks basins contain a
number of cored intervals that provide accurate lithologic data and overcome the problem

1
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Figure 1.1: Generalized paleogeographic reconstruction of the North Atlantic syn-rift
basins prior to significant sea floor spreading in the Aptian (after Hiscott ez al., 1990).
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3
of downhole contamination seen in cutting samples. Study of the microfossil palecscology
and the depositional environments in Upper Jurassic and Lower Cretaceous coastal
sections of Portugal will have obvious implications to our present and future
understanding of the depositional environments buried deeply beneath the conjugate Grand
Banks basins and subbasins.

A second objective in this study is to develop a regional biozonation scheme for
correlation within the Lusitanian Basin that takes into account the facies (and
paleoenvironmental) variations seen within the basin. The existing stratigraphic
nomenclature for the Lusitanian Basin is complex and contains a mixture of biostratigraphic
and lithostratigraphic terms. Choffat (1901) had difficulty in relating the various facies to
European stages of the Late Jurassic. As a result, he introduced the new stage Lusitanian
for the lower calcareous facies of the Upper Jurassic, and Negjurassic for the clastic facies
in the upper part. Choffat's (1901) stratigraphic units vere defined in the Upper Jurassic
marine facies at Torres Vedras. Extension of Choffat's (1901) units from the type areas
was based partly on fossil content, and partly on their approximate position within the
stratigraphic sequence. A clear separation of tiostratigraphy from lithostratigraphy is
needed before an acceptable formal stratigraphic reclassification can be attempted. To date,
there has been no single publication detailing the Foraminifera and Ostracoda from the
Kimmeridgian to Barremian interval that accounts for the regional differences in facies. The
results of the biostratigraphic study in Portugal will also have important implications to our
understanding of Grand Banks stratigraphy, and the application of Portuguese
biostratigraphic findings to the Grand Banks wells is another important objective in this
study.

A final objective is to assess the nature of the transgressive and regressive trends
seen in the two conjugate basins. Both basins have a number of closely comparable
stratigraphic elements that may be related, in part, to the tectonic evolution of the North

Atlantic through its Mesozoic rift development (Hiscott ef al. 1990a), and possibly also to
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the inferred global (eustztic) sea level changes of Haq er al. (1987). While it is beyond the
scope of this thesis to undertake a regional stratigraphic study of all the North Atlantic
basins, such as has been done by Hiscott et al. (1990a), the biostratigraphic results will
have obvious implications to the dating of North Atlantic transgressive and regressive
events. The approach used to achieve the final objective of the thesis is somewhat novel. It
has been suggested (Lethiers, 1983; van Harten and van Hinte, 1984) that a fundamental
relaticnship exists between the longevity of species of Ostracoda and change of relative sea
level, and that Ostracoda speciation through time is related to environmental changes
brought about by sea level changes. Van Harten and van Hinte (1984) introduced the term
ostracod chronoecology to describe these relationships. Morc recently, it has been
suggested that Ostracoda - based chronoecologic reconstructions could be used to fine-tune
the global eustatic curve (van Harten, 1988). This notion has been tested for the Jurassic of
Britain and France with apparent success (van Harten, 1988), and awaits input from other
areas. The principal of Ostracoda chronoecology will therefore be applied to Portugal and
the Grand Banks to determine the correspondance of any eustatic signal to that predicted in

the "Exxon" curve.

1.2: General introduction to the Portuguese sections.

Outcrop sections in Portugal were selected such that they provided as complete a
stratigraphic coverage of the Kimmeridgian to Barremian interval as possible. The sections
also had to be representative of a wide variety of shallow ma:ine deposits, which would
illustrate the relationships between the microfossil assemblages and the dcpositional
environments.

Using these criteria, three well-exposed coastal sections in the Lusitanian Basin of

west central Portugal were selected: Cabo Espichel, Ericeira, and Praia Azul (Figure 1.2).
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Figure 1.2: Map of Portugal showing the location of the coastal sections examined

in this study.
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The Lusitanian Basin has an elongate north-south trend, extending from around Porto to
just south of Cabo Espichel, and bounded to the east by the Iberian Meseta (Figure 1.3)
The three sections are situated in the western part of this basin.

The stratigraphic framework for the Upper Jurassic-Lower Cretaceous successions
in the Lusitanian Basin, as mentioned above, is based on local stratigraphic stages defined
by Choffat (1901), that are ha-d to relate to recognised European stages. Despite having
received attention for more than a century, Portuguese stratigraphy is fraught with different
terminology that often confuses lithostratigraphic and biostratigraphic terms. Portuguese
stratigraphic nomenclature is current’y being revised by R.C.L. Wilson and collaborators,
but at present, no formal stratigraphic scheme exists for Portugal.

The earliest stratigraphic work in Portugal is a monograph on the Cretaceous by
Choffat (1885). The Jurassic-Cretaceous boundary in Portugal was studied in more detail
by Choffat (1901). Renewed interest in the region was shown by the oil industry
(Companhia dos Petroleos de Portugal) in the 1950's that resulted in publications by
Mezmpel (1955), Seifert (1963) and Qertel (1956). Publications of the Servicos Geologicos
de Portugal include Ruget-Perrot (1961), Ramalho (1971), Rey (1972) and Mouterde et
al., (1972). A more recent work that summarises some of the regional stratigraphic
problems is in Wilson (1979).

Although a well known biostratigraphic framework based on ammonites exist., for
most of ihe Jurassic (Choffat, 1880; Ruget-Perrot, 1961; Mouterde er al., 1972),
ammonites are rare or absent in the Upper Jurassic and Lower Cretaceous sequences.
Thus, attempts have been made to improve the biostratigraphic framework using calcareous
algae (Ramalho, 1971), echinoderms (Rey, 1972), and dinoflagellates {Leereveld et al.,
1989; Berthou and Leereveld, 1989). Reconnaissance fieldwork in 1986 by R.N. Hiscott,
F.M. Gradstein, and the author confirmed the suitability of the three sections chosen for

this study.
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1.3: Paleogeography of tlie Lusitanian Basin from the Late Jurassic to the

Early Cretaceous.

The Lusitanian Basin lies to the west of the Iberian Meseta (Figure 1.3) and is
underlain by Hercynian (Paleozoic) ba~zment. A generalized stratigraphic scheme (Figure
¢.4), published in Hiscott et al. (1990a), is based on sections around Ericeira and Cascais.
A more detailed regiona” ~tratigraphic scheme is not available at this time.

Late Hercynian deformation resulted in the development of NE and NNE trending
strike-slip faults (Ribeiro et al., 1979), which were to have a significant influence on the
Mesozoic and later development of the Lusitanian Basin, its sub-basins, halokinesis, and
sedimentary facies distributions (Wilson et al., 1990). Normal movements along these
faults (a notable one being the Nazare fault) in the Late Triassic-Early Jurassic led to a
general zone of subsidence in the NNE, and deposition of continental to shallow marine
sandstones, shales, evaporites and dolomites in the Hettangian through Sinemurian
(Wilson and Exton, 1979). Normal marine sedimentation of alternating shales and
limestones persisted until the Pliensbachian. During the Early Toarcian, basinal shales were
deposited, whereas shelf carbonates became increasingly prevelant through the Aalenian
and into the Bathonian, indicating a general shallowing.

Block faulting in the Callovian, related to reactivation of the Hercynian basement
faults, together with halokinesis, changed the configuration of the basin and led to the
development of sub-basins to the north and south of the Nazare fault. This greatly
influenced the pattern of Callovian marine sedimentation. Middle Callovian halokinesis,
and marine regression is evidenced by an absence of Lower Oxfordian sediments in the
northern basin, and the development of sandstones and oolitic and reefal limestones in the
basins to the south (Wilson and Exton, 1979).

Widespread brackish and marginal marine sedimentation in the northern basin

during the Late Oxfordian was followed by an influx of fluvial clastics at the base of the
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Kimmeridgian. Sedimentation continued to be non-marine in character throughout the
remainder cf the Jurassic in the northern basin.

In the southern basin, shallow water and high energy Lower Oxfordian carbonates
rest unconformably on Upper Callovian strata, while rapid subsidence at the end of the
Early Oxfordian resulted in normal marine sedimentation with shallow water and high
energy carbonates. The Late Oxfordian-Early Kimmeridgian is charactericed by rapid
deepening (Stam,1986), marked by a predominance of shales and the introduction of
siliciclastics that prograded from north to south. Further basement fault reactivation and
halokinesis in the Early Kimmeridgian in the southern basin resulted in complex facies
distribution, with reefal carbonates being developed to the south (Cabo Espichel area) and
fluvial clastics to the north (Ericeira area).

Marine transgression and regression during the Tithonian are evidenced by a series
of alternating carbonates and siliciclastics in the Cabo Espichel section, and marine
limestone intercalations in the Ericeira area (Hiscott et al. 1990a). Uplift of the fault blocks
resulted in general shallowing and the gradual coarsening upward seen through the
Tithonian to Berriasian interval (Hiscott ez al., 1990a).

Further tectonic uplift and tilting of older rocks is seen by the development of
conglomeratic continental deposits of Valanginian age resting unconformably on ?Upper
Berriasian sediments (Hiscott e al. 1990a). A general transgressional event with a change
from continental to marine sedimentation marks the Valanginian to Hauterivian intervals
with the development of shales and coral limestones in the sections at Cabo Espichel and

north of Ericeira.

1.4: Field and laboratory methods.

Sample localities were selected with principal twr goals in mind: firstly, to get as

complete a stratigraphic coverage of the section as possibie; secondly, to obtain as broad a
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representation of the different facies types as possible. Some trade-off between these two
objectives was inevitable, given the thicknesses (1100m in total) of the sections involved,
and constraints on the volure of space available for shipment. Sampling was restricted
mainly to lithologies likely to contain microfossils, and these rock types were determined
in the field through detailed observation with a hand lens. Representative finer clastic
(sandstone) beds were sampled, however, coarser grained lithologies were not as these
showed no evidence of fossil remains in the field. Further details on sampling are
discussed in the introduction to each section.

Samples weighing about S00g were processed using the ‘Industrial Soap method’,
outlined in Thomas and Murney (1985). The limestones were crushed in a mortar and
pestle and processed by the same method. Processing of the limestones may have resulted
in the preferential destruction of sorme microfossils, although examination of the final
residues did not suggest this was a major problem. An alternative method would have been
to make thin-sections of the limestones, but this method was not used as it would likely
have introduced a strongly biased result: while it is possible to identify certain species of
larger' Foraminifera in random thin sections, it is hard to identify 'smaller' Foraminifera
beyond the genus level (at best), and almost impossible to make Ostracoda determinations
through this method.

Processed samples were washed through 500, 125 and 63 pum sieves. Where
necessary, the residues were divided with a microsplitter into representative sub-samples to
yield about 200-300 specimens from the >125 pm size fraction. A number of samples,
however, yielded only sparse microfossils, and in these situations a limit of 4 or 5 picking
trays cf residue were examined.

The 63-125 pm size fractions were examined for thecomoebans, but none were
observed. The Ostracoda and Foraminifera in the fine residue are of early juvenile stages
that in most cases could not be assigned to any particular species. The 63-125 pm size

fractions are not considered further in this study.
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Study of the 'larger' Foraminifera was through the use of thin sections of individual
specimens. During thin sectioning, foraminiferal tests were mounted in thermoplastic resin
and sectioned using ground glass plates. Tests were ground first on one side, and then on
the other, after re-melting the resin and turning the specimen over. Thin-sectioned
Foraminifera were photographed using a Leitz Aristophot. Other specimens were
photographed using a scanning electron microscope. Faunal slides and residues are housed
at the Bedford Institute of Oceanography, Dartmouth, Nova Scotia, and in the Department
of Geology, Dalhousie University, Halifax, Nova Scotia. Other material (Wightman 1990,

in press) is housed at the Smithsonian Institution, Washington D.C., U.S.A.

1.5: Paleoecological and paleoenvironmental analysis: some methods and

considerations.

1.5.1: General comments.

Ecology is the study of the interrelationships between living organisms and the
physical, chemical and biological aspects of the environment. Although considerable
advances in our understanding of ecology of living Foraminifera and Ostracoda have been
made in recent years, much remains to be learned. Paleoecology of Foraminifera and
Ostracoda is even less-well understood since the controlling physical, chemical and
biological parameters are rarely quantifiable in the ancient rock record. Nevertheless, a
number of important ecological and paleoecological studies have emerged in recent years
through international workshops, symposiums and conferences on both Foraminifera and
Ostracoda.

Important work dealing with foraminiferal ecology and paleoecology are found in
Murray (1973), Boltovskoy and Wright (1976), Haynes (1981) and the volumes of the
benthic foraminiferal symposia edited by Schafer and Pelletier (1976), and the International
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Workshops ¢ Agglutinated Foraminifera symposia edited by Verdenius and van Hinte
(1983), Gradstein and Rogl (1988) and Hemleben et al. (in press). Work dealing with
Ostracoda ecology and paleoecology includes van Morkhoven (1962), and symposia
volumes edited by Puri (1964), Oertli (1971), Loffler and Danielpol (1977) and DeDeckker
et al., (1988).
Many micropaleontologists tend to concentrate on either the Foraminifera or the
Ostracoda. Both groups are important paleoenvironmental and biostratigraphic indicators.
This study attempts to integrate both Ostracoda and Foraminifera in a single

paleoecological and biostratigraphic study.

