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ABSTRACT 

PALAEOECOLOGY, PALAEOENVIRONMENTAL ANALYSIS AND THEIR APPLICATION TO 
SEQUENCE STRATIGRAPEIY: LOWER CRETACEOUS, LUSITANIAN BASES, PORTUGAL. 

GARY STEFAN AILLUD 

Palaeoecological data can provide key information on depositional environments. This 
may be critical to the interpretation of marine sedimentary cycles and the recognition of 
ancient cycles and sequences. Although many recent studies have attempted to combine 
palaeoecology and sequence stratigraphy, the sequence stratigraphic model is commonly 
used to provide a temporally constrained framew^ork for the evaluation of ecological and 
evolutionary events. 

This study shows how palaeoecology can be used as a powerful tool in the 
development of sequence stratigraphic models. A palaeoecological study of three Lower 
Cretaceous successions (at Ericeira, Cascais, Cabo Espichel) from the southern part of the 
Lusitanian Basin, Portugal, provides a basis for this study. This palaeoecological analysis 
allowed the construction of a detailed picture of the effects of relative sea-level, and other 
environmental factors, on sedimentary succession evolution. The results of this 
palaeoecological analysis have been represented on a series of depositional facies trend 
diagrams. The depositional facies diagrams have then been used to develop the sequence 
stratigraphy of the southern part of the Lusitanian Basin. 

The study successions record the temporal changes, and along-strike variation, in 
the evolution of three mixed carbonate-siliciclastic systems. The base of all the successions 
represents the development of narrow shelf with minor wave reworking. Siliciclastics were 
introduced by sand and gravel-load river dominated deltas with little reworking of the 
sediment at the charmel mouths. This was characterised by the development of a clastic 
beach-barrier at Ericeira and a 'cool-water' carbonate ramp at Cascais. At Cabo Espichel a 
coral biostrome developed where coral ecology was controlled by terrigenous 
sedimentation and turbidity. The upper part of the successions represent a change in the 
morphology of the basin. A broad, shallow, low energy carbonate shelf developed that 
dissipated wave energy. In the nearshore environment siliciclastics were prevalent. The 
shelf carbonates are characteristic of the 'cool-water' type carbonates of the Cretaceous 
Tethyan realm. The more proximal Ericeira and Cabo Espichel successions record the 
alternation between marginal marine siliciclastic and shallow-water marine carbonate 
environments. The Cascais succession is characterised by carbonate platforms with 
abundant coral and rudist bivalve faunas. 

Palaeoecological analysis and development of the depositional facies trend 
diagrams have allowed the identification of one mega-sequence (2°** order), six sequences 
(3"̂  order) and higher resolution sequences and parasequences (4 order). 2°'̂  and 3"* order 
sequences are correlatable across the southern part of the Lusitanian Basin. They also 
correlate with previously published sequence chronostratigraphy for the Tethyan reahn. 
The palaeoecological arialysis indicates that 2 and 3'̂ ^ order sequences are controlled by 
allocyclic processes and that 4*̂  order cycles (sequences and parasequences) were 
dominated by autocyclic processes. As a result 4 order cycles caimot be correlated across 
the basin. 

This study has shown that detailed palaeoecological analysis can reveal a detailed, 
and more accurate, picture of the controls on the development of a basin fill than 
sedimentology alone. Along with the depositional trend diagrams, these data can provide a 
powerful method for the development of a sequence stratigraphic model and aid to 
interpretation of a basin fiU. 
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1.1 SEQUENCE STRATIGRAPHY: INTRODUCTION 

Sequence stratigraphy, aims to provide a chronostratigraphic framework for the correlation 

of sedimentary facies based on the identification and correlation of time lines across a 

sedimentary basin. This is in contrast to lithostratigraphy, which allows the correlation of 

lithologically similar packages across a basin. Sequence stratigraphy has been defined by 

many authors since its conception in the late 1970's, however, the most concise is that 

preferred by Emery and Myers (1996): 

"the subdivision of sedimentary basin fills into genetic packages bounded by 

unconformities and their correlative conformities " 

Several geological disciplines contribute to the development of a sequence stratigraphic 

interpretation, including seismic stratigraphy, biostratigraphy, chronostratigraphy, and 

more recently palaeoecology. Lithostratigraphy, used for mapping, is not considered to be 

of use, as it is does not identify chronostratigraphic horizons. It is a theoretical and 

interpretive tool rather than descriptive and has been criticised in the past (see Miall, 1986 

for discussion). 

1.1.2 HISTORY OF SEQUENCE STRATIGRAPHY 

According to Miall (1986) "Peter Vail and his colleagues at Exxon have brought about a 

revolution in stratigraphic thinking during the last ten years (Vail, et al., \91l2i^ 1977b). 

Their ideas about global eustatic control of unconformity bounded sequences are 

contributions of first rate importance to our science". However, the origin of sequence 

stratigraphy stems from Sloss, Krumbein and Dapples (1949) who first outlined the 

concept of stratigraphic sequences and defined sequences as "assemblages of strata and 

formations bounded by prominent interregional unconformities". Despite negative 

reactions to these ideas they were developed further by graduate students of Sloss, one of 

whom was Peter Vail. At this time Wheeler (1958) published a classic paper on time-

stratigraphy which contains many of the concepts in use today and an early attempt to 

introduce sequence stratigraphic terminology (Emery and Myers, 1996). 

Although, Emery and Myers (1996) suggested that the basic concepts of sequence 

stratigraphy developed over several decades, true development did not occur until the 

1970's when the introduction of digitally recorded and processed multichatmel seismic 

data made large scale images of sedimentary basins available. The basic concept was 

developed within the Carter Oil Company and subsequently at the Exxon Production 

Research Corporation during the late 1960's and early 1970's. The concept was used as a 

tool to aid the interpretation of newly available seismic data (Vail and Wilbur, 1966; 
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Mitchum et ai, 1976), where eustatic sea-level was emphasised as the controlling 

mechanism for sequence development. Gradually this original concept has been developed 

to incorporate both borehole and outcrop data (Vail et al, 1984). 

1.2 PALAEOECOLOGY AND SEQUENCE STRATIGRAPHY: INTEGRATION? 

Since the initial publication by Wilgus et al. (1988), the concepts of sequence stratigraphy 

have become widely accepted and applied by the geological community to a broad range of 

data bases. This includes both conventional and high-resolution seismic data, wireline logs, 

cores, palaeontological and geochemical data. The early literature on sequence stratigraphy 

focused largely on the application of the global eustatic cycle chart (Haq et al. 1987). This 

emphasis resulted in the perception that the primary goal of sequence stratigraphy was to 

construct age models for a given stratigraphic succession. This approach involved the 

correlation of local stratigraphic successions with the global eustatic chart using available 

biostratigraphic data as well as analysis of physical stratigraphy (i.e., coastal onlap 

geometry) (Haq et al. 1987; 1988). More recently, the emphasis has shifted to analysis and 

prediction of temporal and spatial stratigraphic relationships based on the interpretation of 

cyclicity in the rock record and the understanding of sedimentary processes and 

architecture. Posamentier and Allen (1999) argue that this latter application, involving the 

prediction of lithology and stratal architecture, "constitutes the most significant utilization 

of sequence stratigraphy concepts". Along with this general acceptance of the concepts of 

sequence stratigraphy, recent advances are little more than a "commensurate proliferation 

of jargon and terminology" (Posamentier and Allen, 1999). These so called advances have 

been made purely through more precise study and understanding of the evolution of 

sedimentary successions (e.g., Harris et al., 1999; Hunt and Gawthorpe, 2000). 

In recent years, palaeontologists have begun to develop integrative models of depositional 

environments and palaeoecology (Valentine, 1973; Einsele and Seilacher, 1982; Dodd and 

Stanton, 1990; Miller, 1990; Einsele et al., 1991; ) and evolutionary ecology (Valentine, 

1985; Walliser, 1986; Bayer and Seilacher, 1985; Donovan, 1989; Kaufifmann and 

Walliser, 1990; Lees and Edwards, 1993; Erwin and Anstey, 1995). Until recently, 

however, there has been little attempt to incorporate these approaches with the paradigms 

of sequence stratigraphy. Because palaeoecological changes are closely correlated with 

fluctuations in sea-level and sedimentation, the genetic relationships between fossil 

distribution patterns and depositional sequences may be predicted. 
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The relationship between palaeoecology and sequence stratigraphy is actually two fold. 

First, data from the fossil record may provide key information on depositional 

environments critical to the interpretation of marine sedimentary cycles and, hence, the 

recognition of ancient cycles and sequences. Second, the sequence stratigraphic framework 

provides a predictive model within which to explain various palaeoecological phenomena: 

iterative cycles of ecophenotypic change, faunal or community level tracking, and various 

perturbations in marine palaeoecology that relate to changes in water depth, sedimentation, 

or other environmental parameters that are tied to cycles of relative sea-level rise and fall. 

As Brett (1995; 1998) points out, although there are many recent studies involving 

palaeoecology and sequence stratigraphy, the sequence stratigraphic model is commonly 

being used to provide a temporally constrained framework for the evaluation of ecological 

and evolutionary events. 

The only other attempt to integrate palaeontological data with sequence stratigraphy is 

using biostratigraphic data. Emery and Myers (1996) indicate that the present 

understanding of this subject is somewhat limited by the small number of studies that have 

been integrated fully with other sequence stratigraphic information from well and seismic 

data. The majority of this knowledge is derived from studies in the Gulf of Mexico 

(Armenfrout, 1987; Loutit et al, 1988; Allen et ai, 1991; Armenfrout and Clement, 1991; 

Armentrout et al., 1991), although, as yet, there are few laws on the relationship between 

biostratigraphy and sequence stratigraphy. 

1.3 PALAEONTOLOGY AND SEQUENCE STRATIGRAPHY: APPLICATION 

Information derived from fossils in sedimentary sequences may be of critical importance in 

the interpretation of sequences and sequence patterns. In recent years palaeontologists have 

begun to develop integrative models of dejwsitional environments and palaeoecology 

(Valentine, 1973; Einsele and Seilacher, 1982; Olsson, 1988; Dodd and Stanton, 1990; 

Miller, 1990; Einsele et al., 1991). Whilst microfossils, especially foraminifera, are widely 

used in the oil industry for the interpretation of depositional environments (Van Grosel, 

1988), increasingly macrofossils, especially trace fossils, are being used. However, until 

recently there has been little attempt to combine palaeoecology with the paradigms of 

sequence stratigraphy (Brett, 1998). Because palaeoecological changes are closely related 

to fluctuations in sea-level and sedimentation patterns and rates, genetic relationships 

between fossil distribution patterns and depositional sequences should be predictable. 
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1.3.1 BIOFACIES AND BIOSTRATIGRAPHY IN SEQUENCE STRATIGRAPHY 

Because of the intimate link between organisms and the sedimentary environment in which 

they live, the identification of biofacies (an association of organisms representing a 

particular depositional environment) can reveal an enormous amount of information on the 

controls of a sedimentary succession and the interpretation of depositional environments; 

this is not restricted to fluctuations in relative sea-level change. The current understanding 

of the link between biostratigraphy and sequence stratigraphy (based mostly on microfossil 

studies) is limited, due to the small nimiber of studies which have integrated the two fields; 

a majority of the knowledge is based around the studies of Armentrout (1987), Loutit et al, 

(1988), Allen et al., (1991) and Armentrout and Clement (1991). This link provides the 

most direct relationship between sequence stratigraphy and palaeontology lies within the 

realm biostratigraphy (Haq, 1991; Loutit et al., 1988; 1991, Armentrout, 1992). In order to 

test the notion that sequences are global and synchronous (Haq et al., 1987), independent 

data on age relationships must be utilised. 

1.3.2 FOSSILS AS PALAEOENVIRONMENTAL TOOLS IN SEQUENCE STRATIGRAPHY 

The abundant information available from fossils in sedimentary successions may be of 

critical importance in the interpretation of sedimentary successions and sequence patterns. 

It is particularly important for the determination of ancient water depths or 

palaeobathymetry. Evidence for changes in substrate consistency, sedimentation rate and 

turbidity fluctuations, and bottom water oxygenation from palaeoecological studies may 

also provide insights into the environmental fluctuations and responses to sedimentary 

cycles and sequences (Brett, 1998). 

Trace fossils have often been neglected, except for indications of the degree of 

bioturbation, as a crude indicator of environmental conditions (Siggerud and Steel, 1999). 

Although groups of trace fossils, or ichnofacies (Seilacher, 1967), have been used as 

indicators of palaeobathymetry, trace fossils can provide tangible evidence of the response 

of the organism (original trace maker) to fluctuations in the environment (Frey, 1975; Frey 

and Seilacher, 1980; Ekdale et al., 1984; Bromley, 1996), and can provide information 

about the depositional history of the sediments in which they were constructed. As 

sensitive indicators of environmental change trace fossils are of valuable importance in 

detailed, high resolution, sequence analysis (Bromley, 1996). 

Trace fossils reveal much about sediment consistency, community structure, colonisation 

patterns and bioturbation textures (Bromley, 1996). As a result ichnofabric analysis, and 
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some individual trace makers, is especially useful in interpreting environmental change at 

stratal surfaces. In a sequence stratigraphic framework it can aid in identification of key 

stratal surfaces (see Section 6.3.3) and condensed sections. The stacking pattern 

distributions of ichnofacies spatially and temporally is especially useful (Siggerud and 

Steel, 1999). 

A) WATER DEPTH 

Palaeontological data may frequently provide a far more sensitive gauge of relative water 

depth (or even absolute water depth) than sedimentological features alone. Whereas 

sedimentological features may not always provide evidence for fluctuations in relative 

water depth, palaeoecological data may frequently give a sensitive indication. 

Palaeoecological data can provide a number of valuable indicators of water depth, 

dasycladean algae and agglutinated foraminifera (Banner and Simmons, 1994), orientation 

and implosion of ammonites, eyes in various arthropods and hermatypic corals (Brett et ai, 

1993), that may be useful in the determination of the magnitude of sedimentary cycles 

(Brett et al, 1993; Benedict and Walker, 1978). 

The use of the predicable recurrence of certain benthic biofacies with depth zones is also a 

useful application of palaeoecology to the interpretation of palaeobathymetry. Many 

biofacies appear consistently at the same depth (Zeigler et al., 1968; McKerrow, 1979; 

Boucot, 1982; Boucot and Lawson, 1998, and references therein). Many organisms tend to 

be evolutionary conservative with respect to their depth ranges and hence, many genera 

and families have occupied similar paleobathymetric zones for millions of years (Boucot, 

1990; Aberhan, 1994). 

A fiirther application of palaeoecological data to interpreting palaeodepths is the study of 

ichnofacies. The general relationship between ichnofacies and palaeobathymetry was 

established by Seilacher (1967), and has been generally supported by numerous case 

studies (e.g., Droser and Bottjer, 1993; Bottjer and Droser, 1994; Goldring, 1995). 

However, factors other than water depth (substrate consistency, sedimentation rates and 

turbidity, oxygenation) exert a very significant influence on the distribution of ichnofossils, 

which lead Frey et al., (1990) to conclude that only a weak and indirect relationship exists 

between ichnofossils and water depth. Despite this, individual ichnofossils, ichnofacies and 

ichnofabrics may still provide useful clues to relative water depth (Brett, 1998). Insect 

burrows identify terrestrial soil or freshwater deposits (Thackeray, 1994), vertical dwelling 

burrows of the Skolithos ichnofacies typify nearshore sands and Pollard et al., (1993) 
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identified three ichnofabrics containing Ophiomorpha nodosa and Macaronichnus 

segregatis and related these to nearshore, shoreline and estuarine environments. The main 

problem with the use of ichnofossils in determining water depth is an evolutionary one, as 

many trace makers may have shifted their environmental position through the Phanerozoic 

(Droser and Bottjer, 1993; Bottjer and Droser, 1994; Bromley, 1996). 

B)SALiNrrY 

Many organisms are sensitive to slight fluctuations in salinity. Stenohaline organisms such 

as, echinoids, articulate brachiopods or cephalopods may be good indicators of open 

marine conditions. Within a particular sequence they would normally indicate late 

transgressive and early highstand deposits (Brett, 1998; see Section 6.3.2). The first 

appearance of a marine fauna in a sequence may indicate minor marine incursion 

associated with marine flooding at a transgressive surface or maximum flooding surface 

(see Section 6.3.3). Reduced salinity or variable salimty depositional environments may be 

characterised by the presence of low diversity euryhaline faimas (lingulids and oysters) 

(Fiirsich, 1994). Euryhaline faunas usually characterise brackish-estuarine faunas and may 

commonly occur in lowstand systems tracts. 

C) SUBSTRATE CONSISTENCY 

The nature of substrate consistency may vary in a predictable manner throughout a 

sequence or fmrasequence (Brett, 1998). Shoreface reworking during a lowstand systems 

tract (see Section 6.3.2) may remove water rich sediment exposing firm overcompacted 

sediment which may then be colonised by endofaunas. During periods of low sedimentary 

input (e.g., maximum flooding surfaces, condensed sections; see Section 6.3.3) sediments 

may also become firm or cemented, which is also conducive to colonisation by specialised 

endofaunas. Winnowing during later parts of a highstand systems tract may also lead to the 

deposition of shell or gravel deposits, which develop a firm armour or pavement on the 

sea-floor capable of supporting a number of species that are restricted in habitat to 

colonisation of hard substrates (Kidwell and Bosence, 1991). 

Where the consistency of certain substrates (hardgrounds) may be easy to identify, others 

may be not readily recognisable. Fossils, especially trace fossils (see Section 6.5.3), may 

provide important clues to identifying substrate consistency and in identifying key stratal 

surfaces (see Section 6.3.3). Body fossils are less diagnostic of substrate consistency. 

However, several studies have been undertaken which underline the use of certain taxa in 

the identification of substrate consistency. Oyster ecomorphotypes have been used as an 
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indicator of soft substrate consistency (Seilacher, et al., 1985), rudist bivalve 

ecomorphotypes (Skelton and Masse, 1998) and coral morphotypes (Fiirsich, 1994b; 

Rosen, et al., in press) may also be indicators of substrate consistency. 

Ichnofossils may provide important clues to the nature of the consistency of a substrate, 

and as a consequence may be very useful in identifying key stratal surfaces and 

discontinuities within a sedimentary sequence. A classic example is the study by Taylor 

and Gawthorpe (1993), who examined patterns of ichnofossil distributions in relation to 

sequence boundaries and other key stratal surfaces. Taylor and Gawthorpe (1993) showed 

how key stratal surfaces may display distinctive trace fossil suites. 

D) SEDIMENT RATE AND TURBIDITY 

Relative rates of sedimentation and associated water turbidity may be expected to vary 

predictably within a sedimentary succession (Brett, 1998). The interpretation of 

fluctuations in these rates is very difficult, especially if only sedimentological data is 

available. However, palaeoecology may provide an important tool. Assemblages 

dominated by suspension feeders tend to be well developed under conditions of low 

sedimentation rates, low turbidity and firm substrates (Scott, 1978; Fiirsich, 1978; Elder, 

1987). Hence, suspension feeders may be a good indication of sedimentation rates and 

turbidity in a sequence. The abundance of photosynthesising organisms may provide a 

good indicator of low sedimentation rates and turbidity. Turbidity sensitive taxa, in much 

the same way as certain ecomorphotypes and morphotypes are useful indicators of 

substrate stability, may also be good indicators of fluctuating, especially low, 

sedimentation rates and reduced turbidity. Particularly usefiil are corals, whose growth 

morphology can be controlled by fluctuations in sedimentation rates and turbidity (Fursich, 

1994b; Rosen et al., in press). 

It is expected that organism distribution will vary consistently within a sedimentary 

sequence (Brett, 1998). Normally, a higher diversity of suspension feeders will occur 

during a transgressive systems tract, when sedimentation and turbidity were relatively low 

due to nearshore sediment entrapment. Conversely, during relative sea-level fall, the 

removal of sediment from nearshore to the offshore areas will increase stress on 

suspension feeding organisms that are intolerant of increased sedimentation and turbidity. 

This will result in the optimisation of conditions on primary deposit feeding organisms that 

require increased amounts of organic detritus and/or soft substrates for their survival 

(Brett, 1998). 
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In much the same way as for body fossils, the ratio of suspension feeding to endo- and 

epibenthic organisms can give a good indication of the relative sedimentation rates and 

turbidity in an environment (see Section 6.5.2). Certain individual trace makers (for 

example Zoophycos) appear to be sensitive indicators of increases in sedimentation rates 

(Brett, 1995). The truncation of ichnofossils may also be an indication of submarine 

erosion of the substrate. The use of retrusive and protrusive ichnofossils (for example 

Diplocraterion) may be used to infer fluctuations in erosion or deposition in a sedimentary 

environment (Goldring, 1971; Goldring, 1995). 

E) BOTTOM WATER OXYGENATION 

While not directly related to the processes generating sedimentary sequences (Brett, 1998), 

the level of bottom water oxygenation is highly sensitive to relative fluctuations in sea-

level. In particular, episodes of widespread anoxia or the development of large masses of 

low oxygen bottom waters are typically associated with transgressions (Kauffman, 1981; 

Hallam, 1992; Wignall, 1994). As there is no evidence for anoxia in the Lower Cretaceous 

successions in Portugal oxygen fluctuations are not dealt with further here; the reader is 

directed towards the work of Wignall (1994) for further discussion. 

1.4 OBJECTIVES AND METHODS OF THE STUDY 

Brett (1998) highlights the fact that the same processes of sea-level, climate, environmental 

factors, and fluctuations in sediment supply that create depositional sequences also exert a 

strong biological control. Sea-level fluctuations and sediment supply are important in 

determining depositional sequences. Palaeoecological data can provide a more accurate 

and detailed picture of the evolution of sedimentary successions than sedimentology alone. 

The primary objective of this study is to use palaeoecological data, integrated with 

sedimentological data, to determine the detailed evolution of a number of successions and 

use this data to develop a sequence stratigraphic model. This is in contrast to previous 

studies which tend to integrate palaeoecological data into sequence stratigraphic 

frameworks. 

The second objective of this study is to obtain a better understanding of the sedimentary 

evolution and palaeoecological factors controlling the distribution of benthic (and minor 

associated pelgaic) organisms of the Lower Cretaceous (?BerriasianA^alanginian to Lower 

Barremian) of the southern part of the Lusitanian Basin, west central Portugal. Previous 

studies (Ramalho, 1971; Rey, 1972, 1979a, b, 1992, Wightman, 1990.) have provided 

detailed descriptions of the Lower Cretaceous successions, but have not attempted to 
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provide detailed models for the sedimentary and palaeoecological evolution of the area. 

This has been done by the detailed interpretation of the study successions through analysis 

of sedimentary features, palaeoecological data collected during fieldwork undertaken 

during this study, integrated with previously published descriptions of the faima and 

sediments (Rey, 1972; 1979a, b, 1992; Wightman, 1990; Hiscott et ai, 1990). The result is 

the detailed identification of the environmental controls on sedimentary and 

palaeoecological evolution and of the basin. The 'informal' lithostratigraphy of Rey (1992) 

is used as a basis for the interpretation of the successions. From this palaeoecological and 

sedimentological data a "depositional facies trend" has been developed which details the 

fluctuations in relative sea-level through basin development. It is this 'depositional facies 

trend that is used to develop the sequence stratigraphic model for the southern part of the 

Lusitanian Basin. 

The final objective is a critical evaluation of stratigraphic principles. This includes the 

evaluation of the biostratigraphy and lithostratigraphy of the Lower Cretaceous of the 

Lusitanian Basin. It also includes a critical evaluation of the use of sequence stratigraphy at 

high resolution, in outcrop studies and on equivalent Cretaceous successions. 

Strata of the Lower Cretaceous are well exposed in the Lusitanian Basin and a number of 

almost complete successions provide stratigraphic coverage fi"om the ?Berriasian-

Valanginian to the Lower Barremian. Towards the north of the basin the strata are 

dominated by fluvial sediments, while, in the southern part of the basin the Lower 

Cretaceous is dominated by mixed carbonate-siliciclastic and carbonate successions. These 

successions represent a range of carbonate and siliciclastic environments fi^om (fluvial) 

deltaic to nearshore to shallow carbonate platform. The successions are extremely 

fossiliferous and allow the detailed study of the relationship between organisms, 

sedimentary environments and environmental factors. Three successions provide almost 

complete stratigraphic coverage of the Lower Cretaceous and have were selected for this 

study. These are located around the Lisbon area at Ericeria, Cascais and Cabo Espichel 

(see Chapter 2). A majority of sequence stratigraphic studies are undertaken on large scale 

exposures. These also usually represent strata, and a range of environments, that can be 

study along the depositional dip (Posamentier and Allen, 1999). The three study 

successions chosen for this study represent a range of depositional environments along the 

depositional strike. This provides an added test to the concepts of sequence stratigraphy 

and its use in correlating outcrop (and also well log) data where along depositional dip 

changes in depositional enviroimients can not be directly studied. 
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Three field seasons were undertaken during the course of the study. Primary data was 

collected from the three study successions (Ericeira, Cascais, Cabo Espichel) by logging 

sedimentary structures and the distribution of fossils in the relation to sedimentological 

facies. Fossil and rock samples were collected. Fossils were collected where they could not 

be identified in the field. Taxonomic work was undertaken with the assistance of Brian 

Rosen, Jill Darreli and Paul Taylor and the Natural History Museum, London and Peter 

Skelton from the Department of Earth Sciences, Open University; although, taxonomy was 

not a objective of the study. Thalassinoides bioturbation is extremely abundant throughout 

the three study successions in a variety of sizes. For convince in this thesis Thalassinoides 

are described as Type A, Type B and Type C; where individual burrows are 10-12cm, 5-

8cm and l-2cm in width respectively. Rock samples were collected and microfacies 

analysis was undertaken in order to support palaeontological/palaeoecological and 

sedimentological data. Microfacies analysis was predominantly undertaken on carbonates. 

"We asked (a sedimentologist) if he could identify the depositional environment. He 

replied that the observed features could be produced either in deep water or in a restricted 

shallow-water setting, and that if we could tell him which of these the fossils indicated, he 

could identify the sedimentary environment". As Dodd and Stanton pointed out 

palaeoenvironmental analysis can not be accurately imdertaken with sedimentological data 

alone. Palaeontological data collected during the course of this study was analysed and 

combined ynth sedimentological and microfacies data. This was done in order to provide a 

more accurate and detailed model for the distribution of depositional environments and 

changes in palaeoenvironments that occurred during the evolution the Lower Cretaceous 

study successions. Palaeoautecology was predominantly used to aid in the interpretation of 

deposition environments. Palaeoautecology addresses the fimctional morphology and life 

styles of individual organisms which may hold important information in the interpretation 

of deposition environments and controlling environmental factors. 

Models for depositional environments have been developed using the combined data sets 

and the distribution and cyclic nature within the study successions identified. The cyclic, 

and predictable, nature of the deposition environments is then used as a basis for the 

development of the sequence stratigraphic model. The cyclic nature of the depositional 

environments has been represented on a series of summary diagrams for each of the study 

succession ('depositional facies trend' diagrams). These depositional facies frend diagrams 

depict the fluctuations in relative sea-level throughout the development of the Lower 
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Cretaceous part of the Lusitanian Basin. They have been directly used to correlate the three 

study successions using the sequence stratigraphic model developed. 

1.5 ORGANISATION OF THE THESIS 

The thesis is organised into seveii chapters. This first part Of this Chapter has outlined the 

reason behind the study, the problems that have been addressed and the general 

methodology used. The second part of this chapter outlines the concepts of classic 

sequence stratigraphy and general principles of sedimentary systems used in classic 

sequence stratigraphic model development. These are the basic concepts used for the 

interpretation of the sequence stratigraphic model presented in this thesis. Chapter 2 gives 

an outline of the geological history of the Mesozoic evolution of the Lusitanian Basin. Tnis 

includes a detailed introduction to the Lower Cretaceous study successions and discusses 

previous work undertaken on the Mesozoic (especially the Lower Cretaceous sucessions). 

Chapter 2 also provides the background to the 'informal' lithostratigraphy of Rey (1992) 

which is used as a basis for the description of the palaeoecology interpretation of the 

depositional environments that characterise the study successions. 

Chapters 3, 4 and 5 deal with a detailed description and analysis of the palaeoecology of 

the Ericeiia, Cascais and Cabo Espichel successions respectively. Each of the three 

chapters are divided into two main parts. The first part of each chapter uses the 'informal' 

lithostratigraphy of Rey (1992) to describe and discuss the palaeoecological assemblages 

and sedimentological structures found throughout each of the successions. Towards the end 

of each chapter a separate section deals with a discussion of the interpretation of the 

palaeoenviromnents and shows how these depositional environments may be within each 

succession. A diagram summarising the lithostratigraphy and depicting the arrangement of 

depositional facies and the 'deposition facies trend' is also included in this section. These 

'depositional trend' summary diagrams are in the format of a foldout which can be referred 

to throughout the chapters. 

The first part of Chapter 6 summarises the main conclusions of the palaeoecological and 

palaeoenvironmental analysis of the three study successions. The main part of the chapter 

discusses how the palaeoecology, palaeoenvironmental analysis and subsequent 

'depositional facies trend' diagrams have been used to build the sequence stratigraphic 

model for the southern part of the Lusitanian Basin. The chapter discusses the 

identification of key stratal surfaces, systems tracts, parasequences and shows how this 

palaeoecological and palaeoenvironmental data has also been used to correlate key stratal 
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surface, systems tracts, and where applicable parasequences, across the study successions. 

Chapter 6 also discusses the timing and duration of sequences and parasequences and 

provides a comparison with previously published sea-level curves for the Tethyan realm 

(Haq et ai, 1987; 1988; Hardenbol et ai, 1998). Chapter 8 is a general summary of the 

major findings and main conclusion of the study. 

1.6 AIMS 

• Develop a high resolution sequence stratigraphic model for the mixed carbonate-

siliciclastic and carbonate Lower Cretaceous successions of the Lusitanian Basin. 

• Describe benthic faunal assemblages within this framework and correlate these to 

stratigraphic units (sequences, systems tracts, parasequences) or key stratal surfaces 

(marine flooding surfaces, sequences boundaries). 

• Account for the distribution of benthic assemblages using standard techniques of 

palaeoecological analysis. 

• Critically evaluate sequence stratigraphic concepts with respect to the influence of 

different palaeoecological factors. 

• Demonstrate how applied palaeoecological studies can be used as a tool in determining 

the nature of high resolution environmental change within a sequence stratigraphic 

context. 

1.7 SEQUENCE STRATIGRAPHY: CONCEPTS 

Classical sequence stratigraphy has been developed primarily from siliciclastic systems in 

order to gain a better understanding of the evolution of a basin fill. Application of the 

concept to carbonate systems, and to some extent mixed carbonate-siliciclastic systems, 

has not been as straightforward as originally expected, even though the basic concepts of 

sequence stratigraphy are supposed to be applicable to all depositional systems (Sarg, 

1988; Schlager, 1992). 

1.7.1 INTRODUCTION 

This section uses the Original concepts based on the application to siliciclastic systems to 

introduce the principles behind sequence stratigraphy and the creation, filling and 

destruction of accommodation space (see Section 1.7.4). It also discusses some of the 

common problems involved in applying the original concepts to carbonate and mixed 

carbonate-siliciclastic systems. 
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The stratal patterns and facies distributions developed in the rock record depend, in part, on 

the amoimt of space available for sediment to accumulate and the rate of change of the 

creation of new space (Posamentier et al, 1988). This is a result of the many interactions 

of tectonics, climate and eustacy (Emery and Myers, 1996). Tectonics and eustacy control 

the amount of space available for sediment to accumulate in a sedimentary basin and 

climate, tectonics and eustacy interact to control the rate at which sediment is supplied to 

the basin and how much of the space is filled Emery and Meyers (1996). As eustatic sea-

level fluctuations are thought to be the main control on sequence development within a 

sedimentary basin this section begins with a definition of eustacy, relative sea-level and 

water depth (Figure 1.1). 

1.7.2 EUSTACY 

Eustacy (global sea-level) is purely a measure of the global water depth, and only refers to 

the position of the sea surface with reference to a fixed datum. This is usually taken to be 

the centre of the Earth (Figure 1.1). 

1.7.3 RELATIVE SEA-LEVEL 

Relative sea-level incorporates local subsidence and/or uplift and is measured between the 

sea surface and a local moving datum (Posementier et al., 1988; Emery and Myers, 1996). 

This is usually taken to be the basement or a surface within the sedimentary pile (Figure 

1.1). For this reason relative sea-level change along a profile varies with local subsidence 

or uplift. A relative sea-level rise or fall determines whether new space is created. New 

space is created when relative sea-level rises due to subsidence, compaction and/or eustatic 

sea-level rise. Space can be destroyed due to relative sea-level fall, through uplift, and/or 

relative sea-level fall (accommodation space may also be destroyed in other ways as 

relative sea-level is independent of sediment accumulation above the datum point) 

(Posamentier et al., 1988; Emery and Myers, 1996). 

The term equilibriimi point (or base level) is used as an indication of the point on a 

depositional profile where the rate of relative sea-level change is zero (Emery and Myers, 

1996). This separates the zones on the depositional profile where relative sea-level is 

falling from the zone where relative sea-level is rising. 

Relative sea-level should also not be confused with water depth as this involves the 

integration of a third parameter, sediment supply, with tectonics and eustacy (Posamentier 

et al., 1988). Water depth is measured between the sea surface and the sea bed at any given 
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Figure 1.1- Diagraiimiatic representation for the definitions of eustacy and relative 
sea-level (adapted from JeiTey (1988) and Emery and Myers (1996). 
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function of eustacy and subsidence, redrawn from Pbsamentier et al. (1988). 
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time (Figure 1.1), hence, relative sea-level may continue to rise and add new space to 

accommodate sediment, whereas water depth may simultaneously decrease if sediment is 

accumulating faster than relative sea-level is rising (Posamentier et al, 1988). 

1.7.4 ACCOMMODATION 

Sediment is deposited in the space available between the sea floor and base level (sea-level 

in the marine environment and graded stream profile in a non-marine fluvial system) at any 

point in time (Posamentier et al., 1988; Jervey, 1988). The space available is known as 

accommodation (Figure 1.2) and was defined by Jervey (1988) as: 

"the space made available for potential sediment accumulation, [which] is a 

function of sea-level fluctuation and subsidence ". 

Accommodation is controlled primarily by changes in the position of base level which 

represent fluctuations in relative sea-level. Land-ward migration of base level leads to a 

rise in sea-level and an increase in accommodation (a seaward migration of base level 

during relative sea-level fall leads to the loss of accommodation). As water depth is 

independent of relative sea-level fluctuations (see Section 1.7.3 above) it is mainly 

controlled by the rate of accumulation of sediment with respect to the rate of sea-level 

fluctuations. Hence, if relative sea-level rises creating more accommodation space and 

sediment accumulation occurs at a faster rate, then water depth will decrease. In a similar 

way, if relative sea-level falls at a slower rate than sea-floor subsidence occurs this will 

result in relative sea-level rise and creation of new accommodation space. If sedimentation 

rates are lower than the rate of relative sea-level rise then water depth will increase. Where 

subsidence rates are greater than rates of relative sea-level fluctuations then new 

accommodation space will be created. The accommodation space available for sediment 

accumulation will then be the addition of new space created plus the left-over unfilled 

space (Posamentier et al., 1988). Figure 1.3 illustrates how sea-level fluctuations and 

subsidence/uplift can create and destroy accommodation space. Although sea-level 

fluctuations (and changing subsidence rates) are not the only controls on the creation (or 

destruction) of accommodation. In a marine environment sea floor erosion and 

redistribution of sediment can also lead to the creation of accommodation space (Swift and 

Thome, 1991). 

1.7.5 ORDERS OF CYCUCTTY 

A deposition sequence represents a complete cycle bounded above and below by erosional 

unconformities (or their correlative conformities), hence the sequence between these 
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same rate. C) Illustrates time 
when accommodation is 
destroyed. This is ontroled 
by two mechanisms, tectonic 
uplift and/or eustatic sea-
level fall. The effect of 
relative sea-level fall is 
manifest at the basin margin 
by erosion, and at the basin 
centre by an increase in 
sediment supply. The 
increase in sediment supply 
to the more distal basin areas 
is due to both the erosion of 
previously deposited 
sediment and bypass of areas 
where accommodation space 
is filled. After Emery and 
Myers (1996). 
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unconformities has a maximum duration (Emery and Myers, 1996). The duration of each 

sequence is determined by the event controlling the creation and destruction of 

accommodation space (i.e. tectonic subsidence and/or eustacy). The events controlling the 

creation and destruction of accommodation, and sequence development, may operate over 

a variety of time scales. These are termed first, second, third, fourth (etc.) order sequences. 

The fill of a basin can then be divided into a hierarchy of sequences, each representing the 

product of a particular order of accommodation creation/destruction cycle (Figure 1.4). 

Duval et al. (1992) described four orders of cycles (Figure 1.4): 

(i) First order cycles are considered to be controlled by changes in ocean basin 

volume related to plate tectonic cycles (Pitman, 1978). They are the largest scale 

cycles (>50 million years duration) and there are only two cycles of this 

magnitude in the Phanerozoic (Haq et al., 1987). 

(ii) Second order cycles (3-50 million years duration) may be caused by changes in 

the rate of tectonic subsidence in a sedimentary basin or rate of uplift in the 

realm of clastic sediment source. These cycles are the building blocks of the 

first-order sequences and represent particular long term stages in sedimentary 

basin evolution (Figure 1.4). 

(iii) Third order sequence cycles (0.5-3 million years duration) are the building 

blocks of traditional sequence stratigraphy as they can often be resolved on a 

seismic scale, for which sequence stratigraphy was originally conceptualised. 

They are identified by the recognition of individual cycles of accommodation 

creation and destruction (Emery and Myers, 1996). Vail et al. (1991) considers 

these cycles to be controlled by glacio-eustacy in origin, although other tectonic 

mechanisms are possible (Cloetingh, 1988). On this premise, and through a 

study of sedimentary basins around the globe, a global sea-level curve was 

published by Vail et al. (1977a) and updated by Haq et al. (1987). This remains 

controversial and a number of authors have questioned its validity (see Miall, 

1986, 1991, 1992, Schlager; 1992 and Catuneanu et al., 1998 for discussion). 

Figure 1.5 depicts the Haq et al. (1987) sea-level curve for the Cretaceous, 

(iv) Fourth order cycles (0.1-0.5 million years duration) belong to the realm of high 

resolution sequence stratigraphy. They are commonly referred to as 

parasequences (see Section 1.7.1) and represent individual shallowing upwards 

facies cycles bounded by surfaces indicating abrupt facies deepening. Fourth 

order sequences (parasequences) are normally controlled by autocyclic processes 

and as a result may not be correlatable across a sedimentary basin. 
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Figure 1.4- Diagrammatic representation of the hierarchy of stratigraphic cycles. After 
Duval et al. (1992) and Emery and Myers (1996). 
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1.7.6 SEDIMENT SUPPLY 

The rate of sediment supply to the depositional environment controls both the spatial and 

temporal filling of accommodation space. The balance between sediment supply and 

relative sea-level rise in a siliciclastic system controls whether facies belts prograde 

basinward or retrograde landward (Emery and Myers, 1996). Outlined below is the basic 

relationship between sediment influx into a siUciclastic system and accommodation. The 

differences of sediment supply within a carbonate system are then discussed in relationship 

to the original sequence stratigraphic model. 

A) PRINCIPLES OF CLASTIC SEDIMENT SUPPLY 

Within a siliciclastic system sediment supplied during a sea-level (rise-fall) cycle results in 

the development of a stacking pattern of prograding followed by backward stepping 

sedimentary facies. The amount of sediment supplied to a location within a sedimentary 

basin is a function of the general rate and location of the entry points of sediment supply 

(Emery and Myers, 1996). Figure 1.6 (Jervey, 1988) depicts the relationship between water 

depth and facies development within a sedimentary basin with a fixed location and 

identical relative sea-level change curves but varying rates of sediment supply. With a 

relatively low rate of sediment input creation of new accommodation space always out 

paces the rate of sediment supply (Figure 1.6). This results in a net landward migration of 

the shoreline, the onset of a transgression and the development of a considerable increase 

in water depth. Where sedimentary input is moderate (Figure 1.6) the initial rate of creation 

of new accommodation out-paces sedimentation and transgression begins. 

As the rate of relative sea-level decreases, through increased sedimentary input, regression 

of the shoreline begins as the increased rate of sediment begins to out pace relative sea-

level rise (Figure 1.6). At this point sedimentary by-passing occurs and sediment is 

transported basinwards. When accommodation decreases, through relative sea-level fall, 

there is potential for removal of the deposited sediment through erosion (Figure 1.6). When 

sedimentation rates are rapid (Figure 1.6), sediment supply rates always out pace creation 

of new accommodation space. Here regression of the shoreline will be continuous 

throughout the sea-level cycle and accumulation of sediment is restricted by the limited 

rate of creation of new accommodation space. Where sedimentation rates out pace creation 

of new accommodation space sedimentary bypassing and erosion are the dominate 

processes. 
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(1988) and Emery and Myers (1996). 