1.5.2: Problems in working with Mesozoic fossil groups.

Notwithstanding the difficulties in determining physical, chemical, and biological
factors controlling the distribution of microfossil assemblages in the ancient rock record,
the Mesozoic, in particular pre-Barremian-Aptian fossil assemblages with rare exception
are 'pre-actualistic' (Gradstein, 1986). There are few, if any, modern representatives of
Mesozoic microfossil genera available for direct ecological comparison. The few exceptions
are the 'marsh’ Foraminifera that have existed in the same niche since at least the Mesozoic
(Scott et al., 1983), and possibly as far back as the Carboniferous (D. Scott, pers. comm.
1990). In spite of this difficulty, certain concepts based on Recent foraminiferal and
Ostracodal ecology may be applied to the ancient record.

In addition to the difficulties in working with pre-actualistic fossils, several other
factors combine to affect our interpretation of micropaleontological data. Hart (1973) made
a general statement about some of the factors affecting the interpretation of agglutinated
foraminiferal assemblages. The factors include modification of the assemblages during life,
post-mortem, and post-burial. In addition, Hart (1973) recognised that human error may

effect interpretation at all stages of analysis. Many of these factors are equally important to

N e e e
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the interpretation of other groups of Foraminifera and Ostracoda.

1.5.3: Methods of data analysis used in this study.

From the preceeding discussions, paleoecological and paleoenvironmental
interpretations in many cases are hard, if not impossible, to quantify. Analysis and
presentation of data, in contrast, may be accomplished quantitatively. Several indices
measure the relationship of the number of species to the number of individuals in a sample
(species diversity reviewed by Murray (1973) and Buzas (1979). The simplest
measurement of species diversity is the number of species observed in a sample; however,
this is obviously influenced by the sample size. Other indices of species diversity are
commonly used in analysis, including the Fisher alpha index (Fisher et al. 1943),
Simpson's Index (Simpson, 1949) and the Shannon-Wiener information function
(MacArthur and MacArthur, 1961). Buzas (1979), however, warned that when the number
of species and number of individuals in a sample are small, the latter measurements of
species diversity should be used with extreme caution. Buzas (1979) suggested such
indices may only be used reliably when the number of individuals in a sample equals or
exceeds 300.

Whereas the number of foraminiferal specimens in a sample equals the number of
individuals preserved, the number of Ostracoda does not. Since Ostracoda moult through
their ontogeny, a theoretical total of eight pairs of valves may represent a single individual.
One method of obtaining a conservative estimate of the number of individuals in a sample is
to count the total number of adult carapaces, and add to the sum the total number of adult
left valves or right valves, whichever the greater (Whatley, 1988). The problem with the
latter method is that it does not take account of juvenile mortality, and will only give the
minimum number of individuals in a sample. Modern Ostracoda diversity patterns have

been have been extrapolated back into the Cenozoic, and sometimes into the Cretaceous to
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reconstruct shelf biofacies, but no further back because of differences in taxa and very
different and variable diversities of Ostracoda faunas in the Mesozoic (Whatley, 1988).
Ostracoda counts used in this study are of the number of specimens, which includes both
adults and juveniles, whole carapaces and single valves and identifiable fragments.

The number of Foraminifera and Ostracoda specimens recovered from the samples
in the Portuguese sections is highly variable. Many samples are barren; others contain
sparse assemblages; and some yield rich assemblages. Because of the low numbers of
Ostracoda and Foraminifera in many samples, and the difficulties in interpreting species
diversity patterns for the Mesozoic, diversity is expressed as the number of species in each
sample. The shortcomings of the data will be kept in mind through the analyses.

Many numerical methods have been used to quantify biofacies (Buzas, 1979). It is
not within the scope of this study to review these. Since the number of specimens of
Foraminifera and Ostracoda is variable through the sections, a qualitative rather than
quantitative approach is adopted in this study.

In the analysis of the Foraminifera, one somewhat unusual approach involves the
catagorization of Foraminifera into morphogroups, and the use of these as paleoecological
and paleoenvironmental indicators. Chamney (1976) used a similar, but more detailed
approach in his analysis of ‘pre-actualistic' Albian faunas with success. Jones and
Charnock (1985) collated data on life positions and feeding habitats of agglutinated
Foraminifera, recognised four main morphogroups of Foraminifera, and related the relative
abundaces of these groups to changing environmental parameters. More recently,
Koutsoukos et al. (1989, 1990) demonstrated that Foraminifera morphogroups could be
used to recognise hypoxic/anoxic events in the mid Cretaceous. The major shoricoming of
detailed studies in this field is the general lack of concensus on life habitats of many groups
of living Foraminifera. The 'morphogroup’ approach is adopted here in an attempt to
understand some of the limitations of this type of analysis in marginal marine

environments.
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Analysis of the Ostracoda is centred around their use as paleosalinity indicators, an
approach that has been used with success in many previous Mesozoic studies (Neale,
1988). The recent concept of Ostracoda chronoecology is also addressed in the thesis,
since, as mentioned above, this may have important implications to our understanding of
transgressions and regressions in the conjugate basins.

Throughout the analysis it has been kept in mind that distribution of the fossils may
be related to several interrelated paleoecological factors, rather than the seemingly most
obvious one; changes in one or several other as yet undetermined parameters could have the
same effects on the microfossil distributions as for example, substrate or salinity.

The name(s) of the author(s) of species are not included in the text when those

species are treated in the taxonomic notes.

1.6: Organization of this thesis:

The thesis is organised into eight chapters. Chapters 2, 3 and 4 deal with the
Portuguese sections. For each section, the lithologic succession is documented, the
micropaleontologic data is presented, and is discussed in terms of paleoecology and
paleoenvironments. Chapter 5 presents biostratigraphic zonations for the Lusitanian Basin,
and discusses correlation of depositional units in the Lusitanian Basin, and the extension of
the zonations outside the Lusitanian Basin.

Chapter 6 deals with the Grand Banks of Newfoundland, compares the Grand
Banks' microfossil assemblages with the coeval Portuguese ones, and discusses the
paleoenvironmental and biostratigraphic implications of microfossil assemblages observed
in cored intervals from selected wells in the Hibernia oil field. Regional and other
conclusions are presented in Chapter 7. Finally, taxonomic notes on the "smaller” benthic

and "larger" agglutinated Foraminifera and the Ostracoda are provided in Chapter 8.



CHAPTER 2
PRAIA AZUL SECTION

2.1: Introduction and previous work.

This section is located 12 km west of Torres Vedras, and forms the cliffs to the
south of Santa Cruz (Figure 2.1). Access to the section from Torres Vedras is via the
Santa Cruz turn-off from the west-bound Ponte do Rol road. The cliff section may be
reached from the track at the base of the sea front hotel, to the north of the Rio Sizandro
river.

The sedimentology and benthic associations of this section were examined in some
detail by Fursich (1981), who proposed that the section represented the final stage of basin
infilling. He recognised a number of benthic (macro) fossil associations and concluded that
they were controlled mainly by salinity and, when integrated with sedimentological data,
allowed a number of paleoenvironments to be recognised within the marginal marine
sequences. Many of the benthic invertebrates are reported elsewhere from Upper Jurassic
and Lower Cretaceous sediments associated with reduced salinity (eg. Casey 1955;
Fursich 1977; Hallam 1976; Hudson, 1963). This study is the first to deal with the
microfossils in the Praia Azul section. Study of the microfossil assemblages within the
framework afforded by Fursich (1981) is used to assist in their paleoecological
interpretation.

The measured section in Fursich (1981) is hard to follow, since it is unclear where
the section commences. The measured section logged in this study (Figure 2.2) commences
420m to the north of the hotel. At this point, a normal fault offsets the distinctive, red lower
and grey, upper units in the cliff. The section starts at the base of the cliff on the
downthrow side (south) of the fault. The sedimentary facies, faunas, and their
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Figure 2.1: Location map of the Praia Azul section. Section commences immediately

south of the fault. Rock exposure is in the cliff face.
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interpretation are summarised in Table 2.1. Fursich (1981) concluded, on the basis of the
sedimentologic features and associated invertebrates, that the facies succession reflected a
change from a fluvial environment to marginal ma.ine bay, and to lagoons subject to deltaic
influence. The sedimentary facies outlined in Figure 2.2 and Table 2.1 are discussed

below.

2.2: Lithostratigraphy.

The section at Praia Azul consists of a lower unit, interpreted by Fursich (1981) as
predominantly fluviatile (red beds), overlain by about 100m of grey siliciclastic sediments
interpreted as marine in origin (Fursich, 1981). Only the upper (marine) part of the
succession is of interest to this study. Sedimentology and sample distribution in the section
is shown in Figure 2.2. The sequence examined at Praia Azul contains a number of rock
types, but is treated as a single lithostratigraphic unit since it has some degree of internal
homogeneity with respect to arrangement of facies, and may be mapped as such.

The lower 35m is dominated by red marly siltstone containing grey nodules up to
10cm in diameter. Woody fragments and local thin (<10cm) layers rich in quartz occur in
these beds. Intercalated with the red marly siltstones are thin to medium bedded,
fine-grained, laminated sandstones. These are micaceous and contain thin shaley interbeds
and local thin Jaminae of detrital organic material. At the 10m level, the laminated
sandstones alternate with thin beds showing small scale cross-bedding. The red marly
siltstones and sandstones are unfossiliferous, although Fursich (1981) reported rare
bioturbation. Fursich (1981) interpreted the red marly siltstones as flood plain deposits,
with the grey nodules as caliche nodules, the thin quartz rich layers representing crevasse
splay sediments, and the interbedded sandstones as levee deposits.

Within the 15-20m interval the marly siltstone is grey, and contains abundant

bivalves, dominated by Jurassicorbula edwardi (Sharpe). Placunopsis suprajurensis
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(1981).
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(Buvignier), Thracia depressa (J. de C. Sowerby), and Protocardia sp. are also common in
these beds. The bivalve assemblage corresponds to the Jurassicorbula edwardi association
of Fursich (1981). Two 20-40 cm thick beds of lumachelle occur within the grey marly
siltstone, at 16m and 18m, and are laterally continuous for several hundred metres to the
end of the outcrop. The lumachelles contain the large bivalve Isognomon lusitanicum
(Sharpe), and the smaller bivalves Placunopsis suprajurensis, and Nanogyra nana (J.
Sowerby). Although Isognomon lusitanicum dominates the bivalve assemblage in terms of
biomass, Fursich (1981) reported that the species .cpresented at most 5% of the fossil
assemblage, whereas the other two species together formed about 90% of the 1ssemblage.
A characteristic of /. lusitanicum in these shell banks is that they are commonly in life
position, with their umbones pointing downward. Serving as a substrate for 1. lusitanicum
is a thin bed of bivalve debris, dominated by Placunopsis (Fursich, 1981). The formation
of the lumachelles is, according to Fursich (1981), related to short term storm events that
provided the necessary firm substrate (the placunopsis bivalve debris) for encrustation by /.
lusitanicum; I. lusitanicum itself provided a substrate for other encrusters including
Praeexogyra during life, and Nanogyra, post mortem; the dersly packed bivalve
asserablage in the shell bank may have acted as a baffle, resulting in trapping of mud and
subsequent demise of the shell bank. Fursich (1981) interpreted the Jurassicorbula edwardi
association of the grey marly siltstones and the associated Isognomon lusitanicum
lumachelles as indicative of brackish to normal marine salinities (<33 %o) in a brackish bay.
At the 30m level, a sandstone with a concave-upward base is seen. This sandstone

has an erosive lower contact with the underlying red marly siltstones. The sandstone is up
to Sm thick, and about 15-20m in apparent width. Several other sandstone oodies of similar
geometry are seen at this level are reported to occur at other points in the section (Fursich,
1981). Grain size is medium to coarse, fining upwards. Large scale trough cross-bedding
1s apparent, and woody fragments are seen on the for¢sets. The sandstone is

unfossiliferous Fursich (1981) interpreted the sandstones to be fluvial-channel deposits,
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and added that the presence of other channels at this point in the section indicated that they
were of high sinuosity.

The upper 65m of the section, where exposed, is predominantly grey,
fossiliferous, marly siltstone, althogh minor intercalations of red marly siltstones, similar
to those in the lower part of the section, occur at the 52m, 85m and 90m levels. Sandstone
intercalations and shelly layers are also seen at a number of levels. At the 32 m level
(overlying the sandstone with the concave base), the marly siltstone is relatively coarser
and contains woody fragments and coarse (>1mm) quartz grains. At the 35m level, a small
patch reef occurs, approximately 2m wide and 50 cm high. The patch reef contains
abundant fossil oysters and gastropods, and locally, spines of the echinoderm
Pseudocidaris that may be assigned to the Praeexogyra pustulosa-Nanogyra nana
association of Fursich (1981). Similar fossil associations occur in the remaining marly
siltstone in the sequence above the patch reef, and these are often concentrated into shelly
horizons - for example at the 42m and 85m levels. Shaley intervals, for example at the
38m and 78m levels, contain sparse fossil debris. Fursich (1981) assigns his Praeexogyra
pustulosc-Nanogyra nana association to a low salinity (brackish) regime in a protected
lagoon.