LOV« SEDiMENT ;NR.UX 

.rf» 

Shale prone 
marine fades 

SEDIMENT -Ĵ FLUX 
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B) PRINCIPLES OF CARBONATE SEDIMENT SUPPLY 

As Noel James pointed out "Carbonate systems are bom. not made". This illustrates the 

fact that carbonates are living systems, in which carbonate production is intimately linked 

to the ocean environment with light, temperature and nutrients exerting the most dominant 

controls (Schlager, 1992). It is for this reason that sediment production in a carbonate 

system is intimately linked to minor fluctuations in environmental controls. As a 

consequence to this carbonate systems require a rather different sequence stratigraphic 

approach to their inert siliciclastic counterparts (Sarg, 1988; Emery and Myers, 1996). 

Because the production of carbonate material (whether detrital or bioconstructional) is 

dependant on photosynthesis (Sarg, 1988; Schlager, 1992), it is generally produced on the 

platform top; in contrast to the siliciclastic system where sediment is introduced to the 

system from the hinterland. Due to this distinctly different method for the introduction of 

sediment into the sedimentary basin carbonate systems react differently to changes in 

relative sea-level. Carbonate production, especially in response to sea-level rise, commonly 

follows the law of sigmoidal growth (Figure 1.7). During the development or start up of a 

carbonate system, carbonate production is initially slow, then accelerates, often exceeding 

the rate of creation of new accommodation space. Production decreases as the organic 

carbonate system reaches the Hmit of its newly formed niche, usually the limit of 

accommodation space (Schlager, 1992). This is known as the start-up, catch-up and keep-

up stages of growth defined by Neumann and Macintyre (1985) (Figure 1.7). 

Most healthy bioconstructional systems are thought to be able to keep pace with sea-level 

change, and most carbonate producing systems can outpace sea-level change induced by 

subsidence (Emery and Myers, 1996). This suggests that carbonate growth can keep pace 

with relative sea-level rise, and the creation of new accommodation space. However, 

Schlager (1981) identified a 'paradox of drowned reefs and carbonate platforms' that 

showed this is not always the case. The most rapid, short lived sea-level rise (fifth order or 

even higher, see 1.7.5) can dehver a knock-out blow to a carbonate system. Carbonate 

systems are at most risk if this period of rapid, short lived sea-level rise occurs during the 

initiation of carbonate production, or start-up phase (Neumann and Macintyre, 1985). 

Bioconstructional systems are particularly prone to this if terrigenous sediment is 

introduced to the system during sea-level rise. 

If the initiation of a carbonate system survives the start-up stage, and environmental 

conditions remain favourable, it will grow and aggrade vigorously. This is in contrast to a 
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siliciclastic system which has a tendency to back step rather than aggrade during sea-level 

rise. 

As a result of the organic processes involved, production of carbonate usually exceeds the 

rate of creation of new accommodation space (especially during the highstand systems 

tract see 1.7.3) and carbonate produced will bypass the platform top and be discharged into 

the basin. This is the 'highstand shedding' discussed by Schlager et al. (1991). 

Relative sea-level fall, especially during the keep-up stage on the sigmoidal growth curve 

(Figure 1.7), may result in the exposure of the carbonate platform. In contrast to the 

siliciclastic system, sub-aerial exposure in a carbonate system does not tend to produce 

carbonate material which is transported into the basin; as carbonate tends to be eroded 

chemically rather than physically. If the carbonate platform is attached, sihciclastic 

material may be transported into the basin at this time (Emery and Myers, 1996). 

c) MIXED CARBONATE-SILICICLASTTC SYSTEMS 

"Depositional systems resemble newspapers that all report on the events of the day, 

but each with different editorial bias " 

Schlager (1992) used this analogy to summarise the different ways in which carbonate and 

siliciclastic systems record fluctuations in relative sea-level, irrespective of the control(s) 

on relative sea-level change. The study of mixed carbonate-siliciclastic sequences and 

successions has seen an increase in the number of studies that focus on the mixed setting as 

part of the continuum between the carbonate and siliciclastic end members (Doyle and 

Roberts, 1988; Budd and Harris, 1990; Lomando and Harris, 1991; Cant, 1995). An 

understanding of the controls is still in a relatively adolescent stage (Lomando and Harris, 

1991). 

Mixtures of siliciclastic and carbonate rocks can occur due to lateral facies mixing (spatial 

variability) or by sea-level change (temporal variability) (Budd and Harris, 1990). Mixing 

of carbonate and siliciclastic sediments can occur on a wide range of scale from 

millimetres to kilometres, as a response to a wide range of processes, and can be 

influenced by all orders of cyclicity (Lomando and Harris, 1991). Within the mixed 

carbonate-siliciclastic system it is common for sediment partitioning to occur (Cant, 1995). 

When relative sea-level is at a low, and/or if siliciclastic sediment supply is significant, 

then siliciclastic sedimentation tends to overwhelm carbonate production and becomes 

dominant (Emery and Myers, 1996). Relative sea-level rise results in the entrapment of 
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Figure 1.7 - Most carbonate systems are controlled by organic growth and thus 
follow the law of sigmoidal growth. Pbpulations of organism respond to the 
opening up of new living space (accommodation) in three steps. First, growth 
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Figure 1.8 - The original tnpartite division of the depositional sequence, 
lowstand systems tract, transgressive systems tract and highstand systems tract. 
Example fixam a type I sequence developed on a shelf margin break. Mter 
Emery and Myers (1996). 
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siliciclastic sediment in the shallows of the shelf environment allowing carbonate 

production. This leads to the partitioning of sediments, with siliciclastics dominating 

lowstand systems tracts and carbonates transgressive/highstand systems tracts (see Section 

1.7.3). 

The mixed carbonate-siliciclastic system may respond to relative sea-level fluctuations in a 

similar manor to a purely siliciclastic system (Hunt and Tucker, 1993). This depends 

primarily on the geometry of the carbonate ramp or shelf that develops during the 

deposition of the carbonate part of the mixed system. If a ramp geometry results from 

carbonate development the mixed carbonate-siliciclastic system may respond in a similar 

manor to the siliciclastic system; as, except for the density difference between clastic and 

carbonate grains, hydrodynamically they will act in a similar manner (Tucker and Wright, 

1994). If the result is the formation of a rimed shelf the carbonate system may respond 

differently to relative sea-level fluctuations (see Section 1.7.6.B above). 

1.7.7 THE SEQUENCE 

The term sequence was originally defined by Mitchum et al. (1977) as: 

"A stratigraphic unit composed of a relatively conformable succession of 

genetically related strata bounded at its top and base by imconformities or 

their correlative conformities " 

These sequences are composed of a succession of systems tracts and deposited during one 

significant cycle of fall and rise of relative sea-level (Posamentier and Vail, 1988; Emery 

and Myers, 1996). The sequence, and systems tracts into which the sequence is divided, are 

bounded by key stratal surfaces which represent significant stages in the sea-level cycle 

and shift in position of the shore line break (or base level). Two types of sequences have 

been defined by Posamentier and Vail (1988); these are the type 1 and type 2 sequence. 

The type 1 sequence is bound at its base by a type 1 unconformity (sequence boundary) 

and at its top by either a type 1 or type 2 unconformity (sequence boundary). This type of 

sequence is composed of three systems tracts, the lowstand, transgressive and highstand 

systems tracts (see Section 1.7.8 for definitions). The type 2 sequence is bounded at its 

base by a type 2 unconformity (sequence boundary) and at its top by either a type 1 or type 

2 imconformity (sequence boimdary). This is also composed of three systems tracts, the 

shelf margin wedge, transgressive and highstand systems tract (Posamentier and Vail, 

1988). 
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1.7,8 THE SYSTEMS TRACT 

Within any cycle of fall and rise of relative sea-level (or sequence) three systems tracts that 

characterise different parts of the relative sea-level cycle can normally be identified (Figure 

1.8). The systems tract represents the fundamental mapping unit for stratigraphic 

prediction, because it usually contains a set of depositional systems that can be represented 

on a single palaeogeographic map, with consistent palaeogeography (Emery and Myers, 

1996). They are defined as linkages of contemporaneous depositional systems which may 

be correlated biostratigraphically, but commonly are identified and correlated on the basis 

of their bounding key stratal surfaces (Walker, 1992). 

A) LOWSTAND SYSTEMS TRACT (LST) 

The lowstand systems tract (LST) is deposited during intervals characterised by relative 

sea-level fall followed by subsequent slow relative sea-level rise (Posamentier and Vail, 

1988). It is called a lowstand systems tract if it is deposited above a type 1 sequence 

boundary; above a type 2 sequence boundary the lowstand systems tract is called a shelf 

margin systems tract (SMT) or more commonly a shelf margin wedge (SMW). The 

lowstand systems tract is characterised by deposition when relative sea-level is at its lowest 

point and when accommodation space is also at its minimum. This results in the deposition 

of shallower or non-marine facies on to deeper marine ones. In essence, the lowstand 

systems tract is recognised in the shallow water marine fossil record by an underlying 

hiatus, a sudden shallowing upwards of biofacies or the superposition of non-marine 

assemblages on marine (Emery and Myers, 1996). 

Above a type 1 sequence boundary the geometry of a lowstand systems tract depends on 

whether the basin has a rimed shelf or ramp geometry. According to Van Wagoner et al. 

(1988) the lowstand systems tract deposited in a basin with a rimed shelf margin can be 

divided into three separate units: 

(i) a basin-floor fan, which is characterised by deposition of submarine fans on the 

lower slope or basin floor; 

(ii) a slope fan, which is characterised by turbidite and debris flow deposition on 

the middle or base of the slope; 

NB: these two are not dealt with in any further detail here as the study sections do 

not contain middle-base of slope or basin-floor deposits. 

(iii) a lowstand wedge, is characterised on the shelf by incised valley fill, which 

commonly onlaps onto the sequence boundary. The lowstand wedge is composed of 

regressive to aggradational i^rasequence sets (see Section 1.7.1 ID), and the top of the 



CHAPTER J - INTRODUCTION 27 

lowstand wedge which is coincident with the top of the lowstand systems tract is 

characterised by a marine flooding surface (transgressive surface, see Section 1.7.9B). 

Deposition of the lowstand wedge occurs during a slow relative sea-level rise. The 

transgressive surface, which is the bounding surface at the top of the lowstand wedge 

(lowstand systems tract), marks the first significant marine flooding across the shelf (Van 

Wagoner et al., 1988). In a vertical succession the fossil biofacies indicate a shallowing 

upwards signature from shallow marine, through marginal marine to non-marine 

depositional environments. 

If the lowstand systems tract, above a type 1 sequence boundary, is deposited in a basin 

with a ramp margin geometry it is composed of a relatively thin lowstand wedge that may 

be split into two parts (Van Wagoner et al., 1988; Posamentier and Vail, 1988). During the 

first part of relative sea-level fall stream incision and sediment by-passing leads to the 

basinward advancement of the shoreline. During the slow relative sea-level rise of the 

second part of the lowstand wedge infilling of the incised valley and continued 

progradation of the shoreline basinwards occurs. 

The shelf margin systems tract (or shelf margin wedge, SMW) is equivalent to the 

lowstand systems tract when deposition occurs above a type 2 sequence boundary. 

Deposition of the shelf margin wedge occurs after a small fall in relative sea-level; the 

shelf does not become exposed and stream incision does not occur (Posamentier and Vail, 

1988; Emery and Myers, 1996). The fossil assemblages developed during a shelf margin 

systems tract show a similar proximal to distal biofacies pattern to the prograding and 

aggrading highstand systems tract (see below). Consequently, shelf margin systems tracts 

may be poorly defined by their biofacies and can be confused with high stand systems 

tracts (Emery and Myers, 1996). The top of the shelf margin wedge is also represented by a 

marine flooding surface or transgressive surface. 

B) TRANSGRESSIVE SYSTEMS TRACT (TST) 

The transgressive systems tract is the middle systems tract deposited in both a type 1 and 

type 2 sequence. It is deposited in that part of the sea-level fall-rise cycle when 

accommodation is rising faster than sediment accumulation or sedimentation supply 

(Emery and Myers, 1996). The base is the transgressive surface which represents the first 

significant flooding event within the sequence (Posamentier and Vail, 1988). The 

transgressive systems tract commonly shows retrogradational or backstepping of facies and 

an overall deepening upwards signature in the fossil assemblages (Armentrout et al., 
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1991). It is characterised by a succession of flooding events and the development of wide 

shelf areas within the basin. Active depositional systems are moved basinwards and may 

show under supply of sediment, any deltas are shelf deltas and drainage systems often 

become flooded to form estuaries (Emery and Myers, 1996). In a vertical shelfal 

succession the biofacies pass upwards from brackish to shallow marine and possibly deep 

marine. These may be open oceanic or a restricted basin depending on palaeogeography 

(Emery and Myers, 1996). The rapid rise in sea-level during transgression often forms 

large expanses of shallow shelfal environments. As a result, facies belts step landwards and 

new niches are created which are colonised by opportunistic species. The transgressive 

systems tract may pass laterally into a condensed section, which is characterised by 

extremely low rates of sediment supply or deposition and the development of a condensed 

facies such as glauconitic, organic rich, phosphatic shale, hemipelagic and pelagic shales 

(Loutit et ai, 1988). Turbidity decreases and clear water marine micro-faunas may become 

more abundant (Van Gorsel, 1988). Reduced sediment also leads to the development of 

condensed sections which can be abundant in fossils, and provide a datable marker 

horizon. These deposits reach their maximum development at the maximum flooding 

surface (Emery and Myers, 1996). 

During the flooding events of the transgressive systems tract the maximum rate of relative 

sea-level rise occurs. This marks the top of the transgressive systems tract and represents 

the point at which the rate of accommodation matches the rate of sediment supply and 

progradation begins again (Emery and Myers, 1996). This point is known as the maximum 

flooding surface (MPS) and indicates the maximum basinward movement of the shoreline. 

The present day depositional systems over much of the globe, especially the Atlantic 

region (Peltier, 1991), form a transgressive systems tract. Wide continental shelves are 

common, most major deltas are shelf deltas (e.g., Mississippi, Amazon, Niger) and 

estuaries are common around north west Europe (Emery and Myers, 1996). 

C) HiGHSTAND SYSTEMS TRACT (HST) 

The highstand systems tract is the youngest systems tract in either a type 1 or type 2 

sequence and is deposited during the eustatic highstand of the sea-level fall-rise cycle 

(Figure 1.8) (Posamentier and Vail, 1988). It represents deposition after maximum 

transgression (at the maximum flooding surface) before a sequence boundary, when the 

rate of creation of new accommodation space is less than the rate of sediment supply 

(Emery and Myers, 1996). The highstand systems tract is characterised by a decreasing 
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rate of relative sea-level rise resulting in initial aggradation followed by later progradation 

of the depositional system. Initially highstand systems tract deposits may be similar to 

transgressive systems tracts deposits. Although, the infilling of shelf areas created during 

the transgressive systems tract by highstand progradation, combined with a decreasing rate 

of relative sea-level rise, will lead to the deposition of channel sandbodies that gradually 

become more connected (Emery and Myers, 1996). 

During aggradation on the shelf the highstand systems tract is characterised by stacked 

fossil assemblages that show no overall shallowing upwards. At this time shelf width is at a 

maximum and wave energy is at a minimum. Shelf deltas or the coastal margin will 

advance across the drowned shelf and deposition is dominated by muddy sediments (or in 

some cases chalks). The fossil assemblages of these broad muddy shelves are dominated 

by distinctive, fine sediment dwelling, turbid water biofacies (Emery and Myers, 1996). 

Shelfal fossil assemblages are strongly influenced by the presence of the shelf deltas and 

associated rapid sedimentation, increased turbidity of the water and possibly reduced 

salinity. In this relatively nutrient rich (mesotrophic-eutrophic) environment the benthic 

fossil assemblages are often abundant, diverse and can be dominated by infaunal species or 

heterotrophs. During progradation of the highstand systems tract stacked shelfal fossil 

assemblages are characterised by a shallowing upwards and basinward migration of facies. 

In a complete vertical succession this may pass upwards fi^om deep shelf, through shallow 

shelf, marginal marine to non-marine biofacies; this may be dependant upon the type of 

sequence boundary at the top of the systems tract (or sequence) and amoimt of associated 

erosion. 

The upper boundary of the highstand systems tract is characterised by a type 1 or type 2 

unconformity (type 1 or type 2 sequence boundary). In the case of a type I sequence 

boundary, sea-level drops below the depositional shoreline break causing subaerial 

exposure of the shelf and stream rejuvenation and incision (Posamentier and Vail, 1988). 

When the highstand systems tract is succeeded by a type 1 sequence boundary a significant 

amount of the highstand systems tract may be removed. In the case of the type 2 sequence 

boundary, sea-level never drops below the depositional shoreline break and subsequently 

subaerial exposure of the shelf is limited and stream rejuvenation and incision does not 

occur (Posamentier and Vail, 1988). The principle expression of the type 2 sequence 

boundary at the top of a highstand systems tract is an abrupt shift in facies towards the 

shoreline break. Type 2 sequence boundaries are also characterised by a change in 
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parasequence stacking patterns during the late highstand systems tract fi^om highly 

progradational to progradational/aggradational (Posamentier and Vail, 1988). 

D) FORCED REGRESSIVE SYSTEMS TRACT (FRST) 

The original sequence stratigraphic concepts (e.g., Mitchum et al, 1977; Vail, 1987; 

Posamentier and Vail, 1988) focused primarily on the recognition of boundaries identified 

on seismic sections. The original tripartite system (LST, TST and HST) assigned sediments 

deposited during relative sea-level rise to the TST, there was no corresponding recognition 

of deposition during relative sea-level fall; highstand was followed immediately by 

lowstand (Plint and Nummendal, 2000); probably as it is below the resolution of seismic 

sections. 

Recent work on the Cretaceous of the Western Interior of Canada (e.g., Plint and Norris, 

1991) has emphasised the significance of erosive-based deposits and interpreted them as 

representing deposition on a ramp-type shelf during relative sea-level fall. This was termed 

'forced regression' by Plint (1991) and was assigned to the late HST or early LST of the 

existing tripartite system. Posamentier et al. (1992) argued that all strata deposited during 

relative sea-level fall should be assigned to the LST; the onset of relative sea-level fall was 

considered to correspond to the formation of a wave-cut regressive surface of marine 

erosion. Hunt and Tucker (1992) acknowledged the problems of applying the concept of 

the forced regressive systems tract to the original tripartite system and as a solution 

proposed the definition of a separate systems tract. This is the 'forced regressive systems 

tract' (FRST) (Hunt and Tucker, 1995; Helland-Hansen and Gjelberg, 1994; Posamentier 

and Morris, 2000), also know as the forced regressive wedge systems tract (Hunt and 

Tucker, 1992), forced regressive systems tract and falling sea-level systems tract 

(Nummendal et al., 1992), or falling stage systems tract (Plint and Nummendal, 2000). The 

FRST includes sediments deposited between the onset of relative sea-level fall and relative 

sea-level lowstand. It replaces the upper part of the highstand systems tract (HST) and lies 

below the lowstand systems tract (LST). The HST would now terminate at relative sea-

level highstand, with the forced regressive systems tract (FRST) deposited during the 

period of relative sea-level fall. The lowstand systems tract (LST) would now begin at 

relative sea-level lowstand and ends with transgression initiating the transgressive systems 

tract (TST) (Plint and Nummendal, 2000). 

Posamentier and Morris (2000) and a Plint and Nummendal (2000) have recently discussed 

the concept of the forced regressive systems tract, it's recognition and placement of the 
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Rgure 1.9 - Schematic representation of 
the physical criteria for the recognition 
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preceeding highstand nearshore marine 
sediments. B) The presence of a sharp-
based shoreface/delta fhjnt deposit. C) 
The presence of progressively lower 
relief clinoforms going fk)m proximal to 
distal. D) The absence of fluvial and/or 
coastal plain/delta plain fades capping 
the pnsximal portion of the regressive 
deposit. E) The presence of a seaward -
dipping upper boiuiding surface atop a 
mid to outer shelf progradational unit, 
where the dip exceeds that which woidd 
reasonably expected of a non-marine 
environment. F) The presence of a 
foreshortened stratigraphic successions 
such that the palaeobathymetric ctiange 
from base to top of the regressive 
succession is significantly greater than 
the decompacted thickness of that 
regressive succession. After Ibsamentier 
and Allen (2000). 

1. Presence of a significant zone of separation between 
successive shoreface deposits 

2. Sharp-based shoreface/delta front deposit 

3. Progressively shallower cUnoforms going from proximal to distal 

4. Occurrence of long-distance regression 

5. Absence of fluvial and/or coastal plain/delta plain fades capping 
the proximal portion of the regressive deposit 

6. The presence of a seaward -dipping upper bounding surface 

7. Increased average sediment grain size in regressive deposits 
going from proximal to distal 

8. The presence of a foreshortened stratigraphic successions 

Outcrop 

Good 

Good 

Good 

Fair 

Good 

Fair 

Good 

Good 

Core Well log 

Fair 

Good 

Poor 

Poor 

Good 

Rx)r 

Good 

Good 

R i r 

Good 

Ibor 

Itoor 

lair 

Fair 

Fair 

Ibor 

Seismic 

Fair 

Poor 

Good 

Good 

Poor 

Good 

Fbor 

Poor 

Table 1.1 - Indentifying criteira for 'forced regressions' and their applicabihty to different data sets. Redrawn 
from Posamentier and Allen (2000). 
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sequence boundary. A number of criteria have been identified that can be used to 

determine the presence of a forced regressive systems tract; these are summarised in Table 

1.1 and Figure 1.9. The placement of the sequence boimdary with respect to the forced 

regressive systems tract has been and still is the subject of much debate (Hunt and Tucker, 

1992; 1995; KoUa et al, 1995; Van Wagoner, 1995; Posamentier and Morris, 2000; Plint 

and Nummendal, 2000). There are two possible surfaces; the base of the FRST (e.g., 

Posamentier et al., 1992; Posamentier and Morris, 2000) and the top of the FRST (e.g.. 

Hunt and Tucker, 1992; 1993; 1995; Helland-Hansen and Gjelberg, 1994; Plint and 

Nummendal, 2000). The principal argimient favouring placement at the top of the FRST is 

ease of recognition as a widespread unconformity. Posamentier and Morris (2000) indicate 

that, although this surface is easy to identify "its represents a diachronous surface 

composed of an amalgamation of higher frequency sequences boundaries, formed during 

overall relative sea-level fall as a response to local conditions". This contradicts the 

original concepts of sequence stratigraphy (see Section 1.7). Posamentier and Morris 

(2000) suggests that the sequence boundary should be placed at the base of the FRST; as it 

represents the surface that exists at the time relative sea-level fall and is not a response to 

local conditions. This surface is also expressed as an unconformity or correlative 

conformity. Falling relative sea-level at this time results in sediment bypassing of the 

previously deposited highstand. Incised valleys may begin to form at this time and on the 

seaward side of the previous highstand shoreline there will be a relatively abrupt seaward 

shift of facies assemblages. 

1.7.9 KEY STRATAL SURFACES 

Key stratal surfaces represent significant abrupt changes in relative sea-level during the 

relative fall-rise cycle of a single sequence. These abrupt changes represent the boundaries 

between systems tracts. 

A) SEQXJENCE BOUNDARY 

In the initial papers on sequence stratigraphy (Jervey, 1988; Posamentier et al., 1988; 

Posamentier and Vail, 1988), the effects of relative sea-level falls on determining sequence 

deposition were emphasised. Two sequence boundaries were identified, the type 1 and type 

2 sequence boimdary. The type 1 sequence boundary (sometimes referred to as the type 1 

unconformity) indicates the base of a type 1 sequence (see Section 1.7.7). It represents a 

significant fall in relative sea-level when sea-level drops significantly below the 

depositional shoreline break. This results in the subaerial exposure of the shelf The type 1 

sequence boimdary is characterised by fluvial incision and stream rejuvenation 
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(Posamentier and Vail, 1988). This leads to the formation of incised valleys which are 

entrenched fluvial systems that extend their channels basinwards and erode into the 

underlying sequence (Van Wagoner et al., 1990). Incision may result in the erosion and 

truncation of the underlying transgressive systems tract. Significant erosion may result in 

the production of a biostratigraphic hiatus (i.e., an identifiable gap in the sedimentary 

succession such as a missing or removed biostratigraphical zone). Across the sequence 

boundary the biofacies are likely to show a significant shift landwards representing 

deposition of the lowstand systems tract. Trace fossils and their ichnofabrics may aid in the 

interpretation of sequence boundaries where a non-marine ichnofabric is identified 

overlying a marine ichnofabric in a clastic succession; especially at type 1 sequence 

boundary where it is otherwise difficult to distinguish marine fi'om fluvial textures 

(Siggerund and Steel, 1999). 

The type 2 sequence boundary (type 2 unconformity) is more subtle and is not 

characterised by stream rejuvenation and fluvial incision. This will not normally result in 

the development of a biostratigraphic hiatus. The type 2 sequence boundary is 

characterised by slow widespread subaerial erosion accompanying gradual denudation or 

degradation of the landscape (Posamentier and Vail, 1988). It may also be characterised, 

especially in outcrop, by a subtle shift of facies landwards. The ability to identify type 2 

sequence boundaries using biostratigraphic data is limited by the resolution (first and last 

appearance) of marker fossils available. This may ultimately rely on the influence of 

environmental factors controlling the depositional setting. Type 2 sequence boundaries are 

also characterised by a change in parasequence stacking pattern (see Section 1.7.IID). 

Increasing progradation in the underlying highstand systems tract, decreasing progradation 

and then aggradation in the overlying shelf margin systems tract (shelf margin wedge) 

(Posamentier and Vail, 1988). Identification of change in vertically stacked ichnofabrics is 

especially useful for interpreting type 2 sequence boundaries; e.g., where a stacking pattern 

of progressively less marine (or shallow marine) ichnofabrics are overlain by a series of 

progressively deeper (or more marine) ichnofabrics (Siggerund and Steel, 1999). 

Schlager (1999) introduced the concept of the type 3 sequence boundary. Schlager (1999) 

defines the type 3 sequence boundary as the combination of a highstand systems tract HST 

(see Section 1.7.8C) immediately followed by a transgressive systems tract TST (see 

Section 1.7.8B) without a recognisable sea-level fall or lowstand systems tract LST (see 

Section 1.7.8A) deposits in between. Vail et al. (1984) indicate the positioning of TST 

directly overlying HST as a way to generate condensed sections. However, Schlager (1998, 
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1999) reported abundant evidence of extensive marine erosion and long hiatuses at the 

boundary between the HST-TST; especially in drowned reefs and carbonate platforms. 

The unconformity (sequence boundary) at the HST-TST boundary is generated by a 

combination of marine erosion and change in sediment input (Schlager, 1999). The 

application of the type 3 sequence boundaries may lead to the development of a pattern of 

alternating HST and TST on a carbonate platform. 

More recently Posamentier and Allen (1999) attempted to re-focus on the original concepts 

and principles underlying sequence stratigraphy. Posamentier and Allen (1999) suggest 

that the distinction between type 1 and type 2 (and also the type 3 of Schlager, 1999) 

sequence boundaries should be dropped as: 

"unconformities can grade into correlative conformities along depositional 

strike as well as along depositional dip ". 

Variations in the rate of sea-floor subsidence and sedimentation can vary distinctly within 

a single sedimentary basin, and hence, the same eustatic cycle can result in the 

development of either type of sequence or sequence boimdary. Posamentier and Allen 

(1999) also point out that one type of sequence boundary is consistent with the original 

usage of Mitchum (1977) and Sloss (1963). 

B) TRANSGRESSrVE OR R A V I N E M E N T SURFACE 

The transgressive surface (marine flooding surface) or ravinement surface (parasequence 

boundary, see Section 1.7.1 lA) is a surface that separates older from younger strata, across 

which there is evidence of an abrupt increase in water depth Van Wagoner et al., (1988). 

The transgressive surface indicates the top of the lowstand systems tract, with a ravinement 

surface often representing a parasequence boimdary (see Section 1.7.11 A). This deepening 

is commonly accompanied by minor submarine erosion and non-deposition; a minor hiatus 

may also be indicated. The surface is characterised by in situ reworking and winnowing of 

the substrate which may not be conducive for the preservation of fossil assemblages. 

Erosion during the formation of the marine flooding surface often results in landward 

migration of shelfal facies (Figure 1.10). This process, termed shoreface retreat, sees 

sediment eroded from the upper shoreface and deposited in the lower shoreface to offshore 

areas (Figure 1.10) (Emery and Myers, 1996). The marine flooding surface (ravinement 

surface) may result in a rapid vertical change of facies from upper to lower shoreface with 

no intervening preservation of intermediate facies (Emery and Myers, 1996). The 

transgressive surface may be inferred by the superposition of marine biofacies on marginal 

marine or non-marine biofacies, as the transgressive surface normally represents the first 
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Figure 1.10 - The formation of 
a ravinement surface by 
transgressive erosion during 
shoreface retreat. After Emery 
and Myers (1996). 

Sequence boundary 

Figure 1.11 - Example of a composite sequence, consisting of a stack of five higher order 
sequences. The higher-fi-equency sequences form the building blocks of the composite 
sequence. After Emery and Myers (1996). 
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After Emery and 
Myers (1996). 
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influx of marine conditions in a sequence (see Section 1.7.9). This may easily be confused 

with a minor marine flooding surface that may represent a parasequence boundary. 

Transgressive surfaces usually represent more prolonged periods of marine flooding and 

development of deeper water marine biofacies (Emery and Myers, 1996). 

Trace fossils and ichnofabrics often prove to be more usefiil here than at sequence 

boundaries as flooding surfaces are usually characterised by the influx of a particular 

marine ichnofabric (Taylor and Gawthorpe, 1993), or by the overprinting of an ichnofabric 

characteristic of deeper or more saline conditions; e.g., Diplocraterion parallelum is a 

trustworthy indicator of a marine flooding surface (Dam, 1990) and is often found in a 

variety of pre-flooding substrates. D. parallelum commonly occurs in situations as if 

tolerant of initial salinity fluctuations (Dam, 1990; Taylor and Gawthorpe, 1993). 

The development of plant root structures at key stratal surfaces (marine flooding surfaces, 

parasequence boundaries) is an indicator of subaerial exposure (Bockelie, 1994). Unlike 

paleosol or karst development, root structures may penetrate deep enough, so as not to be 

eradicated by erosion during marine flooding (Bromley, 1996). In the same manor, 

vertebrate tracks and trackways may also indicate pre-marine flooding surfaces. 

C) MAXIMUM FLOODING SURFACE ( M F S ) 

The maximum flooding surface represents the maximum landward migration of the 

shoreline depositional break during the fall-rise cycle in a sequence and is commonly 

represented by a condensed section. It is identified either on the basis of stratal stacking 

patterns, marking the change from fransgressive strata below to regressive strata above 

(Galloway, 1989), or on the identification of maximum water depth (Naish and Kamp, 

1997). Basinwards the maximum flooding surface is often represented by a condensed 

section. 

The turnaround in stacking pattern of ichnofabrics from the transgressive to regressive part 

of the sequence may also be an indicator of the maximum flooding surface. This is often 

characterised by an ichnofabric maximum flooding zone (cf interval of maximum flooding 

of Kidwell, 1989; rather than a surface) that shows a minor increase in trace fossil diversity 

and major increase in the degree of bioturbation (Siggerud and Steel, 1999). The maximum 

flooding surface also represents the most landward distribution of diverse, open marine, 

cosmopolitan, often abundant, planktonic and deep water benthos (Loutit et al., 1988; 

Allen et al., 1991; Armentrout and Clement, 1991; Armentrout et al., 1991). The 
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condensed section associated with the maximum flooding surface may also provide a 

biostratigraphically distinctive horizon with abundant planktonic fossils (Emery and 

Myers, 1996; Hart, 2000). This may also allow immigrants that are not normally seen in 

the basin. As a consequence, the maximum flooding surface is usually a more correlatable 

stratal surface than the sequence boundary, which may not be recognisable 

biostratigraphically. 

1.7.10 COMPOSITE (SECOND AND THIRD ORDER) SEQUENCES AND SYSTEMS TRACTS 

Composite sequences are successions of genetically related sequences in which the 

individual sequences stack into lowstand, transgressive and highstand sequence sets 

Mitchum and Van Wagoner (1991) (Figures 1.11 and 1.12). Most second order and many 

third order sequences will contain higher order sequence boundaries, hence it is important 

to identify the order of cyclicity a sequence or systems tract represents. 

1.7.11 HIGH RESOLUTION SEQUENCE STRATIGRAPHY 

Since its conception over twenty years ago (Vail et ai, 1977a, b) sequence stratigraphy has 

been applied at increasingly higher resolution. The original concept was developed using 

seismic data and as an aid to interpreting seismic sections. This has a relatively low 

resolution (often tens to hundreds of meters) and seismic based sequence stratigraphy was 

termed 'low resolution sequence stratigraphy' (Posamentier and Weimer, 1993). The key 

introductory publication covering the theory and practice of 'high resolution sequence 

stratigraphy' is that of Van Wagoner et al. (1990). High resolution sequence stratigraphy 

integrates observations from well log, core and outcrop analysis; these detailed data sets 

allow gross stratal geometries to be linked with the internal facies assemblages (Emery and 

Myers, 1996). The smallest unit is the lamina scale. Like many cycles in high resolution 

sequence stratigraphy, sea-level change is often not the controlling factor on parasequence, 

systems tract or sequence development (see Section 1.7.12, on problems with high 

resolution sequence stratigraphy). 

A) THE PARASEQUENCE 

Parasequences and parasequence sets (see Section 1.7.1 ID) are the fundamental building 

blocks of sequences (Van Wagoner et al., 1988). According to Van Wagoner (1985) a 

parasequence is defined as: 

"a relatively conformable succession of genetically related beds or bedsets 

bounded by marine flooding surfaces and their correlative surfaces ". 
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In certain positions within the internal geometry of a sequence a parasequence may be 

bound either above or below by a sequence boundary (Emery and Myers, 1996). In 

sedimentological terms, the parasequence may be represented by shallow marine sediments 

that are commonly arranged into: (i) upwards coarsening units (shallow marine wave or 

storm dominated settings) or; (ii) upwards fining units (channel, estuarine or tidal flat 

settings). Both display an upwards shoaling or shallowing of facies (Figure 1.13). 

B) THE PARASEQUENCE BOUNDARY 

Individual parasequences are separated by recognition of a parasequence boundary. This is 

represented by a marine flooding surface (Van Wagoner et ai, 1990) (Figure 1.13). The 

marine flooding surface in this case is defined as a surface separating older from younger 

strata across which there is evidence of an upward increase in water depth (Emery and 

Myers, 1996). The flooding surface may be characterised by minor submarine erosion or 

non-deposition, but not stream rejuvenation or major basinward shift: in facies. Erosion 

may be characterised by a ravinement surface as a result of transgressive erosion from 

shoreface retreat (see Section 1.7.9C). Ravinement surfaces are particularly well developed 

when a parasequence boundary correlates with a major transgressive surface (the bounding 

top surface of a lowstand or shelf margin wedge systems). 

C) PARASEQUENCE IHICKNESS TRENDS 

The thickness of a parasequence is controlled by the rate of relative sea-level rise (creation 

of new accommodation space) and the periodicity of parasequence formation (Emery and 

Myers, 1996). Fluctuations in relative sea-level (creation of accommodation space) should 

be easily identifiable from parasequence thickness trends, if these fluctuations are constant 

and controlled primarily by sea-level. With a slow rate of relative sea-level rise thin 

parasequences will result, and with relatively rapid sea-level rise thick parasequences will 

develop (Emery and Myers, 1996). 

D) PARASEQUENCE SETS 

According to Van Wagoner et al. (1990) a parasequence set (Figure 1.14) is: 

"succession of genetically related parasequences forming a distinctive stacking 

pattern bounded by major marine flooding surfaces and their correlative 

conformities." 

In some cases one or both of the bounding surfaces will equate to a key stratal surface 

(e.g., sequence boundary or transgressive surface). Although the bounding surfaces may 



CHAPTER 1 - INTRODUCTION 39 

thickness upwards 

Blotutiation decreases 

• Simple cleaning and 
coarsening trend In 
three dimensions 

SOmthick 

10* -10= years 
duration 

Figure 1.13- Example of an idealized parasequence. This represents a shallow- marine 
parasequence in a wave or storm-dominated setting, where upward coarsening can be related 
direcdy to shallowing upwards. After Emery and Myers (1996). 
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Figure 1.14 - Examples of the development of parasequence sets. After Van Wagoner et al. 
(1988) and Emery and Myers (1996). 
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equate to sequence boundaries, systems tracts and parasequence sets are not always 

synonymous (Posamentier and James, 1993). Parasequence sets are considered to be an 

intermediate between parasequences and systems tracts. Within areas of high subsidence 

and sediment input more than one parasequence set can exist in a single systems tract 

(Emery and Myers, 1996). 

The term stacking pattern in a parasequence set refers to the architecture of a vertical 

succession of parasequences (Emery and Myers, 1996). Parasequence sets can be 

recognised as either progradational, retrogradational or aggradational stacking patterns. In 

a progradational parasequence set the rate of sedimentation is greater than the rate of 

creation of new accommodation space. As a result, the successively younger parasequence 

generally becomes thicker and more proximal to the depositional shoreline break (Figure 

1.14). During deposition of a retrogradational parasequence set the facies become more 

distal and thinner towards the top. This is due to the sedimentation rate being less than the 

rate of creation of new accommodation space. In an aggradational parasequence stack the 

rate of sedimentation is equal to the rate of creation of new accommodation space. As a 

consequence the parasequence thickness does not change significantly with time and the 

facies at the top of each parasequence is similar (Emery and Myers, 1996). 

The parasequence sets are separated by parasequence set boundaries which are similar to 

parasequence marine flooding surfaces and their correlative surfaces (Van Wagoner et ai, 

1990). Parasequence set boundaries separate different parasequence stacking patterns and 

may be coincident with key stratal surfaces (i.e., systems tract boundaries or sequence 

boundaries; see Section 1.7.9). 

1.7.12 PROBLEMS WITH HIGH RESOLUTION SEQUENCE STRATIGRAPHY 

The original concept of sequence stratigraphy was devised for the analysis of seismic data. 

A common problem when applying the original concepts higher resolution data (outcrop, 

well log and core data) is the identification of key stratal surfaces. Due to the cyclic nature 

of nearshore sedimentary successions, and the fact that at higher resolution autocyclic 

processes as well allocyclic processes play a major role in the development of a 

sedimentary succession, it can de difficult to identify individual surfaces that represent key 

stratal surfaces. This often resuhs in the identification of a 'zone' around the key stratal 

surface (e.g., sequence boimdary zone, maximum flooding zone). 
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Parasequences may be identifiable within individual sedimentary succession, although the 

dominance of autocyclic processes in parasequence formation results in a variation in the 

number of parasequences, parasequence thickness, depositional facies along depositional 

strike. This means that parasequences are often not correlatable across a basin. 
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2.1 INTRODUCTION-IBERIAN PENINSULA 

The Iberian Peninsula forms a structural link between the Eurasian and African Plates. 

During the Mesozoic and Tertiary, the Iberian Plate was in a focal position between the 

newly forming Atlantic Ocean and Tethys (Wilson et ai, 1990). From the mid-Jurassic to 

the early Cretaceous it was part of the Eurasian Plate. Between the early Cretaceous and 

Eocene it behaved as a semi-independent plate as the Iberian Peninsula began to rotate 

away from the Eurasian Plate with the opening of the Bay of Biscay (Figure 2.1). At the 

beginning of the Oligocene the plate boundary shifted to its present day position in the 

straits of Gibraltar, with the Iberian Peninsula again becoming part of the Eurasian Plate 

(Uchupi, 1988). Controls on sedimentary deposition around the tectonically evolving 

Iberian Peninsula during this time were controlled by a complex interaction of changing 

styles of tectonism, seafloor subsidence, fluctuations in depth of the carbonate 

compensation depth (CCD), sea-level change (both glacially and tectonically induced), 

migration of the Iberian Peninsula, Eurasian and African Plates, and the gradual expansion 

and contraction of the North Atlantic and Tethys (Uchupi, 1988). 

2.2 IBERIAN PENINSULA-PORTUGUESE BASINS 

The northern and western margins of the Iberian Peninsula provide an opportunity to 

examine at outcrop pre-rift and syn-rift sediments which can only be studied using 

seismics and subsurface data in other Atlantic margin basins (Figure 2.2). Extensive 

exposure of these rocks in Iberia, especially in many of the Portuguese basins, is due to 

compressional tectonics related to the formation of the Pyrenees and Betics in the Miocene 

(Wilson et ai, 1990). Along the western and central margin of Portugal four Mesozoic-

Cenozoic sedimentary basins, related to the opening of the Atlantic Ocean, can be 

recognised (Figure 2.2). 

The northern-most of these basins, the Porto-Galacia Basin, sfraddles the Portuguese-

Spanish border and extends south into Portugal for about 100km. Strata within this basin 

are only found offshore and cover an area of approximately 2,800 km^ (down to the 

1,000m water depth) in Portuguese waters (Pacheco, 1998). The succession within the 

basin is represented by up to 6km of Upper Triassic to Upper Cretaceous sediments 

overlain by a, generally thin, Cenozoic cover. 

The Algarve Basin (about 8,500 km^) hes in the southern most part of the country, both on-

and off-shore, runs parallel to the Portuguese coastline and continues to the east of the 

Portuguese-Spanish border as the Cadiz Basin (Figure 2.2). The fill is again of late Triassic 
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Figure 2.1 - Key events in the 
opening of the N. Atlantic 
Ocean irom Wilson (1988). A 
and B show the jump in the 
location of the ocean floor 
spreading axis in the 
southern N. Adantic Ocean. 
The Iberian peninsular is 
black in all the drawings. 
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to Recent age and the depth to the Carboniferous basement may exceed 7km. The relative 

thickness of the Cenozoic and Neogene sediments is the largest of the Portuguese basins 

(Pacheco, 1998). 

The Alentejo Basin is relatively small, only approximately 2,600 km^ developed in the 

offshore area of south west Portugal in waters in excess of 200 metres. Although the basin 

has never been drilled, seismic data suggest that the basin may contain a significant 

thickness of both Mesozoic and Cenozoic sediments (Pacheco, 1998). 

The Lusitanian Basin, located along the western margin of the Iberian Peninsula, covers 

some 20,000km^ of the western central part of the Portuguese mainland and the adjacent 

continental shelf (Figure 2.2) and is the largest of the Portuguese basins on the western 

Iberian Margin. It is one of a family of Atlantic margin rift basins, which formed as a 

response to Mesozoic extension and subsequent opening of the North Atlantic (Rasmussen 

et ai, 1998). Figure 2.1 and Figure 2.2 shows the key stages in the opening of the Central 

and North Atlantic Oceans. 

2.3 LUSITANIAN BASIN - INTRODUCTION 

The Lusitanian Basin is a passive margin basin that extends at least 250km to the north of 

Lisbon (Figures 2.3 and 2.4). The basin sensu stricto is defined as the area between the 

coastal town of Aveiro, approximately 250km to the north of Lisbon, to the coast south of 

the Serra de Arrabida (Rasmussen et ai, 1998). It is bounded to the east by Hercynian 

basement rocks (see Section 2.2.2 and Figure 2.3). The western boundary of the basin is 

found offshore (Figures 2.3 and 2.4). The southern part of the western boundary consists of 

several basements horsts, which are exposed on the Berlengas and Farilhoes Islands; the 

northern part of the western boimdary is not so clearly defined (Wilson et ai, 1990). It is 

possible that the Lusitanian Basin is connected in the north to a Mesozoic basin offshore 

between the narrow continental shelf, Porto and Vigo Seamounts and Galicia Bank 

(Wilson et ai, 1990; see Figure 2.3). The seamounts and Galicia Bank are thought to 

represent basement horsts capped by Mesozoic carbonates (Mougenot et ai, 1984; 1986). 

The outcrop pattern of the Lusitanian Basin is controlled by an inverted zone that separates 

two Tertiary sub-basins (Figure 2.4). The northern sub-basin, the Monte Real Sub-Basin, 

has a fill of mainly Palaeogene sediments, with the southern Tagus Basin having a fill of 

mainly Neogene sediments (Wilson et ai, 1990). The inverted zone of Mesozoic rocks 

trends in a NNE to SSW direction, is about 50-100km wide and extends for 250km fi-om 
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Figure 2.6 - A sketch map showing the distribution of halokinetic and other principal 
structural features of the Lusitanian basin and offshore areas from Wilson etal. (1990). 
1 he two contrasting tectonic styles are considered to be controlled by the depositional 
thickness of cvapourites in the Dagorda formation. WTicre the Dagorda Formation was 
thick, reactivation of Hercynian basement faults triggered salt niigration, but where the 
Dagorda formation was thin, faults propagated into younger sediments. B, C and D 
cross-sectinons showing structural styles. B is based on seismic data only, with C and D 
based on seismic and outcixDp data. 
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Coimbra in the north east to the offshore area west of the late Cretaceous Sintra granite 

complex (Figure 2.4). The basement to the north east of the inverted zone was also 

uplifted, for it is faulted against Plio-Pleistocene sediments and is today one of the highest 

areas in Portugal. Inversion allowing the study of the Mesozoic sediments was the result of 

contraction associated with the Betic deformation and occurred during the mid-Miocene 

(Tortonian). 

2.3.1 THE PRE-MESOZOIC BASEMENT 

The basement underlying the Lusitanian basin is part of the Hercynian fold-belt that 

outcrops over four-fifths of onshore Portugal (Pacheco, 1998). The fold-belt is divided into 

four zones, the Middle Galacian/Tras-os-Montes, Central Iberian, Ossa Morena and 

Southern Portuguese, which are separated by thrust fault contacts (Pacheco, 1998). These 

thrusts faults trend NW to SE or NNW to SSE (Wilson et al, 1990). Three of these zones 

underlie the western margin of the Lusitanian Basin, these are the Central Iberian, Ossa 

Morena and Southern Portuguese Zones (Figure 2.5). The Central Iberian and Ossa 

Morena Zones are characterised by Precambrian and Lower Palaeozoic metamorphic and 

igneous rocks containing both syn-orogenic migmatites (350-300Ma) and post-orogenic 

granites (280Ma) (Ribeiro, et al., 1979; Wilson et al., 1990; Pacheco, 1998). These two 

basins also include thin Upper Carboniferous (Westphalian and Stephanian) bituminous 

coals which outcrop onshore in localised molasse basins. The South Portuguese Zone is 

characterised by low-grade Upper Palaeozoic metasediments. 

The late Hercynian deformational episode was characterised by the development of a 

strike-slip fault zone; with NNE-SSW to ENE-WSW oriented sinistral faults and NNW-

SSE to NW-SE oriented dextral faults, comparable to the orientation of the Hercynian 

basement zone bounding thrusts. The eastern margin of the Lusitanian basin to the north 

and south of Coimbra clearly follows the boundary between the Central Iberian and Ossa 

Morena Zones (Wilson et al., 1990). Reactivation of these basement faults played a key 

role in the successive Mesozoic-Cenozoic basin development. 

2.3.2 MESOZOIC BASEMENT RELATED TRENDS 

The dominant structural trend in the Mesozoic and Tertiary evolution of the Lusitanian 

Basin is directly related to the north-north east to south-south west (NNE-SSW) and north

east to south-west (NE-SW) trending fi-actures in the pre-Mesozoic basement (Figures 2.3 

and 2.6). Many of the diapiric structures that developed during the Mesozoic evolution of 

the basement also follow the north-north east to south-south west trend (NNE-SSW), as do 
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the Franca de Xira Fault, Tagus Lineament and the associated Lisbon submarine canyon. 

Similarly, the offshore basement horsts (Berlengas and Farilhoes) are close to the same 

orientation (Figures 2.3, 2.6 and 2.7). The faults bounding the south east side of the 

inverted zone and the Torres Vedras-Montejunto and Arrabida structures are also oriented 

north east-south west (Wilson, et al. 1990). 

Few structures within the Lusitanian Basin cannot be related to the trends of the pre-

Mesozoic basement structures. However, the Runa and Ota Faults flanking the Upper 

Jurassic of the Arruda Sub-basin trend north-south, and late Miocene folds to the north east 

of Lisbon have an east-west trend (Wilson et al., 1990 and Figure 2.6). 

2.3.3 HALOKINESIS AND FAULTING 

The deposition of the Dagaorda Formation evaporites (Figures 2.7 and 2.8) during the late 

Triassic and earliest Jurassic, and the subsequent development of halokinetic structures in 

the late Jurassic, was controlled by reactivation of basement faults. During the early 

Jurassic syn-deposition of the Dagaorda evaporites with basement fault activity lead to 

variations in the thickness of evaporite development; with thicker deposits forming over 

the reactivated fault structures. Zybszewski (1959) suggested that diapiric structures 

developed during the late Jurassic over the same faults vsiiich caused the original variations 

in evaporite deposition (Figure 2.8). Reactivation of the Hercynian faults, beneath thicker 

salt deposits, lead to salt withdrawal and development of diapiric structures above 

basement faults (Figure 2.8). Where the evaporites were thinner the reactivated basement 

faults propagated through into the younger Mesozoic sedimentary cover. Zybszewski's 

(1959) conclusion was confirmed by seismic data obtained in the 1980's (Wilson et al., 

1990). These salt withdrawal structures also lead to the development of sub-basins during 

the late Jurassic (see Section 2.2.4). 

2.3.4 GEOLOGICAL HISTORY 

The tectonic features controlling the Mesozoic and Cenozoic development of the 

Lusitanian Basin are the result of reactivation of faults in the Hercynian basement and the 

deposition of evaporites (the Dagorda Formation evaporites; see Figure 2.8 and Section 

2.2.3). Figure 2.9 summarises the lithostratigraphy of the Mesozoic and Lower Tertiary for 

the southern part of the Lusitanian Basin, and Table 2.1 provides brief descriptions and 

environmental interpretations of the Mesozoic units shown in Figure 2.9. Five 

unconformity-bound sequences have been recognised by Wilson et al. (1990) that can be 

recognised in the Mesozoic and Cenozoic succession; these are outlined in Table 2.2 and 



CHAPTER 2 - GEOLOGICAL FRAMEWORK 52 

Haiokinetic 
structures 

» . Montejunto 
" " anticline 

30km 

Sintra7 
granite 

Caldas diapir Rip Maior diapir 

E 

Brenha & 
Candeiros 

Cabacos & 
Montejunto 
Abadia. 
Aitiaral & 
Lourlnha 

Figure 2.8 - Zbyszewski's (1959) hypothetical section across 
the Bombarral-Alcobaca Sub-Basin showing salt structures 
developing above basement fault, from Wilson et al. (1990). 



CHAPTER 2 - GEOLOGICAL FRAMEWORK 5 3 

Figure 2.9. These sequences may be directly related to events pertaining to the evolution 

of the North Atlantic Ocean (Wilson, 1988; Wilson et al., 1990): A) Upper Triassic-Upper 

Callovian; B) Middle Oxfordian-Berriasian; C) Valanginian-Lower Aptian; D) Upper 

Aptian-Turonian; E) Upper Cretaceous-Tertiary. 

A) UPPER TRIASSIC-UPPER CALLOVIAN 

Rifling during this first period of Mesozoic and Tertiary basin evolution led to the 

development of grabens and half grabens in which Triassic and Hettangian sediments 

accumulated; continental elastics of the Silves Formation and the evaporites (see Section 

2.2.3) of the Dagorda Formation (Figure 2.9). Following this Lower and Middle Jurassic 

sediments blanketed the basin, with a simple facies geometry. These sediments thicken 

towards the north and towards an axial zone, almost coincident with the present day 

coastline to the north of Peniche. This is represented by a series of marine ramp carbonates 

of Sinemurian to Callovian age (Coimbra, Brenha and Candeiros Formations, see Figure 

2.10), which were deposited in an intercontinental seaway and have been described in 

detail by Watkinson (1989) and Azeredo (1993). A westward shift in the location of the 

shallower parts of the system in the mid-Jurassic was probably due to eustatic sea-level 

fluctuations. 

This blanketing facies geometry of the basin was a result of thermal relaxation of the crust 

following the late Triassic rifting phase (Table 2.2) (Wilson, 1988; Wilson et al., 1990). 

Some basin asymmetry developed during the later phase of rifting due to continued 

movement along an eastward inclined fault on the western margin of the basin (Wilson et 

al., 1990). 

B) MIDDLE OXFORDIAN-BERRIASLW 

The unconformity marking the base of this second sequence is represented by a hiatus 

spanning the uppermost Callovian to the Middle Oxfordian (Figure 2.9) and is thought to 

be related to events in the opening of the southern North Atlantic Ocean; where ocean 

spreading that started in the Callovian and was followed by a southward jump in the 

spreading direction of the axis in the Oxfordian (Wilson, 1988). This is supposed to be a 

basin wide hiatus, although there is little field evidence for this in some locations. 
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LlTHOSTRATIGRAPHIC UNFF 

Alcjintara Formation 
(Cenomanian-Turonian) 
Alcabideche Formation 
(Albian) 
Almargem Formation 
(late Aptian-Albian) 
Cascais Formation 
(Berriasien-Barremien) 
Torres Vedras Formation 
(Valanginian-early Aptian) 
Farta Pao Formation 
(Tithonian-Berriasien) 
Mem Martins Formation 
late Kimmeridgian-Tithonian 
Ramalhao Formation (late 
Oxfordian-Kimmeridgian) 
Sao Pedro Formation 
(Oxfordian) 
Lourinha Formation (late 
Kimmeridgian-Tithonian) 
Amaral Formation (late 
Kimmerigjan) 
Albadia Formation (early 
Kimmeridgian) 
Cabrito Member (early 
Kimmeridgian) 
Castanheira Member (early 
Kimmeridgian) 
Tojeira Member (late Oxfordian-
early Kimmeridgian) 
Montejunto Formation 
(late Oxfordian) 
Caba9os Formation (middle 
Oxfordian) 
Candieiros Formation (Aalenian-
Callovian) 
Brenha Formation (Sinemurian-
Aalenian, Callovian in the N.) 
Coimbra Formation (Hettangian-
Sinemurian) 
Dagorda Formation (late Triassic-
Hettangian) 
Silves Formation (late Triassic) 

DESCRIPTION OF DOMINATE FACIES 
Shallow marine limestones 

Shallow marine limestones and shales 

Fluviatile sandstones 

Shallow marine limestones and shales, with rudist buildups 

Fluviatile sandstones 

Low-energy ramp carbonates 

Resedimented carbonate breccias deposited on distally steepened 
ramp 
Deep-water shales with subsidiary limestone breccias 

Metamorphosed limestones 

Fluviatile sandstones with deltaic sandstones, and marginal marine 
shales and limestones 
Shelf ooid grainstones and coralgal biostromes 

Southward prograding slope shales and siltstones 

Slope-apron sandstones and resedimented ooid grainstones 

Arkosic sands and gravels deposited on submarine fan 

Limestone turbidites and debris flows with siUciclastic detritus and 
allochthonous blocks of limestone 
Pelagic carbonates to shallow water buildups 

Lacustrine carbonates and anhydrite 

Shallow water carbonates deposited on westward inclined ramp 

Alternating limestones and shales (some bituminous) with slump 
and slide units and fine-grained turbidites 
Largely dolomitised shallow water carbonates deposited on 
westward inclined ramp 
Dolomites and evaporites (anhydrite, halite, K-salts) 

Fluviatile sandstones 

Table 2.1 - Mesozoic lithostratigraphic units of the Lusitanian Basin, after Wilson et al, (1990) 

Differentiation of the basin into sub-basins occurred during the Oxfordian, marking the 

onset of rifling. This syn-rifl; period was due to the reactivation of basement faults and 

formation of half grabens, and salt withdrawal into rising salt walls (see Section 2.2.3, 

Figure 2.8 and Table 2.2). Rifting reached its maximum during the Kimmeridgian and may 

have initiated a pre-Aptian period of Atlantic Ocean opening to the south-west of the 

Lusitanian Basin (Wilson, 1988). 
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UNCONFORMFFY BOUNDED 
SEQUENCES (SEE FIGURE 2.9) 

E Miocene 
E Cretaceous-Tertiary 
D Upper Aptian-Turonian 
C Valanginian-lower Aptian 
B Middle Oxfordian-Berriasian 
A Upper Triassic-Upper Callovian 

SOUTH 

Major inversion 
Minor inversion 
Slight subsidence 
Slight subsidence 
Rifting 
Rifting-sag 

NORTH 

Minor inversion 
Major inversion 
Rapid subsidence 
Rifting 
?Rifting 
?Rifting 

Table 2.2 - Comparative geological history of sectors of the western Iberian margin (Lusitanian Basin) north 

and south of the Nazare transfer fault. Adapted from Wilson et al, (1990). 

The Middle Oxfordian to Tithonian successions deposited during this period contain 

several mixed carbonate-siliciclastic sequences, which accumulated in half grabens formed 

during rapid rift related subsidence. This syn-rift succession displays extremely rapid 

lateral facies variations controlled by fluctuations in rates of uplift and subsidence (Figure 

2.10). Lacustrine carbonates (Cabacos Formation, see Figure 2.9) are overlain by marine 

carbonates of the Montejunto Formation. From the late Oxfordian deeper marine elastics 

were fed into the half grabens as submarine ramp systems (Castenheira and Abadia 

Formations; see Figure 2.9). Syn-rift deposition continued into the Kimmeridgian where it 

was represented by regionally extensive shallow marine carbonates (Amaral Formation; 

see Figure 2.9). Similar to the change in facies geometry during the Triassic to Upper 

Callovian sequence, by late in the middle Oxfordian to Berriasian sequence rifting had 

ceased, and again, subsidence was due to thermal relaxation of the lithosphere (Leinfelder 

and Wilson, 1991). From the late Kimmeridgian onwards sedimentation in this sequence 

was dominated by interfingering of marine carbonate (Farta Pao and Mem Martins 

Formations) and the fluvial or marginal marine siliciclastics of the Lourinha Foramtion), 

see Figure 2.10. 

C) VALANGINIAN-LOWER AFTIAN 

The Valanginian-Lower Aptian sequence is contemporaneous with the synrift sequence of 

north west Iberia, and is a similar age to the onset of rifting and sea-floor spreading to the 

west of the subsided crust of north west Iberia (Wilson, 1988). This occurred during a time 

when the Atlantic between Iberia and the Grand Banks had started to form. The onshore 

part of the Lusitanian Basin at this time probably represented an intracratonic basin set 

back fi-om the newly formed Atlantic margin. 

This sequence is relatively thin in contrast to the thick sequences drilled on the Galicia 

Bank and Vigo Seamount (although it thickens slightly to the south). It is composed of 
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Figure 2 .11- Palaeooceangraphic map of the N. Adantic Ocean during the Early 
Cretaceous (from Hiscott el al., 1990). 
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interbedded marine carbonates (Cascais Formation) and fluvial to marginal marine elastics 

(Torres Vedras Fonnation; see Figure 2.9 and 2.10). The deposits found within the Cascais 

Formation (Figure 2.9) form the base of this study. For more than a century the Lower 

Cretaceous of the Lusitanian Basin has been the subject of many studies (Rebeiro, 1857; 

ChofFat, 1885; 1891; 1904; Seifert, 1963, Rey, 1972, Berthou and Leerveld, 1990, Rey, 

1992). These have included Uthostratigraphical, biostratigraphical and sedimentological 

studies, however, there still remain much doubt over the exact ages of the lithostratigraphic 

units (formations and members) and little detailed palaeoenvironmental interpretation has 

been discussed. A more detailed account of previous studies, and the bio- and 

lithostratigraphy used as a basis for the study, is discussed in the introduction to the 

successions (see Section 2.3). Most successions show some interfingering of these facies 

associations, although carbonates dominate in the areas of Cascais and elastics to the north 

around Torres Vedras. Only the Cascais Formation has been studied during the course of 

this project, as the Torres Vedras Formation found in the north of the basin is dominated 

by fluvial to marginal marine elastics and is largely unfossiliferous. Exposures are also 

largely very poorly degraded. 

D) UPPER APTIAN-TURONIAN 

The Upper Aptian-Turonian sequence is also a relatively thin sequence (Figure 2.9) and is 

contemporaneous with the post-rift sequence of north west Iberia (Wilson et ai, 1990). 

The facies distribution in this sequence is similar to that of the Valanginian-Lower Aptian 

sequence. Above the unconformity at the base of the sequence a major regressive period, 

which can be traced across the basin, is represented by fluvial elastics of the Almargem 

Formation (Figure 2.9). The Alcabideche and Alacantra Formations above are again 

represented by marine carbonates, which show many similarities in facies types to the 

Aptian oil reservoirs of the Sligo Trend of the Gulf of Mexico and the Middle East (Ross 

and Skelton, 1993). 

E) UPPER CRETACEOUS-MIOCENE 

The Lisbon Volcanic Group dominates the lower most part of this sequence and it was at 

this time that emplacement of the Sintra granite complex also occurred; which is composed 

of several units with ring or plug-like forms, outer granite, iimer syenite, discontinuous 

gabbro-dioritic ring and associated iimer and outer dyke complex (Terrinha and KuUberg, 

1999). The granite has been dated at 82Ma and the syenite and gabbro at 76Ma (Terrinha 

and Kullberg, 1999). The Sintra granite (and also several other Late Cretaceous alkaline 

massives of the Iberian Penninsular, e.g.. Sines granite complex) has been related to deep 
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seated NNW-SSE trending faulting, however, several interpretations as to the implacement 

of the Sintra granite complex have been suggested. Ribeiro et al. (1997) suggested a 

meteorite impact to account for the fracture along which the igneous bodies were implaced. 

More recently (Terrinha and KuUberg, 1999) suggested that emplacement occurred along 

pre-existing E-W trending Mesozoic extensional faults, related to inversion during 

Pyrenean movements (Table 2.2) (Wilson et al., 1990). Inversion in the Lusitanian Basin 

also led to the division of the basin at this time (see Section 2.3) into two Tertiary sub-

basins; the northern one having a mainly Palaeogene fill and southern one a mainly 

Neogene fill. As much as 1 km of sediment was deposited during this sequence although, 

because of the significant inversion that occurred during the Miocene, which may be 

continuing today (Ribeiro, 1984; Cabral, 1986), much of this sequence has been removed. 

2.4 LOWER CRETACEOUS (BERRIASIAN-LOWER APTABV) 

Outcrop successions in Portugal were selected for study as they provide almost continuous 

stratigraphical coverage of the Lower Cretaceous of the southern part of the Lusitanian 

Basin. The successions also represent a wide range of marginal to shallow marine 

environments, dominated by either mixed carbonate-siliciclastic to carbonate sediments. 

The three well-exposed coastal successions at Cabo Espichel, Cascais and Ericeira were 

selected as fitting the above criteria (Figure 2.12). A complete succession also exists 

towards the north, around the region of Torres Vedras, although as this is an almost 

completely clastic fluvial succession it was not suitable for the purpose of this study. Other 

exposed successions of Lower Cretaceous strata display local lateral variations in facies 

(Rey, 1972; 1992) but as these are mostly poorly exposed road cuttings that only provide 

limited evidence of the stratigraphical sequence. Many of these thin, incomplete, 

successions were studied by Rey (1972; 1992; 1993), where a fiill account of these 

incomplete successions and their lateral equivalents can be found. Several of these 

successions have been investigated during fieldwork undertaken for this study, but were 

unsuitable. One of these successions was investigated in a road side cutting on the road to 

the south of Malveira (see Rey 1972). Unfortunately, the section is now severely degraded. 

Other successions investigated are exposed close to the north and south margin of the 

Sintra granite complex. The succession to the north is exposed to the north of Praia da 

Adraga (see Rey 1972, pages 44^5, 97-98 for description) and to the south near d'Aldeira 

de Juzo (see Rey 1972, pages 40-42, 95-95 for description). Due to the close proximity of 

the Sintra granite complex these successions have undergone contact metamorphism. 
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2.4.1 HISTORY OF BIO- AND LITHOSTRATIGRAPHIC RESEARCH 

For more than a century the Lower Cretaceous successions of the Lusitanian Basin have 

been the subject of many lithostratigraphical, biostratigraphical and sedimentological 

studies. The earliest of these was by Choffat (1885; 1901) who created two stage names {le 

Friexialin and I'infravalanginian, which equate to what is now the Portlandian and 

Berriasian) in an attempt to define the Jurassic-Cretaceous boundary. These were in use 

until the 1950's when renewed interest by the Companhia dos Petroleos de Portugal led to 

publications by Mempel (1955), Oertel (1956) and Seifert (1963). More recently Rey 

(1972), and to some extent Ramalho (1971), provide detailed sedimentological and 

biostratigraphical descriptions of all the Lower Cretaceous successions found across the 

south of the Lusitanian Basin. Berthou and Leerveid (1986; 1990), Wightman (1990) and 

Hiscott et al. (1990) have recently discussed the biostratigraphy and lithostratigraphy of 

the Lower Cretaceous successions. 

Although the Jurassic biostratigraphy of the Lusitanian Basin is well defined, based on the 

existence of ammonites (Chofifat, 1880; Ruget-Perrot, 1961; Mouterde et al., 1972), 

ammonites are rare or absent in the Lower Cretaceous and the biostratigraphy (and 

lithostratigraphy) has remained problematical. Lithostratigraphical and sedimentological 

studies do not agree over the thickness of the succession (e.g. Rey, 1972; 1979 compared 

to Hiscott et al. 1990 and Wightman, 1990). Despite attempts to improve the 

biostratigraphical framework using calcareous algae (Ramalho, 1971), echinoids and rare 

ammonites (Rey, 1972), dinoflagellates (Leerveid, et al. 1989; Berthou and Leerveid, 

1986; 1990), foraminifera and ostracods (Wightman, 1990) no satisfactory 

biostratigraphical scheme has been proposed for the Lower Cretaceous successions of the 

Lusitanian Basin and there still remains some doubt over the age of some of Rey's (1992) 

lithostratigraphical formations (e.g. Berthou and Leerveid; 1990; see Section 7.9 for further 

discussion). 

Despite the abundance of previous lithostratigraphical and biostratigraphical studies 

(Chofifat, 1880; 1885; 1901; Seifert, 1963; Rey, 1972; Berthou and Leerveid, 1990; Hiscott 

et al., 1990; Wightman, 1990) no formal lithostratigraphy has been published that fully 

conforms to the regulations of the international nomenclature on stratigraphy (Hedberg, 

1976). Rey (1992) has provided a 'formal' lithostratigraphy at the request of, and in 

conjunction with, the Servi90s Geologicos de Portugal. This is based on Rey's previous 

work (Rey, 1972) and uses the biostratigraphy erected by Rey (1972), using echinoids and 

rare ammonites. However, this 'formal' Uthostratigraphy does not follow the international 
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rules on stratigraphy and can only be regarded as an informal, interim lithostratigraphy that 

needs full re-appraisal. Formations should be identified using a name (usually location 

name), dominant lithology followed by either formation or member (e.g., Cabo Raso 

Limestone Formation). Formations and members are also by definition mapable units. The 

descriptions of Rey (1992) describe lateral variations which do not make individual 

formations and member mapable units. As this is the most complete lithostratigraphy 

published (of the three study sections used in this project) it has been used as a basis for the 

description of the study successions described in Chapters 3, 4 and 5. However, the 

formation and member names of Rey (1992) have been amended to conform to the rules on 

international lithostratigraphy. 

2.4.1 LOWER CRETACEOUS LITHOSTRATIGRAPHY 

This section gives a brief summary of the lithostratigraphical units described by Rey 

(1992) and also discussed in Rey (1999) for the three study sections, Ericeira, Cascais and 

Cabo Espichel (Figure 2.12 and Figure 2.13A for locations). A brief summary of the 

description given by Rey (1992; 1999) of each unit is given, together with the age of each 

unit, previous unit names and, where applicable, the lateral facies variations. The lateral 

facies changes are mostly described fi"om smaller incomplete sections described in Rey 

(1972) (see Section 2.4.1). 

A) ERICEIRA 

The lithostratigraphy of the Ericeira succession has been described from the almost 

continuous coastal outcrop to the north of the town (Figure 2.13). The base of the Lower 

Cretaceous succession here is found in the cliff to the north of Praia de Sao Louren^o 

(below the village of Sao LourenQo) and extends southwards along the cliff to the south 

side of Praia de Ribeiras de Ilhas, approximately 1km north of Ericeira (Figure 2.13). 

/) VALE DE LOBOS FORMATION (Figure 2.14) 

BRIEF DESCRIPTION: The Vale de Lobos Formation at the base of the Cretaceous 

succession is not described in detail by Rey (1992). However, Hiscott et al. (1990) 

described the top of this member, which equates to their Calada Member (Figure 2.15). 

Hiscott et al. (1990) describe this as a unit of cross-bedded sandstones and pebbly 

sandstones with rare shell debris and bioturbated horizons of the Skolithos-Cruziana 

ichnofacies of Seilacher (1967). 
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II) SAO LOUREN^O FORMATION (Figure 2.14) 

BRIEF DESCRIPTION: The base of the Formation consists of dolomitic hmestones and black 

argillaceous silts, with the upper part dominated by massive white to ochre sandstones with 

cross-bedding, which is interbedded with minor silty-lignitic lenses. 

AGE: Although it has not been possible to date this unit, its stratigraphical position would 

indicate a Valanginian age. 

in) SANTA SUZANA FORMATION (Figure 2.14) 

BRIEF DESCRIPTION: The base of the Formation consists of black marls and calcareous silts 

that contain oysters, Montlivaltia and Piirpurina falloti. These are succeeded by massive, 

fine sandstones, with shelly debris and trough cross-bedding. 

AGE: Because of the nature of the sediments no biostratigraphical markers have been 

found. The formation is dated as latest Valanginian to earliest Hauterivian by a comparison 

with the sedimentary evolution with the Cascais succession (see Section 2.4.2.B). 

IV) PRAIA DOSCOXOSFORMATION (Figure 2.14) 

BRIEF DESCRIPTION: This unit is divided into three general lithological units by Rey 

(1992), although, they were not identified as Members: (i) grey massive limestones, which 

are sandy at the base and micritic above that contain rudists (Matheronia sp.), naticids, 

nerineids, scleractinians and stromatoporids; (ii) green and brown clays or fine white 

sandstones; (iii) argillaceous, beige or bluish, bioturbated and nodular limestones and 

calcareous marls with Chofattella decipiens, Pterotrigonia caiidata, Trochotiara 

bourgueti, Toxaster exilis, T. exilis var. ribamarensis. 

AGE: Hauterivian 

V) RIBAMAR FORMATION (Figure 2.14) 

Brief description: Coarse to medium yellow to grey sandstones with internal trough-cross 

bedding and fine white sands interbedded with hgnitic clays, are found at the base of this 

unit. Above this are grey sandy dolomites and blue sandy limestones that are intensely 

bioturbated. Palaeontological assemblages mainly consist of trigonids, oysters, and 

Choffatella decipiens. 

AGE: This unit is thought to represent the transition from the Hauterivian to Barremian in 

the Ericeira succession (Rey, 1992). 
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VI) RiBEiRA DEILHASFORMATION (Figure 2.14) 

BRIEF DESCRIPTION. This formation contains blue-grey argillaceous and nodular, marly 

limestones, which are extremely bioturbated. Detrital quartz in foimd in the lower part of 

the Formation. The upper part is interbedded with fine sandstones or grainstones with 

trough-cross bedding, yellow dolomites and lignitic marls. The Formation is extremely 

fossiliferous and includes Choffatella decipiens, Pseudotextulariella scarsellai, 

Everticyclammina greigi, Cylindroporella sugdeni, Trochotiara sculptilis, Nucleolites 

piveteaui, N. scheuchzeri and Heteraster lepidus. 

AGE. Barremian. 

VII) REGATAO FORMATION (Figure 2.14) 

The Regatao Formation at Ericeira is represented by a dominantly clastic lithology similar 

to the Regatao Formation at Cascais (see Section 2.4.2.B). 

B) CASCAIS 

Most of the Lower Cretaceous lithostratigraphic units described by Rey (1992; 1999) are 

exposed along the coast near Cascais, between Boca do Inferno to the south and Crismina 

to the west (Figure 2.16). The only exception to this is the oldest unit (Serradao Formation) 

which Rey (1972) described from one of the smaller, incomplete, and now poorly exposed, 

successions. 

I) SERRADAO FORMATION (Figure 2.17) 

BRIEF DESCRIPTION. The formation is characterised by micritic and bioclastic Umestones 

alternating with argillaceous limestones and marls (Figure 2.17). Clays and sandstones are 

found towards the top of the unit. The palaeontological assemblages consist of 

Trocholinidae, lituolids (including Furtillia freqiiens, Pseudocyclammina lituiis and 

Choffatella pyrenaicd), dasycladean algae (Actinoporella podolica, Salpingoporella 

annulata, Macroporella embergeri), gastropods (including Ampullina leviathan), 

brachiopods and oysters. To the east of Alcabideche (Figure 2.16) limestones are gradually 

replaced by elastics through the unit. Around Belas the Serradao Formation is replaced by 

the detrital clastic unit of the Vale de Lobos Formation. 

AGE. Because of a lack of good biostratigraphical index fossils it is impossible to date this 

Formation more precisely than late Berriasian-early Valanginian. 
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II) GuiA FORMATION (Figure 2.17) 

BRIEF DESCRIPTION: Arenaceous and argillaceous limestones, grey marls, clays and 

sandstones are capped by yellow and purple coloured limestones with undulating, 

bioturbated surfaces (Figure 2.17). The abundant fauna in the top of this Formation 

includes ammonites, nautiloids, belemnites, echinoids, Montlivaltiidae, Exogyra couloni, 

Alectryonia rectangular is, trocholinids and Chofatella pyrenaica. East of Alcabideche, 

around the Sintra granite complex (Figure 2.16), the Guia Formation consists of fine 

yellow sandstones in the lower part and yellow arenaceous limestones in the upper part. 

AGE: The Guia Formation is dated as extending from the late Valanginian-earliest 

Hauterivian. The Valanginian-Hauterivian boundary is located between two beds (Figure 

2.17), below contains Neocomites cf neocomiensis and Olcostephanus asteiri and the level 

above contains Spitidiscus gr. rotula, Crioceratities gr. duvali and Neocomites gr. 

nodosoplicatus. 

in) MACEIRA FORMATION (Figure 2.17) 

BRIEF DESCRIPTION: Rey (1992; 1999) describes the Maceira Formation as comprising of 

grey silty marls, overlain by bioturbated, argillaceous limestones. This Formation is rich in 

ammonites, echinoids, brachiopods, Alectryonia rectangularis and Exogyra couloni. Silty 

marls at the base of the unit thin east towards Boca do Inferno. Elsewhere, the argillaceous 

limestones are gradually replaced towards the east (from Alcabediche to Belas, Figure 

2.16) and towards the north (Sintra region) by grey marls with brachiopods and echinoids. 

AGE: The presence of Phylloceras tethys, Neolissoceras grasi, Spitidiscus gr. rotula, 

Neocomites gr. nodosoplicatus and Crioceratites lusitanicum indicate an early Hauterivian 

age. 

IV) CABO RASO FORMATION (Figure 2.17 and 2.18) 

BRIEF DESCRIPTION: Massive recrystalised and dolomitised limestones that contain 

stromatoporids, chaetetids and colonial corals (Figures 2.17 and 2.18). To the east and 

north the biostromal dolomites and limestones are gradually replaced by bioclastic 

grainstones and then muddy limestones that contain green algae. Coral-stromatoporid 

biostromes are found in the lower part of the unit as far north as Belas. The top of the 

Formation is marked every where by a calcareous microbreccia. 

AGE: The discovery oi Phylloceras gresslyi. Ph. aff nicoleti and Toxaster retusus in the 

succession at Calhau do Corvo (to the north of the Sintra granite complex) indicates a 

Hauterivian age (Rey, 1972). 
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V) GuiNCHO FORMATION (Figure 2.18) 

BRIEF DESCRIPTION: This Formation is dominated by massive beds of mudstones and 

wackestones. These are associated with argillaceous, nodular, bioturbated limestones, 

which in places are interbedded with marls (Figure 2.18). Palaeontological assemblages are 

mainly dominated by rudists (monopleurids, caprotinids, requienids), chondrodonts, 

nerineids, dasycladean algae (Salpingoporella melitae, S. muehlbergii, S. genevensis, S. 

aff. hasi, Cylindroporella sugdeni and Pseudoactinoporellafragilis), Choffatella decipiens, 

Heteraster couloni and Trochotiara sculptilis. Towards Belas the unit thins and is 

interbedded with dolomitised limestones. 

AGE: The presence oi Campanellula capuensis, Heteraster couloni and Pseudotextulariella 

scarsellai indicate that the age of the Guincho Formation is late Hauterivian to early 

Barremian, although, the boundary between these two stages can not be accurately located. 

VI) REGATAO FORMATION (Figure 2.18) 

BRIEF DESCRIPTION: Red, green and purple clays, yellow dolomites and some planar 

limestones containing Choffatella decipiens, dasycladean algae and gastropods {Glauconia, 

Trochactaeon, Ftygmatis and Pyrazus). East of Alcabideche this formation consists of only 

dolomites, clays and trough cross-bedded sandstones. 

AGE: Barremian. 

C) CABO ESPICHEL 

The Lower Cretaceous succession at Cabo Espichel is the most stratigraphically complete 

of the successions, as the Ericeira and Cascais successions are cut through in places by 

faults and it is thought that parts of these successions are missing from the exposure. The 

succession extends from north of the sanctuary of Nossa Senhora do Cabo to the headland 

at Aguncheiras, north of Boca do Chapim (Figure 2.19). All of the lithosfratigaphic imits 

described by Rey (1992) are exposed in this continuous succession. , 

I) VALEDELOBOSFORMATION (Figiae 2.20) 

BRIEF DESCRIPTION: the Vale de Lobos Formation consists of white fine to coarse 

sandstones with large clasts of quartz and kaolinite. The sandstones are arranged in lenses, 

have ravinement surfaces at the base and contain internal cross-bedding. They are arranged 

in cycles with fine sands and grey and red lignitic clays at the top. The Vale de Lobos 

Formation is widespread and is found at Serra da Arabbida, in the region of Belas and 

Olela, and Ericeira and Bucelas. The main variations are related to the grain size (fine 

sandstones to conglomerates; see Rey, 1972 for a fiill description) and the thickness of the 
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formation (from 46m to 4m between Cabo Espichel and Serra da Arrabida, 30m to the 

north of Belas and between 4-20m on the northern side of the Pero Pinheiro syncline). 

AGE. The age of the Vale de Lobos Formation has been strati graphically deduced from the 

relation between the laterally equivalent Vale de Lobos Formation and Serradao Formation 

at Cascais; hence, the Vale de Lobos formation is thought to be of mid-Berriasian to early 

Valanginian age. 

II) GuiA FORMATION (Figure 2.20) 

BRIEF DESCRIPTION. The Guia Formation sits conformably on the Vale de Lobos 

Formation (discussed above). At Cabo Espichel the lower part of this formation consists of 

ochre sandstones, with the upper part of the unit being composed of calcareous sandstones 

and yellow and red sandy limestones. 

AGE. The age of the Guia Formation is not discussed by Rey (1992), although, it is 

indicated to be of uppermost Valanginian age (Rey, 1992; Figure 2.20). 

III) MACEIRA FORMATION (Figure 2.21) 

The base of the Maceira Formation is a dark red calcareous sandstone that is rich in 

solitary corals. Above this the lower part consists of grey marls, similar to the area around 

Sintra, which are interbedded in places with fine calcareous sands and fine yellow 

sandstones. The upper part of the formation in the Cabo Espichel succession is described 

separately (below) as the Lagosteiros Member. 

LAGOSTEIROS MEMBER (Figure 2.21) 

BRIEF DESCRIPTION. The Lagosteiros Member consists of a basal 10 metres of white marls 

that contain clasts of reworked scleractinians. The upper part of the member consists of 

grey limestones, which are partially recrystallised and dolomitised and contain 

scleractinians and nerineids. 

AGE. Early Hauterivian. 

IV) LADEIRAS FORMATION (Figare 2.21) 

BRIEF DESCRIPTION. The Ladeiras Formation consists of argillaceous limestones and 

nodular bioturbated sandstones, yellow sandy limestones, green silty marls and yellow 

dolomites (Figure 2.21). This formation also contains a fauna which includes choffatellids 

and echinoids {Goniopygus peltatus, Pseudocidaris clunifera and Cidaris pretiosd) and 

bedding surfaces that include dinosaur trackways (Antimes, 1976). 

AGE. The formation has been dated, using the echinoid fauna, as being of Hauterivian age. 
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Figure 2.21 - Summary sketch log of the Maceria Formation, Lagosteiros 
Member and Laderias Formation of the Cabo Espichel sucession. Adapted 
from Rey (1992). For key to symbols see Figure 2.14. 
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vj ROCHADOURO FORMATION (Figure 2.22) 

BRIEF DESCRIPTION: The Rochadouro Formation consists of ochre dolomites interbedded 

with green or yellow silts, fine to coarse sandstones (Figure 2.22). The formation also 

contains some argillaceous limestones which are bioturbated and contain oysters. 

AGE: This formation has no biostratigraphical markers, but has been correlated with the 

base of the Guincho Formation at Cascais and, as a result, it is thought to be of late 

Hauterivian age. 

VI) AREIA DE MASTRO FORMATION (Figure 2.22) 

BRIEF DESCRIPTION: This formation consists of blue-grey, bioturbated, argillaceous 

limestones and marls with calcareous nodules. This are interbedded with ochre sandstones 

and green silty clays. The formation contains a fauna that includes Choffatella decipiens 

and Trochotiara bourgueti and also: in the lower part Trochotiara sculptilis, Heteraster 

lepidus, H. couloni; in the upper part Pseudotextulariella scarsellai. 