The sandstone intercalations at 40m and 52m are thinly bedded, fine grained and
micaceous and cross bedded In the upper part of the section, the sandstones are medium to
thick, planar bedded, generally fine grained and well sorted, are climbing ripple
cross-laminated and cross bedded. The sandstone at the 86m level has flute marks and load
casts. The trace fossil Thalassinoides occurs in some sandstone beds together with
gastropods (for example, 52m). The sandstones in this part of the section are regarded by
Fursich (1981) as delta-front sandstones.

The upper part of section is composed of grey marly siltstone containing numerous
specimens of Myophorella lusitanicum. This is a large (<70 mm) bivalve characteristic of

the Mesosacella dammariensis-Corbulomima suprajurensis association of Fursich (1981),
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interpreted by him to be indicative of a brackish to marine prodelta.

2.3: Microfossil analysis.

Samples were collected from intervals that contained the bivalve associations
discussed in Fursich (1981), from which the author provided a detailed paleoenvironmental
framework. The purpose of this study was to verify and expand Fursich's (1981)
interpretations using microfossil assemblages. Emphasis was on shale sampling, rather
than sandstone intercalations that turned out to be largely barren. One sample (A9) was
taken from a laminated siltstone that lacked invertebrate fossils. All shale/silt samples
contained microfossils. The Foraminifera are generally more abundani than Ostracoda
(Figure 2.3). Fourteen Foraminifera and fourtern Ostracoda species groups are recognised.
Using simple counts of the number of species per sample (Figure 2.4), both Foraminifera
and Ostracoda species decrease in abundance upward in the section to sample A6, followed
by a rise and then a fall in the upper part of the section. Specimen counts were greater than

200 in all but two samples: A4 (74 specimens) and A6 (161 specimens).

2.3.1: Ostracoda.

2.3.1.a: Famili

The Praia Azul Ostracoda belong to the sub-orders Platycopina and Podocopina.
The platycopines are represented by the Family Cytherellidae whereas the Podocopina are
represented by the families Cytheruridae, Cytherideidae, Cytheridea, Paracyprididae,

Ilyocyprididae, Cyprididae, Cyclocyprididae and Darwinulidae.

2.3.1.b: Distribution of i

The distribution of species in the samples is shown in Table 2.2. Relative
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abundance of species (percent) is shown in Table 2.3. Since Ostracoda capapaces
frequently separate on death, fossil assemblages often contain a proportion of valves as
well as carapaces. Counts of specimens therefore include single valves and whole
carapaces (counted as 2 valves) of both adults and juveniles, and identifiable fragments. An
alternative method of counting would be to count the number of adult whole carapaces plus
the rumber of adult left or right valves, whichever the greater (Whatley, 1983). The latter
method would give a conservative estimate only of the minimum number of individuals in
the population, not taking into account effects of juvenile mortality or reworking, In later
analysis (part 2.3.1.d, below), the Ostracoda populations are given more consideration.

Species composition and relative abundance fluctuates markedly between samples
(Tables 2.2 and 2.3). Some species are found only in low abundance (a few percent) in
some of the samples, including Cetacella armata (AS), Paracypris (Al to A3, A6 aad A10),
and Rhinocypris jurassica (A9). Other species are found in :ow to moderate abundances (<
20%), including Cytheropteron aquitanum (A1 to A5, A7 and A8), Cytherelloidea weberi
(Al, A2, A7 and A8), Cypridea spp. (A3 and A9), Galliaecytheridea sp.2 (A1, A2 and
AB), Mantelliana cyrton (A9). Cytherella fullonica (A1-A3 and A8), Galliaecytheridea
postrotunda (A2-A5), and Schuleridea sp.1 (A1-AS5, A8 and A10) locally dominate the
samples where two or all of these co-occur, and individually any one of these species may
comprise over 20% of the assemblage. Three species occur in high abundance, where
individuals may make up about 40% to 90% of the sample: Darwinula leguminella (A4-A6
and A9); Fabhanella boloniensis (A1-A4, A6, A8 and A9); Paranotacythere pustulata
(A1-A3, A5, A8 and A10).

Each sample contains a unique Ostracoda assemblage. Sample A1 is dominated by
Cytherella fullonica and Galliaecytheridea sp.2, with Schuleridea sp.1 in moderate
abundance. Samples A2 and A3 are dominated by Paranotacythere pustulata. Darwinula
leguminella and Fabanellu boloniensis dominate sample A4, the former having highest

abundance, whereas the opposite is the case where these two species dominate sample A6.
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Galliaecytheridea postrotunda and Schuleridea sp.1 are the dominant species in sample A5
whereas G. sp.2, S. sp.1 and C. fullonica are the abundant species, along with
Cytherelloidea weberi in sample A8. Sample A9 is dominated by Frzoanella boloniensis,
whereas sample A10 has a high abundance of P. pustulata. Certain trends in the species
distribution are apparent when the Ostracoda are considered in terms of their salinity

tolerance, as dealt with below.

2.3.1.c: Praia Azul Ostra linity indi

Ostracoda inhabit all modem aqueous environments and are found in freshwater to
hypersaline salinity regimes. Few species, however, are distributed over the whole salinity
spectrum. Many have a broad tolerance over a range of salinities (euryhaline), whereas
others have highly restricted salinity ranges (stenohaline), which makes them particularly
useful as paleosalinity indicators in ancient sediments (Sohn, 1951).

The extant Ostracoda superfamilies Darwinulacea and Cypridace:.. (with the
exception of families Paracyprididae and Pontocyprididae in the latter group) are regarded
as freshwater, whereas the Cytheracea (excepting the family Limnocytheridae) are marine
(Neale, 1988). The majority of modern marine Ostracoda are euryhaline, that is they are
brackish tolerant, whereas some species of freshwater Ostracoda are able to withstand
slightly elevated salinity (Neale, 1988). In general terms of salinity, living Ostracoda may
therefore be classified as freshwater (stenohaline), marine (stenohaline) and brackish
(euryhaline). Neale (1988) discussed the salinity ranges of extant Ostracoda species.

Direct ecological comparison of the Praia Azul and modern Ostracoda is possible
for only a few extant genera. The approach used here is to examine studies dealing with the
distribution of Ostracoda in ancient (Mesozoic) marginal marine and non-marine
sedimentary rocks to provide a general outline for the salinity preferences of Ostracoda in
the Praia Azul section. Fursich's (1981) analysis of the sedimentology and benthic

associations in the Praia Azul section provides an additional framework.



31

Several studies have helped to determine the salinity ranges of Late Jurassic-Early
Cretaceous Ostracoda genera and species. Notable in this respect are the works of Kilenyi
and Allen (1968) on the lower Weald Clay (Lower Cretaceous) of SE. England, Anderson
(1963, 1967, 1971 and 1985) on the Purbeck-Wealden facies of SE. England, Bate (1978)
on the Bathonian of Yorkshire, and Ware and Whatley (1983) on the Bathonian of
Oxfordshire, England. See also Kilenyi (1978), Kilenyi and Neale (1978) and Neale
(1978). Neale (1988) reviewed the use of Ostracoda for paleosalinity reconstructions.
Salinity tolerances for the Ostracoda found at Praia Azul are shown in Figure 2.5. The
salinity classification used in Figure 2.5 follows that outlined in Neale (1988). The salinity
values shown must be considered as guides only for the ancient record.

From the literature, Cypridea, Mantelliana, Darwinula, Cetacella and Rhinocypris
stand out as freshwater genera, the latter two forms also reported from slightly brackish
paleoenvironments. Recent species of Darwinula are found in freshwater with salinity of
less than 1%o (Neale 1964), although some are reported from brackish lakes with salinity as
high as 15%o (De Decker 1981). Rhinocypris is closely allied to, if not congeneric with,
the Recent lacustrine genus Ilyocypris (Kilenyi and Allen 1968). Anderson (1985)
reported Cypridea, Mantelliana, Darwinula and Rhinocypris from freshwater intervals of
the Purbeck and Wealden facies of the U.K. Fabanella boloniensis is widely reported as a
brackish species, but is also associated with gypsum beds in the Purbeck facies of southern
England, suggesting it may have also tolerated hyperhalinity. Populations of Fabanella
boloniensis may have been killed by rising salinity, and incorporated in evaporite deposits,
as in situ assemblages (J.W. Neale, pers. comm. 1989). Schuleridea, Galliaecytheridea,
Paranotacythere and Cytheropteron are reported as marine species that were brackish
tolerant. In the Purbeck-Wealden beds of southern England, Anderson (1963, 1967,1971,
15385, .eported similar associations together with Fabanella boloniensis, from marine strata,
Elsewhere in Europe these genera have been reported in brackish-marine associations

(Oertli, 1963; Donze, 1960). Amphicythere, Cytherella, Cytherelloidea and Paracypris are
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reported as stenohaline marine genera typical of carbonate shelf deposits (Kilenyi, 1978;
Neale, 1978).

An important bridge between Recent and ancient ostracod assemblages is also
provided by Keen (1977) in his work on the Headon, Osborne and Bembridge beds (upper
Eocene). Keen (1977) recognised species of Darwinula in his freshwater (0-3%o)
assemblage I, species of Cytherella, Schuleridea, and Cytherelloidea in his upper brackish
to marine (16.5-33%o0) assemblage V. One species of Cytherella was recognised in his
marine (33%o) assemblage VI. Keen (1977) demonstrated that his Tertiary ostracod
assemblages were primarily salinity controlled and comparable to Recent assemblages.

From the above, the Praia Azul Ostracoda can be divided into three broad salinity
groups: freshwater, brackish and marine. The marine (stenohaline) group predominates in
samples A1 and A8, forming just over half of each assemblage (Figure 2.6). Values in
sample A7 should be treated with caution because of low Ostracoda counts. In the
remainder of the section, the marine stenohaline group is poorly represented. The brackish
group predominates in most samples, whereas the freshwater group is well represented in

samples A4 and A9.

2.3.1.d: Reworking,

In a near-shore environment subject to tidal currents, wave activity and storms,
reworking of bottom sediments can result in displacement of benthic assemblages.
Ostracoda, unlike many of the larger benthic invertebrates, are motile during life and are
subject to such reworking. However, population studies offer a method through which
autochthonous Ostracoda assemblages may be recognised. Ostracoda, like other
arthropods, grow in discontinuous stages (instars, usually eight) through their ontogeny
between the egg and the adult stage. When the Ostracoda soft parts outgrow the secreted
carapace, moulting (ecdysis) takes place and a larger carapace is grown. The out-grown

juvenile carapaces are disarticulated during ecdysis, and may become fossilized in the same
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way as the adult hard parts. A method used to distinguish Ostracoda biocoenoses from
reworked assemblages (thanatocoenoses) involves the use of detailed serial counts of all
adults and juveniles (instars) in the Ostracoda populations. In theory (Whatley, 1983;
1988), an Ostracoda biocoenosis will have a population stucture consisting of large
numbers of adults (of both sexes) and juvenile instars going well back in the ontogeny of
the species (Figure 2.7.a), whereas a biocoenosis from a high energy environment will
contain only adults and late ontogenetic stages (Figure 2.7.b), and a thanatocoenosis will
contain mainly juveniles (Figure 2.7.c). Ware and Whatley (1983) applied this method in
their study of the depositional history of the Bathonian Forest Marble Clay of Oxfordshire,
England, and recognised a non-marine phase. Ware and Whatley's (1983) findings were
corroborated by an independent palynological study (Hunt, 1983).

Another method involves analysis of the adult valve:carapace ratio (Whatley 1988).
Ligaments keeping the Ostracoda valves in articulation will disintegrate upon death,
allowing the valves to separate. A high percentage of articulated adult specimens should
indicate little post-mortem transport (although rapid sedimentation may preserve the
carapaces intact: (Oertli, 1971).

Many factors combine to affect the population structure and valve:carapace ratio in
fossil (and living) Ostracoda assemblages including the incidence of infant mortality, the
habitat of the species in question (i.e. infaunal, epifaunal, phytal), the density of the water
body (ie. the degree of salinity), the type of hinge articulation, and to some extent the
method of sample preparation. Many factors are variable between species and commonly
are not quantifiable. The reader is directed to Kilenyi (1971) and Whatley (1988) for further
discussion.