AGE: AS with the Guincho Formation at Cascais, the Areia de Mastro Formation is thought 

to represent the transition from the Hauterivian to Barremian. 

vii) PAPO SECO FORMATION (Figure 2.22) 

BRIEF DESCRIPTION: The Papo Seco Formation is composed of marls and green silty clays, 

with lignitic horizons and gypsum. This is interspersed with fine sandstones with cross-

bedding and coarse sandstones with trough cross-bedding. This formation has also 

produced numerous dinosaur bones (Lapparent and Zybszewski, 1957). 

AGE: Early Barremian (Rey, 1972). 

viii) BocoDO CHAPMFORMATION (Figure 2.22) 

BRIEF DESCRIPTION: This Formation is composed of intensely bioturbated, blue-grey, 

argillaceous limestones, which are sandy at the base, and marls with limestone nodules. 

This is interbedded in places with white clastic limestones. The palaeontological 

assemblages contains rudists, nerineids, naticids, Choffatella decipiens, Campunllela 

capuensis, Pseudotextuariella scarsellai and dasycladean algae. 

AGE: Early Barremian (Rey, 1972). 

DC) REGATAOFORMATION (Figure 2.23) 

The Regatao Formation is found in the Lisbon area where it shows a remarkable 

homogeneity of facies and thickness (see Section 2.4.2.B). 
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Figure 2.22 - Summary sketch log of the Rochadourp, Areia do Mastro, Papo 

Seco, Boca do Chapim and lower Regatao Formations of the Cabo Espichel 

succession. Adapted from Rey (1992). For key to symbols see Figure 2.14. 
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Figure 2.23 - Summary sketch log of the Regatao Formation of the Cabo Espichel 
succession. Adapted from Rey (1992). For key to symbols see Figure 2.14. 
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BRIEF DESCRIPTION: Red coarse and fine whites sandstones with trough cross-bedding, 

argillaceous silts and nodular, yellow dolomites. The middle of the Formation also contains 

a calcareous horizon, which is intensely bioturbated and contains a gastropod fauna of 

Glaucoma and Ptygmatis. 

AGE: Barremian (Key, 1972). 
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2.5 CHAPTER SUMMARY 

The Iberian Peninsula forms a structural link between the Eurasian and African Plates. 

During the Early Cretaceous it began to rotate away from the Eurasian Plate forming a 

semi-independent plate and the Bay of Biscay. 

The northern and western margins of the Iberian Peninsula provide an opportunity to study 

pre-rift and syn-rift sediments of the Portuguese Basins (Lusitanian, Porto-Galacia, 

Algarve and Alentejo Basins). Extensive exposure of the Portuguese Basins (especially the 

Lusitanian Basin) is due to compressional tectonics related to the formation of the 

Pyrenees and Betics. 

The Lusitanian Basin is a passive margin basin that extends at least 250km to the north of 

Lisbon. It is bounded to the east by Hercynian basement rocks. To the west the boundary is 

found offshore and characterised by several basement horsts. The outcrop pattern of the 

Lusitanian Basin is controlled by an inverted zone of Mesozoic rocks that trend in a NNE 

to SSW direction. This is about 100km wide and extends for 250km from Coimbra in the 

north east to the offshore area to the west of the Sintra Granite Complex. 

The dominant structural frend in the Mesozoic and Tertiary evolution of the Lusitanian 

Basin is directly related to NNE-SSW and NE-SW frending fractures in the pre-Mesozoic 

basement. Many of the diapiric structures (and structural features, e.g. Tagus lineament and 

Lisbon submarine canyon) that developed during the Mesozoic evolution of the basement 

also follow the trend of fractures in the pre-Mesozoic basement. 

The Mesozoic and Cenozoic evolution of the Lusitanian Basin is divided into five 

unconformity bounded sequences: 

(i) Upper Triassic-Upper Callovian: late Triassic rifting lead to the deposition of 

continental elastics. Thermal relaxation of the crust following initial rifting led to the basin 

being blanketed with a series of marine carbonate ramps during the mid-Jurassic; 

(a) Middle Oxfordian-Berriasian: Differentiation of the basin into sub-basins occurred 

during the Oxfordian, marking the onset of rifting and opening of the southern North 

Atlantic Ocean. This syn-rift period was due to the reactivation of basemant faults, the 

formation of half grabens and salt withdrawal rising into salt walls. By the late middle 

Oxfordian to Berriasian rifting had ceased and again subsidence was due to thermal 

relaxation of the lithosphere. This sequence was dominated by deposition of marine 

carbonate and fluvial or marginal marine siliciclastics; 
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(iii) Valanginian-Lower Aptian: The base of this sequence is dominated by slight continued 

subsidence due to continued thermal relaxation of the lithosphere following the Jurassic 

rifting stage. The onshore part of the basin represented an intracratonic basin set back fi-om 

the Atlantic margin, which was beginning to form between Iberia and the Grand Banks. 

The sequence was also dominated by the deposition of fluvial to marginal marine elastics 

and marine carbonates. Part of this sequence forms the basis of this study; 

(iv) Upper Aptian-Turonian: This structural and depositional evolution of this sequence is 

similar to that of the Valanginian-Lower Aptian sequence; 

(v) Upper Cretaceous-Miocene: The Lisbon Volcanic Group dominates the lower part of 

this sequence, when the Sintra Granite Complex was also emplaced. Pyrenean related 

inversion led to the division of the basin into two Tertairy sub-basins. 

Outcrop succession in Portugal (at Ericeira, Cascais and Cabo Espichel) were selected for 

study as they provided almost continuous stratigraphical coverage of the Lower Cretaceous 

(?Berriasian-Lower Aptian) in the southern Lusitanian Basin. 

Despite the lithostratigraphical and abundance of biostratigraphical work imdertaken on the 

Lower Cretaceous successions no formal lithostratigraphy or accurate biostratigraphy has 

been suggested. The study follows the 'informal' lithostratigraphy of Rey (1992). 

Although, this does not conform to the international rules on stratigraphy it is the most 

complete lithostratigraphy published and is used here for the basic description and 

interpretation of the depositional palaeoenvironments in Chapters 3,4 and 5. 
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indicated, he could identify the sedimentary environment" 
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3.1 INTRODUCTION 

This Chapter (along with Chapters 4 and 5) is divided into two parts which describe and 

interpret the sedimentology and palaeontology of the Ericeira succession. During the 

course of this study the succession has been divided up into palaeoenvironments defined 

by variation/similarities in the palaeontology and sedimentology. The first part of the 

chapter is covered by Section 3.2 to Section 3.7. These sections describe the 

palaeoecological facies identified, during this study, following the 'informal' 

lithostratigraphic units of Rey (1992), outlined in Chapter 2, Section 2.4.2. It highlights 

similarities and difference between the palaeoecological facies where they are repeated 

throughout the section, in more than one lithostratigraphic unit. The second part of this 

chapter (see Section 3.8) discusses the depositional environments represented by the 

palaeoecological facies. The changes in depositional environments represented up through 

the succession have then been used to construct a depositional trend diagram (see Figure 

3.14). The depositional trend diagram gives an indication of the fluctuation in relative sea-

level (Figure 3.14) that occurred during the evolution of the Ericeira succession. 

The Ericeira mixed carbonate-siliciclastic succession is found on the coastline to the north 

west of Lisbon and north of the Sintra granite. From Porto da Calada, approximately 3km 

to the north of Ericeira, there is an almost continuous succession from the fluvial elastics of 

the Upper Jurassic to the Aptian-Albian succession immediately to the north of Ericeira. 

According to Rey (1972) and Hiscott et al. (1990) the base of the Lower Cretaceous is 

exposed between Praia de Sao Louren9o and Alfa9ao to the north of the town of Ericeira 

(Figure 3.1); however, access does not appear to be possible from Praia de Sao Louren9o. 

The Lower Cretaceous succession studied here is exposed from the cliff on the north side 

of Praia de Sao Louren^o to the cliff on the north side of Praia de Ribeira de Ilhas (Figure 

3.1). The succession dips gently towards the south, which is a response to several 

extensional normal faults which cut through the succession. As a result there may be 

several small gaps in the succession. 

The Ericeira succession has previously been studied by Rey (1972), who assigned informal 

names to the sedimentary units. Hiscott et al. (1990) studied the sandstone imits of the 

Torres Vedras Formation, and assigned informal lithostratigraphic names (formations and 

members) to the sandstone units of the succession. More recently Rey (1992) erected a 

'formal' hthostratigraphy with the backing of the Servigos Geologicos de Portugal. This 

does not conform to the international rules on stratigraphic nomenclature (see Chapter 2, 
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Figure 3.1 Location map and selected views of 
the Ericeira succession. 
A View looking north towards the cliff on the 
northern side of Praia de Sao Lourenco, 
showing the top of the Sao Lourenco Formation 
(base of the clifl) and the Santa Suzana 
Formation. 
B View from south of Praia de Sao Lourenco, 
looking north; with the Forte de Sao Lourenco 
on the cliff top in the fore-ground. Cliff shows 
exposure of the Santa Suzana Formation. 
Background shows view in A above. 

C Looking south towards the cliff in the small 
bay at Guioes.Exposure shows the middle of 
the Ribamar Formation dipping gendy 
towards the south. 
D Exposure of the part of the upper Ribeira 
de Ilhas Formation in the cliff at Pbrto de 
Cavalinho (view looking east). To the right of 
the photo a basaltic dyke can been seen 
cutting through the succession, extending out 
onto the foreshore. 
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Section 2.4.1) and can only be regarded as an informal lithostratigraphy. As indicated in 

Chapter 2 the 'informal' lithostratigraphy of Rey (1992) has been adopted in this study as a 

basis for description of the sedimentary successions. This is shown in Figure 2.12. 

3.2 VALE DE LOBOS SANDSTONE FORMATION 

The Vale de Lobos Formation represents the basal part of the Ericeira succession that can 

easily be studied and is thought to be Valanginian in age (Figure 3.2). It is exposed in the 

cliff to the north of Praia de Sao Louren90, beneath the village of Sao Louren9o (Figure 

3.1). Access is available either from the Praia (beach) de SSo Louren^o or from the road 

above the cliff which can be accessed from the main road through the village of Sao 

Lourenfo (Figure 3.1). 

3.2.1 DELTAIC DISTRIBUTARY CHANNELS (MOUTH BARS) 

The Vale de Lobos Formation consists of a series of medium to coarse grained, trough 

cross-bedded, carbonate cemented sandstones. These are commonly rich in wood 

fragments and interbedded with thin carbon-rich siltstones (Figure 3.2). The sandstone 

beds have erosional, concave upwards bases with rip-up clasts and lag deposits that contain 

abundant wood fragments. Where the tops of sandstone bodies are not truncated by the 

erosional bases of overlying sandstones they grade upwards into low angle to planar cross-

bedding and wave ripple laminations, which conmionly are rich in large wood fragments. 

These wood fragments are orientated in an east-west direction. Palaeocurrent directions 

taken from trough cross-bedding within individual sandstones indicate a flow direction 

towards the south (towards 190°; Oliver, 1998). Where the top of trough cross-bedded 

sandstones are preserved they are conmaonly represented by bioturbated surfaces (Figure 

3.3B). These surfaces are characterised by small passively infilled traces (commonly 

lOmm across) of Psilonichniis, Planolites and Skolithos, which represent domichnia, 

fodichnia and combinations of both. 

3.3 SAO LOURENCO SANDSTONE FORMATION 

The Sao Louren9o Formation is exposed in the same location as the Vale de Lobos 

Formation. This is found above the beach on the north side of Praia de Sao Louren90, north 

of the Safarujo river mouth (Figure 3.1 and Section 3.2 for exact location). The Sao 

Louren90 Formation equates to the top of the Calada Member of Hiscott et al. (1990). 
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Figure 3.2 - Detailed 
sedimentary log for the Vale 
de Lobos sandstone, Sao 
Lourenco sandstone, Santa 
Suzana sandstone and Praia 
dos Coxos limestone 
Formations of the Ericeira 
succession. Numbers refer to 
sections in the text. For key to 
symbols see Appendix A. 
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3.3.1 RESTRICTED LAGOON 

Succeeding the sandstones of the Vale de Lobos Formation are several beds of 

distinctively nodular, light grey dolomitised hmestones (Figure 3.2). These beds are locally 

sandy and rich in bioclastic (moUuscan) debris. Septarian nodules (malikaria) are eroded 

out on the surface of the limestones throughout the beds, which are composed of non-

ferroan dolomite (Oliver, 1998). The septarian nodules are particularly abundant in the 

beds towards the middle of the dolomitised limestones, which also contain the casts of 

large naticid gastropods and infaunal bivalves. The foraminifera Trochammina, 

Haplophragmoides and Ammobaculites have also been identified in the hmestones and the 

ostracod Fabanella can be seen weathered out on the surface of individual beds 

(Wightman, 1990). The nodular appearance of the hmestone beds may be an indication of 

bioturbation by deposit fodichnia (e.g., Thalassinoides), although, no burrows have been 

identified. 

3.3.2 DELTAIC DISTRIBUTARY CHANNELS (MOUTH BARS) 

The sediments of this facies are similar to the clastic channel deposits of the Vale de Lobos 

Formation (see Section 3.2.2). They are, mostly, coarse grained sandstones that fine 

upwards to medium sandstones, containing trough cross-bedding (Figure 3.2 and 3.3). In 

places these sandstone beds are capped by thin clay interbeds, although, these are not 

laterally continuous as the sandstones often have erosional bases which truncate the clays 

(Figure 3.2). As in the case of the Vale de Lobos Formation, the trough cross-bedding 

indicates at flow direction towards the south. These channel sands are also biotuibated. 

Where the tops of the sandstones have not been truncated by the erosional base of the 

overlying bed, vertical passively infilled domichnia (Skolithos) burrows, 10mm across, can 

be identified. 

3.4 SANTA SUZANA SANDSTONE FORMATION 

The Santa Suzana Formation is exposed in the cliffs on the northern and southern side of 

Praia de Sao Lourengo at the mouth of the Safarujo river (Figure 3.1). The cliffs to the 

north are accessed either fi^om the beach or from the road that runs through Sao Louren90 

village (Figure 3.1). The cliffs to the south are easily accessed irom the road at Ribamar; 

turning off the road by the windmill and taking the right-hand fork the exposure is found in 

the cliff below the Forte de Sao Louren90 (Figure 3.1). The Santa Suzana Formation is the 

equivalent of the top of the Calada Member and the Safarujo Member of Hiscott et al. 

(1990) and the Mames and Gres de Santa Suzana of Rey (1972). 
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3.4.1 LOWER SHOREFACE WITH OPHIOMORPHA 

The base of the Santa Suzana Formation is represented by a massive sandstone capping the 

channel sands of the Sao Louren90 Formation (see Section 3.3.2); and is found towards the 

base of the cliff on the northern side of Praia de Sao Louren90 (Figure 3.1 and 3.3A). This 

sandstone has a sharp apparently erosional base, similar to the deltaics distributary 

charmels of the Sao Louren90 Formation (see Section 3.3.2), but no internal trough cross-

bedding (Figure 3.2). This bed is also characterised by two phases of bioturbation. Intense 

bioturbation by Thalassinoides (type-A) is found through out the bed. This is cross-cut by 

solitary vertical to sub-vertical Ophiomorpha, without galleries, that penetrate at least 

50cm into the bed, with the thickness of the shafts being aroimd 2cm across. The 

Ophiomorpha traces appear to be confined to within the bed. 

3.4.2 MUDDY CLASTIC MARINE SHELF 

This facies, v\iiich equates to the Sao Lourengo Mudstone Member of Hiscott et al. (1990), 

is composed predominantly of dark grey silty mudstones with thin interbeds of fine sand 

and dolomite. It is found at the base of the cliff both to the north and the south of Praia de 

Sao Lourenfo (Figures 3.1 and 3.3A). The dolomite is not replacive of primary limestone, 

it is a diagentic cement thought to relate to periods of precipitation within an early 

diagenetic zone (Oliver, 1998). The silty mudstones do not contain any macrofossils except 

the fish teeth reported by Rey (1972); ostracods are also absent (Wightman, 1990). 

Wightman {pp. cit.) does record the presence of agglutinating foraminifera, including 

Ammobaculites, Trochammina and Haplophragmoides. Only the fine sandstones contain 

any macrofaima. In most of these beds a restricted fauna of large naticid gastropod casts, 

rare bivavles (Exogyra sp. and Neithea sp.) are foimd. These beds are also bioturbated by 

Thalassinoides (type-C). However, one single bed in the middle of the silty mudstones 

contains a small number of in situ solitary corals (Montlivaltia sp.) and no evidence of 

bioturbation (Figure 3.3C). 

3.4.3 CLASTIC BEACH-BARRIER 

The remainder of the Santa Suzana Formation is exposed at the top of the cliff to the north 

of Praia de Sao Lourengo, and also more easily accessible in the cUfif beneath the Forte de 

Sao Louren90, south of Praia de Sao Louren^o (Figure 3.1 and 3.4). It represents the top 

(approximately) 20m of the Santa Suzana Formation of Rey (1992) and is equivalent to the 

Safarujo Member of Hiscott et al. (1990). The facies, consists of medium to massively 

bedded, well sorted, fine to medium grained sandstones with rehct sedimentary structures. 
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Figure 3.3 - A: Distributary 
channel sands with burrowed 
horzons of the Vale de Lobos 
Sandstone Formation. B: Cliff 
on the south side of Praia de 
Sao Lourenco, showing sands of 
the Sao Lourenco sandstone 
Formation at the base. Above 
are the muds and sands of the 
base of the Santa Suzana 
Sandstone Formation. C: 
Montlivcdtia horizon in the base 
I if the Santa Suzana Sandstone 
Formation. 
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intense bioturbation and fiagments of wood material (Figure 3.2). It is generally lacking in 

macrofossils. 

The basal 5m of the facies is represented by medium to massively bedded, fine sandstones 

that are interbedded with thin clays (Figure 3.2); these clays contain a foraminiferal 

assemblage of Ammobaculites-Trochammina-Haplophragmoides (Wightman, 1990). 

Sedimentary structures are restricted to current ripple cross-laminations capping the tops of 

the sandstones (Figure 3.2). However, bioturbation is intense and this may be responsible 

for destroying other primary sedimentary structures. Bioturbation is dominated by intense 

Thalassinoides (type-A and B) especially in the base of the sandstones (Figure 3.4C). 

These are observed as horizontal oval burrows which are clearly branching and show a 

high degree of overprinting (Figure 3.4C). The tops of the medium to massive sandstones 

represent burrowed horizons. These display intense bioturbation by vertical burrows which 

overprint the Thalassinoides. Passively infilled Skolithos traces, between 5-10mm across 

dominate the vertical traces and penetrate almost to the base of the sandstone beds. Rare 

Diplocraterion sp. and Teichichnus sp. have also been identified. Above the vertically 

burrowed horizons sandstones are capped by current ripple cross-laminations (Figure 3.2). 

Above this the next 7.5m of the facies is characterised by massive beds of well sorted, fine 

sandstones, which have thin beds of gravel at the base (Figure 3.2). Within these massive 

beds sedimentary structures are dominated by trough cross-bedding which is replaced 

towards the top of beds to low angled, planar cross-bedding (general dip of laminae aroimd 

5°, heading towards the south west). Again, bioturbation is intense, and in places 

completely destroys the primary sedimentary structures. In the base of the massive 

sandstones bioturbation is dominated by intense overprinting of Thalassinoides (type-A 

and B, as described above). This Thalassinoides burrowing penetrates into the thin gravely 

beds below and also into the planar cross-bedding of the massive sandstone bed below 

(Figure 3.2). The top of the planar cross-bedded unit (also representing the top of the 

massive sandstone beds) also represents an abandonment and burrowed surface. Here 

abimdant Skolithos burrows (described above) penetrate deep into the massive sandstone 

beds, to almost the base in places, obliterating most of the primary sedimentary structures. 

Variable palaeocurrent directions from the trough and planar cross-bedding indicate a 

south-south west, east and north east flow directions (Hiscott et ai, 1990; Oliver, 1998; 

Watkinson, pers. comm., 1998). 



CHAPTER 3 - ERICEIRA PALAEOECOLOGY 91 

^ ^ ^ ^ ^ j Indhidual r^ /a55t> iouJ<> ' iM| |^H^^^^^^ | 
^ ^ ^ ^ ^ U burrows r2cni ;icm'-^ S ,7^WB^W|^P 

ffil^#^':SM ̂ «i^ 

Figure 3.4 - A View looking 
north of the Santa Suzana 
"sandstone' Formation 
exposed in the cliff beneath 
the Forte de Santa Suzana. B 
Close-up of the Sanata Suzana 
sandstone Formation (as 
above), showing the Praia dos 
Coxos 'limestone' Formation 
at the top of the cliff in the 
background (light grey strata). 
C Thalassinoides type-A 
burrows on the undersurface 
of the sharp based sand at the 
bottom of the clastic beach 
barrier facies. Burrows are 
12cm across 
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The top 7m of this facies is represented by four cycles of trough cross-bedded bioturbated 

sandstones (Figure 3.2). The base of each of these cycles is indicated by an erosional 

(ravinement or reactivation) surface (Figures 3.4A and 3.4B) that have eroded the tops of 

the underlying sandstones. These are overlain by trough cross-bedded sandstones, some of 

which are bioturbated at the base by Thalassinoides (type-B and C) destroying the primary 

sedimentary structures and penetrating into the top of the bed below (Figure 3.2). Rare, 

large naticid gastropod casts have been found in the trough cross-bedded sandstones 

(Figure 3.2). Concentrations of wood material are also commonly found above the 

ravinement surfaces. The tops of the cycles are characterised by fine to medium grained 

featureless sandstones. The ravinement surfaces mostly have removed the tops of these 

sands, although, at the top of the facies renmant planar cross-bedding and rare passively 

infilled Skolithos traces (0.5-1.5cm across) have been found. 

Carbonate (calcite) concretions are found throughout the facies. They commonly follow 

the pattern of Thalassinoides (type-A) burrows, but in places are aligned in an orientation 

not controlled by primary bioturbation or sedimentary structures. 

3.5 PRAIA DOS COXOS LIMESTONE FORMATION 

The Praia dos Coxos Formation is exposed in the cliffs and foreshore fi^om just south of the 

Forte de Santa Suzana to the south of Praia dos Coxos (Figure 3.1). The formation 

represents the first transition from clastic to carbonate sedimentation at Ericeira. The 

carbonates are heavily karstified along the foreshore. They are best exposed around the 

small headland on the south side of Praia dos Coxos and one horizon is well exposed along 

the top of the cUff directly south of the Forte de Santa Suzana (Figure 3.1). Praia dos 

Coxos is reached by taking the left hand fork at the windmill in the village of Ribamar 

(Figure 3.1). The Praia dos Coxos Formation was not previously described by Hiscott et 

al, (1990), who only studied the clastic parts of the succession. It is equivalent to the 

Calcaires a Rudistes de Praia dos Coxos of Key (1972). Three facies have been identified 

in the Praia dos Coxos Formation during this study. 

3.5.1 CORAL TTOAL INLET FACIES 

Exposure of this facies is found in two places along the coast between the Forte de Santa 

Suzana and Praia dos Coxos. In the cliff just to the south of the fort and around the 

headland on the south side of Praia dos Coxos (Figure 3.1 and 3.5A). The former exposes 
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the transition from elastics to carbonates (from the Santa Suzana to the Praia dos Coxos 

Formations), whereas the latter location only exposes the carbonates (Figure 3.2). 

This facies is characterised by a series of sandy bioclastic trough cross-bedded grainstones 

(approximately 0.5m thick), which have clastic-rich, gravely bioclastic lags at the base and 

are capped by erosional surfaces (Figure 3.2 and 3.5C). On a large scale, the exposure in 

the cUfiF (forming the south side of Praia dos Coxos) emphasises the trough cross-bedding 

throughout the facies and also indicates that the facies thins towards the north (i.e., the 

facies has an overall channel-fill morphology) (Figure 3.5A). Palaeocurrent directions from 

the trough cross-bedding indicates a flow direction towards the west (Rey, 1972). 

The base of the sandy trough cross-bedded grainstones are characterised by large naticid 

gastropods (predominantly casts), large nerineid gastropods (Aptyxiella), oysters {Exogyra 

tuberculifera), abundant echinoid spines (up to 2cm in section), burrows of Thalassinoides 

(type-A) and abundant moUuscan and coral debris. Rey (1972) also notes the presence of 

agglutinated foraminifera {Ammobaculites sp.). On the underside of one of the lower beds 

which is undercut by the sea on the south side of Praia dos Coxos, immediately below the 

access road, large (50-70cm across) in situ domal colonial corals (cf Stylina) were found 

(Figure 3.5B). Within the trough cross-bedded grainstones reworked coral, chaetetid, 

molluscan debris (including nerineid and rudistid bivalve debris), echinoid spines and 

echinoids {Toxaster spp.; Rey, 1972) have been foimd. Microfacies analysis indicates the 

presence of dasycladean algae (Figure 3.12) {Actinoporella sp., Cylindroporella sp.; Rey, 

1972). Rey (1972) also indicates the presence of foraminifera (including the agglutinated 

genus Ammobaculites and miliolids) and the microproblematica Lithocodium aggregatum 

and Bacinella irregularis. 

3JS.2 DASYCLADEAN CARBONATE MARINE SHELF 

Above the prominant ravinement surface capping the tidal inlet channel facies described in 

Section 3.5.1, is a winnowed surface characterised by a bioclastic rich grain-rudstones 

(Figures 3.2 and 3.5D/E). This is best exposed on top of the cliff just to the south of the 

Forte de Santa Suzana (Figure 3.1). The abundant fauna on this winnowed surface is 

dominated by chaetetids, large nerineid gastropods {Aptyxiella) (Figure 3.5D), the rudist 

bivalve dinger (Skelton and Gili, 1991) Matheronia (Figure 3.5E) and the rarer recumbant 

rudist (Skelton and Gili, 1991) Pachytraga. Most of the chaetetids are partially or 

completely fragmented and only a small number are in situ and complete. Some of the in 



Figure 3.5 - Praia dos Coxos 
'liniestone' Formation. A 
Exposuiie in die eUll'on die 
south of Praia dos Coxos of 
the coral liclal inlet 
channel. Bedding thins to 
the le(t and trough cross-
bedding is just visible in the 
massive beds towards the 
middle of the section. C l̂iif 
height is approximately 8 
metres. B Styilid coral (cf. 
Sljlina) found at the baase 
of the cliff in A above. C 
Exposurie of the Praia dos 
(]oxos 'limestone' 
Formation in the clilf on 
the south west side of the 
point, on the south side of 
Praia dos C^oxos. 
Ravinement surfaces can 
clearly l)e seen in the 
massive limestones at tlie 
base, with nodular tabular 
limestones at the top of the 
clilf. Pole for scale is 1 
metre. D Large Aptyxeilla 
and E Matheronia exposed 
on the winnowcfl surface, 
on the clill'top just to the 
loijtii of the Forte de Santa 
Su/.ana. 
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situ chaetetids are encrusted by the microproblematica association of Lithocodium-

Bacinella. The large Aptyxeilla are horizontally orientated and are foimd both almost 

complete (being up to 32cm in height, and mostly with the apex missing) and fragmented. 

The abundant rudist dingers Matheronia (and rarer recumbant Pachytraga) are 

predominantly found in situ, although, only the attached valve (AV) is present. Large 

naticid gastropod casts are also present in small numbers (last whorl width up to 8cm). 

Microfacies analysis reveals the presence of abundant dasycladean algae (Figure 3.12) 

{mchxdmg Actinoporella and Cylindroporella; Rey, 1972) and foraminifera (Figure 3.12) 

(including miliolids and the agglutinated genus, Ammobaculites; Rey, 1972). 

Above this winnowed surface are two nodular, fine grainstones (Figure 3.2). These 

grainstones are characterised by the same fauna exposed on the winnowed surface below 

(rudist bivalve, chaetetid, colonial coral, echinoid spines) and a microfauna of dasycladean 

algae and foraminifera. 

3.5.3 MUDDY CARBONATE SHELF (WITH THALSSINOWES-EXOGYRA-fiATlClDS) 

The top of the Praia dos Coxos Formation is characterised by several dark grey, nodular 

packstones interbedded with thin marly intervals (Figures 3.2,3.5C and 3.6A/B). Exposure 

of this facies can be accessed in two places along the foreshore. This is between the Forte 

de Sao Louren?o and Praia de Coxos, and the Praia dos Coxos and Dois frmaos (Figures 

3.1 and 3.6). 

The packstones in this part of the successions show similarities with the many of the 

carbonate facies described from the Cabo Espichel succession (e.g., see Chapter 5, Section 

5.7.7). The nodular appearance of these packstones is a result of intense bioturbation by 

Thalassinoides (type-A). Thalassinoides burrows can be identified as bifiu-cating oblate 

burrows visible on the under surface of the packstones. 

The macro-/microfauna of these packstones is also similar to the carbonates described in 

the Cabo Espichel succession (e.g., see Section 5.7.7). Here, the characteristic fauna is 

dominated by the large naticid gastropods and the large sediment resting oyster Exogyra. 

Echinoids are also abundant and are mostly represented by spines, although plates have 

also been found. Rey (1972) reports the presence of several taxa including Toxaster spp. 

The small nerineid gasfropod Ptygmatis is also abimdant and trigonid bivalves are also 
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found locally (Rey, 1972, reports the presence of Pterotrigonid). Small fragments of 

chaetetids have also been found, as have fish teeth (Rey, 1972). 

The microfacies indicates that these carbonates are peloidal, bioclastic packstones (Figure 

3.12). The bioclastic elements are dominated by moUuscan fragments (including nerineid 

gastropods), agglutinated foraminifera (including Choffatella decipiens, Lenticulina and 

Cuneolina, Rey, 1972) and abundant dasycladean algae (Figure 3.12) (including 

Actinoporella and Cylindroporelld). 

The top of this facies, and top of the Praia dos Coxos Formation, is characterised by a 

distinctive rubbly surface. This has been interpreted in the past (Hiscott et ai, 1990) as a 

marine hardground or omission surface. Oliver (1998) suggested that the diagenetic 

products associated with this horizon indicate that this surface is a poorly developed 

palaeokarst developed as a result of sub-aerial exposure. 

3.6 RIBAMAR SANDSTONE FORMATION 

The Ribamar Formation (Figures 3.2 and 3.7) is exposed along the foreshore between Praia 

dos Coxos and Dois Irmaos (Figure 3.1). The formation was formerly identified as the 

'Gres com Trigonia hondaand (Zbyszewski et ai, 1965), the 'Gres a Trigonies' by Rey 

(1972) and the Dois Irmaos Member of Hiscott et al. (1990). It consists of dominantly 

clastic deposition with minor carbonate horizons. These carbonate horizons are found 

mostly near the base and towards the top of the formation (Figures 3.6 and 3.7). The 

exposure is accessed from the main road at Ribamar, by taking the frack to the left of the 

windmill that leads to Praia dos Coxos (Figure 3.1). 

3.6.1 SANDSTONE SPIT DEVELOPMENT 

The base of the Ribamar Formation is exposed along the foreshore to the south of Praia dos 

Coxos (Figures 3.1 and 3.6). This overlays the palaeo-karst surface found at the top of the 

Praia dos Coxos Formation. The base is represented by an approximately 2m thick 

(thickness varies slightly laterally) fine grained, well sorted sandbody that is exposed 

three-dimensionally along the foreshore (Figures 3.6 and 3.2). This sandbody is dominated 

by a well preserved (not bioturbated) single cross-bed set (Hiscott et al., 1990) with 

foresets dipping at about 10°, towards 350°. Lateral variation towards the west the lower 

part shows a change to trough cross-bedding in the lower part of the sand body. The three-

dimensional exposure of this clastic spit stops abruptly towards the south along the 
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The Ribamar "limestones/sandstone" Formation. A 
Morthem end of the exposure, showing tabular limestones at the 
! op of the Praia dos Coxos ' limestones' Formation at base, with 
the nodular limestones above the clastic spit. The spit is only 
represented by thin heterolithic facies. B Northern most extent of 
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ble for scale is 1 metre. C Thxdassinoides type-C foimd on top of 
he 3-D exposure of the spit. D Souther-most exposure of the spit, 

base of cliff, looking towards Guoies firom south of Praia dos 
Coxos. Vegitation-covered middle of cliff represents gap in the 
middle of the Ribamar 'limestones/sandstone' Formation, 
although, lensoidal sandbodies can be seen. 
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foreshore (Figure 3.6D), where the sandbody is draped by marls and thinly bedded 

bioclastic wackestones (Figure 3.7). 

The internal sedimentary structures of this sandbody are dominated by low angle 

lamination, with low angle truncations between sets of laminae. Small scale sedimentary 

structures, current ripples, small-scale trough cross-bedding, primary current lineations are 

orientated along the strike of the foreset laminae, indicating a flow direction towards WSW 

(Hiscott et al, 1990). Locally foresets are littered with mud clasts and wood fragmants. 

Towards the top of the sandbody heterolithic sands and muds replace the fine grained, well 

sorted sand. The upper (fine grained, well sorted sand) surface of the sandbody contains 

wood fragments, that include small logs (up to 40cm in length). Trace fossils are also 

found at this horizon, which are characterised by horizontal burrows 15mm across that 

clearly can be seen to bifurcate and branch (Figure 3.6C). These are type-C Thalassinoides. 

3.6.2 MUDDY CARBONATES SHELF (WITH THALSSINOIDES-EXOGYR4-NATICID) 

Overlying, and in places draping, the clastic spit is a 5m thick unit of pale yellow, 

bioclastic rich, nodular wackestones interbedded with marls (Figures 3.6 and 3.7). These 

wackestones are exposed in two places along the foreshore, between the Forte de Santa 

Suzana and Praia dos Coxos, and between Praia dos Coxos and Dois hmaos (Figure 3.1). 

Preferential cementation of the Thalassinoides burrow networks results in the characteristic 

nodular appearance (Fiirsich, 1981; Bromley, 1996) of these biocastic rich wackestones 

(see also Chapter 5, Sections 5.7.2 and 5.7.4) (Figure 3.6). On the under surface of these 

bioclastic wackestones the horizontal, oblate, bifurcating burrows of type-A 

Thalassinoides can be seen. 

The bioclastic element of these wackestones is dominated by abundant coarse oyster 

fragments, which can been seen in the field and in microfacies analysis (Figure 3.12). 

Agglutinated foraminifera are also abundant. According to Rey (1972) the foraminiferal 

assemblage is dominated by Choffatella decipiens. Echinoid spines and plates are also 

locally abundant. 

Within these bioclastic wackestones three distinct horizons have been identified. These are 

characterised by the presence of an additional in situ fauna. This is dominated by a bivalve 

assemblage consisting of the large sediment resting oyster Exogyra and the infaunal 

bivalves Trigonia and Pterotrigonia. Serpulid worm tube thickets (individual tubes 1mm 
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across) are also common at these horizons, and rare whole echinoids have also been foxmd 

{Trochotiara sp.). One of these horizons, approximately 4.5m from the base of the 

formation (Figure 3.7), is also characterised by a second tier of burrowing. The 

Thalassinoides have been truncated by vertical Skolithos burrows, 15mm across and 

infilled with micrite. 

3.6.3 SANDSTONE MARINE SHELF AND DELTAIC DISTRIBUTARY CHANNELS 

Over lying the bioclastic wackestones (described in Section 3.6.2) is approximately 18m of 

sands and muds, interbedded with nodular, dolomitic tabular sands clays (Figure 3.7). 

These are exposed in the cliff on the foreshore from just south of the clastic spit (see 

Section 3.6.1) to the point at Guioes (Figures 3.1, 3.6 and 3.8). This part of the succession 

has been divided into two distinct facies as described below. 

A) DoLOMmsED, MARINE SHELF SANDS 

This facies is characterised by tabular dolomitised elastics where the nodular appearance is 

defined by a Thalassinoides bioturbation fabric. Type-A Thalassinoides is dominant 

although type-B is rarer. The under surfaces of the dolomitic elastics commonly display the 

characteristic Thalassinoides burrow networks described elsewhere (e.g., see Section 3.6.2 

and Chapter 5, Sections 5.7.5 and 5.7.7). Locally the tops of these dolomitic elastics are 

also characterised by a second trace fossil. This is a sub-horizontal tube, width 

approximately 10mm, that has concave upwards spreite. These small Rhizocorallium 

burrows truncate the Thalassinoides burrows which dominate the ichnofauna. 

These Thalassinoides elastics have an associated fauna which characterises many of the 

nodular Thalassinoides-dormmtied facies found elsewhere in the succession (and also in 

the Cabo Espichel succession). Large naticid gastropod casts are abundant as are Exogyra. 

Serpulid worm tube thickets (individual worm tubes 1mm across) are also found locally as 

are the casts of infaunal bivalves (cf Pholadomyd). Wood fragments are common 

throughout these dolomitic sands, especially within the interbedded muds. The microfacies 

is dominated by clastic quartz grains, foraminifera {Choffatella decipiens, Rey, 1972), 

oyster fragments and serpulid worm tube thickets (Figure 3.13). 

Towards the top of the Ribamar Formation these sands carmot be easily accessed as the 

bedding is horizontal in the cliff face and is also cut through by a rhyolitic sill (see Figure 

3.8B). 
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B) DELTAIC DISTRIBUTARY CHANNELS (MOUTH BARS) 

This is composed of nodular dolomite cemented elastics are interbedded with intervals of 

fine grained sandstones to pebbly, coarse grained sandstones, which in places have mud 

interbeds (Figures 3.7 and 3.8). This facies is found at two horizons within the Ribamar 

Formation, approximately 10m and 20m from the base (Figure 3.7). 

The lower of these two units is characterised by approximately 2m of fine sandstones at the 

base, and several metres of muds with interbedded fine sands that are exposed in the cUff 

between Dois Irmaos and Guioes and cannot be accessed (Figure 3.6). The sands at the 

base contain internal trough cross-lamination. The tops of individual beds often contain 

small (10mm across) vertical burrows {Skolithos). Within the mud above, several ribbon 

shaped sand bodies can be identified. These are replaced laterally by mud (Figure 3.6D). 

The upper of these two sand units is approximately 5m thick and exposed in the cUfif just to 

the north of the point at Guioes (Figures 3.7 and 3.8). This sand unit is characterised by a 

series of fine grained sandstones to pebbly, coarse grained sandstones with silty mud 

interbeds (Figure 3.7). Individual beds are characterised by coarse to pebbly bases, with 

loading structures, that fine upwards (Figure 3.7). Many of the coarser grained, thicker 

sandstones are internally stratified (parallel, low angle laminations, trough cross-bedding), 

and may have erosional bases (Figure 3.7). Many of the sands cannot be traced 

horizontally, suggesting a ribbon shaped geometry and channel structure. Wood fragments 

are common throughout the sand unit. These are either small logs in the silty mud intervals 

or as fine fragments within the sand units. 

The bioturbation in this upper sand unit is variable. The coarser beds tend to show good 

preservation of primary sedimentary structures (see above). There are also several horizons 

(especially towards the top of the sand unit) where intense bioturbation has resulted in the 

complete destruction of the primary lamination. Commonly bedding surfaces represent 

burrowed horizons. These are thought to represent the abandonment of ribbon-like charmel 

sands and subsequent colonisation. Colonisation is represented by the burrows of 

Skolithos, Teichichnus, Planolites and a small (10mm across) Psilonichnus. 

3.6.4 MUDDY CARBONATE SHELF (WITH THALASSINOIDES-EXOGYRA-I^ATICID) 

Above the elastics described in Section 3.6.3 are approximately 4.5m of dolomitic, 

bioclastic wackestones with thin marly partings (Figure 3.7). These are exposed on the 
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wave cut platform to the south of the point at Guides (Figure 3.8C). These wackestones 

are characteristically nodular in appearance. Thalassinoides (type-A and B) can be see at 

the base of the beds that represent the first 2.5 metres. The tops of some of the beds are 

also characterised by a second ichnofossil tier. This is represented by Rhizocorallium (a 

sub-horizontal 40mm across U-shaped tube with abundant, concave upwards spreite). A 

third tier of burrowing is represented by Planolites (a small, 10mm across, sub-horizontal, 

single tube). The Planolites originate in the marly parting and penetrate down into the 

wackestone below; this is similar to the ichnofossil tiering described from the Cabo 

Espichel succession (see Chapter 5, Section 5.7.4). Within the top two carbonate beds in 

the Ribamar Formation, intense bioturbation is exclusively represented by Planolites 

(Figure 3.7). 

As with many of the other nodular carbonate units described (e.g. see Chapter 5, Section 

5.9.1) a characteristic fauna is also present. This is dominated by oysters {Exogyra), small 

serpulid worm tube thickets (see Section 3.7.1 for discussion) (Figure 3.13) (individual 

worm tubes commonly >lmm across) and rare, in situ, infaunal bivalve casts 

(Pholadomya, Trigonid). Wood fragments (up to 1.2m in length) are also common 

throughout, especially towards the base of the carbonates and in the marly partings. 

The microfacies is dominated by dolomite rhombs (Figure 3.13). Where remnants of the 

original sediment have escaped dolomitisation this is represented by a bioclastic 

wackestone. The bioclastic elements are characterised by foraminifera {IChoffatella 

decipiens), fragments of oyster, rare fragments of serpulid worm tubes and detrital quartz 

grains (Figure 3.13). 

3.6.5 CLASTIC MARINE SHELF (WITH THALASSINOIDES-EXOGYRASATICYD) 

The top 2m of the Ribamar Formation, that can be easily studied on the wave cut platform 

at Guioes (Figure 3.8), is represented by three beds of fine clastic sands (Figure 3.7). These 

are fairiy nodular in appearance due to minor Thalassonides burrowing evident on the 

under surface of the beds. This represents a bioclastic lag, rich in moUuscan fragments 

including oyster material, found at the base of the lower sand (Figure 3.7). 

In the cliff above these sands, the top of the Ribamar Formation is exposed. Although these 

cannot be studied, the top part of the formation is represented by a series of sheet-like 

sandbodies (Figure 3.8). 
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3.6.6 TOP OF THE RIBAMAR FORMATION 

The top of the Ribamar Formation (base of the Ribeira de Ilhas Formation) is exposed in 

the cliff, above the wave cut platform, to the south of the point at Guioes (Figures 3.1 and 

3.8C). At the southern end of this wave cut platform the succession is cut through by a 

small normal fault. This fault extends down the full length of the cliff (Figure 3.8C). 

Immediately on the southern side of this fault, and an associated minor flextural fold, the 

succession (Ribeira de Ilhas Formation) is exposed again in the cliff and on the foreshore. 

A comparison of the exposed boundary (between the Ribamar and Ribeira de Ilhas 

Foramtions) in the chff at Guioes, and the succession that can be accessed on the 

foreshore, indicates that there appears to be a small gap in the succession that cannot be 

studied. 

3.7 RIBEIRA DE ILHAS LIMESTONE FORMATION 

The Ribeira de Ilhas Formation is exposed in the cliff and along the foreshore between just 

to the north of Porto do Cavalinho and Praia de Ribeira de Ilhas (Figure 3.1). The strata 

can be easily accessed along the foreshore as it dips gently (approximately 12°) towards the 

south (Figure 3. ID). This part of the succession is cut through with several basahic dykes 

and irregular intrusions. There are no gaps in the succession as a result of this, as 

individual beds can easily be traced either side of these dykes. The foreshore can be 

reached either fi-om Praia de Ribeira de Ilhas or from a small trackway that winds down the 

cliff just to the south of Guioes. This can be accessed from the many tracks leading off the 

main road between Ericeira and Ribamar (Figure 3.1). 

The formation is approximately 38m thick and dominated by light grey to blue grey, 

carbonates and marly partings interbedded with rare clastic horizons (Figures 3.7 and 3.9). 

The Ribeira de Ilhas Formation was previously identified as the 'Calcarios com 

Chqffatelld' (Zbyszewski et ai, 1965) and the 'Calcaire et mames a choffatelles' (Rey, 

1972). Hiscott et al. (1990) and Oliver (1998) did not study this part of the succession. 

3.7.1 MUDDY CARBONATE SHELF (WITH THALASSINOIDES-EXOGYRA-SXnClD) 

This facies is characterised by the light grey to blue grey, tabular carbonates of the Ribeira 

de Ilhas Formation (Figure 3.7 and 3.10A). These carbonates dominate the formation and 

extend to the top of the exposed succession at Praia de Ribeira de Ilhas (Figure 3.1). As 

with most of the tabular carbonate units in the Ericeira and Cabo Espichel successions (e.g. 

see Sections 3.5.5,3.6.2 and Chapter 5 Sections 5.7.2 and 5.7.4), the carbonates in this 
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formation are characteristically nodular in appearance (Figure 3.10). This, as with the other 

tabular carbonate units, is the expression of an ichnofabric and preferential cementation of 

the ichnofabric. This ichnofabric is dominated by the intense bioturbation of callianasid 

shrimps, represented by the burrow Thalassinoides. Thalassinoides type-A is the dominant 

structure, although type-B and C are also found. These carbonates are also characterised by 

an abundant benthic macro- and micro-fauna. 

Thalassinoides is not the only trace fossil within these carbonates. Towards the top of the 

formation, the bedding surfaces of several horizons are characterised by a second 

distinctive ichnofossil tier. This is a sub-horizontal, retrusive, U-shaped tube (tube is 

10mm across and the U-shaped burrow is 50-60mm across), with abundant concave 

upwards spreite (Figure 3.9). These Rhizocoralliiim burrows penetrate from the tops of the 

wackestones to approximately 250mm into the beds. 

Where the marly partings are thicker in this part of the succession they form thin marly 

beds. As with other similar facies (see Chapter 5, Section 5.7.7) a characteristic 

bioturbation fabric is foimd. Planolites (single, sub-horizontal tube, 10-20mm across, 

infilled with micrite) are abundant within these marls. These can then be seen to penetrate 

down into the wackestone bed below. 

There is an abundant assemblage associated with these Thalassinoides-dxivamaXQdL 

wackestones. This is dominated, and characterised, by the naticid (gastropod casts) and 

sediment resting Exogyra oyster. The relationship between these two organisms is similar 

to that described in other carbonate units (e.g. see Chapter 5, Section 5.9.1). A second 

oyster, Liostrea, is also found. Serpulid worm tubes are also abundant. These are 

commonly found as fragments of individual tubes or thickets. 

Other fossils are also locally abimdant. These include: (i) gastropods (represented by the 

casts of ceritherid fragments, zygopleuriform 15mm high, buccinaciform 35nim high, 

volutiform 35mm high); (ii) bivalves, trigonids (cf Trigonia), Pholadomya, rare 

Isognomon and locally abundant Neithia morrisi. Echinoids are also locally abundant, 

represented mostly by spines, spine fragments and rare plates. Rey (1972) reports the 

presence of fish teeth. Wood Augments (and small logs in the marly horizons) are also 

abundant throughout. 



Figure 3.10 - Towards the 
base of the Ribeira de Ilhas 
Formation,exposed along 
die foreshore in the small 
bay bebetween Guioes and 
Fbrto de Cavalinho. 
A ClifT section showing the 
dominate Thalassinoides 
bioturbated, wackestones at 
the base of the Ribeira de 
Ilhas Formation. Pole for 
scale is Im long and marks 
the oyster biostrome found 
towards the base of the 
formation. 
B and C Close-up of the 
oyster biostrome towards 
the base of Ribeira de Ilhas 
Formation. 
B Shows the oyster 
biostrome with 
Thalassinoides bioturbated 
wackestones above and 
below (pole is Im high). 
C The oyster biostrome, 
showing the dominance of 
the oyster fauna and 
reduced 
sedimentation rate in 
comparison to other 
Thalassinoides-Exogyra-
naticid wackestones in the 
Formation. 
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The microfacies is dominated by bioclastic (and minor detrital quartz) wackestones (Figure 

3.13). The bioclastic elements are characterised by abundant oyster fragments, other 

molluscan fragments (including bivalve and gastropod), serpulid worm tubes and 

fragments, rare detrital quartz grains (<1%), dasycladean algae {Actinoporella, 

Cylindroporella; Rey, 1972) and abundant foraminifera (including, Ammobaculites, 

Haplophragmoides, Everticyclammina, Pseudotextullariella, Lenticulina and miliohds; 

Rey, 1972). 

A) SERPULID BIOSTROMES AND BIOHERMS 

At two horizons (approximately 16m from the base of the formation) large constratal 

(Skelton and Gili, 1991), serpulid worm tube thickets are found (Figure 3.11C). Two types 

of serpulid worm tube thickets are found within these beds: (i) contains individual tubes 

1mm across; individual colonies are dome shaped (lensoid, biohermal) and reach up to 

120mm across and 90mm high and; (ii) is characterised by individual tubes 2.5mm across; 

forming flat (tabular, biostromal) colonies that reach up to 300mm across and 40mm in 

height (Figure 3.11C). 

In the geological record serpulids are commonly foimd as accessory constituents of 

shallow water benthic communities (Cirilli et al, 1999). In recent settings the occurrence 

of serpulid colonies (biostromal and biohennal buildups) are found in mainly ecologically 

stressed environments, related to either very low temperatures (e.g. Antarctica, Kirkwood 

and Burton, 1988) or very high temperatures (e.g.. Lake Tunis; Ten Howe and Van den 

Hurk, 1993) and to a very broad range of salinities (Mastrangelo and Passeri, 1975; 

Davaud et al., 1994). Serpulid colonies have also been observed to dominate benthic 

communities after mass mortality in suboxic shelf environments (Harper et al., 1991), 

where they are amongst the most tolerant organisms to low oxygen bottom water 

conditions (Sageman et al., 1991). 

The constratal growth fabric of the serpulid colonies (cf constratal growth fabric of 

colonial corals and rudist bivalves, Gili et al., 1995) indicates organism growth occurred 

at a similar rate to sediment accumulation (Insalaco, 1995). The low 'relief of the serpulid 

colonies indicate the sedimentation rate must have been significantly reduced at this time 

in order for the gregarious behaviour and suspension feeding capabilities of these 

organisms to continue without being buried by continuing sedimentatioiL Although 

serpulid colonies have only been described from a few carbonate sediments in anomalously 



Figure 3.11 - The middle of tht 
Ribeira de llhas Formation, 
exposed between Fbrto de 
Cavalinho and Praia de Ribeira 
de llhas. 
A Cliff section looking east at 
Porto de Cavalinho; showing 
the dominant, nodular 
Thalassinoides bioturbated 
wackstones. Towards the top of 
the photograph a single 
distinctive sandstone displaying 
low angle cross-bedding can be 
seen (Pole for scale is Im high). 
B Close up of the distinctive 
aT)ss-bedded sandstone (spit) 
found at Porto de Cavalinho. 
This bed displays trough cross-
bedding dipping towards the 
south. Above, and below, are 
intensely Thalasinoid^s 
bioturbated wackestones 
(Pole for scale is Im high). 
C Example of a flat biostromal 
serpulid worm tube thicket, 
found in the bioturbated 
wackestones approximately 
16m from the base of the 
Ribeira de llhas Formation 
(pen for scale is 14cm long). 
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stressed environments (e.g. Palma and Angeleri, 1992; Ten Howe and Van den Hurk, 

1993), and there is no evidence for suboxic conditions in the Ericeira succession, the 

occurrence of the serpulid colonies seems to be related to a number of different factors 

arising from conditions that have limited competition from other organisms for food and 

space. Here it is most likely that the a decrease in sedimentation rate is the main control, as 

the majority of this carbonate facies is dominated by Thalassinoides which indicates steady 

continuous sedimentation (Fiirsich, 1981) (for significance of this change in sedimentation 

rate see Chapter 7, Section 7.7.3 A). 

3.7.2 OYSTER BIOSTROMES 

Exceptionally abundant oyster horizons characterise two beds within the Ribeira de Dhas 

Formation (13m and 36m from the base of the formation; Figures 3.7 and 3.9). These are 

tabular, oyster biostromes, which are approximately 75cm thick (Figure 3.10). The oyster 

faunas are dominated by Exogyra and Liostrea. Both whole oysters and fragments are 

abundant, although in situ articulated oysters are dominant (Figure 3.10). Oysters are so 

abundant and tightly packed within these biostromes that the intra-oyster micrite sediment 

is restricted (Figure 3.10). Unlike other oyster associations, here the individual oysters do 

not encrust each other and there is no evidence of encrustation by other organisms (e.g., 

serpulid worm tubes or bryozoans). These oyster biostromes (oyster banks) are similar to 

those describe in the Papo Seco Formation (see Chapter 5, Section 5.10.3) and build up in 

areas of sediment bypass or low sedimentation rate, similar to the serpulid biostromes 

described in Section 3.7.2A. 

3.7.3 CLASTIC MARINE SHELF 

Although the Ribeira de llhas Formation is dominated by nodular, tabular carbonates there 

are three sandstone beds within the formation (at the base and 8m and 14m from the base; 

Figures 3.7 and 3.9). These clastic horizons are characterised by fine to medium grained, 

textually mature sands that contains abundant bioclastic debris (oyster and other mollusca) 

and agglutinated foraminifera (including Choffatella decipiens). 

The tops of these three sands are characterised by periods of cessation in sedimentation and 

subsequent colonisation. This colonisation is represented by three distinctive faunas, (i) the 

sand at the base is colonised by sediment resting Exogyra 'clumps' (see Chapter 5, Section 

5.9.1), but with no evidence of boring or encrustation by serpulid worm tubes; (ii) 8m from 

the base the top of the sand is characterised by abundant Rhizocorallium, sub-horizontal U-



Figure 3.12- Microfacies of the Praia dos 
Coxos and Ribamar Formations, 
exposed along the coasdine between 
the Forte de Sao Lourenco and Praia 
dos Coxos. 
A Example of the packstone 
characterising the coral tidal inlet 
channel facies of the Praia dos Coxos 
Formation. Showing large agglutinated 
foraminifera incorporating detrital 
quartz into the test, dasycladacean algae, 
peloids and molluscan fragments with 
micrite rims. 
B Packestone from the upper Praia dos 
Coxos Formation. Microfacies is 
dominated by dasycladean algae, 
gastropod fragments (Pnerineid) and 
agglutinated foraminifera. 
C Wackestone microfacies from above 
the spit at the base of the Ribamar 
Formation, showing lai^e fragments 
of oyster, recrystall ised molluscan 
fragments and agglutinated 
foraminifera. 
D Wackestone from top of the 
Thalassinoides-oyster carbonates at the 
base of the Ribamar Formation, 
dominated by fragments of trigonid 
bivalves and minor recrystallised 
molluscan fragments and detrital 
quartz grains. 



Figure 3.13 - Examples of microfacies 
detail from the Dois Irmoes and 
Riberia de Ilhas Formations, exposed 
between Dois Irmeos and Praia de 
Riberia de Ilhas. 

A From the Thalassinoides-naticid-
dolomitic wackestones of the upper 
Ribamar Formation. This shows serpulid 
worm tubes encrusting onto oyster, 

with minor detrital quartz grain. 

B Dolomite replacing micrite in 
bioclastic wackestone from the 
bioturbated dolo-wackestones from 
the upper Ribamar Formation. Showing 
bioclasts of oyster and agglutinated 
foraminifera, and minor detrital 
quartz grains. 

C Example of a bioclastic wackestone 
from the Riberia de Ilhas Formation. 
Bioclasts are characterised by large 
oyster fragments, recrystallised 
moUuscan fragments and agglutinated 
formainifera. 

D Example of a bioclastic wackestone 
from the Ribeira de IlhasFormation, 
showing abundant recrystallised 
niolluscan fragments, agglutinated 
foraminifera, detrital and rare 
dasycladean algae. 
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shaped tubes, 10mm across, with concave upwards spreite; (iii) at 16m, the top of the sand 

is bioturbated by Skolithos, vertical tubes 10mm across, passively infilled with bioclastic 

wackestone sediment similar to the nodular carbonate bed above. 

3.7.4 SiLICICLASTIC AND CARBONATE SPIT DEVELOPMENT 

Three distinctive beds are found within the Ribeira de Ilhas Formation. One of these is 

characterised by a carbonate grainstone and the other two by quartz sandstones. These 

three beds are between 0.5-0.75m thick, well sorted, coarse to medium grained with sharp 

tops and bases; found at 18m, 22.5m and 36.5m from the base of the formation (Figures 

3.7 and 3.9). They are characterised by low-angle planar-trough cross-beds that dip 

consistently towards the south (Figure 3.11). The direction of advance (or migration) of 

these dipping surfaces is the same as the three-dimensional clastic sand spit described at 

the base of the Ribamar Formation (see Section 3.6.1). They are hence interpreted as spits 

or bars of sand migrating through weak longshore currents. The base of these spit units are 

characterised by bioclastic (molluscan debris) lags. The base of these sands are commonly 

bioturbated by Thalassinoides (type-A), that are visible on the under surface of the beds. 

Within the individual beds shallowly dipping laminae are often colonised. Single, vertical 

tubes {Skolithos) penetrate down from the abandoned surface of the dipping laminae, 

indicating periods of cessation in sedimentation during spit progradation. 

3.8 DEPOSrriONAL ENVIRONMENTS & BIOFACIES 

The Ericeira succession has been grouped into eight biofacies, based on the identification 

of repeated palaeontological and palaeoecological assemblages and eight 

palaeoenvironments based on the identification of differences in the lithologies 

representing individual biofacies. The biofacies, and variations in lithology leading to the 

indentification of the palaeoenvironments environments, are summarised in Table 3.1 and 

Figure 3.14. The reasoning behind the identification of each palaeoenvironment is 

discussed in the following sections. 

3.8.1 DELTAIC DISTRIBUTARY CHANNELS (MOUTH BARS) 

Facies representing deltaic distributary channels are found within three of the formations of 

Rey (1992) (Figure 3.14). This is in the Vale de Lobos, Sao Lourengo and Ribamar 

Formations, described in detail in Sections 3.2.1, 3.3.2 and 3.6.3. 



BIOFACIES 

Planolkes-
Skolithos-
PsUonichnus 

Thalassinoides-
agglutinated 
foraminifera-
ostcracods 
Ophiomorpha-
Thalass'moides 
Thalassinoides-
Skoltthos 

Coral-nerneid-
rudist 

Thalassinoides-
SkoVuhos 

Thalass'moides-
Exogyra-Natica 

Thalassinoides-
Exogyra-Natica 

Thalassinoides-
Exogyra-Natica 

Thalassinoides-
Exogyra-Natica 

Rudist-
nerneid-
dasycladean 

DESCRIPTION 

Yellow-dark grey, med-pebbly 
quartz sands, commonly with 
erosional bases & coarse lags 

Light grey, nodular, dolomitised 
limestones, with septarian 
nodules 

Massive, coarse quartz sand 

Yellow, med-massively bedded, 
mature, fine quartz sands 

Light-dark grey, Mcd-massively 
bedded bioclastic, quartz sand-
rich grainstone 
Yellow, tabular, mature, fine-
med., quartz sands and minor 
light grey, carbonate sands 
Dark grey silty mudstones 
interbedded with thin, nodular 
sands/dolomites 
Light grey-yellow, tabular, 
nodular, commonly interbedded 
with thin mud 
Light-dark grey, nodular, 
bioclastic wackcstones to 
packestones 
Light-dark grey, nodular, 
bioclastic wackestones to 
packstones 
Light-dark grey, nodular, 
bioclastic, grain-/rudstones 

DoMiNANi' FAUNA 

Tops of beds characterised by Planolites, 
Skolithos & Psilonichnus. Wood 
fragments 

Naticids, infaunal bivalves, 
Thalassinoides agglutinated foraminifera 
and the ostracod Fabanella 

Ophiomorpha and Thalassinoides 

Thalassinoides (base of beds), Skolithos, 
rarer Diplocraterion and Teichichnus, 
wood fragments 
Colonial corals (cf. Stylina), Aptyxiella, 
Exogyra, Thalassinoides, echinoids, 
dasycladean algae, agglutinat. forams. 
Thalassinoides, Skolithos 

Naticids, Exogyra, Nelhia, Montlivaltia, 
Thalassinoides and agglutinated 
foraminifera 
Naticids, Exogyra, Thalassinoides, 
serpulids and agglutinated foraminifera 

Thalassinoides, Exogyra, naticids, 
echinoids and agglutinated foraminifera 

Thalassinoides, Exogyra, naticids, 
Ptygmatis, echinoids, agglutinated 
foraminifera and dasycladean algae 
Aptyxiella, Matheronia, Pachytraga, 
chactetids, dasycladean algae 

SEDIMENTARY STRUCTURES 

Erosional concave upwards bases, with 
woody/gravely lags. Trough cross-
bedding, with minor planar/wave ripple 
laminae 
Nodular bottom and top surfaces to 
individual dolomitic limestone beds 

Erosional concave-upwards base 

Trough cross-bedding (base of beds), 
planar and rarer wave ripple laminations 
(tops of beds) 
Trough cross-bedding with bioclastic 
gravely lags, capped by erosive 
ravinement surfaces 
Large scale, low angle laminations, small 
scale current ripples, trough cross-
bedding, primary current lineations 
Nodular top and bottom surfaces to thin 
sands and dolomites 

Common nodular lops and bottom 
surfaces 

Nodular top and bottom surfaces 

Nodular top and bottom surfaces 

Winnowed surface, common nodular top 
and bottom surfaces 

ENVIRONMENTAI. 
INRERPRETATION 

Gravely, fluvial 
dominated, deltaic 
distributary channels 

Restricted lagoon 

Lower shoreface 

Beach, coastal barrier 

Tidal inlet channel 

Spit 

Clastic marine shelf 
(muddy) 

Clastic marine shelf 
(sandy) 

Carbonate shelf 
(muddy, low energy) 

Carbonate shelf 
(dasycladean low 
energy) 
Carbonate marine shelf 
(dasycladean moderate 
energy) 

OCCURRENCE 

Vale de Lobos Fm. (Section 
3.2.1), Sao Lourenco Fm. 
(Section 3.3.2), Ribamar Fm. 
(Section 3.6.3A) 
Sao Lourenco Fm. (Section 
3.3.1) 

Santa Suzana Fm. (Section 
3.4.1) 
Santa Suzana Fm. (Section 
3.4.3) 

Praia dos Coxos Fm. (Section 
3.5.1) 

Ribamar Fm. (Section 3.6.1) 
and Ribeira de Ilhas Fm. 
(Section 3.7.4) 
Santa Suzana Fm. (Section 
3.4.2) 

Ribamar Fm. (Section 3.6.3B) 

Ribamar Fm. (Sections 3.6.2 
& 3.6.4), Ribeira de Ilhas Fm. 
(Sections 3.7.1& 3.7.2) 
Praia dos Coxos Fm. (Section 
3.5.3) 

Praia dos Coxos Fm. (Section 
3.5.2) 

Table 3 . 1 - Summary of the main biofacies and lithologies representing depositional environments in the Ericeira succession. 



CHAPTER 3-ERICEIRAPAIAEOECOLOGY 115 

The coarse grained trough cross-bedded sandstones described in the Vale de Lobos and 

Sao Louren^o Formations (see Section 3.2.1) were thought by Hiscott et al. (1990) to 

probably represent a series of charmels either within river-mouth estuaries, or low energy 

sand flats flanking the river mouths. Oliver (1998) also indicated that the trace fossils and 

wood fragments indicate distributary chaimels. The thin mudstones interbedded with the 

cross-bedded sandstones of this facies represent overbank muds. The combination of both 

deposit fodichnia (Planolites) and suspension fodichnia (Skolithos) identified during this 

study in both the Vale de Lobos and Ribamar Formations (see Sections 3.2.1 and 3.6.3) are 

thought to be a response to abundant nutrient availability both within the sediment and also 

within the water colunrn. This is commonly encountered in the estuarine depositional 

envirormient where the nutrients are supplied from both continental run-off and standing 

saline sea-water (Siggerud and Steel, 1999). However, Hiscott et al. (1990) suggests that 

the sands of the Ribamar Formation (see Section 3.6.3, the Dois Irmaos Member of Hiscott 

et al. 1990) represent deposition on small, river-dominated deltas, with the coarser sands 

representing mouth bars and distributary chaimel fills. Deltas discharging into very 

shallow, protected lagoonal envirormients with restricted circulation (e.g., base of the Sao 

Lourenfo Formation see Figure 3.14) may also produce envirormiental conditions (salinity, 

nutrients) similar to an estuarine envirormient. Hiscott et al. (1990) also pointed out that 

the scale of the inferred cycles also suggest the small scale of the river dominated deltas. 

Shallow shelf sands associated with the deltaic distributary sands (see Section 3.6.3 and 

3.8.7) do not show any evidence for reworking by marine currents or waves, but were 

instead intensively burrowed. 

The formation of an estuary occurs when an incised river valley is flooded (or 

transgressed). This may become filled with a complex suite of facies ranging form non-

marine to marginal marine to open marine (Allen and Posamentier, 1993; 1994; Darymple 

et al. 1992) as fluvial sediment is trapped within the incised valley (Posamentier and Allen, 

1999). However, there is no evidence of fluvial incision and infilling of the incised river 

valley in the Ericeira succession. These sands (in all three formations. Vale de Lobos, Sao 

Louren^o and Ribamar) are interpreted as small, gravely, river dominated deltaic deposits. 

The lack of evidence of reworking by current and wave activity in these sands indicates the 

basin was dominated by low-energy shallow shelf at this time. Gravely, river dominated 

deposition onto a shallow shelf under low-energy conditions would have resulted in the 

siliciclastic sediment being trapped on the proximal shelf and the development of a low 

gradient, shelf-type, shallow water delta (Ethridge and Westcott, 1984; Massari and 
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Colella, 1988; Postma, 1990). This is in contrast to the river dominated Mississippi delta 

where sediment is deposited under relatively high wave and current energy onto a steep 

gradient slope and a 'birds-foot' delta with steeply dipping clinoforms develops (Penland, 

Boyd and Sutter, 1988). 

3.8.2 RESTRICTED LAGOON 

The restricted lagoonal environment represented by this facies is only found at one horizon 

within the Ericeira succession (Figure 3.14). This is at the base of the Sao Louren^o 

Formation and is described in Section 3.3.1. 

The dolomitised limestones have previously been interpreted as a restricted lagoonal or 

estuarine bay (Hiscott et al, 1990), which was supported by the presence of the ostracod 

Fabanella (Wightman, 1990). The low diversity macrofossil assemblage (naticids, infaunal 

bivalves, Thalssinoides) is rather generalist which also is an indication of a restricted 

environment with a lower brackish (mesohaline) salinity. Wightman (1990) stated that 

many of the ostracod carapaces contain borings that are evidence of predation. The 

morphology of these borings have previously been interpreted by Maddocks (1988; from 

examples in Texas) as evidence of predation by naticid gastropods. The fauna also 

indicates a short food chain within the frophic structure which may also indicate 

environmental sfress, due to fluctuations in salinity or low salinity. As discussed in 3.8.1 

above, the environmental factors (salinity, nutrients) confroUing the development of the 

restricted lagoonal environment was probably developed due to deltaic discharge into a 

protected environment with reduced circulation. 

3.8.3 LOWER SHOREFACE WITH OPHIOMORPHA 

This facies is also (as with the restricted lagoon in Section 3.8.2) only found at one horizon 

within the Ericeira succession. This is at the base of the Santa Suzana Formation (Figure 

3.14) and described in Section 3.4.1. This facies caps the delatic distributary channels 

found at the top of the Sao Louren9o Formation (see Figure 3.2). 

This facies is distinctly different from the deltaic distributary channel sands below (Figure 

3.2). Although Thalassinoides is a generalist found in many marine to semi-marine 

environments, Ophiomorpha-type traces (burrows of callianassid shrimps) are known in 

modem settings to invade the tidal zones of medium energy, sandy beaches. Ophiomorpha-

type fraces are also known from nearshore to upper shoreface settings (e.g., Pemberton et 
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ai, 1992; Pollard et al, 1993). The sedimentological and ichnological evidence fi"om this 

facies indicates a final filling and abandonment of the deltaic channel facies and 

development of a loose substrate shoreface. 

3.8.4 CLASTIC BEACH-BARRIER 

This facies is restricted to the Santana Suzana Formation (see Figure 3.14 and Section 

3.4.3 for detailed description) and represents cyclic deposition during the development of-a 

beach-barrier succession. In general, from the base to the top, the cycles are characterised 

by: (i) burrowed, locally cross-laminated, fine-medium sandstones, where the majority of 

primary sedimentary structures have been destroyed by Thalassinoides burrowing; (ii) 

trough cross-bedded fine-medium sandstones, with overprinting of the primary 

sedimentary structures by later Skolithos burrowing; (iii) low angle planar cross-bedded 

fine-medium sandstones, overprinted by intense Skolithos burrowing. These are interpreted 

to represent deposition in classic lower shoreface, upper shoreface and foreshore 

environments respectively. Similar facies are described by abundantly in the literature 

(e.g., McCubbin, 1982; Walker and Flint, 1992; and Reading and CoUinson, 1996). The 

dip and orientation of the low angle planar cross-bedding indicates that the shoreline was 

aligned NW-SE. Orientation of the trough cross-bedding (E, NE and SW) represents 

migration of megaripples onshore, offshore and alongshore by shoaling-wave, rip and 

currents longshore respectively. 

Passively infilled Thalssinoides burrowing in the lower shoreface, which destroyed most 

primary sedimentary structures, indicates domichnia and fodichnia type activity of shrimps 

in a low energy environment with a stable substrate. Passively infilled Skolithos burrows in 

the upper shoreface, trough cross-bedded sands and foreshore planar cross-bedded sands, 

indicate active filter feeding firom higher energy, current activated waters. 

The base of this facies sits sharply on the clastic shelf marine muds below (Figure 3.2, 

3.3A and Section 3.4.3); these muds do not contain any evidence of storm beds. This sharp 

base is not thought to represent storm reworking, as there is no evidence of gutter casts, 

large load casts or an erosional surface (Duke, 1990; Plint and Walker, 1992). It is thought 

to represent inefficient removal of sand from the lower shoreface (Hiscott et al., 1990; 

Oliver, 1998). In agreement with Hiscott et al. (1990), no indication of reworking of the 

sediment by strong tidal currents, or intense storms has been observed. Ravinement 

surfaces towards the top of the facies are not the result of erosion by storm activity, but 
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characteristic of shoreface erosion (probably in the breaker/surf zone) during slow, 

continuous, sea-level rise (see Sections 6.3.2 and 7.3.1). 

3.8.5 CORAL TIDAL INLET FACIES 

The tidal inlet channel facies is another facies that is only found at one horizon in the 

Ericeira succession. This is at the base of the Praia dos Coxos Formation (Figure 3.14) and 

is described in detail in Section 3.5.1. 

Several interpretations of this facies have been previously suggested (Rey, 1979b; 

Wightman, 1990; Oliver, 1998). Rey (1979b) and Wightman (1990) indicate that the 

colonial corals (and to some extent the rudist bivalves, Rey 1979b) warrant the 

interpretation of a 'reefal buildup'. Ohver (1998), who did not find any evidence of trough 

cross-bedding or thinning of the beds laterally, suggests that the facies represents a 

'shallow marine, open water' environment. The most significant indicators of depositional 

environment are the presence of trough cross-bedding and thinning of the facies laterally. 

This geometry suggests carbonate deposition occurred in a shallow channel structure. 

Trough cross-bedding indicates a general flow direction towards the west (away from the 

palaeoshoreline), indicating tidal and ebb dominated flow. 

3.8.6 SANDSTONE (AND ONE CARBONATE) SPITS. 

Within the Ericeira succession there are three sandstones (and one carbonate sand) with 

sharp bases and sharp tops due to wdnnowing of the upper surface. These are found within 

the Ribeira de Ilhas Formation (see Section 3.7.4 and Figures 3.11,3.14) and at the base of 

the Ribamar Formation (see Section 3.6.1 and Figure 3.6), which is three-dimensionally 

exposed along the foreshore to the south of Praia dos Coxos (Figures 3.6 and 3.2). 

Palaeoflow direction data fi-om the sands indicates an alongshore direction of progradation 

(in a south-south westerly direction). This is indicative of the development of thin spit 

units (Hiscott et al, 1990; Hiroki and Masuda, 2000). Sand spit units are thought to 

develop during transgression as a consequence of the reworking and accretion of existing 

sand bars such as barrier-islands or delta mouth bars (Hiroki and Kimiya, 1990; Hiroki and 

Masuda, 2000). These features and their sequence stratigraphic significance are discussed 

fixrther in Chapter 7. 
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3.8.7 CLASTIC MARINE SHELF 

Clastic marine shelf facies are found at three horizons in the Ericeira succession. Two 

variations of the facies have been identified: one dominated by muds with thin interbedded 

sands, and the second dominated by sands with thin interbedded muds. 

The muddy clastic marine shelf facies is found towards the base of the Santa Suzana 

Formation (Figure 3.14). This facies (which represents the Sao Louren?© Mudstone 

Member of Hiscott et ai, 1990) has previously been interpreted by Hiscott et al. (1990) as 

representing a shallow outer to inner clastic marine shelf, while Oliver (1998) suggested 

that the fine sands indicate periods of storm activity. In contrast, Wightman (1990) 

suggested that the foraminiferal assemblage of Ammobaculites-Trochammina-

Haplofragmoides may reflect a fluctuating high and low marsh environment; however, 

Wightman (1990) also points out that the assemblage lacks the representatives of marsh 

deposits from modem and Late Cretaceous marsh deposits (e.g. Wall, 1976; Scott and 

Medioli, 1980). This is further discussed in Chapter 7. The palaeontological and 

sedimentological evidence described above indicate that this facies may represent 

deposition in a restricted lagoonal to marine shelf environment, accumulating below fair 

weather wave base, and where the bioturbation is dominated by deposit feeding fodichnia. 

The solitary coral horizon found in the middle of the facies (Figure 3.3C) may indicate a 

maximum of marine conditions (see Chapter 7 for further discussion). The fine sandstone 

horizons may represent minor fluctuations in sea-level or changes in sedimentation due to 

climatic fluctuations. This is in contrast to the interpretation of storm deposits (Oliver, 

1998), as no evidence for storm-generated reworking is found in the succession. 

The sandy clastic marine facies is found at the base and middle of the Ribamar Formation 

(see Section 3.6.3B and Figure 3.14). It is interbedded with the deltaic distributary channel 

facies discussed in Sections 3.6.3B and 3.8.1. This clastic marine facies replaces the 

restricted carbonate lagoon which is interbedded with the delatic distributary facies in the 

Vale de Lobos and Sao Louren9o Formations (See Figure 3.2). 

Previously, Hiscott et al. (1990) interpreted this facies as being coastal to the estuarine 

facies described in Section 3.8.1. Accumulation of the sediment occurred below normal 

wave base, as there are no current produced sedimentary structures, in a shallow marine 

shelf environment. Several fossils and ichnofossils characterise this depositional 

environment, and also some of the carbonate environments (e.g. see Section 3.8.8). The 



CHAPTER 3-ERICEIRAPALAEOECOLOGY 120 

first of these is Thalassinoides which is usually confined to the shallow shelf environment 

(Fiirsich, 1981). The accumulation of the oyster, Exogyra (especially in the Cretaceous) is 

generally indicative of a shallow shelf environment (Seeling and Bengston, 1999) as are 

serpulid worms. The presence of certain microfauna (e.g., Chofatella decipiens in this 

sandy facies and Ammobaculites-Trochammina-Haplophragmoides association found in 

the muddy facies in Section 3.8.4A) are also indicative of a shallow shelf environment 

(Murray, 1991; Hylton, 2000). 

3.8.8 MUDDY CARBONATE MARINE SHELF 

The carbonate marine shelf facies dominates the middle and upper part of the Ericeira 

succession, Ribamar and Ribeira de Ilhas Formations (Figure 5.14). Two sub-facies have 

been identified based on the presence or absence of certain faunal elements (muddy, low 

energy discussed here and dasycladean, low-moderate energy. Section 3.8.8) and indicate 

slight differences in palaeoenvironment. Many of the dominant faunal elements are similar 

to the clastic marine environment discussed in Section 3.8.4. 

The muddy, carbonate marine shelf facies is found towards the base and top of the 

Ribamar Formation (see Sections 3.6.2 and 3.6.4) and dominates the Ribeira de Ilhas 

Formation (see Section 3.7.1 and 3.7.2). 

The muddy facies, and lack of any physical sedimentary structures, indicate deposition in a 

low-energy, below normal wave base environment. As with many Jurassic carbonates 

(Fiirsich, 1981; Fiirsich and Werner, 1986), Thalassinoides (and to a lesser extent 

Rhizocorallium, which is also present) is one of the dominant faunal components and 

indicative of a shallow marine environment (Gibert and Ekdale, 1999). As with the clastic 

marine shelf facies (discussed in 3.8.4) a marine shelf environment is also indicated by 

other dominant fauna; the oyster Exogyra (Seeling and Bengston, 1999), echinoids (Kier, 

1982), the agglutinated foraminifera assemblage (including Ammobaculites, 

Everticyclammina, Pseudotextullariella) (Murray, 1991). The fauna reflects a relatively 

low energy environment with low rates of deposition (Fiirsich and Schmidt-Kittler, 1980). 

Other faunal elements (e.g., serpulid worms, the bivalve Nethia), also indicate marine 

conditions. Banner and Simmons (1994) produced palaeobathymetric range graphs based 

on benthic foraminifera and dasycladean algae. Based on these range graphs the 

agglutinated foraminiferal assemblage identified in these marine shelf carbonates indicate a 

palaeo-water depth of between 10-25 metres. 
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3.8.9 DASYCLADEAN CARBONATE MARINE SHELF 

In the mixed carbonate-siliciclastic succession at Ericeira carbonate shelf sediments 

usually contain a certain amount of clay (and or quartz), due to their deposition in 

proximity to clastic shallow water facies. However, during certain times a lack of clay led 

to the deposition of more pure carbonates. These purer carbonate facies are found in the 

Praia dos Coxos Formation (see Section 3.5.1, 3.5.2 and Figure 5.14). This facies is 

represented by wackestones, packstones or fine grainstones. 

This facies contains most of the faunal elements discussed in Section 3.8.7 for the clastic 

marine shelf facies (e.g., Thalassinoides, Exogyra, echnoids, agglutinated foraminifera). 

The additional fauna include the nerineids Aptyxiella and Ptygmatis, dasycladean algae 

(including Actinoporella and Cylindroporella) in the low energy wackestones-packstones 

and rudist bivalves {Matheronia and rarer Pachytraga) in the moderate energy grainstones. 

Nerineid gastropods {Aptyxiella and Ptygmatis) are abundant within this facies (evident on 

winnowed surfaces in the Ericeira succession, see Figure 3.5D). Although nerineids have 

no apparent extant relatives, and their shell morphologies (especially the internal folds of 

the body chamber) give little clue to their mode of feeding, some form of herbivorous diet 

seems most likely (Barker, 1990). Both Barker (1976) and Taylor et al. (1980) have 

suggested they were deposit feeders, mostly found in marine shelf environments. However, 

clay in the depositional system usually inhibits nerineid colonisation (Barker, pers. comm., 

1997). 

Within the grainstones an additional fauna of rudists (dinger Matheronia and recumbent 

Pachytraga) is found. Recumbent, and to a lesser extent, dinger rudists are commonly 

found in higher energy shelf environments (Skelton and Gili, 1991). A combination of the 

fauna, sediment (grainstone) and the presence of a wiimowed surface, all indicate a high 

energy, carbonate shelf environment. A combination of the agglutinated foraminiferal 

assemblage and the dasycladean algae assemblage (see Section 3.5.1 and 3.5.2) indicates a 

palaeo-water depth between 5 and 15m (Banner and Simmons, 1994). 



Figure 3.14- Schematic log of the of the distribution 
of palaeoenvironments represented by the Ericeira 
succession. Diagram shows the age of the 
succession and lithostratigraphy according to Rey 
(1992), lithology and main facies, depositional trend 
indicated by the change in palaeoenvironments up 
through the succession, environments represented by 
the main lithologies and facies and the reference 
section for full description in the text. 
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3.9 CHAPTER SUMMARY 

3.9.1 ERICEIRA SUCCESSION SYNTHESIS 

The sedimentary and palaeoecological record in the Ericeira succession is essentially the 

result of an alternation between marginal marine siliciclastic environments and shallow 

marine carbonate environments. The general theme appears to be the result of introduction 

of siliciclastics via sand and gravel-load, river dominated deltas with little reworking of the 

sediment at the channel mouths (mouth bars). There is no evidence for tidal currents, wave 

reworking appears to have been minor and led only to the development of thin coastal 

barriers and spits. Siliciclastic palaeoenvironments dominate the lower part of the Ericeira 

succession, where evidence of significant wave generated current reworking is found. 

Towards the top of the succession, carbonate facies become more dominant and represent 

the development of a broad carbonate platform that appears to have dissipated and reduced 

the effectiveness of wave reworking. 

3.9.2 SUMMARY OF DEPOSITIONAL ENVIRONMENTS BY FORMATIONS 

The base of the Lower Cretaceous succession is not accessible, but the exposed part of the 

Vale de Lobos Formation is characterised by a deltaic distributary channel/mouth bar 

facies. 

The Sao Lourengo Formation is relatively thin and characterised by two facies. The base of 

the formation is represented by a restricted carbonate lagoonal facies. Above this the top of 

the formation is characterised by the same deltaic distributary channel facies foimd in the 

Vale de Lobos Formation. 

The Santa Suzana Formation is much thicker, and like the Vale de Lobos and Sao 

Louren^o Formations, is dominated by siliciclastic depositional facies. The base of the 

formation is represented by a thin shoreface sand which is capped by a thick mud unit 

deposited in a shallow low energy marine shelf At the top of the mud unit is a sharp and 

distinctive boundary, above which the top of the Santa Suzana Formation is characterised 

by a thick sandstone beach-barrier unit. 