The use of detailed population counts is potentially useful in the Praia Azul section
where Ostracoda are abundant, and mixing of stenohaline marine, brackish and freshwater
species is apparent in many samples. Brackish Ostracoda are transitional to both the marine

stenohaline and the freshwater species, and overlap at the boundaries of their ecologic
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Figure 2.7: Interpretation of ostracod population structures based on serial counts

of adults and instars (After Whatley 1983, 1988).
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niches would be expected. However, the rare co-occurrence of stenohaline marine species
and strictly freshwater species suggests that: (1) the salinity tolerances of the species in
either group is much wider than previously thought; or (2) freshwater species were
transported seaward and/or (3) the stenohaline marine species were transported landward.
Transportation of marine or freshwater species into adjacent regions by tidal currents or
fluvial discharge is an obvious cause of reworking; aeolian and avian vectors are also
effective means of transport (Pokorny, 1971). A further possibility is that certain species
could have migrated to environments beyond the optimum for full life and reproduction,
but where survival was still possible.

Data on the serial counts of the Ostracoda is shown in Table 2.4. Interpretation of
the Ostracoda population data is summarised in Table 2.5. ~ond briefly discussed below
within the context of the general lithologic and macro invertebrate framework discussed in

Fursich (1981) and observed in the field.

2.3.1.¢: Relationship to Fursich's (1981) framework and fiel rvations.

The Ostracoda in the Praia Azul section consist of marine, brackish, and freshwater
groups. Although the environments proposed by Fursich (1981), (Table 2.1) are regarded
as brackish, episodes of normal marine salinity (33%o) allowed stenohaline Ostracoda
species to live and reproduce. Samples A1, A8 and possibly A7 reflect such episodes. The
high proportion of articulated Cytherella juveniles in sample Al indicate in situ infant
mortality. Possibly the high mortality rate is related to a drop in salinity from normal marine
values. If the juveniles had been transported post mortem, they would be represented by
valves rather than carapaces. There is no other evidence (for example, bored carapaces
indicating preda‘ion) that would account for the articulated juveniles. Some caution should
be used in interpreting high proportions of juvenile Cytherella in sample Al as this form is
particularly robust and the early instars have a greater preservation potential (Pokorny,

1971). Sample Alwas recovered from siltstones containing the Jurassicorbula edwardi
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A1 | B C D GIKULN A6 | F G
A 37 2 6 2 1817 2 29 A |10 116 2
A-1| 19 9 2 A-1 15 10
A2 | 22 1 A-2 2
A3 ] 14 A-3 4
A-4 | 28 A4
A2 | B C DGHTIKULN|]A? | CD H
A 9 2 1 2 3 91443 1] A 2 6
All 6 5 A-1] 5 8
A2 4 2 A2 7 5
A-3
A-4
A3 BCEGHI KLN A8 | BCDGIKN
A |3 9101 21636 30 A 20 9 2184 12
A-1] 1 2 413 A1 111 5
A-2 2 2 A2 2 8 2
A-3 16 A3 ] 1
A-4 6 A4
A4 | C FGHN R9 | EFGIM
A 1212415 A 341788229
A-1] 1 2 A-1 21 3
A-2 31 A-2 7 3
A-3 A-3 4
A4
AS{ACFHKN AR10] K L N
A 6 13 2 28 20 26 A 64 3 16
A-1 A-1] 33 11
A2 A2} 16
A-3
KEY TO SPECIES
ACetacella armata J Mantelliana cyrton
B Cytherella fullonica F Darwinula leguminella K Paranotacythere pustulata
CCytheropteron aquitanum G Fabanella boloniensis L Paracypris sp.
DCytherelloidea weberi ~ HGalliaecytheridea postrotunda MRhinocypris jurassica
E Cypridea spp. I Galliaecytheridea sp.2 N Schuleridea sp.1

Table 2.4: Counts of ostracod instars (A, A-1, A-2, A-3, A-4) in the Praia Azul samples;
A-N = species; sample numbers Al to A10in bold.
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Biocoenoses Thanato-
coenoses
low high
energy  energy
B adults only [adult valves COMMENTS /INTERPRETATION
[
E adults and juveniles
v nstars only
-4-3-2-1|AlA[-1-2-3-4
B KI g High proportion of atticulated Cytherella juveniles
Al L indicates high infant mortality, possibly related to
G pathologic change in salinity. Other species are
C euryhaline. Onset of brackish salinity.
HB Ki Brackish water Galliaecytheridea-Paranotacythere
A2 I assemblage; most Cytherella juveniles articulated.
H KLN
A3 BE Brackish water Galliaecytheridea-Paranotacythere
C assemblage: Cypridea indicates freshwater influence.
G
HCF| N Brackish to freshwater assemblage: articulated Darwinula
A‘ﬁ G suggests limited post-mortem transportation as this form
has a weak hinge. Charophyte sporangia present.
H
E Brackish water Galliaecytheridea-Paranotacythere
A§ C assemblage: Cetacella and Darwinula indicate
A freshwater influence.
F
A6 GFL Brackish-freshwater Fabanella assemblage.
A7l H Dj C Many Galliaecytheridea juveniles articulated.
Cytherelloidea indicates marine influence.
BNDI C
A8 K Marine Cytherella-Cytherelloidea-Schuleridea assemblage
G
GJ E
A9 F Brackish-freshwater Fabanella domirated biocoenosis.
M
A10f KNL Brackish-marine Paranotacythere dominated assemblage.

Table 2.5: Interpretation of ostracod population census data (data in Table 2:3).
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bivalve association of Fursich (1981). The interpretation of the Ostracoda assemblage as
slightly brackish (polyhaline) supports Fursich (1981) who assigned the Jurassicorbula
edwardi association to a near euhaline to middle mesohaline paleosalinity regime in lagoon
or bay paleoenvironments. Samples A7 and A8 came from siltstones containing fossil
oysters and gastropods assigned to the Praecexogyra pustulosa-Nanogyra nana bivalve
association, interpreted by Fursich (1981) to have inhabited mesohaline to polyhaline
lagoons. Presence of Cytherella juveniles in sample A8, however, may indicate normal
marine salinity as is also suggested by Pseudocidaris spines at the sampled horizons
(Fursich, 1981).

Ostracoda associations from samples A2, A3, A5, and A10 indicate brackish
(polyhaline) salinity. Samples A2 and A3 are from levels characterized by the
Jurassicorbula edwardi association of Fursich (1981) and were recovered from beds
adjacent to the Isognomon lusitanicum shell banks. The polyhaline to middle mesohaline
brackish bay paleoenvironment interpreted for the benthic bivalve associations at these
horizons (Fursich, 1981) is supported by Ostracodal evidence. Samples A5 and A10 are
from levels containing the Praeexogyra pustulosa-Nanogyra nana and Mesosaccella
dammariensis-Corbulomoma suprajurensis bivalve associations of Fursich (1981). The
brackish lagoonal palecenvironment interpreted for the former bivalve association (Fursich,
1981) is also supported by Ostracodal evidence in sample A5 - the freshwater species
Cetacella armata and Darwinula leguminella are present, whereas stenohaline marine
Ostracoda are absent. The Ostracoda in sample A10 supports the polyhaline to euhaline
salinity regime interpreted for the Mesosaccella dammariensis-Corbulomima suprajurensis
association (Fursich 1981). However, the virtual absence of stenohaline Ostracoda (with
the exception of one valve and one carapace of the thin-shelled pelagic genus Paracypris,
likely to have been transported in) and dominance of euryhaline Paranotacythere and
Schuleridea in sample A10 suggests a more restricted paleoenvironment than the prodelta

proposed by Fursich (1981).
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Freshwater (oligohaline) to slightly brackish (lower mesohaline) paleosalinity is
interpreted from the Ostracoda associations in samples A4, A6 and A9. Sample A4 is of the
coarser siltstone commencing at the 32m level. Larger fossils were not apparent at this
level. Presence of articulated Darwinula leguminella and charophyte sporangia in sample
A4 are evidence of a freshwater influence. The field relationship of the coarser siltstone
above the sandstone with the concave upward erosive base supports Fursich's (1981)
interpretation of this feature as a fluvial channel. Sample A6, dominated by Fabanella
boloniensis and Darwinula leguminella also came from a level lacking larger fossils. The
sample is from the shaley interval 5m above the oyster patch reef (Praeexogyra
pustulosa-Nanogyra nana association of Fursich 1981), 35m into the section. The position
of these sediments above the reef, and their restricted (near freshwater) fauna suggests
these facies were deposited landward of the Praeexogyra pustulosa-Nanogyra nana patch
reefs. The presence of freshwater Ostracoda (Cypridea sp, Rhinocypris jurassica and
Darwinula leguminella) and absence of marine forms in sample A9 indicates a restricted

inner lagoon paleoenvironment at this level.

: Di ion

Figure 2.8 shows a salinity profile for the Praia Azul section. A number of sharp
fluctuations are seen in the salinity profile, corresponding to sample localities. A trend of
increasingly brackish conditions to the lower end of the brackish spectrum is seen through
samples Al to A4. Sample A5 shows a slight increase in salinity, whereas A6 shows
another fall. A return to more 'normal' marine salinity is seen in samples A7 and A8,
whereas sample A9 has a much reduced salinity, approaching freshwater. A return to more
brackish conditions is witnessed in sample A10.

The adult valve:caparace ratio is also show in Figure 2.8. Interpretation of the latter
is not easy as it will have been influenced by sedimentation rate, Ostracoda habitat, and

hinge structure of the Ostracoda. A low ratio may indicate either limited post-mortem
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transportation or rapid burial of specimens prior to decay of the ligament tissue. The
implication of rapid burial is that the rate of sedimentation was high. The life habitat of the
Ostracoda will also have had an important effect on the proportion of free valves. Epifauna
would have been more prone to valve disarticulation after death than infauna. Species with
relatively strongyt hinge articulation (eg. Cytheropteron) also would have been less
susceptible to disart.culation on death. With these points in mind, an examination of the
adult valve:carapace ratio reveals low values for samples A1-A3, possibly indicating low
energy levels. In comparison with the other samples, specimen counts for samples A1-A3
are not especially low, and sedimentation rate is not thought to have been unusually high.
Abundant Paranotacythere, regarded as epifaunal (Wilkinson 1983), supports this
inference. A low specimen count in sample A4 makes interpretation difficult. The high ratio
suggests relatively high energy conditions, but the presence of articulated Darwinula
leguminella in this sample may indicate relatively low energy levels since this species has a
weak hinge. Low valve:carapace ratios are seen in samples A5-A7 and may reflect reduced
energy conditions. The high ratio in sample A8 may reflect increased energy levels. A
reduction in energy levels is suggested by the low ratio in sample A9, whereas the increase
in the ratio in A10 may indicate a slight increase in energy. Estimating energy levels using
the Ostracoda valve:carapace ratio alone is difficult. Reworking of Ostracoda populations or
sediments would be hard to detect using this ratio, and paleoenvironmental implications
from this would be tenuous.

In summary, the use of serial counts of adult and juveniles Ostracoda is of value in
determining associations between different species. The interpretation (see Table 2.5) of
Galliaecythereidea postrotunda, Fabanella boloniensis and Darwinula leguminella as part
of an autochthonous assemblage in Sample A4, for example, suggests the latter species
was more tolerant of lowered salinity than previously thought. In terms of defining
paleosalinity, use of serial counts does not offer more precision than simple abundance

data. The latter suffices to identify the main trends. Interpretations based on serial counts
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probably differ little from those based on raw data because the assemblages have
undergone little reworking; most appear autochthonous. This supports Fursich's (1981)
conclusion that the bivalve associations are autochthonous.

Following analysis of the Ostracoda in the Praia Azul section, the salinity
tolerances of the Praia Azul Ostracoda may be revised (Figure 2.9). Mantelliana cyrton,
previously regarded as freshwater, is now thought to have been tolerant of slightly brackish
conditions (salinity up to 5%o); Cetacella armata and Rhinocypris jurassica are considered
to have had higher salinity tolerances than previously thought, and may co-occur with
Fabanella boloniensis; Darwinula leguminella has a significantly higher salinity tolerance
than previously estimated, and is found with Galliaecytheridea and Fabanella in the lower
Mesohaline paleosalinitiy; species of Paranotacythere and Cytheropteron are regarded as
less tolerant than previously thought, and appear to have been restricted to upper brackish
paleosalinity; Galliaecytheridea postrotunda seems to have been tolerant of a wider range in
paleosalinity than Galliaecytheridea sp2, the latter occurring in more euhaline conditions

along with Cytherella, Cytherelloidea and Paracypris.

2.3.2: Foraminifera.

The Foraminifera are classified (Chapter 8) according to Loeblich and Tappan
(1964). The assemblages are dominated by the superfamilies Lituolacea and
Nodosariacea. Miliolacea are represented in one sample (A3). Planktonic Foraminifera are
not represented. The distribution of the superfariilies is shown in Figure 2.10, in which
the Litoulacea are divided into their 'larger’ and 'smaller’ components. Interpretation of the
relative abundance of the groups must be made with caution due to low specimen counts in
some samples. This makes quantitative analysis difficult even though the majority of

samples contain 150- 200 specimens.
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Complex 'larger' forms predominate at some sample locations, and show
abundance peaks (Figure 2.10). The simple 'smaller’ representatives of the Lituolacea are
less abundant. The high abundance of the smaller lituolids in sample A6 is regarded as
spurious because of the low specimen count (this may be partly true for samples A9 and
A10 where specimen counts are less than 100). The Nodosariacea are well represented,
commonly making up about 50% of the assemblage. An apparent dearth and abundance of
nodosariids occurs in samples A9 and A10 respectively, although specimen counts are

low.

2.b: Distribution of species.

The distribution of species in the samples (Tables 2.6 and 2.7) is variable and not
obviously related to lithology. The number of Foraminiferal species in each sample is also
variable (Figure 2.4) ranging from two to nine.

With the exception of Eoguttulina, all genera represented show only one species.
Eoguttulina is the only representative of the nodosariids and shows four species, of which
E. liassica is the most common and numerically the most abundant in all but one sample
(excluding sample A6). The "larger” lituolids are represented by Choffatella tingitana,
Everticyclammina virguliana, Mesoendothyra sp.A and Rectocyclammina arrabidensis.
Everticyclammina virguliana is abundant only in sample A1 where it is found with lower
counts of Freixialina planispiralis and Rectocyclammina arrabidensis. The latter species is
more abundant in sample A2, where it is found in a relatively higher diversity assemblage
along with low numbers of Haplophragmoides concavus, Choffatella tingitana and other
species.

Eogurntulina shows high abundance and is represented by all four species in the
lower part of the section. In sample A3 abundant Eoguttulina liassica is found with
moderate abundances of Haplophragmoides concavus, low numbers of E.

inovroclaviensis, Quinqueloculina sp., Rectocyclammina arrabidensis, E. oolithica and
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Ammomarginulina sp. Sample A4 contains moderate abundances ofChoffatella tingitana
and Rectocyclammina arrabidensis together with low abundances of Haplophragmoides
concavus and Mesoendothyra sp.A. Choffatella tingitana is of high abundance in sample
A5, along with lower abundances of Haplophragmoides concavus andRectocyclammina
arrabidensis.

Sample A7 contains abundant Rectocyclammina arrabidensis, a moderate
abundance of Freixialina planispiralis and rare Mesoendothyra sp.A. Sample A8 also has
abundant Rectocyclammina arrabidensis and Mesoendothyra sp.A. Haplophragmoides
concavus andChoffatella tingitana occur in moderate to low abundance in this sample,
along with rare Everticyclammina virguliana. Choffatella tingitana is the dominant species
in sample A9, also rare Rectocyclammina arrabidensis and Freixialina planispiralis are
found. Sample A10 is composed almost entirely of Eoguttulina liassica.

Choffatella tingitana, Everticyclammina virguliana, Rectocyclammina arrabidensis
and Mesoendothyra sp. stand out as having locally high relative abundances (>20%),

although with the exception of the latter two species in sample A8, do not co-occur in high

numbers.
2.3.2.c: Foraminiferal morphogroups as indicators of habitat,

With the exception of the calcareous taxa, the Praia Azul Foraminifera are members
of the superfamily Lituolacea, and this group may be subdivided into informal "larger" and
"smaller" components as discussed above. A characteristic of the "larger" Foraminifera,
apart from their frequently large (>1mm) size, is that they have complex endoskeletons in
which the chambers are commonly subdivided into chamberlets. "Smaller" benthic
Foraminifera, in contrast, do not have subdivided chambers and are usually small (<1mm).
Species within each group show considerable wvariety in test architecture and shape (see
Chapter 8).

Little work has dealt with the relationship between Foraminiferal test mo: .-1ology,
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habitat and the environment, although it is thought that such a relationship exists (Brazier,
1975; Severin, 1983; Corliss, 1985). Jones and Charnock (1985) analysed data on life
positions and feeding habits of recent agglutinating Foraminifera, and recognised four main
Foramiaiferal morphogroups whose distribution appeared related to an appropriate food
supply. The Foraminiferal morphogroups, their life positions and feeding habits are
summarized in Table 2.8.

Using a uniformitarian approach, classifying the Praia Azul Foraminifera into
morphogroups may assist in paleoenvironmental and paleoecological interpretations. As
Jones and Charnock’s (1985) morphogroup classification deals only with agglutinating
taxa and does not take account of calcareous species, it is necessary to modify their
scheme. The calcareous taxa Eoguttulina and Quinqueloculina have smooth, elongate to
fusiform streptospirally coiled tests that may be adaptations to an infaunal lifestyle (Brazier,
1979). Elongate streptospiral test form is assigned by Jones and Charnock (1985) to
morphogroup C2, typified by the agglutinated genus Milliamina. The latter species is
reported as wholly infaunal (F-ankel, 1975).

Jones and Charnock's (1985) scheme groups both the larger and smaller planispiral
or trochospiral lituolids together in subgroup B3. Little is known of the ecology of 'larger’
Foraminifera, although Murray (1973) indicates the majority live in the protection of
sea-grass and seaweed within the photic zone, and feed on associated calcareous and
filamentous algae. It is also reported (Murray, 1973; Hottinger, 1978) that algae are often
found within tests of living Foraminifera, and Haynes (1965) suggested such relationships
were symbiotic. Smaller lituolids, in contrast, are reported from virtually all water depths
and are not restricted to the photic zone. In view of the likely differences in feeding habits,
the general difference in size, and the obvious difference in internal morphology, it is
reasonable to treat the larger and smaller lituolids as separate morphogroups. The
classification of the Praia Azul Foraminifera into morphogroups, and their relationships to

Jones and Charnock's (1985) scheme is shown in Table 2.8. Possible relationships



Morpho{ Sub- Life Feeding
group |groupl Chambers |Test form position| strategy Examples
A A | uni/multi- tubular or erect suspension- Komakiaceans
locular | branching feeders Astrorhizids
; epifaunal/|  passive oo
B1 | unilocular | globular D faunal |deposit-feeders Saccamminids
unilocular, { coiled . active Ammodiscids,
B B2 Imultilocular| (flattened) epifaunal deposit-feedersy  ?Rzehakinids
. . active
. . planispiral/| herbivores Most Lituolids
Q‘ B3 | multilocular t{?e?tﬁ:?lgr%l epifaunal detritivores, | Trochamminas.l.
omnivores
Hormosinids,
) Uncoiling Lituolids,
e}or_lgate _ detrital/ Textulariids,
C1| multilocular{ (mixed | infaunal |  bacterial Verneuilinids,
growth scavengers Eggerellids,
C etc.) Ataxophragmiids,
Valvulinids
elongate - Miliammina,
C2| multilocular| quinque- | infaunal g:cTe% 7some
loculine Rzehakinids
. trochospiral| epifaunal . most
D @ D | multilocular (conic%l) (attached) herbivores Trochamminids

Table 2.8: Foramniferal morphogroups, their life positions and feeding habits (After
Jones and Chamock, 1985); equivalant groups in this study shown in open black
circles. See Figure 2.11 for interpreted life habitats of morphogroups identified in
this study.
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between Foraminiferal test morphology, life position and feeding strategy are presented in
Figure 2.11.

Some overlap exists between certain members of the Praia Azul Foraminiferal
morphogroups. Everticyclammira virguliana, for example, sometimes has a reduced
uncoiled portion, and Freixialina planispiralis may have a short uncoiled stage.
Morphogroup iii includes both "larger" and "smaller" uncoiled forms: absence of
subdivided chambers in Everticyclammina and Rectocyclammina justifies this approach.
Mesoendothyra sp.A, although having only minor chamber subdivisions, is grouped with
Morphogroup i.

The relative abundance of the four morphogroups in the Praia Azul section is
shown in Figure 2.12. The following trends are noted: Group i) shows two 'peaks’,
(samaple A5 and A9); Group ii retains a low ‘background' distribution but has tendency
toward lower abundance where the planispiral complex forms (Group i) are most abundant;
Group iii) has two peaks (sample Al and A7), with an upward decline as planispiral
complex forms increase; Group iv) has a high abundance, with a higher abundance in

samples up to A3, and a lower abundance to sample A9, and an increase in A10.

2.d; Relationshi Fursich's (1981) framework a iations and fiel

rvation

Work on the life positions and feeding habits of Recent Foraminifera is limited and
often inconclusive. Application of these concepts to extinct Foraminiferal genera is
therefore speculative. Jones and Charnock (1985) observed, however, that the habitats of
their Foraminiferal morphogroups compared well with those of the associated macrofaunal
feeding groups outlined in Sokolova (1959) and Zenkevitch (1963). Comparison of
inferred life habitats of the Praia Azul Foraminifera with the associated invertebrate fossils

outlined in Fursich (1981), as well as the Ostracoda, supports Jones and Charnock's
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Presence of Algae?

PHOTIC ZONE

Infaunal Epifaunal
Morphogroup iv Morphogroup iii Morphogroup ii Morphogroup i

@ O = aRectocyclanunina @Freixialina @ Choffa[ella
Eoguttulina Everticyclamrrﬁna@ Haplophragmoides Mesoendothym

Figure 2.11: Interpreted life habitats for the Praia Azul Foraminiferal morphogroups.
Phytal interpretations are speculative; the agglutinated Foraminifera would have had to
have been in close proximity to the sedimentary substrate for a supply of grains for test
construction. Epifaunal forms were probably motile, since adherant morphologies
(those with flat or concave ventral surfaces) are not seen.
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Figure 2.12: Area graph showing the distribution of the foraminiferal
morphogroups in the Praia Azul section.
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(1985) observations.

The Praia Azul Foraminifera may be classified into two broad groups: epifaunal and
infaunal. The epifaunal group includes planispiral-lenticular "larger” lituolids
(morphogroup i) and planispiral/trochospiral "smaller" lituolids (morphogroup ii). The
infaunal group encompasses the uncoiling (both "larger" and "smaller") lituolids
(morphogroup iii), and the streptospiral calcareous taxa (morphogroup iv). The inferred life
positions and feeding habits of the morphogroups depicted in Figure 2.11 are
generalizations, based on Jones and Charnock (1985) and data in Murray (1973), and there
are exceptions to these interpretations: 1) certain species of Haplophragmoides and
Trochammina (morphogroup ii) live infaunally (D. Scott, pers. comm., 1989); 2)
Ammobacul.tes (morphogroup iii) has also been reported as vagrant epifauna (Dobson and
Haynes, 1973); 3) the Recent "larger” Foraminifera Amphistegina has been reported from
sedimentary substrates lacking flora (Seiglie, 1970).

The presence of morphogroup iv in all samples indicates an infaunal habitat within
soft sediment existed throughout deposition of the unit. An epifaunal habitat was
developed at certain times only, as indicated by local abundances of morphogroups i and ii.
Samples A4, AS, A8 and A9 stand out as having the largest proportions of epifaunal
morphogroups i and ii, suggesting the presence of a well established phytal community.
Sea-grasses are not apparent in the fossil record before the mid-Cretaceous (Brazier,
1975b), so it is likely that the phyta consisted of seaweeds and algae. The samples were
recovered from siltstones that contained oysters, gastropods, and echinoid spines assigned
to the Praeexogyra pustulosa-Nanogyra nana benthic association of Fursich (1981). The
latter association consists almost entirely of epifaunal elements, of which the gastropods
and the echinoderms were probably algal browsers, and the bivalves suspension feeders
(Fursich, 1981). The interpretation of Foraminiferal morphogroups i and ii in samples A4,
A5 and A8 as epifaunal, accords with Fursich's (1981) conclusions. The position of

morphogroups i and ii with respect to the vegetation depicted in Figure 2.11 is speculative;
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the Foraminifera would have had to be within close proximity to the sedimentary substrate
for test building materials.

Sample A10 contains morphogroup iv only, suggesting absence of a floral
community. The sample was taken from siltstone containing bivalves belonging to the
Mesosaccella daimmariensis-Corbulomima suprajurensis benthic association of Fursich
(1981). The latter association is dominated by shallow burrowing infaunal bivalves of very
small size, of which 25% were deposit feeders and 75% suspension feeders (Fursich,
1981). The infaunal habitat inferred for Foraminiferal morphogroup iv is supported by
Fursich's (1981) interpretation. The Ostracoda in sample A10 are dominated by
Paranotacythere pustulata, which Wilkinson (1983) interpreted as an epifaunal deposit
feeder. Wilkinson's interpretation for the latter species does not go against the findings of
Fursich (1981) or this study, and supports the idea that flora was absent or poorly
developed when these strata were deposited.

Samples A1-A3 and A7 contain mixed proportions of Foraminiferal morphogroups.
Moderate abundances of morphogroup ii, but rarity of morphogroup 1, suggests limited
flora at the time of deposition, lacking the flora to which morphogroup i was presumably
suited. Samples A1-A3 came from siltstones containing the Jurassicorbula edwardi
association of Fursich (1981), in which epifaunal bivalves make up about 25% of the
assemblage, and infauna making up the remainder. The majority (98%) of bivalves in the
benthic assemblage are suspension feeders (Fursich, 1981). The interpretations for the
Foraminiferal morphogroups in samples A1-A3 are in accord with Fursich's (1981)
findings.