The Praia dos Coxos Formation evidences the first appearance of carbonate facies in the 

Ericeira succession. The base is characterised by a coral tidal inlet associated with the 

sandstone beach-barrier developed in the Santa Suzana Formation. A distinct winnowed 

surface covered with rudists and nerineid gastropods represents the final infilling of the 
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tidal inlet above which a carbonate platform fonned with rudist-nerineid grainstones in the 

shallow water (relatively higher energy) part of the platform and dasycladean wackestones 

dominating the relatively deeper water, lower energy environment. The top of the Praia dos 

Coxos Formation is characterised by a distinctive karstified horizon evidencing exposure 

and possible erosion of the carbonate platform. 

Deposition of the Ribamar Formation occurred predominately in mixed carbonate-

siliciclastic depositional palaeoenvironments characterised by alternating nearshore 

siliciclastics, deposited as small gravely deltas and reworked into thin prograding spits, and 

a siliciclastic to carbonate marine shelf Three depositional cycles can be identified: (i) the 

base is characterised by the reworking of nearshore siliciclastics (fed from small gravely 

deltas during periods of sea-level lowstand) into a thin spit above which above which a 

muddy carbonate shelf was deposited, above which {ii) two cycles of alternating deltaic 

distributary channel and sandy marine shelf facies and the top of the formation; (iii) 

alternations of siliciclastic and muddy carbonate marine shelf The top of the formation can 

not easily be studied as it is exposed high in cliff, but appears to represent a return to 

deposition in a small gravely delta. 

The boundary between the Ribamar and Ribeira de Ilhas Formations is obscured high in 

the cliff exposure to the south of Guioes, and also and by the presence of a normal fault. 

The Ribeira de Ilhas Formation is a thick carbonate unit that represents a distinct change in 

depositional environment to a dominate carbonate shelf Throughout the deposition of the 

thick carbonate shelf unit this normal pattern of deposition was interrupted. This 

interruption in 'normal' sedimentation was characterised by; (i) reduced sedimentation 

rates leading to the development of oyster and serpulid biostromes and bioherms, and; (ii) 

the deposition of siliciclastics in the nearshore or reworking of these nearshore sediments 

into small prograding spits. 

The top of the Ribeira de Ilhas Formation, and study succession, is obscured at Praia de 

Ribeira de Ilhas. The Ribeira de Ilhas Formation is exposed in the cliff to the north and the 

Regatao Formation is exposed in the cliffs to the south of the beach ('praia'). There is a 

probable gap in the succession in the valley that behind Praia de Ribeira de Ilhas as the 

formation of the valley is controlled by a normal fault. 
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4.1 EVTRODUCTION 

The structure of this chapter is the same as Chapter 3. It is divided into two parts the first 

of which, covered by Sections 4.2 to 4.5, outlines the palaeoecological facies identified in 

the formations of Rey (1992). The second part of this chapter (Section 4.6) deals with the 

interpretation of the depositional environments characterised by the individual 

palaeoecological facies. The vertical changes in depositional facies have been used to 

construct a depositional trend diagram (see Section 4.6). This depositional trend diagram 

highlights the changes of relative sea-level that occurred during the evolution of the 

Cascais succession. 

The Lower Cretaceous succession at Cascais is found along the coastline appriximately 

20km west of Lisbon and to the south of the Sintra granite complex (Figure 2.16). From 

west of Boca do Inferno, south west of Cascais, to Praia de Gunicho there is an almost 

continuous exposure of Lower Cretaceous strata (Figure 4.1). The Jurassic-Cretaceous 

boundary is not exposed in the Cascais succession. The oldest Cretaceous strata exposed 

are of Valanginian age (between Mexilhoeira and Anse de Maceira) and the youngest is 

Albian (between the Forte de Crismina and Praia de Guincho) (Figure 4.1). This is the only 

one of the three successions studied for this thesis where sedimentation was dominated by 

carbonates. 

Unlike the Cabo Espichel and Ericeira successions, the Lower Cretaceous exposures do not 

form a relatively continuous succession. The exposure is cut through by a series of NNW-

SSE and NNE-SSW orientated normal faults and late Cretaceous basaltic dykes of the 

Lisbon Volcanic Group. As a consequence the succession is difficult to follow and there is 

at least one section of missing strata of unknown thickness. This is discussed further in this 

chapter (Figure 4.1 A and B). The strata are generally flat lying, and dip gently towards the 

south. However, as a result of the many normal faults which cut the succession the dip 

direction and amount is variable. North of Cabo Raso the strata dip gently towards the 

north (Figure 4.1C and D). This dip increases towards the Forte de Crismina, where the 

strata dip 25° towards the north. 

The Lower Cretaceous succession at Cascais has previously been studied by Choffat 

(1885) and more recently, and in more detail, by Rey (1972). Rey (1972) has assigned 

informal names to the sedimentary units (as with the Cabo Espichel and Ericeira 

successions). More recently, Rey (1992) has erected an informal lithostratgraphy (see 

Chapter 2, Section 2.4.2 for discussion) which is used here to described the succession. 
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Figure 4.1 - Location map and selected views of 
the Cascais succession. 
A View looking west from Anse de Maceira, 
showing the exposure of the Guia and Maceira 
Formations along the foreshore and in the cliff at 
Guia. 
B View looking east towards Boca do Infemo, 
from the top of the cliff at Guia, showing the top 
of the Guia Formation (along the foreshore) 

Maceira Formation and base of the Cabo Rase 
Formation (top of the cliff). 
C View to the north of the Farol do Cabo Raso, 
showing the extremely karstified top of the 
Cabo Raso Formation and base of the Guincho 
Formation. 
D View looking north towards the restuarant at 
Crismina, showing the middle-top of the 
Gunicho Formation. 
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The sfratigraphic nomenclature of Rey (1972; 1992) is shown in Figure 2.12. The Serradao 

Formation described by Rey (1992) from the base of the Cretaceous succession not 

exposed along the coastline to the west of Cascais and was not included in this study. 

4.2 GUIA LIMESTONE FORMATION 

The Guia Formation is the oldest formation of the Lower Cretaceous strata exposed along 

the coastline to the west of Cascais. This is the only formation in the Cascais succession 

which contains a mixed carbonate-siliciclastic system (Figure 4.2). The Guia Formation 

was previously divided into the 'Calcaires a Natica leviathan' (upper part), 'Calcaire a 

Ostrea rectangularis' and the 'Mamo-calcaire a Ostrea couloni by Choffat (1885). Rey 

(1972) called it the 'Calcaire Roux'. 

The Guia Formation is exposed along the coast directly to the south west of Cascais, 

between Guia and Mexilhoeira (Figures 4.1 and 4.1 A). The basal few metres of the Guia 

Formation is not exposed at the base of the cliff at Guia. This, along with the Serradao 

Formation, is now poorly exposed in the road cutting on the EN 91 between Cascais and 

Malveira (Figure 2.16). The majority of the Guia Formation is exposed in the Guia cliff 

section. This can be accessed from a fisherman's track and steps that lead down the cUfif 

from near the road junction formed by the main road into Cascais and the road to Boca do 

Inferno (Figure 4.1). At the bottom of the cliff the base of the formation can be found 

towards the west (Figures 4.1 A and 4.3A). The top of the formation is exposed a few 

hundred mefres to the east (Figure 4. IB). This can be accessed via steps that lead down the 

cliff face onto the foreshore. The steps meet the road that leads to Boca do Inferno, 

approximately 100m from the road junction at Guia (Figure 4.1). 

The exposure of the Guia Formation is approximately 20m thick (Figure 4.2), as the base is 

found below the low water mark. The basal 15m of the formation is dominated by 

carbonates interbedded with sands and muds (Figure 4.3). Three palaeo-exposure horizons 

(karstic features with plant roots) are found within this succession (Figure 4.3D). The top 

of the formation is dominated by carbonates interbedded with thin marly partings (Figure 

4.2). 

Within the mixed carbonate-siliciclastic part of the succession two facies associations have 

been identified using palaeontological and sedimentological evidence. These are i) deltaic 

sands interbedded with marine carbonates, and ii) coral biosfrome with marine shelf sands, 

described in Sections 4.2.2 and 4.2.3 respectively. 
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4.2.1 DASYCLADEAN CARBONATE LAGOON FACIES 

At the base of the exposure of the Guia Formation are several beds (20-30cm thick) of 

nodular wackestones that are interbedded with thin silty mud partings (Figure 4.2). The 

exposure of these dasycladean wackestones is found at the lowest part of the wave cut 

platform and can only be accessed during low tide (Figure 4.3A). 

Unlike the similar wackestones (and packstones) found in the Cabo Espichel and Ericeira 

successions the nodular appearance is not thought to be due to intense bioturbation by 

Thalassinoides as no burrows can be observed. The nodular appearance may be due to 

loading structures or diagenesis. These wackestones do not have an abundant macrofauna. 

Recrystallised bivalves (fragments and individual whole valves) and small, turriform 

gastropods are scattered throughout. The bedding surface of the uppermost bed has a more 

abundant molluscan faima, which is characterised by recrystallised, disarticulated, infaimal 

bivalves. 

The microfacies is dominated by abundant dasycladean algal fragments (Figure 4. lOA) and 

minor recrystallised bivalve and gastropod firagments. Foraminifera appear to be absent. 

4.2.2 FACIES ASSOCIATION ( I ) : DELTAIC SANDS AND MARINE CARBONATES 

The first carbonate-siliciclastic association found within the Guia Formation is exposed in 

the cliff along the exposure at Guia (Figure 4.3). This first association is characterised by 

repeated cycles of carbonates and elastics (Figure 4.2). 

A) MUDDY, LOW ENERGY CARBONATE PLATFORM 

This facies association characterised by medium bedded (100-300mm), nodular 

wackestones. These wackestones are interbedded with marly partings or thin marl beds 

(Figures 4.2 and 4.3B). Towards the base of this carbonate-clastic association the nodular 

appearance is due to bioturbation. The underside of these wackestones display oblate, 

bifurcating Thalassinoides burrows (type-C and B) and their tops commonly display small 

(10mm across), sub-horizontal, micrite filled Planolites burrows. These penetrate 

approximately 100mm from the top of the beds. Locally Rhizocorallium (sub-horizontal, 

U-shaped burrows, lOmm across, with concave upwards spreite) are found on bedding 

surfaces (Figure 4.2). Towards the top of this unit the wackestones are commonly 

interbedded with thicker marly intervals (up to 300mm thick) and the original carbonate 

sediment is replaced by diagenetic dolomite. Here burrows can not be observed and the 

nodular appearance is the result of loading structures. 
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The wackestones in this unit contain an abundant, low diversity moUuscan fauna. This is 

dominated by casts of the gastropod Natica (last whorl width commonly 20-30mm). 

Rarely, large Natica have been found with a last whorl width of 230mm. These are found 

in association with the oyster Exogyra. The Exogyra are also smaller than those found in 

other Natica-Exogyra associations, but they commonly form small 'clumps' (see Section 

5.9.1 for description). No evidence of Exogyra encrusting naticids has been found, unlike 

the other Exogyra-Natica associations study for this thesis (see Sections 5.9.1 and 5.9.2). 

Other bivalves are represented by Pterotrigonia, Cardium, and the casts of IPholadomya. 

Gastropods are also represented by Leviathania sp., a small Nerinea, and cerithiform 

gastropods. Recrystallised molluscan debris is also abundant throughout the wackestones. 

Brachiopods are common and are represented by terebratulids (Terebratula). Rey (1972) 

reports the presence of echinoid plates, sponge spicules and fish teeth, although no sponge 

spicules or fish teeth have been found during the course of this study. Within one of the 

marly horizons, towards the bottom of this unit, a small fragment (3cm across) of bone has 

been found during the fieldwork undertaken for this study. Carbonised wood firagments are 

common throughout the carbonates, especially in the marly partings. 

The microfacies of these wackestones is dominated by molluscan fi-agments, foraminifera 

and very fine detrital quartz grains in a micrite matrix (Figure 4.10). Molluscan fragments 

are represented by recrystallised bivalve (including oyster) and gastropod. The 

foraminiferal fauna is represented by Choffatella sp., Haplophragmoides, sp., 

Pseudocyclammina sp., Ammobaculites sp., Lenticulina sp., Trocholina sp. and miliolids 

(Rey, 1972). Rare echinoid spines and dasycladean algae fi^agments (Macroporella) are 

also present. 

B) DELTAIC DISTRIBUTARY CHANNELS (MOUTH BARS, OVERBANK MUDS) 

The basal sandbody fines upwards and is characterised by coarse to very coarse sand 

interbedded with thin-mud intervals (Figure 4.2). This sandstone is internally stratified and 

displays abundant trough cross-bedding and trough cross-lamination. This indicates dune 

and ripple migration as a result of palaeoflow in a S-SSE direction. No fossil fauna has 

been recorded from these sands although wood Augments are scattered throughout. 

Sands higher in the succession are either flat based or display load structures (Figures 4.2 

and 4.3C). They occassionally display remnant intemal sedimentary structures, including 

trough cross-bedding. Fossil fragments are abundant. These are dominated by oyster 
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fragments, with rare whole valves, other recrystallised bivalve fragments and small naticid 

gastropods. 

Locally the tops of these sands contain abundant small (2-3cm last whorl width) naticid 

gastropods. Wood material is extremely abundant throughout these sands. Mostly this is 

represented by fragments, although in the thicker sands (especially towards the top of this 

carbonate-clastic association) small logs (up to 70cm in length) are common, which are 

lying horizontal. 

4.2.3 FACIES ASSOCIATION (II): CORAL BIOSTROME AND MARINE SHELF SAND 

The second carbonate-siliciclastic unit within the Guia Formation is only 1.75m thick and 

is represented by two distinctive beds; one carbonate and one sandstone (Figures 4.2 and 

4.4). The exposure of this facies association is found near to where the fisherman's 

pathway meets the foreshore. The distinctive palaeo-karstic feature representing the top of 

this association is found in the cliff to the east of where the path meets the foreshore 

(Figure 4.4). 

A) CORAL BIOSTROME 

The carbonate bed in this second carbonate-clastic association is approximately 1.5m thick, 

very distinctive and characterised by a very different fauna to other carbonates in the Guia 

Formation (Figure 4.2). This bed also contains many vertical to sub-vertical fractures that 

penefrate approximately Im from the top and are infilled with green clay (see Section 

4.2.4). This disruption to the bed makes it difficult to study the original palaeontological 

and sedimentary fabric. 

This bed is a colonial coral domestone with a low degree of growth fabric development 

and high growth fabric continuity (terminology of Insalaco, 1998, see Appendix C). The 

individual coral colonies are relatively small (between 10-30cm in width) and show a 

lenticular to domal morphospatial shape. This indicates a increase and thickening of the 

coral colony by mono-axial upward growth leading to the formation of a convex upper 

surface of the colony (Rosen et ah, in press). Coral taxa are dominated by stylinids 

(Stylina) with less common microsolenids (including Microsolenia and Thamnasteria). 

The same morphospatial growth form is displayed by all corals. 

The coral colonies show evidence of encrustation. The top of one coral is encrusted by a 

large oyster {Exogyra, 120mm across). Large echinoid spines (up to 20mm across) are also 
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common. Thalassinoides (type-B) bioturbation is also characteristic, distinguished on the 

under surface of the bed. 

B) KARSTIFIED SHELF SANDSTONE 

The single sandstone in the second carbonate-clastic unit is approximately 200nmi thick, 

with a planar base and distinctive highly undulating top surface (Figure 4.4A and B). The 

sand is characterised by a coarse, textually mature quartz grains that contains bivalve 

fragments, agglutinated foraminifera and a fine carbonate cement. Karstification of the 

sandstone occurred through chemical weathering of the carbonate cement. This indicates 

early cementation of the marine shelf sand, possible in the vadose environment prior to a 

prolonged period of sub-aerial exposure; although, the diagenetic history is beyond the 

scope of this study. 

4.2.4 EXPOSURE HORIZONS 

Within the carbonate-clastic associations of the Guia Formation three distinctive horizons 

that represent sub-aerial exposure have been identified (see Figure 4.2): (i) the first is 

found approximately 5m from the base of the formation and is characterised by vertical 

rootlets (3-5mm across) that penetrate up to 50cm into the interbedded carbonates below; 

(ii) at approximately 7m from the base of the formation a thick carbonate bed is 

characterised by numerous vertical to sub-vertical fi^ctures that are infilled by green clay; 

and (iii) 14m from the base of the formation the coral domestone is also characterised by 

vertical to sub-vertical fractures infilled with green clay, and the sand above is 

characterised by the undulating surface (see Section 4.2.3). Green clay is commonly 

indicative of sub-aerial exposure and the development of soils in a humid sub-fropical to 

tropical environment, especially when associated with roots (Retallack, 1990). 

4.2.5 CARBONATE RAMP FACIES ASSOCIATION 

The top 4m of the Guia Formation is represented by a series of nodular, tabular packstones 

and fine grainstones that are interbedded with marly partings (Figures 4.2, 4.3A and 4.4A 

and C). The Valanginian-Hauterivian boimdary is thought by Rey (1972; 1992) to be 

towards the top of the unit (Figure 4.2). This is probably the most accurately dated 

boundary of the three study successions, as it is based on ammonite taxa recovered by Rey 

(1972). One very distinctive bed, previously referred to as the 'Calcaire Roux' by Rey 

(1972), is foimd towards the top of the formation (Figure 4.4D and E). These carbonates 

are exposed in the cliff from Guia to Mexilheoira (Figure 4.IB). They can be accessed 

from a series of steps that lead down onto the foreshore from the top of the cliff. There is a 
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Figure 4.3 - The Guia Formation and details from the lower Guia Formation. A Exposure of the Guia 
Formation along the foreshore and in the cliff at Guia. B Exposure of the Guia Formation at the 
western most part of the exposure along the foreshore, showing the carbonate-clastic associations and 
the tabular carbonates of the upper Guia Formation. C Detail of carbonate-clastic association 2, showing 
thick sandstones with abundant wood material and nodular thin wackestones. D Root structures in the 
wackestones found towards the base of carbonate-clastic association 2. 



CHAPTER 4 - CASCAIS PALAEOECOLOGY 13 5 

small cafe at the top of the steps next to the road. These steps are found approximately 

100m along the road to Boca do Inferno from the road junction at Guia (Figure 4.1). On 

the foreshore the top of the Guia Formation is exposed on the wave cut platform below the 

large recess at the base of the cliff 

The nodular appearance of these grainstones and j^ckstones is similar to many of the 

carbonate facies found elsewhere within the Cabo Espichel and Ericeira successions (e.g. 

see Chapter 5, Section 5.7.4). This is a result of the development of a strong, intense 

bioturbation fabric. Bioturbation is dominated by Thalassinoides (type-B and C), oblate, 

passively infilled, bifiircating burrows that can bee seen on the under surface of beds. 

Although these carbonates are dominated by a Thalassinoides-hxoXxxxhdXion fabric, similar 

to previously described carbonates (see Sections 3.6.2 and 4.2.2), the associated fauna is 

very different. These packstones and grainstones are characterised by an extremely diverse 

and abundant macro- and microfauna. The abundance of the fauna appears to increase 

upwards through the top of the Guia Formation. This reaches its maximum abundance at 

one distinctive bed just below the top of the formation, previously described by Rey (1972) 

as the 'Calcaire Roux' (Figure 4.4D and E). Carbonate faunas described elsewhere have 

been dominated by benthic taxa, the 'calcaire roux' is the first occurrence in the three 

successions (Cascais, Cabo Espichel, Ericeira) where pelagic taxa are also common 

(especially nautiloids). 

Below the 'Calcaire Roux' the grainstones are dominated by an abundant benthic fauna. 

This is dominated by echinoids (including Cidaris sp., Phyllacantus sp., Salenia sp., 

Goniopygus sp., Pygurus sp., Rhabdocidaris sp., Holaster sp. and Toxaster sp.) and 

echinoid spines. Gastropods are represented naticid casts, rarer Nerinea and Leviathania 

and high spired cerithiforms. Bivalves are represented by Cardium sp., Nethia sp. 

IPholadomya casts, rare large Isognoman sp. and the oysters Lopha sp. and Exogyra sp.. 

Brachiopods include Terebratula sp. and Rhynchonella sp.. Serpulid worm tubes (0.5cm 

across) are also common, as are solitary corals represented by the small 'button' form of 

Montlivaltia. 

The microfacies is dominated mostly by recrystallised calcite grains with micritic rims, 

which indicate endolithic boring of the carbonate grains by algae (Tucker, 1993; Dupraz 

and Strasser, 1999) or (Figure 4.10). Miliolid foraminifera are also common, and have rims 

of micrite that tnmcate the original structure of the foraminifera (Figure 4.10). The 
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foraminiferal fauna is characteristically different from other carbonate faunas described 

from the Cabo Espichel and Ericeira successions. Here the foraminiferal fauna is 

characterised by Trocholina spp., Lenticulina sp., textulariids and miholids (Rey, 1972). 

The 'Calcaire Roux' is the most distinctive bed in the Guia Formation (Figure 4.4D and E); 

the top of which represents the Valanginian-Hauterivian boundary (Rey, 1972; 1992) 

(Figure 4.2). It represents a concentration lagerstatten of exfremely abundant and diverse 

mixed fauna, exposed on a winnowed surface (Figure 4.4D and E). Whilst the fauna is 

similar to the underlying grainstones, there is a mixture of benthic and pelagic taxa. The 

pelagic fauna is characterised by ammonites (Phylloceras spp., Neolissoceras sp., 

Neocomites sp. and Olcostephanus spp.; Rey, 1972), nautiloids {Nautilus sp.) and 

belemnites. The benthic element again includes abundant echinoids {Rhabdocidaris spp., 

Heterodiadema sp., Holectypus spp., Collyropsis sp.) and echinoid spines. Brachiopods are 

represented by terebratulids and rhjoichonellids. Diverse gastropods include, cerithiforms, 

Nerinea sp., naticid casts. Turbo sp., Nerita sp., Pleurotomaria sp. and turriforms. Bivalves 

are represented by the oysters Exogrya and Lopha. Other bivalves include trigonids, 

Neithea sp. and Spondylus sp. The 'button' form, solitary coral Montlivaltia is also 

common, as are individual serpulid worm tubes. The microfacies are dominated by 

bioclastic packestones. Foraminifera appear to be absent and the bioclastic element is 

dominated by molluscan fragments and rare ferruginous ooids. 

Above the 'Calcaire Roux', and the Valanginian-Hauterivian boundary, are two beds of 

packstones separated by a thin marly parting. As with the packstones and grainstones 

below a pelagic faima is dominant, with abundant nautiloids (Nautilus sp.) exposed on the 

bed surface. Ammonites {Phylloceras sp., Lytoceras sp., Neolissoceras sp., Olocstephanos 

sp., Spitidiscus sp., Crioceratities sp. and ?Neocomites sp.) were also found by Rey (1972). 

Belemnites (including Duvalia sp.) are also recorded. The benthic fauna is much less 

abundant with molluscs represented only by the oysters Exogyra and Lopha, and large 

naticid gastropod casts. Terebratulid and rhynchonellid brachiopods and the small 'button' 

coral form of Montlivaltia have also been found. The microfacies is similar to the 'Calcaire 

Roux' (see above). 

4.3 MACEIRA LIMESTONE FORMATION 

The Maceira Formation is 12m thick and is characterised by carbonates interbedded with 

marls of var3dng thickness (Figure 4.1). This formation was previously known as the 
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'calcaires a Crioceras lusitaniacuni' (Choffat, 1885) and the 'mames et calcaires mameux 

a Toxastef (Rey, 1972). 

The Maceira Formation is exposed along the length of the cliff between Mexilheoira and 

Boca do Inferno (Figure 4.1). Although the formation is exposed along several hundred 

metres of the cliff, access for study is only possible at the fisherman's steps where the top 

of the Guia Formation can be studied (see Section 4.2.4). The base of the formation is 

found on the foreshore immediately at the base of the cliff (Figure 4.4C). The formation 

can be studied in detail from the steps that lead down the cliff Large scale features (see 

Section 4.4.2) can be studied fi^om the top of the cliff or from the viewing platform at Boca 

do Inferno. 

4.3.1 MUDDY CARBONATE RAMP TOE FACIES 

Exposed in the recess at the bottom of the cliff is a dolomitised imit approximately 3m 

thick (Figure 4.2). This represents a distinct change in the palaeoecology of the Maceira 

Formation above the nautiloid covered surface below. This unit is characterised by a single 

very thick bed of mud that has been partially replaced by dolomite. No fossils were foimd 

during fieldwork carried out for this study, although, Rey (1972) indicates the presence of 

rare ammonites, fish teeth and foraminifera (Marssonella sp., Ammomarginulina sp. 

Lenticulina sp. and trochamminids), although, they have not been found during the course 

of this study. 

4.3.2 CARBONATE RAMP FACIES ASSOCIATION 

The top 8.5m of the Maceira Formation (see Figure 4.2) are exposed in the cliff at Anse de 

Maceira (Figure 4.4C). Although the exposure extends along the cliff to Boca do Inferno 

(Figure 4.5A), the strata are abnost horizontal and can only be accessed via the steps that 

lead down onto the foreshore. Fallen blocks may be studied along the foreshore. This part, 

and so the majority, of the Maceira Formation is characterised by nodular, bioclastic 

packstones (200-500mm thick beds reaching a maximum thickness of 1.5m) interbedded 

with bioclastic, marly interbeds (up to 750mm thick). The view in the cliff section, fi-om 

Anse de Maceira to Boca do Inferno, shows that the marly interbeds thin gradually towards 

the east (Figure 4.5A). The packstones contain an abundant in situ fauna (described 

below), whereas the marly interbeds are characterised mostly by a higher clay content and 

reworked faunal elements. 



Figure 4.4 - The upper Guia and Maceria Formations. A The upper 
Guia Formation, showing carbonate-clastic association 3 and the karst 
horizon towards the base and the tabular carbonates above. B Detail of 
karstic feature indicating the top of carbonate-clastic association 3. C 
The section at Anse de Maceira, showing the top of the Guia Formation 
(in foreground of the photo), Maceira Formation above the recess at the 
base of the cliff and Cabo Raso Formation (base) at the top of the cliff. 
D and £ detail of the 'Calcaire roux' found at the top of the Guia 
Formation. 
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The packstones within this part of the formation are characterised by a distinctive 

bioturbation fabric, represented by two tiers of trace fossils. The first tier is responsible for 

the characteristic nodular appearance of the packstones, similar to many of the underlying 

carbonate units. These are Thalassinoides (type-B), oblate, bifiircating burrows which 

penetrate from the bottom of the packstones into the thicker marly intervals below (Figure 

4.2). The Thalassinoides in these packstones, similar to previously described 

Thalassinoides-zzx\>onzX.Q% (see Sections 3.6.2 and 4.2.2), is responsible for the 

bioturbation of the whole bed. The second trace fossil tier is characterised by vertical 

burrows which penetrate from the bed surface (Figure 4.2). These are predominantly 

Skolithos, single tubes, approximately 10mm across, that are passively infilled and 

penetrate to almost the base of the individual packstones. Nowhere do the Skolithos 

burrows penetrate into the marly interbeds below; the marly intervals appear to have acted 

as a barrier preventing the Skolithos animal from burrowing any deeper. 

These carbonates have an extremely abundant fauna similar to the carbonates at the top of 

the Guia Formation and base of the Maceira Formation. This fauna is dominated by a 

diverse echinoid fauna. These are mostly represented by complete echinoids, although 

spines and plates are also abundant. The echinoids found within these carbonates are 

represented by the following taxa; Salenia sp., Goniopygus sp., Polydiadema sp., 

Rhabdocidaris sp., Pseudocidaris spp., Collyropsis sp., Holectypus sp., Toxaster spp. and 

Cidaris sp. Although the echiniods are by far the most abundant and diverse taxa, oysters 

(Exogyra) are also abundant, together with rare naticid gastropod casts, the bivalve 

Neithea, brachiopods (Terebratula and Rhynchonelld) and serpulid worm tubes. Rey 

(1972) also reports the presence offish teeth and several ammonites (including Phylloceras 

sp, Lytoceras sp., Neolissoceras sp., Olocostephanus sp., Spitidiscus sp., Crioceratites sp. 

and Neocomitites sp.), although none were foimd during the fieldwork undertaken for this 

study. 

The microfacies of this upper part of the Maceira Formation is characterised by a 

bioclastics and peloids. The bioclastic elements are characterised by echinoid spines, 

oyster fragments and abundant foraminifera. According to Rey (1972) the foraminifera 

taxa present include Lentictdina sp., Nodosaria sp., Ammomarginulina sp., Marssonella sp. 

and Textularia sp. 
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4.4 CABO RASO LIMESTONE FORMATION 

The Cabo Raso Formation is exposed along the coast from Boca do Inferno to a few 

hundred metres north of the Parol do Cabo Raso (Figure 4.1). This was previously 

identified by ChofFat (1885) as part of the 'Urgonien' and as the 'Calcaire recifaux 

inferieur' by Rey (1972). The exposure of the formation is extremely flat-lying along the 

coastline, and is cut through by several normal faults and basaltic dykes. As a consequence 

this formation is difficult to follow, there are no distinctive marker beds and the actual 

thickness is unknown. The sedimentary log (Figures 4.2 and 4.6) of the Cabo Raso 

Formation is a composite log determined from exposures along the length of the coastline. 

Three parts of the Cabo Raso Formation (base, middle, top) have been identified, with 

possible gaps between them as no continuous relationship is discernible in the field. The 

base is exposed in the Anse de Maceira section and along the top of the cliff between Anse 

de Maceira and Boca do Inferno (Figures 4. IB, 4.4 and 4.5). The middle of the formation 

is exposed along the foreshore to the west of the Forte de St. Jorge (Figure 4.1), while the 

upper part of the formation is exposed to the north of Cabo Raso and the Parol do Cabo 

Raso (Figure 4. IC), where the exposure is continuous with the Guincho Formation above. 

The base of the formation (exposed in the cliff between Anse de Maceira and Boca do 

Inferno) is characterised by a low angle downlap surface that has an apparent dip towards 

the east, although the actual dip is towards the west-south west (Figure 4.5A and B). In a 

similar way to the top of the Maceira Formation the Cabo Raso Formation is dominated by 

carbonates interbedded with thin marly partings. The marly parting at the base of the Cabo 

Raso Formation also thin towards the east (towards Boca do Inferno, Figure 4.1). 

4.4,1 CARBONATE RAMP FACIES ASSOCIATION 

The basal 3m of the Cabo Raso Formation is represented by the same facies that 

characterises the top of the Maceira Formation (see Section 4.3.2). This is exposed in the 

cliff at Anse de Maceira, and can be studied from the pathway that leads down onto the 

foreshore (Figure 4.4C). At this locality this facies consists of three massive packstone 

beds each approximately 1.5m thick. These are interbedded with marls (here 20cm thick) 

that thin towards Boca do Inferno a few hundred metres to the east (Figure 4.5A); see 

Section 4.3.3 for a complete description. 
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Figure 4.5 - A View (looking west from Boca do hifemo towards Anse de Maceira) of the upper 
part of the Maceira Formation and base of the Cabo Raso Formation. TTiis shows marly partings thinning 
towards the east and erosional surface in the base of the Cabo Raso Formation. B View looking east 
&om Boca do Inferno, showing the dipping dinoforms and erosional surface in the lower Cabo Raso 
Formation. C Section through the Cabo Raso biostrome (middle and upper Cabo Raso Formation) 

exposed along the road to the west of the Forte de St. Jorge, showing shallowly dipping clinoforms 
of the coral debris slopes (dipping towards the left) and the in situ corals towards the top. D In situ 
domal to lenticular corals on a karstified surface to the west of the Forte de St. Jorge. E Cidaroid 
echinoid in the in situ coral part of the biostrome, presereved with spines and Aristotle's lantern.. 
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4.4.2 MIGRATING CARBONATE SAND BAR FACIES 

This distinctive facies is represented by the exposure at the top of the cliff at Anse de 

Maceira and along to Boca do Infemo (Figure 4.1). This facies represents the remaining 

exposure (cliff section) of Lower Cretaceous strata at this locality. The facies has not been 

found anywhere else along the Lower Cretaceous exposure to the west of Cascais. As a 

consequence, the exact thickness of this facies is not known, although, approximately 10m 

is exposed here. 

This (lower) part of the Cabo Raso Formation is characterised by a series of massive 

dolomitic packstones and grainstones (Figure 4.2). These do not contain the abundant in 

situ fauna which characterises the top of Guia, Maceira and base of the Cabo Raso 

Formations. They are, however, distinctive as they contain large scale trough cross-

bedding. Palaeocurrent analysis indicates current flow and dune migration towards the 

west and south west. This also indicates a west and south west accretionary direction of the 

sand bars. To the east of Boca do Inferno this facies is characterised by dipping clinoforms 

which have an apparent dip towards the east and west direction (Figure 4.5B). As with the 

clinoforms at the base of the formation these have an actual dip towards the south-west. 

Above the clinoforms at Boca do Infemo there is a pronounced erosion surface (Figure 

4.5A). This can be traced along the length of the exposure of this facies, from Anse de 

Maceira to just east of Boca do Infemo (Figure 4.5A). Exposure of this erosion surface at 

Boca do Infemo (and to the east) is difficult to study. The surface has been heavily 

karstified (with precipitation of tufas) probably as a result of Late Cretaceous cave 

development (Skelton, P.W., pers. comm., 1998). This can be seen on the dipping 

clinoform at Boca do Infemo behind the small car park and restaurant. 

The beds exposed in the cliff section at Anse de Maceira commonly show evidence of 

bioturbation at the base. This is characterised by Thalassinoides, of which there is some 

evidence on the under surface of these beds. This is the only in situ fauna found within 

these carbonates. The body fossils found within the trough cross-bedded grainstones are 

restricted to reworked fragments. Echinoid spines are abundant (with also rare plates), as 

are the fragments of recrystallised bivalves, oysters, gastropods and serpulid worm tubes. 

Pebble to cobble size fragments of colonial organisms (up to 100mm across) have also 

been found; and include chaetetids and corals (including Stylina). 
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The microfacies is characterised by carbonate grains consisting of echinoid spines, 

moUuscan fragments (including oyster), abundant foraminifera (including miliolids) and 

the grainstones also contain abundant peloids. 

4.4.3 CORAL BIOSTROME 

The middle and upper part of the Cabo Raso Formation is represented by a repetition of the 

same facies which characterises the development of a small dolomitised coral biostrome 

(Figure 4.6). It is exposed along the coastline from east of the Forte de St Jorge to north of 

the Farol do Cabo Raso (Figures 4.1 and 4.5). The exposed Lower Cretaceous strata are 

almost flat lying, karstified and facies are repeated as a result of faulting (and associated 

basaltic dykes) that cut through the succession. This has made the study of this part of the 

formation difficult. As a consequence of this the true thickness of the middle/upper part of 

the Cabo Raso Formation is not known. 

To the west of the Forte de St Jorge (see Figure 4.1) a complete section through the coral 

biostrome is exposed. Along with the expyosure at the side of the road the development of 

the biostrome can be easily studied. The actual thickness of the biostrome is not certain 

(due to repetition and karstification of the almost horizontal strata) although it is not 

thought to be very thick (5-10m). The development of this thin coral biostrome is 

characterised by three distinct facies. These three facies are found in continuous exposure 

to the west of the Forte de St Jorge and are described separately below. 

A) THALASSINOIDES-BURROWED, PLATFORM CARBONATES 

The base of biostrome development is characterised by dolomitic peloidal packestones 

interbedded with marly partings, that show little evidence of fossils or sedimentary 

structures. These packstones have been intensely bioturbated. Abundant bifurcating 

Thalassinoides are evident on the under surface and bedding surfaces. These are 

characterised by dominantly type-C, and also type-B Thalassinoides. Echinoid spines have 

also been found. 

B) BIOSTROME CORAL DEBRIS FACIES 

This is exposed along the road side exposure and also in a small section approximately 

100m to the east of the Forte de St Jorge (Figure 4.1). The coral debris facies is 

characterised by 3m of dolomitised coral debris wackestones to floatstones (Figures 4.5 

and 4.6). The facies is stratified composed of several coarsening upwards cycles (Figure 

4.5C). The stratification forms shallowly dipping clinoforms that dip gently towards the 
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south west. The base of these cycles is characterised by dolomitic wackestones with minor 

typQ-Q Thalssinoides bioturbation. These coarsen upwards into dolomitic floatstones that 

are rich in reworked fragments of colonial corals, chaetetids and echinoid spines. 

Individual colonial fragments are up to 200mm across. Apart from the coarsening-upwards 

cycles within the facies, there is also a general coarsening upwards through the facies 

(Figure 4.5C). 

This facies, stratigraphically below the in situ part of the coral biostrome, is characteristic 

of a biostrome talus-like facies, which consists largely of debris derived from the main 

biostrome (Longman, 1981). Light penetration is generally low in this environment 

restricting the growth of the main biostrome 'building' organisms (Land and Moore, 1977; 

Rosen et al., in press). Wave energy is also low in the talus environment, although sporadic 

currents may be generated by sediment moving down slope. Biological processes are 

thought to be the control on the production of coral debris (bioerosion), with removal of in 

situ bioeroded coral either by periodic storm energy or biotuibation. Bioturbation probably 

only played a minor role as trace fossils are not abundant in the facies and internal 

sedimentary structures are well preserved. The coarsening upwards of the cycles within the 

talus facies is related to the proximity to the in situ biostrome. Down-slope from the more 

proximal talus the grain size becomes finer. 

c) IN SITU CORAL BIOSTROME 

The in situ coral biostrome, which characterises the top of this unit, is exposed in two 

places. The first is to the west of the Forte de St Jorge, where the coral debris slope and 

Thalassinodes-csabonates described above are exposed (see Section 4.4.3 above). The 

second location is along the karstified exposure, approximately 200m to the north of the 

Parol do Cabo Raso (Figure 4.1C). At this second locality the facies is repeated. Although 

the true thickness of this biostromal facies is not known, the exposure north of the Farol do 

Cabo Raso is continuous through to the base of the Guincho Formation above (Figure 4.6). 

Although the flat lying strata and the karstification makes the succession difficult to 

follow, it suggests that the in situ biostrome is no more than a few metres thick. 

This in situ part of the biostrome shows many similarities with the coral facies in the Guia 

Formation (see Section 4.2.3). The biostrome is characterised by a domestone with a 

continuous growth fabric (Figure 4.5). The dominant organisms are colonial corals, with 

rarer chaetetids also present. Individual colonies have an average width of 200-400mm, 

rarely reaching a maximum width of 1.2m, and the morphospaital shape is domal to 
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lenticular (Figure 4.5). Individual colonies are often encrusted with thin crusts of the 

micro-problematica Lithocodium-Bacinella. These crusts reach no more than a few 

millimetres in thickness. Although the biostrome growth fabric has a high continuity, the 

spatial organisation of the coral colonies is low. The combination of the growth fabric and 

thin encrusters means that the biostrome is dominated by a constratal growth fabric. 

As the biostrome is dolomitised (and to a lesser extent karstified) identification of the coral 

taxa has been problematic. Several families have, however, been identified that represent 

both penular (e.g., microsolenids) and non-penular corals (e.g., stylinids). These coral taxa 

are represented by Astrocoeniidae, Stylinidae (including Stylina), Thamnasteriidae, 

Microsolenidae (including Microsolena) and Calamophyllidae. All coral taxa display either 

a domal or lenticular morphospatial shape. The microstructural margins of the coral 

colonies often show evidence of bioerosion, where the microstructure is truncated and 

fi"agmented. The dolomitised wackestone sediment contains abundant echinoid spines (up 

to 40mm across) and a rare cidarid echinoid with its spines still attached and Aristotle's 

lantern disarticulated (Figure 4.5E). The rasping of these regular echinoids (probably for 

Lithocodium-Bacinella the dominant algal-like encruster) is most likely responsible for the 

coral bioerosion. Rare infaimal bivalve casts (IPholadomya) have also been found. 

Between coral colonies minor bioturbation is also evident and characterised by type-C 

Thalassinoides. 

4.5 GUmCHO LIMESTONE FORMATION 

The Gimicho Limestone Formation is approximately 60m thick and, like most of the 

Cascais succession, is dominated entirely by carbonates interbedded with marly partings/ 

horizons (Figure 4.6 and 4.7). This formation was previously identified as part of the 

'Urgonien' by ChoflFat (1885) and the 'Calcaire a Choffatelles et Dasycladacees' of Rey 

(1972). 

This formation is exposed along the road side exposure and in cliffs around the small 

beaches, from approximately 500 metres north of the Farol do Cabo Raso to 100 metres 

south of the Forte de Crismina (Figure 4.1). The strata dip gently (10°) towards the north 

(just to the north of Cabo Raso). This increases to around 25° near the Forte de Crismina. 

The basal 30m of the formation is continuously exposed along the section although, above 

this, the formation is cut-through by faults and parts of the formation are repeated. Intense 

karstification of the strata (especially on the tops of the cUfifs) also make the succession 

difficult to follow north of the Farol do Cabo Raso (Figure 4. IC). 
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Three distinct facies have been identified within the Guincho Formation: (i) a rudist-

nerineid carbonate shoal; (ii) dasycladean carbonate platform, and (iii) muddy, carbonate 

platform, with Thalassinoides-Esogyra-Natica. These facies are repeated in a cyclic 

manner through the formation and are described separately below. The carbonate shoal 

facies dominates the bottom half of the formation (see Section 4.5.1), the dasycladean 

carbonate platform (see Section 4.5.2) dominates the top half of the formation, with the 

muddy carbonate platform facies (described in Section 4.5.3) interspersed throughout the 

formation. 

4.5.1 CARBONATE SHOAL FACIES (WITH RUDISTS AND NERINEIDS) 

This first facies in the Guincho Formation is exposed in the karstified roadside exposure, 

approximately 500m to the north of the Farol do Cabo Raso (Figure 4.1). The exposure of 

this facies is continuous for approximately 100 metres. Towards the middle of the exposure 

of this facies there is 3.5m of the muddy carbonate platform facies (see Section 4.5.3 and 

Figure 4.6). 

This is a very distinctive facies that is not found anywhere else in the Lower Cretaceous 

successions of the area. It is composed of massive grainstones and floatstones interbedded 

with minor packstones (Figure 4.6). This facies is distinctive because of the combination of 

internal sedimentary structures and fossil assemblage. The massive grainstones-floatstones 

are dominated by small scale (less than metre) trough cross-bedding and trough cross-

laminations, and large (several metre) scale trough cross-bedding (Figure 4.8). The large 

scale clinoforms and small scale trough cross-bedding have distinctly different faunas, 

which represent sub-facies and are described separately below. The large scale trough 

cross-bedding (shown in one laterally continuous exposure) is characterised by shallowly 

dipping clinoforms (Figure 4.8). These clinoforms have an apparent dip towards the WNW 

and ESE, and an actual dip towards the SW and SE. The small scale trough cross-bedding 

indicates that the dime migration direction was towards the south-south west. 

A) ACCRETIONARY CLINOFORMS WITH ELEVATOR RUDISTS 

The macrofauna within this facies is extremely distinctive, abundant and is dominated by 

rudist bivalves and nerineid gastropods. All of the rudist growth forms defined by Skelton 

and Gili (1991) are represented (see Appendix C), including one ecomorphotype. The 

lower slop)es and toes of the clinoforms are characterised by an in situ fauna of elevator 

rudists {Pachytraga tubiconcha, as discussed by Skelton and Masse, 1998). The 

Pachytraga are silicified and commonly only the attached valve (right valve) is preserved 



CHAPTER 4 - CASCAIS PALAEOECOLOGY 148 

~ ^ ^ 

E I Q 

— w > •c-fTTV, 

..̂ i-

d<'«=* 

>5S, 

'VsS) 

Figure 4.7 - Detailed 
sedimentary log of 
the upper part of the 
Guincho Limestone 
Formation, showing 
fossil s/ichnofossils 
indicative of each 
facies. Numbers 
correspond to 
sections in text. See 
Appendix A for key 
to symbols. 

OM 

5M 



CHAPTER 4 - CASCAIS PAUEOECOLOGY \ 49 

in situ (Figure 4.8B and C). Rare articulated left valves (free valves) have been found 

(Skelton and Masse, 1998). The attached valves are normally vertically orientated or 

slightly curved, but always with the commisural plane horizontal to sub-horizontal (Figure 

4.8B, C and Appendix C). This may be a growth response to 'toppling' of the rudist by 

current activity. The free valve is either excentrically conical-capuloid or spirally extended 

and prosogyrally enrolled (Skelton and Masse, 1998). The rudists are either found as 

individuals or in small 'cliunps' of two to three individuals (Figure 4.8B and C). These 

'clumps' formed from individuals acting as substrates for the attachment of rudist 

juveniles. The Pachytraga do not show any evidence of encrustation. 

B) CURRENT SWEPT ZONE WITH RECUMBENT RUDISTS 

The small scale trough cross-bedded grainstones-floatstones are characterised by a more 

diverse fauna. Commonly the bottom of individual froughs contain a coarse floatstone of m 

situ faunal fragments. This facies fines upwards to bioclastic grainstones. 

The in situ fauna is dominated by two groups of organisms. The first group of organisms 

are the large nerineid gastropods Aptyxiella sp. and Nerinea sp. Individual nerineids may 

reach up to 200mm in height. The smaller nerineid Ptygmatis (which attains a maximum 

height of 50mm) is also common, although not usually associated with the larger forms. 

The second dominant group are the rudist bivalves. The in situ rudist bivalve fauna is 

dominated by elevators and less abundant dinger morphotypes (Skelton and Gili, 1991). 

Recumbent rudists are represented by an ecomorphotyf)e of Pachytraga tubiconcha, which 

has an exaggerated arcuate extension of both valves (Skelton and Masse, 1998 and Figure 

4.9C). Associated with the recumbent Pachytraga are rarer dinger morphotypes of 

Matheronia and, according to Masse (1993), Lovetchenia. 

Although the rudists and nerineids are the dominant fauna in these frough cross-bedded 

packstones and floatstones, recrystalUsed sections of other bivalves and chaetetid 

fragments are common. Rare solitary corals (MontlivaUia) have also been found. 

Encrusting organisms are associated with the recumbent (and dinger) rudist morphotypes, 

nerineid gastropods and their associated fauna. The most important encruster is the 

Lithocodium-Bacinella association. Thin crusts (generally less than 5mm thick) are foimd 

on the larger nerineids, recumbent rudists and chaetetid fragments. Disarticulated bivalves 

and bivalve fragments have thicker and more complex multiple crusts. These include: (i) 

Lithocodium-Bacinella oncoids (up to 40mm across) with bivalve fragments as the nucleus 
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Figure 4.8 - View of the lower Guincho Fbnnation looking 
north, approximately 500m north of the Rirol do Cabo 
Raso. 
A Shows the trough cross-bedded rudist nerineid 
carbonate ramp fades above tabular carbonates. Ramps 
are characterised by dipping cUnoforms (dipping to the 
left and right). Elevator rudists (Pachytraga) are found on 
the toes of dipping clinofonns, with recumbant rudists 
and nerineid gastropods foimd in the trough cross-
bedded carbonates capping the dipping cUnoforms. 
B Detail of the toe of a clinoform with abundant elevator 
Pachytrga. Dipping laminae of the trough cross-bedded 
recumbant rudist fades prograde over the elevator rudists. 
C Detail of the abundant siUdfied elevator Pachytraga 
found on the clinoform toes. 
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and; (ii) distarticulated bivalves with thin (few millimetres) crusts of Lithocodium-

Bacinella further encrusted by thin crusts of chaetetid (up to 10mm thick). 

Where the tops of abandoned troughs are found these are characterised by an abundant 

fauna of in situ large nerineids (Aptyxeilla and Nerined), recumbent Pachytraga and type-

A Thalassinoides. 

The microfacies of both the large scale (clinoforms) and small scale trough cross-bedded 

carbonates is dominated by bioclastic packstones. The bioclastic elements are characterised 

by molluscan fragments, foraminifera and dasycladean algae. The dasycladean alga present 

is Actinoporella and the foraminifera are represented by Chqffatella decipiens, 

Pseudotextulariella, Textularia, and miliolids. Rey (1972) also records the presence of 

Nautiloculina, Neotrocholina and both Rey (1972) and Masse (1993) also record the 

presence of Orb itolinopsis sp. 

4.5.2 DASYCLADEAN CARBONATE PLATFORM 

The top of the Guincho Formation is characterised by a series of nodular, tabular bedded 

wackestones, packstones and grainstones and are interbedded with marls (Figures 4.6 and 

4.7). They are exposed along the road side, and on the small beaches, from just to the south 

of the restaurant and the Forte de Crismina (Figure 4. ID). Several faults and basaltic dykes 

cut through the top half of the Guincho Formation, and it is possible that parts of this facies 

are repeated 

The nodular appearance of the carbonates (Figure 4.9) that dominate the top of the 

Guincho Formation is a bioturbation fabric. As with many of the carbonates described 

from the Lower Cretaceous successions (Cascais, Cabo Espichel and Ericeira), this 

bioturbation fabric is the result of intense reworking of the sediment by Thalassinoides. 

Where the bottom of individual carbonates (and to some extent the bed surface) are 

exposed, abundant bifiircating Thalassinoides burrows can be seen. These are represented 

by t ) ^ - B and type-C Thalassinoides. 

The macrofaima of this facies association is distinctly different from previously described 

Thalassinoides-caihonates, which are mostly characterised by the Thalassinoides-Exogyra-

naticid assemblage (e.g., see Chapter 5, Sections 5.7.4 and 5.9.1). In this facies the 

Thalassinoides are associated with a different moUuscan-dominated assemblage. This is 

dominated by the large nerineid gastropods Aptyxiella and Nerinea; the smaller nerineid 
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Figure 4.9 - The Guincho Formation exposed to the 
south of the restuarant at Crismina. 
A View looking north of the lower part of the 
Giiincho formation showing the rudist carbonate 
ramp fades with below dolomatised mud (orange 
coloured) and inter-bedded wackestones 
dominated by the 7"/ia/ass«noKfes-natidd-£xogyra 
fades. 
B View looking north from one of the small 
beaches just to the south of the restuarant at 
Crismina, showing tabular, nodular Thalassinoides-
nerineid-recumbant rudists carbonates that 
dominate the upper part of the Guincho 
Formation. 
C Bedding plane in the upper Guincho Formation, 
showing the abundant recumbant rudist Pachytraga 
(Pen for scale). 
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Ptygmatis is also found. They attain a maximimi abimdance in the grainstones, where the 

bedding surfaces often represent a wirmowed surface covered in nerineids. Bivalves are 

also abundant. These include abundant recrystallised and mostly disarticulated valves 

(infaunal bivalves) and also rarer recumbent Pachytraga (Figure 4.9C); naticid gastropods 

are rare. Chaetetid fragments are also common, which often are encrusted with the 

Lithocodium-Bacinella association, as are echinoid spines. Rey (1972) also reports the 

presence of echinoid plates and fish teeth. 

The microfacies of the wackestones and packstones (Figure 4.11) includes abimdant 

bioclasts, peloids and diagenetic dolomite rhombs. The bioclastic element is dominated by 

moUuscan debris (including bivalve and nerineid Augments), echinoid spines, 

Lithocodium-Bacinella fragments, chaetetid fi:ugments and abundant foraminifera and 

dasycladean algae. The foraminifera are represented by Chofatella decipiens, 

Ammobaculites, Trocholina, Pseudotextulariella, Textularia, Neotrocholina, Obitolinopsis 

and miliolids (Rey, 1972). Rey also reports the presence of the dasycladean algae (Figure 

4.11) Acicularia and Actinoporella. Clypenia is also present. The grainstones are 

dominated by micritised grains (Figure 4.11) that include fragments of nerineid gastropods, 

lithoclasts (that include oyster material), recrystallised molluscan fi-agments, Lithocodium-

Bacinella Iragments, echinoid spines, agglutinated and miliolid foraminifera, chaetetid 

fragments and recrystallised grains. 

4.5.3 MUDDY CARBONATE PLATFORM (WITH THALASSINOIDES-EXOGYRA-NATICA) 

This facies association is represented by nodular, tabular beds of bioclastic wackestones 

interbedded with marls (Figures 4.6, 4.7 and 4.9A). This is interbedded with the two 

previous facies associations (described in Sections 4.5.1 and 4.5.2) and is characterised by 

a distinctly different fauna from the rest of the Guincho Formatioa The nodular 

appearance represents intense bioturbation of the sediment by Thalassinoides type-B and 

C. The fauna is characterised by large naticid gastropods and the sediment resting oyster 

Exogyra. Recrystallised, non-oyster, bivalve fragments are also common. The interbedded 

marls also contain minor oyster and bivalve fragments. This is the Thalassinoides-

Exogyra-naticid association described from the Ericeira and Cabo Espichel succession 

(e.g., see Chapter 3, Section 3.6.2 and Chapter 5, Section 5.9.1), and not found elsewhere 

in the Guincho Formation. 



Figure 4.10 - Examples of microfacies 
fhjm Guia, Maceira Formations; 
exposed between Guia and Boca do 
Inferno. 

A Wackestone of carbonate-clastic 
association 1 in the Guia Formation, 
showing abundant dasycladean algae, 
with minor moUuscan fragments, 
agglutinated foraminifera and detrital 
quartz grains. 

B Carbonate-clastic association 2 of the 
Guia Formation. Wackestone dominated 
by moUuscan fragments (bivalve and 
gastropod), agglutinated foraminifera 
and detrital quartz grains. 

C Grainstone facies from the upper 
Guia Formation. Dominated by-
abundant recrystallised carbonate 
grains with micritic rims and 
porcelaneous foraminifera (miliolids). 

D Grainstone from towards the base of 
the Maceira Formation. Carbonate 
grams include recyrstaUised grains with 
micritic rims, foraminifera (dark 
rounded grains), miliolids (porcelaneous 
foraminifera), echinoid spines and 
molluscan fragments. 



Figure 4 .11 - Microfacies of the Cabo 
Raso and Guincho Formations, exposed 
from west of the Forte de St. Jorge to the 
top of the Guincho Formation just south 
of Crismina. 

A Fragment of sydinid coral encrusted 
with the Luhocodium-BacineUa 
association. From the coral biostrome 
found at the top of the Cabo Raso 
Formation. 

B Wackestone from the Guincho 
Formation, showing dasycladean algae, 
moUuscan fragments and mdiolid 
foraminifera in a micritic sediment. 

C Example of a packestone ftxam the 
Guincho Formation. Dominated by 
foraminifera and dasycladean algae, 
with minor moUuscan fragments. 
Original micritic matrix has been 
partially replaced by sparite. 

D Fine grained grainstone with sparite 
cement from the Guincho Formation. 
Grains are dominated by micritised 
rounded andrecrystallised grains, and 
foraminifera.MoUuscan fragments are 
rare. 
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The microfacies is characterised by a bioclastic wackestone. The bioclasts are 

characterised by recrystallised bivalves and oysters, and the agglutinated foraminifera 

Chofatella decipiens and Trocholina. 

4.6 DEPOSITIONAL ENVmONMENTS & BIOFACIES 

The Cascais succession has been grouped into eight biofacies, based on the identification 

of repeated palaeontological and palaeoecological assemblage and seven 

palaeoenvironment based on the identification of differences in the lithologies representing 

individual biofacies. The biofacies, and variations in lithology leading to the 

indentification of the palaeoenvironments environments, are summarised in Table 4.1 and 

Figure 4.13. The reasoning behind the identification of each palaeoenvironment is 

discussed in the following sections. 

4.6.1 DETLAIC DISTRIBUTARY CHANNELS (MOUTH BARS AND OVERBANK MUDS) 

The bottom half of the Guia Formation is the only part of the Cascais succession 

dominated by a mixed carbonate-siliciclastic sedimentation. The deltaic sand facies 

dominates this part of the succession (Figure 4.13 and Section 4.2.2). Sand bodies within 

this facies are similar to the deltaic distributary facies discussed in Section 3.8.1. In this 

facies individual sand bodies are interbedded with thicker clays. This represents deposition 

of deltaic distributary channels, mouth bars and overbank muds, whereas in the Ericeira 

facies sedimentation is dominated by amalgamated channels and mouth bars (see Section 

3.8.1). 

4.6.2 DASYCLADEAN CARBONATE LAGOON FACIES 

The dasycladean lagoonal facies is only found at one horizon in the Cascais succession, 

which is at the base of the succession exposed at Guia. This is at the base of the Guia 

Formation (see Section 4.2.1 and Figure 4.13). The abundance of dasycladean algae, and 

an additional restricted fauna indicates a deposition in a restricted, low energy lagoon. The 

presence of dasycladean algae indicates a shallow palaeo-water depth of no more than 5-

10m (Banner and Simmons, 1994). 

4.6.3 MIGRATING CARBONATE SAND BAR FACIES 

This migrating bar facies is found at only one horizon within the Cascais succession, 

towards the middle of the Cabo Raso Formation (Figure 4.13). Above the carbonate ramp 

facies discussed in Section 4.6.6 is a series of carbonate grainstones with large scale 

clinoforms and small scale trough cross-bedding (see Section 4.4.2 and Figure 4.13). The 



BIOFACIES 

Exogyra-Natica 

Dasyclad-
nerineld 

Thalassinoides-
echinoid-
(chaetetid-
coral) 

Rudist-
nerineid-
dasyclad 

Thalassinoides-
Exogyra-Natica 

Rudist-
nerineid-
dasyclad 
Rudist-
nerineid-
dasycladean 
Thalassinoides-
echinoid-
ammonite 

Colonial coral 

DESCRIPTION 

Yellow-dark grey, coarse-v. 
coarse mature sands, commonly 
fine upwards, interbedded with 
muds 
Grey, nodular, bioclastic 
wackestones interbedded with 
thin marls 
Grey-yellow, dolomitic, 
bioclastic, packstoncs-fine 
grainstones 

Grey, massive packstone-
rudstones, with minor 
wackestones 

Grey, nodular, tabular, 
bioclastic wackeslones-
packstones 
Grey, nodular, tabular, 
grainstones 

Grey, nodular, tabular, 
wackestones-packstones 

Grey-dark red, nodular, 
bioclastic grainstones-
packstones 

Grey-yellow colonial coral 
domestones and rudstones 

DOMINANT FAUNA 

Oyster, naticid gastropods, wood material 
(including logs) 

Infaunal bivalves, nerineids, dasyciadean 
algae 

Thalssinoides (base), echinoid, serpulid, 
miliolids, oyster (reworked chaetetid, 
stylinid) 

Elevator Pachytraga, recumbent 
Pachytraga, Aptyxiella, Nerinea, 
Ptygmaiis, dasyclads, agglutinated 
foraminifera, miliolids 
Thalassinoides, naticid, Exogyra & 
agglutinated foraminifera 

'ITialassinoides, Aptyxiella, Nerinea, 
Ptygmatis, dasyclads, agglutinated forams 

Thalassinoides, Aptyxiella, Nertnea, 
Ptygmatis, recumbent Pachytraga, 
dasyclads, agglutinated forams. 
Thalassinoides, echinoids, oysters, 
Montlivaltia, brachiopods, ammonites, 
nautiloids, textulariids, miliolids and 
agglutinated foraminifera 
Slylind and microsolenid corals, 
echinoids, Thalassinoides 

SEDIMENTARY STRUCTURES 

Some load structures on base of 
sands, minor trough cross-
bedding. 

Nodular top and bottom surfaces 
(?loading structures) 

Large-scale low angle accretion 
siu"faces/clinoforms, trough cross-
bedding, revinement surface (top) 

Large scale trough cross-
bedding/clinoforms, small scale 
trough cross bedding 

Nodular top and bottom surfaces 

Nodular top and bottom surfaces 

Nodular top and bottom surfaces 

Large scale planar, low angle 
accretion surfaces/clinoforms 

Some internal stratification 

ENVIRONMENTAL 
INTERl'RETATION 

Deltaic distributary channel 
sands (mouth bars) 

Dasycladcan lagoon 

Migrating carbonate sand 
bars 

Migrating carbonate shoal 

Carbonate marine platlbrm 
(muddy, low energy) 

Carbonate marine platform 
(dasyclad low energy) 

Carbonate marine platform 
(dasyelad moderate energy) 

Carbonate ramp 
(distal, moderate energy) 

Coral biostrome 

OCCURRENCE 

Guia Fm. (Section 4.2. IB), Guia 
Fm. (Section 4.2.2B. 

Guia Fm. (Section 4.2.1 A) 

Cabo Raso Fm. (Section 4.4.2) 

Guincho Fm. (Section 4.5.1) 

Guia Fm. (Section 4.2.2A), 
Guincho Fm. (Section 4.5.3) 

Guincho Fm. (Section 4.5.2) 

Guincho Fm. (Section 4.5.2) 

Guia Fm. (Section 4.2.5), Maccira 
Fm. (Section 4.3.2), Cabo Raso 
Fm. (Section 4.4,1) 

Guia Fm. (Section 4.2.3), Cabo 
Raso Fm. (Section 4.4.3) 

Table 4.1 - Summary of the main biofacies and lithologies representing depositional environments in the Cascais succession. 
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sedimentary structures that dominate the facies indicate deposition above normal wave 

base and in the upper shoreface {cf. with upper shoreface in siliciclastic shoreface 

environments described by amongst others McCubbin, 1982; Walker and Flint, 1992; 

Reading and Collinson, 1996). Clinoforms dip directions indicate a dominant ofif-shore 

progradation of the dune forms, representing deposition in the dominantly current swept 

part of the ramp (Tucker, 1994), as no evidence of storm influence is foimd. 

4.6.4 CARBONATE SHOAL FACIES 

This carbonate shoal facies is found in the bottom half of the Guincho Formation (see 

Figures 4.12,4.13 and Section 4.5.1). It has similar sedimentary structures to the migrating 

dune facies described in Section 4.6.7. Shallowly dipping clinoforms and large scale 

trough cross-bedding indicate development of migrating bars in the upper shoreface above 

normal wave base; with dipping clinoforms and trough cross-bedding representing 

accretionary surfaces and migrating bars respectively. Elevator rudists indicate deposition 

in a relatively low sedimentation environment (Skelton and Masse, 1998; Skelton and Gili, 

1991) on the toes of clinoforms (Figure 4.13), seaward side of the migrating shoal where 

progradation occurs (Hine, 1977). Recumbent rudists (and nerineids) are abundant in the 

small scale trough cross-bedded grainstones-rudstones (Figure 4.13). On a carbonate shoal 

this represents deposition in the current swept top of the shoal (Skelton and Masse, 1998; 

Skelton and Gili, 1991), where limited (presumably) vertical accretion occurs (Hine, 

1977). Current energy is evident, not from the development of ooids, but from the 

development of Lithocodium-Bacinella oncolites. 

4.6.5 MUDDY, CARBONATE PLATFORM 

The low energy, muddy, carbonate marine shelf is a dominant facies in the Ericeira 

succession. In the Cascais succession deposition of this facies is more restricted. It is found 

in two formations: (i) the bottom half of the Guia Formation, where it is interbedded with 

deltaic siliciclastics (Figure 4.13 and Section 4.2.2) and; (ii) the Guincho Formation 

(Figures 4.12,4.13 and Section 4.5.3). 

This facies is the same as the muddy, low energy carbonate marine shelf identified in the 

Ericeira succession, see Section 3.8.7 for discussion. In some beds within this facies (see 

Section 4.2.2) reduction in the size of individuals has been recorded. This may be a 

response to fluctuating salinity (Fiirsich, 1981; 1994), as the facies is interbedded with 

deltaic elastics (see Section 4.6.3 and Figure 4.13). Large wood fi-agments are often 

associated with the marly interbeds (up to 120cm in length). This may also be related to 
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Figure 4.12 - Schematic cross-section across the carbonate platform represented by the lower part of the Guincho Formation. 
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periods of high terrigenous run-off from nearby deltaic environment, rather than 

fluctuations in relative sea-level. 

4.6.6 DASYCLADEAN CARBONATE PLATFORM 

This carbonate marine platform is found towards the top of the Cascais succession in the 

Guincho Formation (Figure 4.13 and Section 4.5.2). This facies is similar to the 

dasycladean carbonate platform found in the Ericeira succession, see Section 3.8.8 for 

discussion on depositional environment. 

4.6.7 CARBONATE RAMP FACIES ASSOCLVTION 

This carbonate ramp facies is found towards the base of the succession in three formations: 

(i) top of the Guia Formation (Figure 4.13 and Section 4.2.5); (ii) the Maceira Formation 

(Figure 4.13 and Section 4.3) and; (iii) base of the Cabo Raso Formation (Figure 4.13 and 

Section 4.4.1). 

The presence of shallowly dipping clinoforms (Figure 4.5B) in this facies, and also the 

migrating carbonate dune facies above (Figure 4.13), suggest the presence of a carbonate 

ramp (Burchette and Wright, 1992; Tucker, 1994). The lack of any sedimentary structures 

(with exception of the clinoforms) indicates deposition below normal wave base. As with 

the carbonate platform discussed in Section 3.8.8, grainstones in this facies repreisent 

deposition in a moderate energy environment and packstones in a low energy environment. 

Although storm events maybe important in the development of carbonate ramps (Read, 

1982; 1985; Tucker, 1994), as with the Ericeira succession, there is no evidence of storm 

reworking or deposition. A diverse and abimdant marine fauna is found within this facies 

(see Section 4.2.5). This is also the only facies in the study successions where abundant 

pelagic organisms (especially nautiloids) are found. This indicates a more distal ramp 

environment. Mud interbeds within the facies (Figure 4.13) is thought to have been 

deposited in the most distal part of the facies, below fair-weather and storm wave base, 

where water energy was sufficiently low to allow the settling of clay. 

4.6.8 CORAL BIOSTROME 

The coral biostromal facies is found at two horizons within the Cascais succession. In the 

Guia Formation the facies is not very well developed and is only approximately 1.5m thick 

(see Section 4.2.3 and Figure 4.13). At the top of the Cabo Raso Formation the facies is 

more well developed. Although its actual thickness is not known it is at least 7m thick (See 

Section 4.4.3 and Figure 4.13). 
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Colonial coral morphospatial shape and inter-biostrome sediments are important indicators 

of the depositional environment (Insalaco, 1996; Insalaco etal, 1997). The inter-biostrome 

sediment (sediment between corals) is dominated by bioclastic wackestones (and 

packstones) that are bioturbated by deposit fodichnia {Thalassinoides). This indicates 

deposition on the ramp below fair wave base, where water energy was sufficiently low to 

allow fine sediment to settle. Although this could also represent a protected inner shelf 

environment the presence of the biostrome talus-like facies (see Section 4.4.3B for 

discussion) indicates biostrome development on the open shelf in a relatively deeper water 

environment. This is consistent with the position of coral buildups in the Cretaceous; 

where coral biostromes dominated the relatively deeper water environments, with the more 

proximal environments dominated by rudist bivalves (Scott et ai, 1990) (see Section 

5.12. 5B for further discussion). 

Light is the dominant control on the development of coral biostromal or reefel facies 

(Rosen et ai, in prep.), and there is a direct relationship between the amount of light 

reaching the sediment surface or calical surface of the coral colony (Rosen et al., in prep.). 

The increase and thickening of colonial growth into a dominantly domal morphospatial 

shape (see Section 4.4.3 and Figure 4.5) is the result of high intensity, multi-directional 

light (Rosen et al., in prep.). This is in contrast to a 'platy' morphospatial shape, where the 

calical surface is horizontal as a response to low intensity, unidirectional light (see Section 

5.12.6). Although the biostrome developed below wave base, the coral morphospatial 

shape indicates that the clear waters dominated. The presence of the micro-problematica 

Lithocoditan-Bacinella also indicates a palaeo-water depth of no more than 25-30m 

(Banner and Simmons, 1994). 

4.7 CHAPTER SUMMARY 

4.7.1 CASCAIS SUCCESSION SYNTHESIS 

The sedimentary and palaeoecological record in the Cascais succession is essentially the 

result of alternations of shallow marine carbonate environments, due to fluctuations in 

relative sea-level. The succession generally represents deposition in a more distal or off

shore position. This is in contrast to the Ericeira succession which is also dominated by 

deltaic to marginal marine siliclclastic depositional environments. Although siliciclastic 

facies are rare in the Cascais succession there is evidence for proximity to deltas at the time 

of deposition throughout the succession. Siliciclastics were introduced at the base of the 

succession via sand and gravel load river sediment deposited as a small delta. The rest of 

the succession is dominated by carbonates deposited in more distal depositional 



Figure 4.13- Schematic log of the of the distribution 
of palaeoenvironments represented by the Coscais 
succession. Diagram shows the age of the 
succession and lithostratigrophy according to Rey 
(1992), lithology and main facies, depositional trend 
indicated by the change in palaeoenvironments up 
through the succession, environments represented by 
the main lithologies and facies and the reference 
section for full description in the text. 
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environments. Terrigenous mud still influenced the paiaeoecology in the more proximal 

carbonate platform settings. As with the Ericeira succession, there is little evidence of tidal 

current and wave reworking. Carbonate depositional environments dominated at Cascais 

and with time led to the development of a broad carbonate platform dissipating minor wave 

reworking across the basin. This led to the development of minor barrier bars and shoals. 

4.7.2 SUMMARY OF DEPOSITIONAL ENVIRONMENTS BY FORMATIONS 

The base of the Lower Cretaceous succession at Cascais is not exposed along the coastal 

outcrop, it is found at a now poorly weathered inland exposure that does not form part of 

this study. 

The base of the exposed succession along the Cascais coastline is represented by the Guia 

Formation. This is the only formation in the Cascais succession that is dominated by a 

mixed carbonate-siliciclastic sedimentary regime. The basal half of the Guia Formation is 

dominated by deltaic distributary channels (mouth bars) and overbanks muds that alternate 

with a muddy carbonate platform. Several palaeo-exposure horizons are found within this 

unit characterised by either rootlet horizons or palaeokarsts infilled with green clays 

Above this a small coral biostrome is found capped by a distinctively karstified siliciclastic 

shelf sand. The top of the Guia Formation represents the onset of carbonate dominated 

deposition characterised by the development of a carbonate ramp facies association (this 

includes the concentration lagerstatten, the 'Calcaire Roux' of Rey, 1972). 

The Maceira Formation is characterised by further development of the carbonate ramp 

facies association found at the top of the Guia Formation. Carbonate ramp development in 

the Maceira Formation was characterised by the deposition of a thick mud unit, at the base, 

deposited at the distal toe of the carbonate ramp. 

Carbonate ramp development continued into the Hauterivian, found at the base of the Cabo 

Raso Formation. Above this a carbonate sand bar facies was deposited representing the 

more proximal current affected inner carbonate ramp. The top of the Cabo Raso Formation 

is characterised by small coral biostrome which was deposited in a distal platform setting 

with a coral talus-like facies on the basinward side. 

The bottom half of the Guincho Formation represents the development of a rudist-nerineid 

carbonate shoal. The accretionary surfaces are characterised by elevator rudists, with the 

current swept top of the shoal dominated by recumbent rudists and nerineid gastropods. 
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Landward of this carbonate shoal deposition and palaeoecology was influenced by input of 

terrigenous mud (presumably from small deltas developed at a coeval shoreline). 

Terrigenous mud settled in the more proximal environment, sheltered from current activity 

by the carbonate shoal. At the top of the Guincho Formation the muddy carbonate platform 

facies dominates. In the more distal part of the platform, carbonate shoal enviroimient was 

replaced by a clean carbonate platform dominated by recumbent rudists and nerinieds. 
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5.1 INTRODUCTION 

This Chapter is divided into two parts which describe and interpret the sedimentology and 

palaeontology of the Cabo Espichel succession. The succession has been divided up into 

fades defined by variations in the palaeontology and sedimentology. Section 5.2 to 5.11 

describe the palaeoecological facies identified during this study. This follows the 

'informal' lithostratigraphic units of Rey (1992) (outlined in Section 2.4.2). It highlights 

similarities and differences between the palaeoecological facies where they are repeated 

throughout the section, in more than one lithostratigraphic unit. The second part of this 

chapter (see Section 5.12) discusses the depositional environments represented by the 

palaeoecological facies. The temporal changes in depositional environments represented by 

the facies have then been interpreted to construct a depositional trend diagram (see Figures 

5.23 and 5.24). This diagram gives an indication of the fluctuations in relative sea-level 

that occurred during the evolution of the Cabo Espichel succession. 

The Cabo Espichel succession is a mixed carbonate-clastic succession located to the south 

of Lisbon in the southern most part of the Lusitanian Basin (Figure 5.1). Sedimentation 

during the Early Cretaceous was dominated by the input of siliciclastics fi"om deltas onto a 

shallow shelf As is the case with all the successions studied, exposure is restricted to the 

coastal cliffs. From the southern-most point at the Cabo Espichel lighthouse (see Figure 

5.1) the rock succession dips steeply northwards. The dips shallow to the north where, 

around Aguncheiras, the strata are horizontal. The exposure is part of a monocline that is 

along strike and en echelon to the Arrabida Anticline. The succession begins with the 

Upper Jurassic (Kimmeridgian-Portlandian) carbonate succession studied by Ramalho 

(1971) and Fursich (1980), which dips at around 60° to the north. The Jurassic-Cretaceous 

boundary, identified by Ramalho (1971) and Rey (1972), is found on the southern side of 

Praia de Lagosterios. It is represented by a karstified surface on the Portlandian lagoonal 

carbonates. The Lower Cretaceous succession is exposed continuously fi"om the south of 

Praia de Lagosteiros to the headland at Aguncheiras (Figure 5.1). To the north of this (as 

far north as Praia de Foz), part of the Lower Cretaceous succession is repeated due to 

Miocene contractional tectonics. At Praia de Foz, an angular unconformity separates 

Albian carbonates from Miocene marine elastics. 

5.2 PORTO DA CALADA SANDSTONE FORMATION 

The strata which characterise the Porto da Calada Formation are largely unfossiliferous 

(alluvial in nature) and have not been studied in great detail. A general description of the 

main facies characteristics is given here, with a more detailed description given for several 
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Figure 5.1 - Location map and selected 
views of the Cabo Espichel succession. 

A View looking south from the point at 
Aguncheiras, with the Boca do 
Chapim 'limestones' at the top 
of the clifT, Papo Seco Formation 
below; foreshore is the 
top of the Areia do 
Mastro Formation. AcLNctiEiR Î 

BOCA DO CHAPIM 

B View looking north at Areia do Mastro, 
showing the cliflF of the Areia do Mastro 

Formation in the foreground and 
point at Aguncheiras 

(Boca do Chapim 
Formation) in the 

background. 

C View looking 
north along 
the foreshore 
at Rochadouro, 
showing 
the Rochadouro Formation 
in the foregrotmd and Areia 
do Mastro, P^po Seco and Boca do 
Chapim Formation in the background 
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D View looking north, from 
the monastary on the cliff 
top, south side of Praia de 

Lagosteiros, showing the 
Vale de Lobos, Guia, 
Maceira (Lagosteiros 

Member) and base of the 
Ladeiras Formations. 
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important ichnofossils. The Calada Formation is dominated by isolated ribbon sandbodies 

of varying thickness, interbedded with clay beds (Figure 5.2). 

5.2.1 BASE OF THE LOWER CRETACEOUS SUCCESSION 

The base of the Porto da Calada Formation (which also represents the boundary between 

the Upper Jurassic and Lower Cretaceous successions; Figure 5.2) according to Rey (1972) 

is represented by a limestone-marlstone conglomerate. This is exposed at the base of the 

cliffs on the southern side of Praia de Lagosteiros. The base is characterised by limestone 

blocks up to 150mm across that are, apparently, 'floating' in a green clay matrix. As 

Ramalho (1971) indicated, the limestone blocks are similar in lithology to the beds 

immediately below, in the Upper Jurassic carbonates (Fiirsich and Schmidt-Kittler, 1980). 

This feature at the Jurassic-Cretaceous boundary, represents the formation of a palaeokarst 

horizon during a prolonged period of sub-aerial exposure. 

5.2.2 EVTOENCE FOR MARINE INFLUENCE 

Towards the base of the Porto da Calada Formation there are two (200mm thick) tabular 

szmdstones which are medium grained, well sorted with no internal sedimentary structures 

(Figure 5.2). These are exposed in the cliff section directly above the palaeokarst horizon. 

The tops of the beds are characterised by burrowed horizons. Small (12mm across), sand 

filled vertical tubes penetrate 200-300mm down from the top of the sandstone beds 

(Skolithos). In places burrows penetrate 150mm and have a U-shaped morphology, 

connecting the burrow to the top of the bed at each end (cf Psilonichnus). Although the 

burrow tubes have the same thickness the difference in depth of penetration suggests the 

presence of both Skolithos and Diplocraterion. Rey (1972) and Wightman (1990) also 

indicate the presence of turritelid gastropods in these sands, although they have not been 

found during fieldwork undertaken for this study. The ichnofossils and macrofossils found 

in these sands all indicate a shallow marine influence, comparable to upper shoreface. 

5.2.3 DELTAIC DISTRIBUTARY CHANNELS (AND OVERBANK MUDS) 

The Porto da Calada Formation (for exception see Section 5.2.2) is dominated by isolated 

ribbon sandbodies (0.3m-1.5m thick) with thick interbeds of clay (Figure 5.2). These are 

exposed in the cliffs on the southern side of the trackway leading down to Praia de 

Lagosteiros. The sandbodies are typically characterised by erosional, angular, gravelly 

bases which fine upwards. Locally the gravelly bases contain clasts of underlying Upper 

Jurassic. Individually, the sandbodies display medium to large scale trough cross-bedding, 

which fine upwards, and are capped by planar cross-bedding. These sands are commonly 
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Figure 5.2 - Sedimentary log and view of the 
exposure of the lower part of the Cabo 
Espichel succession. Left, log of the base of 
the Cretaceous, Fbrto da Calada, Vale de 
Lobos, Guia and Maceira Formations and 
Lagosteiros Member (see Figure 5.5 for 
detailed log of Guia and Maceira Formations 
and Lagosteiros Member); below, exposure 
m the cliff on the north side of Praia de 
Lagosteiros. 



CHAPTER 5 - CABO ESPICHEL PALAEOECOLOGY 170 

overlain by overbank muds. Where planar cross-bedding is not evident, the sandbodies are 

characterised by partially mud-draped point bars. Palaeocurrent directions, determinied 

from the trough cross-bedding, indicate a high variability of flow direction within 

individual sandbodies. The variable palaeocurrent readings indicate a general flow 

direction towards the west or north-west and are interpreted to result from deposition in 

sinuous channels with a low gradient. 

A) DINOSAUR FOOTPRINTS AND TRACKWAYS, AND THEIR SIGNIFICANCE 

The partially mud-draped lateral accretion surfaces indicate that these rivers were 

characterised by periodic fluctuations in water levels and sedimentation. The presence of 

tridactid dinosaur trackways preserved on one of the accretion surfaces (Figure 5.3) 

indicates that these fluctuations were not tidal features. Although Upper Jurassic and 

Lower Cretaceous dinosaur frackways have previously been described from Cabo Espichel 

and Praia de Lagosteiros (e.g., Antunes, 1976; Lockley et al., 1994) these particular 

trackways were only recently uncovered and have not been described elsewhere. 

Dinosaur trackways are exposed on a single bedding plane on the southern side of track 

that leads to Praia de Lagosteiros (Figure 5.3). This surface is a lateral accretion surface on 

which the individual footprints or trackways are preserved as natural impressions (sensu 

Lockley and Hunt, 1995) of the animal(s) in a medium-grained, well sorted sandstone 

(Figure 5.3). The trackways and footprints were later infilled by mud, which has mostly 

been removed by recent erosion. This mud forms part of a mud-drape over the lateral 

accretion surface. 

The preservation of the individual footprints and trackways is generally good, although, 

footprint morphology can be difficult to determine. Deep impressions allow the foot 

morphology to be identified (Figure 5.3). Where the morphology of individual footprints is 

well preserved they show a tridactid morphology (Figure 5.3). They are approximately 

0.35m in length and 0.30m across. The impressions are much deeper at the position of 

digits 1-3 than at the position of digit 4 (Figure 5.3); in most well preserved footprints digit 

4 is not visible. From a comparison with other dinosaur trackways and footprints found in 

the Praia de Lagosteiros area (from both the Upper Jurassic and Lower Cretaceous) the 

morphology appears to be indicative of a small theropod (e.g., Megalosauropus footprints 

found in the Laderias Formation, see Section 5.7.2) rather than an omithopod (e.g., 

Iguanodon, also found in the I^derias Formation by Antunes, 1976). Some of these 

Megalosauropus-like footprints are exposed as individual footprints, although most are 
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Figure 5.3 - Dinosaur trackways 
and footprints found in the Porto 
da Calada sandstone Formation, 
exposed on the south side of the 
trackway that leads down to Praia 
de Lagosteiros. A and B Trackways 
exposed on single bedding plain of 
tridactid theropod (cf. 
Megalosaumpus), heading in a 
westerly direction. C Small 
tridactid footprint (exposed on 
same bedding plain), possibly 
juvenile theropod footprint. 
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part of multiple trackways (Figure 5.3). These trackways are parallel to sub-parallel in 

orientation and can only rarely be seen cross-cutting one another (Figure 5.3). They trend 

in a S-SW direction which is down the dip of the lateral accretion surface on which they 

are preserved. 

Not all the footprints (where they can be determined) are of the same size and morphology. 

Several smaller impressions have also been preserved. These are considerably smaller 

(75mm long), are only represented by individual footprints and show similar 

morphological characteristics (Figure 5.3). These smaller footprints may represent a 

juvenile theropod and also trend in a southward direction. 