The inferred habitats of the Foraminiferal morphogroups are broadly comparable
with those of the bivalve feeding groups in Fursich (1981), and support the conclusions
reached by Jones and Charnock (1985) who compared their morphogroup habitats with
those of macrofaunal feeding groups in Sokolova (1959) and Zenkevitch (1963).



2.4: Praia Azul paleoecology and paleoenvironments.

The distribution of living Ostracoda and Foraminifera is governed by a number of
ecological factors including salinity, temperature, light, availability of calcium carbonate,
oxygen, substrate, food, and predation. Many of the forgoing are controlled by water
depth, and although in many studies this is the only parameter determined, depth is not
thought to be a direct control in itself (Funnell, 1967). Each species has a particular range
of tolerance for each ecological parameter, within which it may survive and reproduce
(Murray, 1973; Brazier, 1979). The above ecological parameters for Foraminiferal and
Ostracodal species are sometimes determined through field observation, but usually by
laboratory studies, and as such, may not take account of diurnal or seasonal variability.
Paleoecological studies rely on the principal of uniformitarianism, which may not always
be valid, and deal with fossil assemblages that may have undergone significant postmortem
changes. These difficulties combine to make interpretation tentative. Despite these
shortcomings, analysis of Ostracoda and Foraminifera in the Praia Azul section has resulted

in some interesting paleoecological conclusions.

2.4.1; Salinity.

The Praia Azul Ostracoda assemblages may be grouped into marine, brackish and
freshwater assemblages, suggesting that salinity was a major ecological control at the time
of deposition. Salinity ranged from oligohaline or lower mesohaline (about 5%o) to upper
polyhaline or euhaline (30-35 %o). Salinity tolerances of the Foraminifera may be inferred
from their association with the Ostracoda salinity groups, and are proposed in Figure 2.13.
Choffatella tingitana is associated with brackish Ostracoda, and its high abundance with
the Ostracoda Fabanella, Cypridea and Darwirula indicates that it thrived under lower
brackish conditions and suggests that it may be an opportunistic species (Levinton, 1970).

The brackish tolerance of C. tingitana contrasts with the salinities in which Recent larger
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Figure 2.13: Salinity tolerances of the Praia Azul foraminifera, based on their
association with ostracoda. Thickness of the line proportional to the degree of
tolerance.
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Foraminifera are found; Murray (1973) indicated normal marine to hypersaline
environments (34-53%o) for living larger Foraminifera. Choffatella and the other
cyclamminids were previously regarded as normal marine or hypersaline indicators (M.B.
Hart, personal communication, 1990). Eoguttulina occurs in abundance with brackish to
euhaline Ostracoda although is less common when associated with lower mesohaline and
oligohaline forms, which suggests it was euryhaline but probably not an opportunist.
Freixialina planispiralis seems to be euryhaline, although is more abundant in association
with upper brackish (polyhaline) Ostracoda. Rectocyclammina, Haplophragmoides and
Mesoendothyra occur with upper mesohaline to upper polyhaline Ostracoda, although are
slightly more abundant with the latter group. Data in Murray (1973) indicate
Haplophragmoides is a euryhaline form. Everticyclammina appears restricted to euhaline

conditions, as indicated by the association with Cytherella.

2.4.2: Temperature,

Recent "larger" Foraminifera occur in warm (>25°c) water (Murray 1973), although
they may colonize areas with lower temperatures but are unable to reproduce. The
Ostracoda Cytherelloidea weberi is thought to be a warm water (>20°c) indicator (Neale,
1973). The paleolatitude of about 25° north at the time of deposition (Hiscott ez al., 1990)
suggests temperature was not a factor affecting distribution of Foraminifera or Ostracoda at
Praia Azul, as the July sea-surface temperature over the Lusitanian Basin would have been
about 28°c (Lloyd, 1982). Diurnal or seasonal temperature changes, however, would have

had a broader range within more marginal environments.

2.4.3: Light.
There is no evidence that light directly controls the distribution of living
Foraminifera (Murray, 1973), although it may partly control the distribution of flora with

which Foraminifera may be associated. Presence of "larger” Foraminifera in most samples
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indicate paleoenvironments were within the photic zone. Presumed absence of vegetation in
sample A10 may be the result of other factors (e.g. turbulence), and it is thought that
illumination was not a controlling factor during deposition. The majority of the Ostracoda

have eye spots, a characteristic of Ostracoda from the photic zone (Brazier, 1979).

4.4; ium n
Temperature, salinity, and availability of oxygen control the solubility of calcium
carbonate in sea water. It is generally plentiful in low latitude warmer waters. Abundant
calcareous Eoguttulina indicate that calcium carbonate availability was not a limiting factor

in at the time of deposition.

2.4.5: Oxygen,

Oxygen availability is not a limiting factor affecting the distribution of living
Foraminifera (Murray, 1973). Wilkinson (1983), however, reported abundant
Paranotacythere pustulata from the Kimmeridge Clay of England, and regarded it as an
‘explosive opportunist' capable of rapid reproduction in anaerobic environments brought
on by high organic productivity. Oxygen availability was not thought to have been a
limiting factor in the Praia Azul paleoenvironments since bivalves are plentiful through
most of the section including strata where Paranotacythere pustulata is abundant. The high
abundance of the Ostracoda indicates that it was probably an opportunistic species that

took advantage of rapid salinity changes that killed off immediate competition.

4.6: nd fi
The substratum includes, apart from the sediment itself, firm surfaces such as the
leaves and stems of seaweed and other plants. Although there was no evidence of plants in
the section, the larger Foraminifera suggest that they were present, as discussed above. In

this sense, substrate was a significant ecological factor controlling the distribution of the
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Praia Azul assemblages since it also reflects the source of nutrients. Absence of
plano-convex or concavo-convex morphologies typically associated with adherant life
styles (on plant, rock, or faunal substrates) suggests the Foraminifera were capable of
motility during life. Soft muddy sediment was an essential prerequesite for the infauna and
probably much of the flora, although the sediment itself does not appear to have had an
impact on the distribution of the microfossils since different species associations are found
in adjacent samples from the same lithology. Sample lithology is predominantly siltstone,
and any variability within this would require detailed petrological analysis.

Purdey (1964) suggested that argillaceous facies probably acted as a 'stable
reservoir' for detrital organic matter, which may explain why infaunal morphogroup iv is
abundant in most samples. As infauna, morphogroup iv would probably have been
buffered frorn the immediate effects of short-term environmental changes (i.e. diurnal or
seasonal fluctuations in salinity, turbidity or local temperature) that may have been
unfavorable to other morphogroups. Morphogroup iii, interpreted as infaunal
detrital/bacterial scavengers (Jones and Charnock, 1985) living in the sediment
immediately beneath the sediment-water interface, would likely have been more susceptable
to environmental changes. The epifaunal morphogroups, regarded as essentially phytal,
would have been exposed to the immediate effects of short term environmental fluctuations.
Chaoffatella appears to have been the most euryhaline Foraminiferal species, and as such,
was probably tolerant of salinity variability.

A relationship between the Ostracoda, substrate and food is not so evident. Most
Recent marine Ostracoda are infaunal burrowers or epifaunal crawlers, thriving on (or in)
silts, muddy sands, or on aquatic plants; they may be scavengers or filter feeders, living on
detritus or living organisms (Brazier, 1979). Paranotacythere and Schuleridea are
considered epifaunal (Wilkinson, 1983), and the coarse reticulation on the former
Ostracoda is characteristic of forms from coarser, near-shore substrates (Brazier, 1979).

Smooth elongate Ostracoda typically live infaunally, as burrowers within silts and muds
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(Brazier, 1979), and the high incidence of Cytherella juveniles may be an indication that it
was infaunal. Galliaecytheridea species are smooth, slim and elongate, characteristic of
Recent phytal Ostracoda (Brazier, 1979). Cytheropteron may be an epifaunal vagrant that
crawled on soft fine-grained substrates, prevented from sinking into the soft sediment by
its alar projections (Brazier, 1979). Recent freshwater species swim a short distance above
the substrate for much of the time (E. Robinson, pers. comm., 1985), and the same is
probably true for the: ancient forms found at Praia Azul. There is no evidence of predation

amongst the Ostracoda in this section.

2.4.7: Palecenvironments.
Fursich (1981) recognised prodelta, delta front, brackish bay and brackish lagoonal

paleoenvironments on the basis of the sedimentology and the bivalve assemblages. Three
salinity-controlled paleoenvironments are determined from the Ostracoda, and these may be
sub-divided according to habitat, determined from the Foraminiferal morphogroups: 1)
Marine (euhaline) to slightly brackish (polyhaline), (Figure 2.14 and Table 2.9),
corresponding to Fursich's brackish bay or lagoon environment; 2) Brackish (polyhaline),
(Figure 2.15 and Table 2.10), corresponding to fursich's brackish lagoon environment; 3)
Lower brackish to freshwater, (Figure 2.16 and Table 2.11), not recognised on Fursich's
benthic associations, but representing back-reef environments subject to fluvial discharge.
Figure 2.17 shows the relationship of the samples to salinity and habitat/substrate.
Lithologic and biofacies trends, and paleoenvironmental interpretations are summarized in
Figure 2.18, which shows a floodplain environment changing upward into brackish lagoon
and alternating back-reef lagoon environments. Paleoenvironmental interpretations of
Fursich (1981), based on sedimentology and benthic associations, are generally supported
by the Ostracodal evidence. The Foraminiferal morphogroups allow sub-environments,

possibly related to aquatic vegetation, to be distinguished.



64

Galliaecytheridea Galliaecytheridea
postrotunda s sp.2

~,

Schuleridea
) =)
Cytheropteron a Paranotacythere _ Cytherelloidea

/ Cytherella

0

Eoguttulina Rectocyclammina Everticyclammina Freixialina
@

Haplophragmoides Choffatella Mesoendothyra

Figure 2.14: Distribution of samples in marine (euhaline) paleosalinities in the Praia
Azul section. Sample Al represents an unstable substrate, sample A8 a stable
substrate with a 'climax' community of plants, infauna and epifauna. See Table 2.9
for additional remarks.
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MARINE TO SLIGHTLY BRACKISH PALEOENVIRONMENTS

OSTRACODA

AUTOCHTHONOUS

ALLOCHTHONOUS

Schuleridea sp.1, Galliaecytheridea sp.2,
Cytherelia fullonica, Paranotacythere
pustulata, Cytherelloidea weberi,
Paracypris sp.

Cytheropteron aquitanum

FORAMINIFERA

Rectocyclammina, Eveniicyclammina, Mesoendothyra, Freixialina, Eoguttulina,

Choffatella.

Sample Al

Sample A7

Sample A8

Morphogroup %
iv 55

35

iii
ii 10

n

Morphogroup %
iv 53

il 30

i 15

i 2

Morphogroup %
iv 35

iii 30

il 15

i 20

INTERPRETATION

Dominance of infauna sugg-
ests absence of vegetation,
perhaps due to current act-
ivity. Ostracoda dominated
by smooth forms interpreted
as infaunal (Whatley 1983).

Infauna and epifauna sugge-
sts transitional environment
with limited vegetation and
moderate currents. Alate
ostracoda (Cytheropteron)
may indicate a soft muddy
substrate.

Dominance of Morpho-
group i and presence of all
other forms suggests well
established flora, with limit-
ed current activity. Optimum
environment for ail trophic
levels.

Table 2.9 : Subenvironments interpreted from foraminiferal morphogroups within euhaline
to slightly polyhaline Ostracodal biofacies. See Figure 2.14.
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Figure 2.15: Distribution of samples in brackish (polyhaline) paleosalinities
in the Praia Azul section. Sample A10 represents an unstable environment,
colonized by opportunistic species, sample AS a staole substrate. Phytal
interpretations speculative. See Table 2.10 for additional remarks.
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BRACKISH (POLYHALINE) PALEOENVIRONMENTS
= AUTOCHTHONOUS ALLOCHTHONOUS
Q
O Paranotacythere pustulata, Cytherella fullonica,
g Galliaecytheridea postrotunda, Schuleridea Darwinula leguminella,
A sp.1, Cytheropteron aquitanum Cypridea, Cetacella armata
O
é Choffatella, Rectocyclammina, Eoguttulina, Haplophragmoides
Sample A10 Sample A3 Sample A2 Sample A5
Morphogroup % | Morphogroup % | Morphogroup % | Morphogroup %
iv 99 iv 75 iv 65 iv 50
ii 20 iii 20 i 30
o) il 5 ii 10 il 12
e i 5 iii 8
Ostracods dominated . Ostracods dominated |Galliaecytheridea-
Ostracods dominated
% by (fgmnom_cythe(e by Paranotacythere, gy Par_ar.zlgtaaciytheige‘. Paranotacythere 0sir-
2| and Schuleridea, int- Some Schuleridea oraminiieral epifau-jacod assemblage with
<| erpreted as epifaunal andGalligecytheridea ga suggests moderate|freshwater influence
E (l)gggt;lmsts (Whatley] prochwater influence | 0™ i(,;itcellcrz(-)Darrt»yzguécfz)
& . . | (reworked Cypridea) g€ Proportior
Lack of flora, high . foraminiferal epifau-
= ivity. High Sparse flora, high na suggests well dev-
current activity. HIgh qtras (salinity chan- &8
stress (salinity chan- ges) eloped floral commu-
ges) nity.

Table 2.10: Subenvironments interpreted from foraminiferal morphogroups within
brackish (polyhaline) Ostracodal biofacies. See Figure 2.15.
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postrotunda
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Darwinula a Rhinocypris

Rectocyclammina
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Freixialina

@

o

Cytherog ieron

Manwiliana

Mesoendothyra Haplophragmoides Eoguttulina

Choffatella

Fabanella

Cypridea spp/|

®

Figure 2.16: Distribution of samples in lower brackish (mesohaline to oligohaline)
paleoesalinities in the Praia Azul section. Sample A6 represents an unstable substrate,
sample A9 a stable one supr ting a 'climax' community. See Table 2.11 for

additional remarks.
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LOWER BRACKISH PALEOENVIRONMENTS

5 AUTOCHTHONOUS ALLOCHTHONOUS
8 fabanella boloniensis, Darwinula leguminella, Schuleridea sp.1,
é Mantelliana cyrton, Galliaecytheridea Cythgeropteron aquitanun,
postrotunda, Cytheropteron aquitanum, Paracypris sp
B Rhinocypris jurassica )
& cypris jurassi
Eoguttulina, Choffatella, Freixialina, Haplophragmoides, Mesoendothyra,
Rectocyclammina
é Sample A6 Sample A4 Sample A9
Morphogroup % Morphogroup %
iv 60 1 67
o Very rare i 20 iv 25
& iii 15 iii 5
ii 15 ii 2
& | Virtual absence of foraminif{ Darwinula and charaphyte | Abundant Fabanella
£ [era and abundant Fabanella | sporangia indicate low | and Darwinula indicate
< |plus Darwinula suggests | salinity. Sparse Foraminif- | salinity <10 %o. Sparse
£ [salinity was < 10%o.Salinity | eral association hard to Foraminiferal association
4 [rather than lack of habitat, ~ | interpret, although epifauna | hard to interpret, although
o may account for the lack of | suggests presence of flora. | high relative abundance of
foraminifera. Flora may or Choffatella suggests phytal
may not have been present. habitats.

Table 2.11: Subenvircnments interpreted from Foraminiferal morphogroups within lower
brackish to freshwater Ostracodal biofacies. See Figure 2.16.
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Figure 2.17: Distribution of Praia Azul samples as a function of salinity and habitat.
Salinity as defined by the autochthonous Ostracodal assemblages, habitat/feeding
strategy as typified by Foraminiferal morphogroups. Infaunal: deposit feeders =
morphogroup iv; filter feeders = morphogroup iii. Epifaunal: herbivores =
morphogroup ii; algal symbionts = morphogroup i (planispiral 'larger' Foraminifera).
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level ¥Fursich 1981 association
-+ e lyhaline- .
M. dammariensis-| ,, POV infaunal .
. - | Paranotacythere, . |brackish lagoon
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{Fursich, 1981)}

Figure 2.18: Summary of lithofacies, bivalve associations (after Fursich, 1981),
microfossil assemblages and paleoenvironmental interpretations through the Praia Azul

section,
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CHAPTER 3
ERICEIRA SECTION

3.1: Introduction and previous work.

Four sections were examined north of Ericeira. These cornmence immediately south
of the volcanic plug seen in the cliffs at Assenta, approximately 9km north of Ericeira, and
continue to Praia do Coxo, the first bay south of the Safarujo river at Ribamar (Figure
3.1).

The sections were studied by Rey (1972), who assigned informal names to the
units recognised. Hiscott et al. (1990b) examined the sections and assigned sedimentary
units to formal lithostratigraphic formations and members. The emphasis of work by
Hiscott et al. (19905} was on the sandstone members of the Torres Vedras Formation,
which are assigned to the Berriasian to Barremian interval. The terminology of Rey (1972)
and the stratigraphic nomenclature and interpretations of Hiscott e al. (1990b) are
summarized in Table 3.1.

Fieldwork was based on lithostratigraphic logs provided by R.N. Hiscott. Rey's
(1972) main lithologic units are also recognised in the field, although his estimated
thicknesses do not agree with Hiscott. The lithostratigraphic log (Figure 3.2) is based on
Hiscott's work, whereas the unit names (in French) in the centre column are the informal
narmes given to the lithologic units by Rey (1972). Eight sedimentary units are recognised

in this study, referred to as units 1 to 8 in Figure 3.2.

72
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Figure 3.1: Location map showing the cliff sections examined north of Ericeira,
based on field logs compiled by Dr. RN. Hiscott, Memorial University.

A more detailed log of lithostratigraphy and sample distribution, and the key to the
above sections is in Figure 3.2.
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Table 3.1: Summary of sedimentary facies and interpretations for the Early Cretaceous
sequences in the Ericeira section, outlined in Hiscott et al. (1990). Refer to Figure 1.4 for
the position of the above Groups, Formations and Members within the general stratigraphic
scheme for the Lusitanian Basin.



LEGEND

Lithology Structures/fossils

§# lignite, plant debris
BB shale @ larger Foraminifera

siltstone O Dbivalves

w coral limestons @ gastropods
E sandy limestone & Diplocraterion
EZZ= dolomitic limestone \V/ T.halaSSinoides
B85 nodular limestone 5§ bioturbation
- [ sandstone & septarian nodules

@ caliche nodules
72>~ current ripples
== laminations

Bl  sample location ~~ dessication cracks

B4 red marly siltstone

Key to lithostratigraphic sections north of Ericeira (Figure 3.1 and 3.2). Figure 3.2
is on the next page.
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Figure 3.2: Lithostratigraphic log and sample distribution in the sections north
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et al. (1990). Location of sections shown in Figure 3.1.
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3.2: Lithostratigraphy.

Section 1B (Figures 3.1 and 3.2) is a lateral continuation of the top 40m of section
1A, brought up to its current position in the cliffs on the south side of Porto da Calada by
faulting. Field observations and subsequent microfossil determinations for these intervals
confirm this lateral relationship.

The 200m thick succession consists of alternating coarse-to fine-grained
siliciclastic and carbonate strata. The carbonate and finer siliciclastic strata were sampled.
The siliciclastics in the basal 110m are predominantly fine grained, consisting of
interbedded siltstones and claystones (red beds) with fine laminated sandstones and local
coarser lensoid sandstone bodies. In the overlying 30m the siliciclastics are particularly
coarse grained, conglomeratic, and show numerous channel deposits. Grain size is much
reduced in the remainder of the section, and the siliciclastics consist of silistones,
claystones and fine sandstones with local coarser intervals.

Carbonate beds, up to 5Sm tnick, are present locally. In the basal 90m, the
carbonates are nodular bioclastic limestones, whereas in the 100-145m interval they are
dolomitic limestone. The upper 50m of the sequence includes partially dolomitized and
sandy bioclastic limestone, coral limestone, and at the top, nodular bioclastic limestones

with thin marlstone intercalations.

Unit 1 is found in the cliff section between the Assenta volcanic plug and the north side of
the bay at Porto da Calada. [t consists of a predominantly siliciclastic sequence of
micaceous to sandy siltstone and claystone with interbedded fine laminated sandstones,
local beds of medium grained sandstone and three units of bioclastic limestone. The
siltstone and claystone are green to red, commonly with caliche nodules and woody
fragments. Interbedded with these are laminated fine micaceous sandstones in beds up to

10cm thick. The medium grained sandstone bodies are up to 3m thick, and are more
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common in the lower part of the unit. The medium sandstones in the lowest part of the unit
have concave-upward basal surfaces and show trough cross-bedding. Slightly higher, the
medium sandstones tend to occur in fining upwards sequences, and commoaly show
ripple cross-laminations. Many of these sequences are bioturbated. The bioclastic
limestones, up to 3m thick, contain nodular beds 15-20cm thick, separated by shaley
partings, and are heavily bioturbated, frequently containing Thalassinoides and burrows
toward the top. On exposed surfaces abundant larger Foraminifera and smooth shelled
Ostracoda are weathered out, and on fresh surfaces a high concentration of fragmented

bioclasts may be seen.

Unit 2 is seen in two cliff secticns at the north and south sides of the bay at Porto da
Calada. The unit consists of another series of predominantly siliciclastic sediments,
containing several dolomitic limestones.

The siliciclastics are generally coarser grained than in the underlying anit, made up
of coarse-to medium-grained cross-bedded sandstones. The finer siliciclastics are less
abundant than in Unit 1, but are similarly red to green coloured. Coarsening upward
sequences are apparent in the lower part of the unit. Section 1B appears to have a greater
proportion of fine-grained sediments.

The carbonates are dark brown dolomitic limestones, sandy at the top, with
interbedded sandy shales containing woody fragments. They are up to 2m thick, with
individual planar beds 10-25cm thick. Primary depositional structures were not observed.
Biogenic structures are limited to Thalassinoides on the underside of the lowest bed in
section 1B. Abundant discoid specimens of the larger Foraminifera Anchispirocyclina
lusitanica occur on the upper bedding planes along with the bivalve Myophorella
lusitanicum. The latter is also found in local bands within the dolomitic beds. Bioclastic
debris locally is seen in the lower few centimetres of certain beds. The dolomitic limestones

have a saccharroidal texture on fresh surfaces. The brown colour of the beds appears to be

W
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a weathering (oxidation) phenomenon: newly fractured surfaces are grey, The clastic
interbeds are generally 10-40cm thick and are of shale and laminated, cross-bedded fine
sandstones with woody fragments.

The carbonate sequence at the top of the unit becomes increasingly sandy. The
uppe. doiomitic beds in section 1A contairs abundant mollusc steinkerns toward the top,
are overlain by a thin (25cm) bed of ciaystone and then a 30cm bed of bioturbated
n.edium-grained sandstone containing the trace fossil Diplocraterion yoyo. In section 1B
the upper dolomitic beds alternate with thin (Scm) laminated silty sandstones.

The carbonate strata are continuous laterally within each cliff profile and cr be
correlated between sections 1A and 13, however, the number of beds in each set of strata
varies between the sections. In section 1B the carbonate strata tend to be thicker but contain

a greater number of shale interbeds.

Unit 3 commences about 300m south of Porto da Calada and continues southward to a
point roughly mid-way between Porto da Calada and Sao Lourenco where it is faulted
against Unit 4. The exact thickness of the unit is uncertain, although 121n is exposed up to
the fault. The unit consists of cross-bedded coarse sandstones and conglomerates
commonly with concave-upward basal surfaces. Locally, some of these deposits contain

woody fragments.

Unit 4 commences mid-way between Por.» da Calada and Sao Lourenco, continuing south
along the cliffs to the start of the sandy beach north of the Satarujo river mouth. The unit
commences with a bed of shale containing coarse quartz grains, a thin bed of carbonaceous
shale, a bed of coarse sandstone, a massive medium-grained sandstone bed, and
bioturbated (Thalassinoides) sandstone. Overlying this is Sm of sandy dolomitic limestone
and a bed of siltstone that coarsens up into sandstone.

The lower clastic strata contain woody fragments and are bioturbated, more so at
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the top. The dolomitic limestone strata occur in five massive undulose beds, each about 1m
thick, which are weathered to a light grey colour and are distinctivly nodular in appearance.
Compositionally, these beds are locally sandy and rich in bioclastic (mollusc) debris.
Eroded septarian nodules (malikaria) are founa throughout, but are particularly abundant in
the second and fourth beds, with higher concentrations of bioclastic debris and gastropods.

Ostracoda are weathered out on the surface of the dolomitic limestones.

Unit 5, carbonaceous siltstone with thin sandy carbonate interbeds, is found at the top of
section 2B, in the cliffs immediately above the sandy beach on the north side of the
Safarujo river mouth. From the sections described in Rey (1972), this unit appears to
correspond to the "Marnes et grés de Santa Susana”. However, according to Rey (1972,
p.173) the latter is located "...immédiatement au S de l'embouchure du Rio Safarujo, dans
les falaisés couronneés par le fort de Santa Susana.". Inspection of the sequences below
the fortress on the south side of the Safarujo river failed to show any similar sequence. The
alternative is that the unit belongs to the "Dolomies, argiles et grés 4 foraminiféres”,
however, Rey (1972) does not recognise such a sequence north of the Safarujo river
mouth. Possibly this is due to a typographic error in Rey (1971).

The unit comprises a series of dark grey carbonaceous siltstone with several beds of
sandy dolomiitic limestone up to 40cm thick. The siltstones appear homogeneous and lack
macrofossils or biogenic structures. The sandy dolomitic limestone bands are lighter grey

and locally contain gastropods and bivalves.

Unit 6 forms the cliffs on the south side of the Safarujo river, continuing south into the
next bay, Praia do Coxo. The sequence is composed of thin to medium bedded (15-45cm)
fine sandstones, locally bioturbated, cross-bedded and with woody fragments, but lacking
macrofossils. Two thin (15-25cm) claystone beds occur in the lower part of this unit, one

at the base and the other 3m above.
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Unit 7 is loc-sted in the cliff section in the southern part of Praia do Coxo. The unit is
composed of a series of sandy bioclastic limestones with local coral build-ups. The
biomicrites are thickly bedded, highly indurated, and locally sandy. At the base of the unit,
quartz pebbles are seen. Coral debris occurs throughout, and on the underside of one of the
lower beds undercut by the sea immediately below the dirt access road, large colonial corals
in growth position were observed. The beds at this locals form a knoll that thins laterally.
The upper beds are less sandy but more shaley. The top of the unit contains a bed of fine

calcareous cross-bedded sandstone.

Unit 8 is located in the south part of Praia do Coxo and consists of interbedded nodular
limestone and marlstone. The limestones are medium grey, thin to medium bedded
(5-15cm), heavily bioturbated and rich in bioclastic debris. The larger Foraminifera
Choffatella decipiens is locally abundant, weathered cut on exposed surtaces. The
marlstone is dark grey and occurs both as thin partings between the nodular limestones and
as thicker sequences (up to 30cm). The thicker marlstone beds are more comimon in the

upper part of the unit.

3.3: Microfossil analysis and intcrpretations.

Sampling was restricted to marine intervals (carbonate and shale beds), rather than
the intervening clastic beds. The marine beds were preliminarily identified as such by R.N.
Hiscott (personal communication, 1987). Fourty-one of the 42 samples collected contain
microfossils, although these were sparse in many samples. Fourty-two species of
Foramir.ifera and 21 species of Ostracoda were recognised. The specimen abundance and
number of species of Ostracoda and Foraminifera recovered from the samples are shown in
Figures 3.3 and 3.4. The Ostracoda are most abundant in the nodular carbonates in Unit 1,

and the number of species is also highest in this unit. The sandy limestone at the top of
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Unit 2 and the sandy bioclastic limestone in Unit 4 also contain a few dozen Ostracoda
specimens, only two species. The nodular limestones in Unit 8 contain sparse Ostracoda
represented by only four species. Samples from the other units have sparse Ostracoda
represented by two species. Foraminiferal abundance and number ¢f species fluctuates
markedly within and between the units. The number of species is low, rarely exceeding six

and at most eleven, even in samples with higher nunibers of specimens.

3.3.1: Ostracoda.

3.3.1.a: Distribution of Families.

The Ericeira Ostracoda are represented by the same suborders as in Praia Azul. The
Pedocepira are represented by the Families Cytheruridae, Cytherideidae, Cytheridae and
Paracypridi-ae, and also include three families (and four gencra) not seen in the Praia Azul
section. These are: Family Brachycytheridae (genus Amphicythere); Family
Progonocytheridae (genus Protocythere); Family Trachyleberididae (genera Cythereis and
Platycythereis). Families Cytherideidae and Cytheruridae also contain two genera not seen

in Praia Azul, Asciocythere and Cytheropierina respectively.

The distribution of the Ostracoda species (Table 3.2) shows marked variability
between the units. As mentioned above, maximum Cstracodal diversity and abundance is
seen in Unit 1. Several longer ranging taxa have significant gaps in their ranges that may be
due to ecological exclusion from particular facies. Absence of many species found in Unit
1 from younger units may also be due to ecologic control, or could be due to extinction
events.

Using the framework establishea above for the Ostracodz as salinity indicators at

Praia Azul, the distribution of the Ostracoda in the Ericeira section will be discussed for
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each unit. This will assist in identification of ecological controls affecting the ranges of

species.

Unit 1 nodular limestone beds contain assemblages dominated by, and Schuleridea triebeli,
Cytheropteron aquitanum, Amphicythere confundens, Cyrtherella fullonica, C.

suprajurassica, G. postrotunda, Cytherelloidea weberi, Schuleridea sp.1, Asciocythere
sp.1, and Galliaecytheridea sp.2. Fabanella boloniensis is locally abundant in samples

from the upper nodular bed. Less commron or rare are Paranotacythere pustulata,
Paracypris, Darwinula leguminella, Cytheropterina triebeli and Protocythe  sp. With the
exception of Paranotacythere pustulata, Paracypris and Darwinula leguminella, all species
have late stage instars which include carapaces, and implies high infant mortality. The
latter three species are interpreted as allochthonous, while all others are part of t. .
biocoenosis. The majority of species are euryhaline although some are perhaps stenohaline
(Cytheropteron, Cytherelloidea and Cytherella), suggesting upper polyhaline to euhaline
sailinity. Appearance of Fabanella boloniensis in sample B6 and absence of the latter

three stenohaline forms indicates increased brackishness {lower polyhaline to mesohaline).

Unit 2 contains sparse, poorly preserved specimens of Schuleridea, Asciocythere, and
Galliaecytheridea from shaley partings between the dolomitic beds. Absence of Ostracoda
from *he dolomitic limestones may be an artefact of re-crystallization. The sandy limestone
at the top of section 1A, on the other hand, yielded low numbers of Fabanella boloniensis
and Cytherella, both as adults and late juveniles, plus rare Cytheropterina triebeli. All
specimens were puorly preserved. The Ostracoda indicate brackish salinity at the time of

deposition.

Unit 3 contained coarse clastics and was not sampled.
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Unit 4 contains rue Fabanella boloniensis in the lower strata. The sandy, bioclastic
dolomitic limestone contained abundant adult and juvenile carapaces of Fabanella
boloniensis, and rare Asciocythere. Articulation of all specimens of Fabanella indicates
premature mortality. Many of the carapaces contain small round holer indicatirg predation,
possibly by gastropods found in these strata. Maddocks (1988) examined predation in
Mesozoic Ostracoda , and determined that smal! circular holes are the result of predation by
naticid gastropods. The mortality of the Fabanella population is probably indirectly related
to salinity as a change in the latter may have caused the introduction of the predatory
gastropods. The salinity at the time of deposition of these units is interpreted to have been

in the lower brackish (mesohaline) spectrum. based on the Fabanella association.

Units 5 and 6 were barren of Ostracoda; Unit 7 was not sampled since it was an indurate

limestone.

Unit 8 contains sparse Ostracoda including Cythereis ericeirensis, Platycythereis
crisminaensis, Schuleridea thoerenensis, and Asciocythere sp.2. The latter is slightly
more abundant (20 specimens) at the top of the section. Trachyleberid Ostracoda
(represented by Cythereis and Platycythereis) are reported as typical of marine shelf
environments in the Early Cretaceous (Neale, 1978) although the other two species are

thought to be euryhaline.

3.3.2: Foraminifera.

2.a: rfamily distribution
The Foraminiferal superfamilies in the Ericeira sections are represented by the
Lituolacea, the Nodosariacea and the Miliolacea. The latter group is numezrically

unimportant (three specimens of Quinqueloculina) and will not be considered further. The
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distributioz of the Lituolacea and the Nodosariacea are shown in Figure 3.5, in which the
Lituclacea are separated into their "larger” and "smaller" components. "Larger” lituolids
dominate in Units 1 and 8, and also at the top of Unit 2. The "smaller” lituolids constitute
most of the specimens in the other units, although are represented by only a few specimens

in many samples. The Nodosariacea are important in Units 1 and at the top of Unit4 only.

3.3.2.b: Distribution of species and morphogroups.

The distribution of Foraminiferal species in the Ericeira sections (Tuble 3.3) is
variable and appears influenced by lithology. As indicated above, the calcareous taxa
Eoguttulina and Lenticulina muensteri are virtually restricted tc the nodular limestones of
Unit 1 and the sandy dolomitic limestone in Unit 4. The 'larger' lituolids have a wider
distribution. In Unit 1 they include abundant Pseudocyclammina muluchensis,
Everticyclammina virguliana, and low numbers of Choffatella tingitana, Rectocyclarnmina
chouberti, Anchispirocyclina lusitanica and Mesoendothyra sp.A occur in the dolomitic
limestones of Unit 2 and is abundant in the sandy limestones at the top of Unit 2 in section
1A, with rare Pseudocyclammina lituus. Abundant Choffatella decipiens occur in the Unit
8. The "smaller" lituolids include several species of Ammobaculites and
Haplophragmoides that are locally abundant in Units 2, 4 and 5, and abundant
trochamminids in Unit 4. Species of Ammomarginulina, Dorothia, Freixialina,
Haplophragmium, Reophax and Spiroplectammina are locally common through the units.

Using the framework established above for Foraminiferal morphogroups as
indicators of habitats in the Praia Azul section, the distribution of Foraminiferal species will
related to morphogroups in an attempt to assess the role of substrate as an ecological
control. The generic composition of Foramirifera at Ericeira differs from Praia Azul by the
presence of Ammobaculites, Anchispirocyclina, Dorothia, Feurtillia, Flamellammina,
Haplophragmium, Lerticulina, Pseudocyclammina, Reophax and the trochamminids. The

latter genera may be assigned to the morphogroups established for the Praia Azul
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Foraminifera: Anchispirocyclina and Pseudocyclammina are "larger" planispiral lituolids
with complex endoskeletons, and are assigned to morphogroup i; Planispiral Lenticulina
and the low trochospiral trochamminids ("smaller" lituolids) are assigred to morphogroup
ii; Ammobaculites, feurtillia, Flabellammina, Haplophragmium and Reophax are assigned
to morphogroup iii; Dorothia is assigned to morphogroup iv. Although the trochamminids
are not planispiral, their present day mode of life is generally phytal within shallow marine
environments. (D. Scott, pers. comm. 1989). The percentage distribution of the four

Foraminiferal morphogroups is shown in Figure 3.6.

Unit 1: Samples from the lower limestor:e bed contained more speciinens and consequently
more species than those from the upper bed. The "larger” Foraminifera Everticyclammina
virguliana and Pseudocyclammina muluchensis are the dominan* species in samples B3
and B5 respectively. In other samples the latt== species are represented by a few specimens
only. Ammobaculites is abundant in sample B2, where A. agglutinans and A. euides
comprise over half the specimens. Freixiclina planispiralis and species of Eoguttulina are
well represented in sample B1 in the lower limestone bed, but are found in low numbers in
other samples. Other species found in low numbers of Choffatella tingitana, Feurtillia
frequens, Mesoendothyra sp.A, Rectocyclammina chouberti, Reophax horridis,
Trochammina sp. and Verneuilinoides minuta are seen in some samples. All Foraminiferal
morphogroups are seen in the lower limestone bed, although the infauna is more abundant.
Morphogroup i is slightly more abundant in th- upper part of the bed. The upper nodular
bed has -. sparse assemblage that is difficu. .o evaluate, although morphogroup i clearly

dominates the lower part of the bed.

Unit 2: The dolomitic limestones in the unit contain generally impoverished Foraminiferal
assemblages. Although poor preservation made identification difficu’t, the specimens

examined are placed in the two common species Haplophragmoides concavus and H,
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Figure 3.6: Distribution of the Foraminiferal morphogroups in

the Ericeira samples.
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nonionoides.

Shales interbedded with the dolomitic limestone contain locally numerous
Ammobaculites including A. agglutinans, A. godmani and A. subcretaceus, and
Haplophragmoides concavus, low numbers of H. minor and H. nonionoides. The larger
foraminiferid Anchispirocyclina lusitanica is abundant in the sandy dolomitic limestone
(sample C-8) near the top of section 1A, and occurs with Pseudocyclammira and rare
Eoguttulina, Everticyclammina, Freixialina, Rectocyclammina and Quinqueloculina sp. The
shelly dolomitic sandstone (sample C-9) contains a sparse assemblage with a few
specimens of Ammobaculites agglutinans, whereas the overlying thin claystone bed
(sample C-10) beneath the upper-most sandstone contains a rich assemblage of
Ammobaculites subcretaceus. Other smaller agglutinated species are also present in low
numbers at this level including Ammobaculites agglutinans, Reophax spp.,
Spiroplectammina sp. and Haplophragmium inconstans.

Morphogroups in the dolomitic beds are limited to the epifaunal morphogroup ii.
Shaley strata contains morphogroups ii and iii, whereas the sandy limestone in the upper

part of the unit is dominantly morphogroup i with a low abundance of infauna.

Unit 4: The thin claystone in the lower part of section 2B contains a sparse Foraminiferal
assemblage with a few specimens of Ammobaculites euides, Haplophragmoides concavus
and more numerous Trochammina depressa. The shale at the base of the shelly dolomitic
sequence contains a more abundant assemblage with Ammobaculites euides, A. obliquus,
A. reophacoides, Haplophragmoides concavus, Reophax horridus and Trochcmmina
depressa. The genera Ammobaculites, Haplophragmoides and Trochammina are
represented by roughly equal numbers of specimens. Foraminifera in the shelly dolomitic
strata are sparse, represented by Trochammina depressa and a few specimens of Reophax
sp. ead Haplophragmoides concavus. The highest sample in the unit has the only

calcareous Foraminifera seen in these sections: Eoguttulina metensis and rare Lenticulina