Dinosaur trackways and footprints are not the exclusive ichnofossils foimd within these 

sandbodies. The top of the point bar overlaying the dinosaur trackway horizon is 

characterised by a distinctly different ichnofossil. This the horizontal, branching burrow of 

Thalassinoides (type-C). 

It is now generally accepted that there is abundant trackway evidence for gregarious 

behaviour among large herbivorous dinosaurs; most notably Late Jurassic and Early 

Cretaceous sauropods and large Cretaceous omithopods (iguanodontids and hadrosaurs) 

Lockley and Matsukawa (1999). This was first recognised by Bird (1939, 1941, 1944) and 

more recently by several workers in North America, North Korea and England (Delair, 

1981; Currie, 1983; Lockley et al, 1986; Lim et al, 1994; Lockley and Hunt, 1995), see 

Lockley and Matsukawa (1999) for full review. Amongst this evidence the abimdant 

trackways of the Late Jurassic of the Lusitanian Basin, Portugal has revealed evidence for 

gregarious behaviour in juvenile sauropods (Lockley et al., 1994). The trackways 

described above show evidence of multiple parallel to sub-parallel trackways on individual 

bedding surfaces, that adds to this growing evidence of gregarious behaviour in large 

tridactyl bipedal herbivores. These parallel trackways either resulted fi^om biological 

causes, such as gregarious behaviour, or a physically controlled pathway such as a 

shoreline corridor (Ostrom, 1972); Lockley (1991) elaborated to suggest they may even 

reflect gregarious behaviour influenced by physical constraints. The unidirectional 

behaviour displayed by these theropod (Megalosauropus) trackways suggests possible 

gregarious behaviour in crossing a channel at a point bar when water level was low. This 

suggests both a physical control (Ostrom, 1972) and biological control on the dinosaur 

behaviour that formed the dinosaur trackways. This also indicates that the rivers were 
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either seasonal or tidal. The absence of tidal structures in these sands suggests the former, 

although, this is not conclusive from the available information. 

5.2.4 PALAEOSOLS 

Towards the top of the Porto da Calada Formation, exposed on the northern side of the 

track leading to Praia de Lagosteiros, the red overbank clays interspersed between the 

sandbodies contain horizons of calcareous concretions (Figure 5.2). Some if these 

concretions amalgamate to form thin calcareous beds. Higher in the Porto da Calada 

Formation the calcareous horizons contain small vertical rods. These calcareous 

concretionary horizons are calcrete palaeosols, that locally contain rhizoconcretions 

(vertical tube-like concretions). The palaeosols become better developed in the higher 

levels of the Formation. 

5.3 VALE DE LOBOS SANDSTONE FORMATION 

The Vale de Lobos Formation is exposed on the northern side of the track that leads dovsoi 

to Praia de Lagosteiros (Figure 5.1), and extends along the length of the cliff onto Praia de 

Lagosteiros. The monastery, on top of the cliff on the south side of Praia de Lagosteiros, 

also gives a good viewpoint of the cliff exposure of the Formation (Figures 5.1 and 5.4). 

The Vale de Lobos Formation, similar to the Porto da Calada Formation (see Section 5.2), 

is characterised by fluvial or alluvial sandbodies and is largely unfossiliferous. A detailed 

study has not been undertaken and only a brief outline of the main characteristics is given 

here. 

5.3.1 DELTAIC FLOOD PLAIN, WITH SINUOUS DISTRIBUTARY CHANNELS 

The Vale de Lobos Formation is dominated by amalgamated, sheet-like, pebbly sandstone 

and conglomeratic bodies with laterally discontinuous muds (Figures 5.2 and 5.4). 

Individual sandbodies are characterised by erosive, gravely bases which fine upwards. 

Where the tops of individual sandbodies are preserved they fine upwards and are capped 

by thin mudstones. Most of the interbedded mudstones are grey in colour, although 

reddening is seen locally. There is no clear evidence of well developed palaeosols, unlike 

the well developed rhizoconcretions found towards the top of the Porto da Calada 

Formation (see Section 5.2.4). Generally the muds are not preserved and the tops of the 

individual sandstones are truncated by younger sandstones. Internally the sandstones show 

complex sedimentary structures, including trough and planar cross-bedding and lateral 

accretion surfaces. Within individual sandstones, that represent single channel fills, trough 

cross-bedding sets vary in thickness from 0.1-lm. Typically, the thickness of trough cross-



Figure 5.4 - The amalgamated, sheet-
hke sandstone bodies of the Vale de 
Lobos 'sandstone' Formation, base of 
the clifl'; with the Guia 'sandstone' and 
Maceira 'mudstone' Formations above. 
Top left of the montage shows the 
tabular, massive Lagosteiros 
'limestone' Member. 
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bedding sets decreases upwards within a single channel fill. In many of the channel fills the 

down dip parts of accretion surfaces are overlain by large scale planar cross-beds. 

Palaeocurrent data indicate lateral accretion surface migration towards the west and 

palaeoflow direction towards the northwest. The channels are generally thicker and more 

amalgamated towards the east. The upper bed of the Vale de Lobos Formation is 

characterised by an ochre-stained gravely sandbody with distinctive large scale (5m) 

progradational lateral accretion surfaces. These are evident about half way up the cliff 

section on the north side of Praia de Lagosteiros (Figure 5.4). Lateral accretion surfaces dip 

around 35° towards the south. 

Towards the top of the formation, exposed in the cliff on the foreshore at Praia de 

Lagosteiros, ichnofossil fabrics can be identified in the tops of individual sandbodies. 

These sands and ichnofossil horizons are similar to those described for the Vale de Lobos 

and Sao Louren9o Formations in the Ericeira succession (see Chapter 3, Sections 3.2.1 and 

3.3.2). The top few centimetres of the sands are characterised by 'lam-scram' units 

(Bromley, 1996). The surface of the sands is characterised by vertically orientated, J-

shaped and Y-shaped Psilonichmis-like burrows and rare vertical tubes of Skolithos. 

5.4 GUIA SANDSTONE FORMATION 

The Guia Formation is approximately 10m thick and is exposed in the cliff on the northern 

side of Praia de Lagosteiros (Figures 5.1 and 5.2). The lowermost part of the Formation 

cannot be studied in situ as it is exposed high in the cliff where there is no access. Fallen 

blocks of the formation can, however, be inspected on the Praia de Lagosterios. The upper 

part of the Formation can be accessed fi^om the track that runs around the top of the cUfif by 

way of a small gully (Figure 5.1). 

5.4.1 BEACH BOULDER AND TRANSGRESSIVE LAG FACIES 

The base of the Guia Formation, as mentioned above, has only been studied fi"om fallen 

blocks on Praia de Lagosteiros. It is characterised by a red matrix supported conglomerate. 

The clasts are well rounded, oblate (10cm across), many show internal parallel 

lamination/cross-lamination. They are probably derived fi^om the fluvial facies of the Vale 

de Lobos Formation (see Section 5.3). The matrix is characterised by coarse-gravely sand. 

Rare fossil fragments have also been identified (colonial coral Augments). The underside 

of the fallen blocks also show extensive bioturbation by Thalassinoides (type-A). 
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5.4.2 GRAVEL BEACH FACIES 

The upper 3.5m of the Guia Formation is exposed in the small gully that runs along the 

strike of the strata (see Section 5.4 and Figures 5.5 and 5.6A). It is characterised by a series 

of unsorted, coarse-gravely sandstones. Some horizons are concretionary and show 

remnants of planar laminations at the top of individual beds. The sands do not contain any 

in situ fossiliferous material or visible trace fossils. Reworked fossiliferous material, 

however, is abundant. This is characterised by horizontally orientated disarticulated 

infaunal bivalves (including carditids and Isognoma), but also includes fragments of 

solitary corals (Montiivaltia), colonial corals (stylinids), echinoid tests and spines, 

brachiopods (Terebratula), turriform gastropods, oysters {Exogyra, Lopha) and rare 

ammonites. Unfortunately, the preservation of the ammonites is poor and they cannot be 

identified. 

5.5 MACEIRA MUDSTONE FORMATION 

The Maceira Formation marks a distinct change in facies from the Porto da Calada, Vale 

de Lobos and Guia Formations below. It is one of the most fossiliferous formations in the 

Cabo Espichel succession and was previously know as the 'Calcaire Roux' (Rey, 1972). 

Like the previous formations it is exposed in the cliff on the northern side of Praia de 

Lagosteiros (Figure 5.1), and access is via the gully at the top of the cliff (see Section 5.4 

and Figure 5.6). 

5.5.1 PRO-DELTA ENVIRONMENT 

The Maceira Formation represents the onset of fully open marine conditions. The base of 

the Maceira Formation is characterised by silts and silty clays, interbedded with thin (100-

20mm thick) silts and very fine sands (Figure 5.5). Lower bovmdaries of these interbedded 

silts and very fine sands are gradational while the upper surfaces tend to be sharp. 

A) SOLITARY CORAL 'FIELD' 

The basal 0.5m of the Maceira Formation is characterised by two distinct beds (Figures 5.5 

and 5.6). The lower of these is a silty mudstone with an abundant fauna which consists 

primarily, and dominantly, of the solitary coral Montlivaltia (Figure 5.6B). The 

Montlivaltia are tightly packed and have a columnar morphology 0.07-0. Im high. They are 

mostly in situ, with the long axis vertically orientated. Many do not have a straight vertical 

axis and are therefore banana shaped. This might indicate that during life the coral was 

toppled from its vertical growth orientation but continued to grow vertically afterwards. 

Toppling may occur during periods of high energy (e.g., currents or wave action). 
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Figure 5.5 - Detailed sedimentary log of the Guia, 
Maceira (Lagosteiros Member), and base of the 
Ladeiras Formations, showing fossils/ichnofossils 
indicative of each facies. Numbers refer to sections 
in text. For key to symbols see Appendix A 
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although, as the formation was deposited below normal wave base bioturbation is most 

likely the mechanism for disturbance. Interspersed between the Montlivaltia there are also 

large semi-infaimal oysters {Exogyra, valves up to 0.1m in length). Terebratulid 

brachiopods (including Terebratula and Zeilleria) are also found amongst the solitary 

corals, along with scattered echinoid spines and a single ammonite (which cannot be 

identified because incomplete replacement during recrytallisation). The presence of the 

solitary corals indicates a slow but steady sedimentation rate that allowed the coral polyp 

and filamentous filter feeding mechanism to remain clear. 

B) LOPHA-EXOGYRA COLONISATION 

Directly above the solitary corals there is a single bed that shows an abrupt change in the 

fauna and indicates change in water energy. This bed is approximately 0.1m thick and the 

fauna is dominated by the semi-infaunal oyster Lopha (Figure 5.6C). Large Exogyra are 

also fairly abundant, with both of these oyster genera being in situ. Terebratulid 

brachiopods and rare spondylid bivalves {Spondylus sp.) have also been foimd. In contrast 

to the Montlivaltia-hed below, this bed is dominated by a fauna of sediment resters 

indicating that sedimentation was either very slow or non-existent. 

The suppression of mud and silt sedimentation allowed a more complex assemblage to 

develop. Despite the soft sediment substrate being used by the Lopha-Exogyra-terehTatvlid 

assemblage, the macrofossil assemblage also provided a hard substrate for other faunas 

{sensu Kidwell and Bosence, 1991). Lopha specimens commonly show abundant spherical 

holes (generally less than a millimetre across). These represent intense endolithic borings 

{Entobia) by the sponge Cliona. In places the endolithic Entobia are overgrown by 

encrusting byrozoan (cf Probiscina), which may represent a competition for substrate 

availabilty. Both Lopha and Exogyra are also encrusted by small (0.5-1cm across) juvenile 

Exogyra. Juvenile Exogyra encrustation is also seen on the Spondylus. The Exogyra (both 

juvenile and large) are encrusted by serpulid worm tubes. 

C) BlOTURBATED SELTS AND MINOR COLONISATION 

Overlying the Lopha-Exogyra unit is a 3m thick unit characterised by silty muds 

interbedded with very fine sand that have gradational bases and are much less fossiUferous 

(Figure 5.5). The gradational bases are the result of bioturbation by deposit feeders. This is 

evidenced by the presence of bedding parallel deposit feeding traces found on the tops of 

bedding planes, and more rarely on the undersurfaces. These traces mostly cannot be 

identified, although, some branching Thalassinoides (type-A) burrows at the gradational 
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Figure 5.6 - The 
Maceira 
Formation. A 
Exposure of the 
Maceira 
Formation in the 
cliff on the south 
side of Praia de 
Lagosteiros. B 
Solitary 
{Montlwaltia) 
coral 'field' found 
at the base of the 
formation. C 
.Abundant Lopha 
sitting direcdy 
above the solitary 
corals in B above. 
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bases and Rhizocorallium traces (with well defined spriete and horizontal tubes 5mm 

across) on the tops of beds have been identified. Other in situ faunas are restricted to rare, 

large Exogyra, Lopha, large gastropods (cf Pleurotomaria, with a height of 0.1m) and 

small solitary corals {Montlivaltia, which have a 'button' morphology). Partially 

fragmented oysters, terebratulids, serpulid worm tubes and echinoid spines are also found 

along with plant fragments. 

D) BUTTON CORALS AND EXOGYRA ASSEMBLAGE 

The predominantly reworked fauna described in Section 5.5.3 is found in situ in a single 

bed 4m from the base of the Maceira Formation (Figure 5.5). The base of this bed is also 

gradational due to bioturbation by type-A Thalassinoides (see Section 5.5.3). This is an 

extremely fossiliferous bed the fauna of which is dominated by the in situ solitary coral 

Montlivaltia. The coral morphology is distinctly different from that described in Section 

5.5.1. The Montlivaltia have a 'button' morphology, are only 0.1m high and 0.2m across, 

and are sediment resters {cf. recumbent rudists of Skelton and Gili, 1991, see Appendix C). 

This is in contrast to the columnar morphology described in Section 5.5.1, which are 

elevated and supported by continuous sedimentation {cf. elevator rudist bivalves of Skelton 

and Gili, 1991, see Appendix C). 

The other major faunal component of this distinctive bed are the large sediment resting 

Exogyra oysters. The Exogyra are either individuals or are clumps of two or three 

individuals encrusting one another (as with those described in Section 5.5.2); spaced no 

closer than 0.5m apart. These Exogyra can be clearly seen protruding from the exposed 

bedding surface. Other minor elements of the in situ fauna include small serpuUd worm 

tube thickets (individual tubes 1mm across), larger individual worm tubes (5-7mm across), 

fragmented pelagic bivalves {Nethia) and belemnite fragments. 

The fauna described here (similar to Section 5.5.2) is dominated by sediment resters that 

require slow or no sedimentation in order to survive. This reduced sedimentation rate has 

allowed the development of an encrusting fauna (also similar to Section 5.5.2). Exogyra 

oysters and Montlivaltia solitary corals show encrustation by small (juvenile) Exogyra, and 

Exogyra (both large and juvenile) are encrusted by serpulid worm tubes. There is no 

evidence of endolithic Entobia borings, which appear to be restricted to Lopha oysters. 

Belemnite fragments encrusted with serpulid worm tubes also have provided a suitable 

hard substrate for encrusters. 
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E) PRO-DELTA MUDS 

Above the button Montiivaltia-Exogyra assemblage (see Section 5.5.4) the overlying 30m 

of the Maceira Formation is characterised by laminated muds and silty muds (Figure 5.2). 

Body and trace fossil evidence is absent, only abundant wood/plant fragments are found. 

However, at the base and top several thin beds of fine sand are found. Towards the base 

these sands are dark red in colour and contain fragments of Exogyra, Lopha, sepulid worm 

tubes, echinoid spines and turriform gastropods. As well as the fragments of benthic faima 

there is also a pelagic faunal element in these sands. Belemnite guards and the single 

valves of the small pelagic bivalve Neithia are also abundant. 

Towards the top of the muds the sands are yellow/orange in colour and do not contain any 

body fossils (Figure 5.2). The tops of beds are planar but sedimentary structures within 

(and at the base) include gutter casts, erosional bases, some grading, remnant planar 

horizontal stratification and loading. The remnant stratification is the result of incomplete 

bioturbation by deposit feeding organisms (IThalassinoides, although no bifiircating 

burrows have been recognised). The sedimentary features are indicative of rapid deposition 

of sands from waning currents in the upper flow regime. This was most likely the result of 

density flows travelling down the front of a deltaic-top environment during periods of high 

discharge. Burrowing represents temporary colonisation of the abandoned density flow 

sand. 

5.6 LAGOSTEIROS LIMESTONE MEMBER 

The Lagosteiros Member, as with all of the Maceira Formation, is exposed in the steep 

cliff on the north side of Praia de Lagosteiros (Figure 5.1). It represents the development of 

the only true bioconstruction in the three study successions. This can be viewed from the 

monastery on top of the cliff on the southern side of the valley (Figure 5.1). The outcrop 

can be studied in the cliff on Praia de Lagosteiros. The lower part can be studied by 

scrambling up the scree slope from the foreshore. The upper part can be studied where the 

outcrop meets the foreshore, at the western end of the cliff and just roimd the point in the 

small cove (Figure 5.1). 

The frill lateral extent of the biosfrome is not visible in the outcrop of the biosfrome that 

extends several hundred metres inland. Lateral facies changes are not visible in the 

outcrop, except for discontinuous channel-like structures (see Section 5.6.6). Previous 

work on the biosfrome is limited. Most previous workers (e.g., Rey, 1972; 1979a; 1979b 

and Wightman, 1990) acknowledge the presence of coral facies and tentatively identify the 
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facies as a reef, although, none appear to have made a detailed study. This is probably due 

to stud5dng it in poorly weathered exposure at the cliff top. 

5.6.1 BlOSTROME DEBRIS FACIES 

The base of the biostrome, which sits conformably on the muds of the Maceira Formation, 

is characterised by a series of marly floatstones interbedded with terrigenous muds (Figure 

5.5). The rudstones contain clasts of coral, molluscan and serpulid debris in a matrix of 

terrigenous mud. This is thought to represent a talus-like deposit at the base of biostrome. 

Although, unlike a talus slope where gravity is the controlling process on sediment and 

coral debris transportation down slope (Longman, 1981), there was no antecedent 

topography on which the biostrome developed in order for gravity to dominate (see Section 

5.12.6 for further discussion). Although, a slope of less than 1° would allow storm 

reworking. This is similar to the small coral biostrome (and talus-like facies) found in the 

Cabo Raso Formation in the Cascais succession (see Section 4.4.3B). 

5.6.2 CORAL ESTABLISHMENT FAOES 

This facies comprises four beds representing coral establishment interbedded with 

(interrupted by) periodic influxes of terrigenous mud (Figures 5.5 and 5.7C). The facies 

shows some variation in coral fauna which represents a shallowing of the sequence during 

the final abandonment of the delta lobe. The dominant faunal characterising this facies is 

colonial corals of branching, vase and platey forms (Figure 5.8D). Spatial organisation of 

the colonies is extremely low and colony size rarely exceeds 0.15m across. Most of the 

macrofauna is in life position, although in at least one bed evidence for overturning of 

some colonies is visible (with the septal surfaces of the colonies inverted) and many of the 

branching forms are in a horizontal orientation. The matrix is composed of terrigenous 

mud containing coral fi:agments and molluscan debris. Processing of the terrigenous mud 

for micropalaeontological analysis has revealed the presence of abimdant woody material 

and echinoid spines. 

Two distinct biofacies are recognisable, based predominantly on the distribution of the 

coral fauna: 

A) BRANCfflNG AND VASE MICROSOLENID CORAL ASSOCL\TION 

The basal three beds of the in situ part of the biostrome are dominated by low diversity, 

low spatial organisation of vase morphology colonial corals (including Meandrophyllia, 

Polyphylloseris cf convexa, Meandrared), columnar form (Microphyllia) and those with 
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Figure 5.7 - The Lagosteiros 
Limestone Member. 
A Exposure of the 
biostrome high in the diff 
on the north side of Praia 
de Lagosteiros, showing 
stratified nature of the 
bioconstruction. 
B Channel-like structure 
exposed at the west end of 
the diff (north side of Praia 
de Lagosteiros), showing 
layered nature of the 
channel fill adjacent to the 
Callomoph\lliopsis facies. 
C TTie coral establishment 
phase of bioconstruction 
development, showing 
columnar and vase coral 
morphotypes periodically 
interupted by day horizons. 
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platy morphology {Thamnasteria) (Figures 5.7C and 5.8D); rare solitary corals 

{Montivaltia) have also been identified. The matrix is composed of terrigenous mud with 

abundant woody fragments, echinoid spines and pebble to cobble size (50-100mm across) 

clasts of colonial coral fragments. These fragments of coral include coral taxa found in situ 

further up the biostrome succession (e.g., Stylina, Pentacoenia). 

The associated fauna of this biostrome facies has been identified fi^om processing of the 

mud matrix for microfossil identification, thin section analysis (especially for encrusters 

and borers) and identification of encrusting elements by direct observation of corals using 

a binocular microscope. As stated above, abundant echinoid spines have been identified 

within the terrigenous mud matrix. Micro-organisms (e.g., agglutinated foraminifera) 

appear to be absent from the matrix sediment. Thin section analysis and microscope 

analysis reveals the presence of molluscan debris (bivalves, carditids, oysters and 

gastropod), plus an abundant encrusting fauna. In vase and platey morphologies coral 

colonies show encrustation and development of a cryptic fauna on the under surface, by 

serpulid worm tubes, bryozoan {Proboscina, Bemicea), foraminifera (including 

Troglotella cf incrustans) and thecadean brachiopods. Microbial crusts (Lithocodium-

Bacinella) are also abundant in thin laminations that encrust the underside of corals and 

also tops of corals. This encrustation of the tops of individual coral colonies leads to partial 

mortality and subsequent redevelopment of the living surface. 

Lithocodium agregatum occurs as thin laminations of dark micritic looking material with 

alveoles-like structures. Bacinella irregularis is characterised by an irregular, crystalline, 

vesicular shape. The interpretation of the Lithocodium-Bacinella association is still much 

disputed (see Banner et al., 1990; Schmid and Leinfelder, 1996; Dupraz and Strasser, 

1999). Original interpretations suggest that Lithocodium-Bacinella represents two parts of 

a single organism (such as a codiacean alga, Segonzac and Marin, 1972; Banner, et al., 

1996), although more recently Lithocodium has been interpreted as a formainifera (Schmid 

and Leinfelder, 1996) and Bacinella as being related to cyanobacteria (Camoin and 

Maurin, 1988; Nose, 1995; Schmid, 1996). The later interpretation has been suggested as 

correct as the two forms have been found separately in examples fi^om the Oxfordian of the 

Swiss Jura (Dupraz and Strasser, 1999). There is much dispute over the correct 

interpretation of the Lithocodium-Bacinella organism(s), due mainly to the fact that 

Lithocodium agregatum was miss identified in recent interpretations by Schmid (1996) 

(Simmons, pers comm., 1997). 
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The extent of bioerosion in the coral colonies is moderate. Evidence for the activity of 

bioeroders is mainly indicated by borings made by Clinoa sponges {Entobia) and 

Lithophaga bivalves. In the latter the bivalve is rarely present in the boring. The margins of 

corals are conmionly tnmcated suggesting fiirther bioerosion, probably as a result of 

grazing by echinoids and gastropods. Lithocidium (and commonly Bacinella) develops a 

commensalism with the boring telamminid foraminifera Troglotella cf. incmstans (Wemli 

and Fookes, 1992; Schmid and Leinfelder, 1996). At first stage of ontogeny this 

foraminifera has a regular growth and can perforate a substrate (in this case coral 

substrate). In further development it forms irregular chambers and reaches aberrant 

morphologies (Dupraz and Strasser, 1999). Foraminiferal borings are usually found in 

close association with Lithocodium-Bacinella encrustation; the Bullopora chambers being 

enclosed within borings the same size and shape of the chambers in the coral substrate. 

B) PLATY CORAL ASSOCIATION 

The top of the coral establishment facies shows a similar association of colonial corals and 

associated fauna described in Section 5.6.2A above, although, the morphology, diversity 

and spatial organisation of the coral fauna is distinctly different. In situ coral diversity is 

restricted to the platy morphotype of Thamnasteria and spatial organisation is much 

increased (Figure 5.8D). The platy corals are independent of each other and do not encrust 

onto each other. The branching form of Microphyllia is also present in the facies, as an 

allochthanous element, as it is found as reworked fragments. 

The associated fauna is much the same as above. The undersides of platy corals are 

encrusted with bryozoans, foraminifera, thecadean brachiopods and serpulids. This 

suggests that during growth part of the platy corals must have been fi-ee of the sediment 

surface in order to provide the cryptic habitat on the under-surface that could be encrusted. 

5.6.3 CLASTIC-CARBONATE TRANSITION F A Q E S 

This facies (Figure 5.5) is the first in the biostrome in which terrigenous mud is not 

present. Development of this coral-rich facies occurred initially below fairweather wave 

base (see Section 5.6.6). 

The coral fauna in this facies is very similar to the the vase and branching coral association 

described in the coral estabhshment facies (see Section 5.6.2A). Coral morphology is 

dominantly vase-like {Meandrophyllia, Polyphylloseris cf convex, Meandrarea), but with 

some columnar {Microphyllia) forms. Unlike the previously described facies (see Section 



CH.APTER 5 - C.ABO ESPICHEL PALAEOECOLOGY 186 

Figure 5.8 - Details 
fiTom the Lagosteiros 
Limestone Member. 
A Platy and lamellar 
microsolenid corals 
from the platy 
microsolenid-(domal 
stylinid) coral facies at 
the top of the 
bioconstruction. (See 
Section 5.6.5). 

B Detail of the inter-
fingering natiore of the 
channel-fill sediments 
with the in situ 
bioconstruction (see 
Figure 5.7B and 
Section 5.6.6). 

C The Callomophyliopsis 
facies of the 
bioconstruction. 
Showing the base of an 
in situ small branching 
colony of 
Callomophyliopsis. (See 
Section 5.6.4). 

D Platy morphotype of 
the microsolenid 
Thamnasteria, from the 
top of the coral 
establishment facies. 
(See Section 5.6.2). 
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5.6.2A and B) the thin branching form of Callomophylliopsis is also present, while the 

solitary coral Montivaltia appears to be absent. Coral colony size is still restricted, 

however, with individual colonies up to 0.25-0.30m across and a maximum height of 

0.20m. Spatial organisation of colonies again is low to moderate. 

The microfacies is distinctly different from the coral estabhshment facies (see Section 

5.6.2A). Coral fragments are not restricted to the microsolenid and latomeandrids that 

dominate the establishment facies (see Section 5.6.2), stylinid coral fragments are also 

found. Corals show complex encrusting relationships by Troglotella cf incrutans and 

Lithocodiian-Bacinella (partial mortality encrustation of living surface), bryozoans 

{Probiscina) and agglutinated foraminifera Borings by Lithophaga bivalves and Clinoa 

sponges {Entobia) are also abundant. Coral microstructures also show truncation, which is 

presumably the result of bioerosion from rasping organisms such as echinoids and 

gastropods. The matrix sediment is predominantly composed of bioclastic wackestone with 

echinoid spines and fragments of oysters, bivalves, gastropods, colonial coral 

(microsolenids and stylinids) and sponge fragments. Many of the colonial organism 

fragments show evidence for the complex encrusting relationships described above. The 

matrix sediment also shows rare peloidal textures. These are probably a result of microbial 

activity (thrombolitic textures) which are very common in many Jurassic bioconstructions 

and which play a major role in the binding of the primary coral fauna (Leinfelder et aL, 

1993), although thrombolitic textures are that abundant here. 

5.6.4 CALOMOPHYLUOPSIS FACIES 

The 2m thick bed which represents this association (Figure 5.5) marks a distinct change in 

ecological facies. This pillarstone (terminology of Insalaco, 1998, see Appendix B) has a 

low and discontinuous growth fabric continuity. The coral fauna is dominated by one 

taxon, the thin branching form of Callomophylliopsis (Figure 5.8C); microsolenid and 

stylinid corals are completely absent from this facies. Coral colony size is difficult to 

determine due to the effects of bioerosion and diagenesis on the thin branching colonies, 

although some in situ colonies have been observed to reach 0.15m across. 

The associated fauna is also distinctly different from the underlying coral association (see 

Sections 5.2.2 and 5.2.3). Echinoids, bivalves and gastropods are again abundant, and 

microfacies analysis reveals abundant echinoid spines. However, encrusters are not so 

diverse. Corals show encrustation, although this is restricted to thin crusts of Lithocodium-

Bacinella associations. The extent of bioerosion also appears to be much reduced. Physical 



CHAPTER 5 - CABO ESPICHEL PALAEOECOWGY 188 

processes seem to have been more important, with individual branching colonies or groups 

of colonies disrupted by periodic increases in energy which toppled and broke-up 

individual colonies. 

5.6.5 PLATY M ICROSOLENID-(DOMAL STYLINID) FACIES 

This facies represents another distinct change in the coral and associated faunal 

associations. The facies is dominantly a platestone (terminology of Insalaco, 1998, see 

Appendix B) with a high growth fabric continuity, and a high uniformity. 

The coral fauna is dominated by platy and lamellar morphotypes (Figures 5.5 and 5.8A). 

These platy and lamellar coral morphotypes (similar to the platy corals described in 

Section 5.6.2) are not encrusting forms. Unfortunately, due to the highly cemented nature 

of the biostrome and the recrystallisation of the coral feuna, collection and identification of 

the coral taxa has been problematic. However, many of the platy and lamellar coral 

morphotypes show remnants of the pennular structure of the microsolenid corals (e.g., 

Thamnasteria). Towards the top of this facies (top of the biostrome) minor additional 

elements have also been found. These take the form of domal coral morphotypes 

(stylinids), chaetetids (Blastochaetetes) and stromatoporoids, which are scattered 

throughout the dominant platestone fabric. From microfacies analysis these additional 

elements include the taxa Calamophylloseris, Pentacoenia, Stylina and haploriaeds. 

Although the spatial organisation of the corals increases in this facies, individual colony 

size still remains relatively small (Figure 5.8A). 

The facies also has a well developed associated fauna. As mentioned above, chaetetids and 

stromatoporoids appear for the first time, while echinoids (spines), bivalves, oysters, and 

gastropods are also present. Microfacies analysis shows a complex encrusting fauna. 

Corals are encrusted with serpulids, bryozoans, agglutinated foraminifera, ?sponges, 

theacadean brachiopods, and miscellaneous encrusters (including the alga/foraminifera? 

Kosinobullina). Lithocodium-Bacinella also plays a significant role in the encrusting fauna. 

Although encrusters are an important part of the associated fauna they do not bind the 

primary biostrome organisms (see also Section 5.6.3). 

Like the coral establishment and carbonate-clastic transition facies (see Sections 5.6.2 and 

5.6.3 respectively) bioerosion appears to be an important process in this unit. Corals are 

bored by Lithophaga, Clinoa and show truncation of their microstructure. This indicates 
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bioerosion by rasping organisms such as echinoids and gastropods. Channel structures (see 

Section 5.6.6) are also present through much of this facies. 

5.6.6 CHANNEL-LIKE STRUCTURES 

Within the top of the carbonate-siliciclastic transition facies, the whole of the 

Callomophylliopsis facies and bottom half of the platy microsolenid-(domal-stylinid) 

facies is a large flat-topped lens of bioclastic packstone to floatstone (Figures 5.5, 5.7B and 

5.8B). Further smaller lenses are found within the microsolenid-stylinid facies, which are 

only a few metres thick (exposed high in the chfF section, although they can only be 

viewed as two dimensional sections in the cliff" face). These lenses grade vertically and 

laterally into less disturbed facies. They represent localised mobile sedimentary fills of 

non-erosive, channel like features. They appear to be non-erosive as the coral 

bioconstruction inter-fingers with the sediment fill (Figure 5.8B). These channel-like 

structures formed penecontemporaneously with bioconstruction growth (Guilcher, 1958; 

Shinn, 1963). The sediment is composed of peloidal-like grains with micritic rims, 

moUuscan debris, echinoid spines and large clasts of corals and chaetetids. The main 

purpose of these channel structures was to remove in situ sediment produced by the 

abrasion of corals (Goreau et al, 1987) so the corals were not choked by the production of 

sediment (see Hubbard and Pocock, 1972). 

5.7 LADERIAS LIMESTONE FORMATION 

The Ladeiras Formation is approximately 50 metres thick and is characterised by 

carbonates interbedded with siliciclastics (Figures 5.5 and 5.9). This mixed carbonate-

siliciclastic formation is characterised by facies which represent sedimentation in a narrow 

deposition trend fi'om shoreface clastic to shallow shelf carbonate. The Laderias Formation 

is exposed to the north of Praia de Lagosteiros. Most of the formation, with exception of 

the base, can be accessed from the track that leads around the top of Praia de Lagosteiros 

(Figure 5.1). The base of the Ladeiras Formation is exposed in the small cove at the 

western point of the cliff on the northern side of Praia de Lagosteiros and just north of the 

cove, which can only be reached fi-om the cove when the tide is low. There is a gap 

between the exposure of the base and the main part of the Ladeiras Formation (Figure 5.5). 

The gap is a result of the exposure being either too high in the cliff to study in detail, or as 

the strata dips down to sea-level and can only be reach at exceptionally low spring tides. 

The base, and main part, of the Laderias Formation are described separately below. 
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Figui-e 5.9 - Detailed 
sedimentary log of the (upper) 
Ladeiras Limestone Formation, 
showing fossils/ichnofossils 
indicative of each facies. 
Numbers refer to sections in the 
text. For key to symbols see 
Appendix A. 
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The basal part of the Ladeiras Formation is dominated by two distinct carbonate facies 

interbedded with a single clastic facies (Figure 5.5); these are described below in Sections 

5.7.1, 5.7.2 and 5.7.3. 

5.7.1 SHOREFACE AND FORESHORE SANDSTONES 

Sandstones of the basal part of the Ladeiras Formation are characteristically between 0.2-

1.5m thick, well sorted, fine to coarsed grained, and in places fine upwards (Figures 5.5 

and 5.10). Thinner sands commonly contain rare agglutinated foraminifera and thin 

vertical burrows (Skolithos) which are 10mm across and penetrate approximately 0.25m 

into individual beds. The Skolithos burrows are not abundant and are rarely no closer than 

0.25m apart. Towards the top of the basal part of the Ladeiras Formation the thinner sands 

contain remnant, small scale planar cross-bedding (Figure 5.5). 

Thicker sandstones contain more complex sedimentary structiu"es and more abundant trace 

fossils. These thicker sands characteristically fine upwards and three distinctly different 

sub-facies have been identified: (i) in each case the base is characterised by small scale 

trough cross-bedding and trough cross-lamination, which is not bioturbated (Figure 5. lOB); 

(ii) this fines upwards into intensely bioturbated sand where laminations are scrambled 

('lam-scram' units of Bromley, 1995) (Figure 5. IOC), with remnant horizontal planar and 

trough cross-lamination. This has been intensely bioturbated by deposit feeding organisms, 

with minor bioturbation by Thalassinoides-like burrow complexes; (iii) the tops of the 

fining upwards cycles are characterised by cessation of sedimentation and colonisation by 

abundant Skolithos, Psilonichnus and rare Arenicolites traces. Complete or partially 

complete cycles may be present within individual sandstones. 

> 

5.7.2 CARBONATE PLATFORM, WITH RUDIST AND NERiNEros 

Wackestones, packstones and grainstones are interbedded with the siUciclastic facies in the 

base of the Laderias Formation (Figure 5.5). Packstones and grainstones are characterised 

by abundant agglutinated foraminifera, molluscan debris (including oyster fi^agments), 

micritised peloidal grains, echinoid spines and clastic quartz grains. The base of each bed 

is often characterised by type-A Thalssinoides burrows. Within the beds the packstone 

faima is packed with the abundant small rudist dinger Matheronia (using the terminology 

of Skelton and Gili, 1991) and a cerithiform gastropod. In the grainstones, where 

Matheronia is not present, the fauna is dominated by horizontally orientated nerineid 

gastropods. These are the large (up to lOOmm in height) Aptyxeilla lusitanica and the rarer, 

smaller, Ptygmatis (up to 50mm in height). Nerineids are mostly Augmented, with either 
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Figure 5.10 - The lower Ladeiras 
Limestone Formation. 
A Exposure of the dolomitised 
'coral field' and beach facies below 
the gap in the succession (see 
Section 5.7.4). 'Coral field' is 
exposed at the base of the photo. 
B Trough cross-bedding fix)m the 
base of the cyclic shoreface and 
foreshore facies found at the base of 
the Ladeiras Formation (see Section 
5.7.1). 
C 'Lam-scram' unit from the beach 
facies as in B above. 
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the apex missing or consisting of only 2-3 whorls. The grainstones are also characterised 

by large scale trough cross-bedding and show a palaeocurrent direction (trough migration) 

towards the west. Although the nerineids occur within the trough cross-bedded grainstone 

they do not show any preferred directional orientation. 

The base of the wackestones is characterised by minor bioturbation by type-A 

Thalassinoides burrows. Microfacies is dominated by micrite with abundant bioclastic 

debris. This is composed of abundant molluscan debris (gastropods and bivalves. Figure 

5.20) and rare brachiopod fragments. The fauna is composed of recrystallised nerineid 

gastropods (most likely Ptygmatis from the external morphology and rarely preserved 

internal folds of the body chamber), disarticulated bivalves and rare terebratulid 

brachiopods. 

5.7.3 CORAL FIELDS 

The base includes several dolomitised beds of colonial coral domestones with minor 

platestones (using the nomenclature of Insalaco, 1998, see Appendix B), with a low degree 

of growth fabric development and floatstones of reworked colonial coral material. 

Individual beds of colonial corals are between 0.6-1.5m thick and commonly contain the 

burrows of type-A Thalassinoides on the base. Towards the top of the basal p)art of the 

Ladeiras Formation, little detail can be gleaned from the colonial coral beds as ahnost 

complete dolomitisation has occurred; only the outline of the coral colonies can be seen 

(Figure 5.5 and 5.10). 

Within the coral domestones (and rare 'platestones') in situ coral colonies are mostly 

pedunculate, vase-shaped and, generally, they are sfrongly recrystallised (especially where 

dolomitised), preventing good taxonomic identification. Individual corals are up to 0.2m 

across and no more than 0.15m in height (pedunculate). 'Plate-like' ramose colonies are no 

more than 60mm in height. The term 'plate-like' is used rather than platy corals. Platy 

corals are characterised by more or less planar laminae resulting from dominantly marginal 

growth in a single plane; 'plagiogeotropic' growth (Rosen et al., in press). The 'plate-like' 

ramose colonial corals, although flattened into plates, grow vertically from the plate with a 

generally erect habit. This is characterised by outwardly orientated 'diageotropic' growth 

of branches. These grow by distal, rather than marginal growth of the coralites. This 

morphological growth form is indicative of shallow well-lit waters, unlike platy corals 

which indicate deeper water or restricted light. 
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The growth fabric is constratal, evidenced from at least one horizon, with the maximum 

relief of coral above the substrate being no more than 50-60mm. Where colonies have been 

identified, ramose 'plate-like' colonies are dominated by an ecomorphotype of 

Microphyllia (found in a columnar form at the base of the biostrome (see Section 5.6.2). 

Identified pedunculate vase forms are Polyphyloseris cf. convex. Dolomitisation has 

prevented taxonomic identification in the coral beds higher in the formation, although 

remnant internal structures seen in thin secton analysis are consistent with the styliniidae. 

The associated fauna is restricted to minor encrustation by thin sheets of chaetetid (on a 

millimetre scale), bryozoans (cf Proboscind) and fi:agments of encrusting oysters. Corals 

do not show the complexity of encrustation characteristic of the biosfrome (see Sections 

5.6.3 and 5.6.5). Where the sediment between the coral colonies has not been dolomitised, 

it is dominated by micrite. 

Floatstones are mostly dolomitised and are characterised by rubble of reworked angular 

colonial coral fragments (Figure 5.5). The floatstones are characterised by massive beds of 

angular, colonial coral rubble with erosive bases. Echinoid spines and moUuscan debris are 

also found within theses beds, but the coral rubble is the dominant component. 

5.7.4 GAP BETWEEN BASE AND MAIN LADEIRAS FORMATION 

As already outlined (see Section 5.7), to the north of the exposure of the basal part of the 

Ladeiras Formation there is a gap in the succession that cannot be studied (Figures 5.5 and 

5.10). Unfortunately, the exposure is either too high in the cUff to study in detail, or the 

strata dips down to sea-level and can only be reached during low spring tides. What can be 

seen in the cliff section above the 'coral fields' and coral floatstones (see Section 5.7.3) are 

a series of massively bedded clastic sands with low angle planar and trough cross-bedding. 

The main part of the Ladeiras Formation (as outlined in Section 5.7) is exposed to the 

north of Praia de Lagosteiros (Figure 5.1). This is accessed from the track that leads around 

Praia de Lagosteiros (Figure 5.1). Several carbonate and clastic facies are identified and 

are described below. 

5.7.5 CARBONATE PLATFORMS (DASYCLADEAN AND MUDDY EXOGYRA-NATICA) 

The first well exposed strata within the main part of the Ladeiras Formation are a series of 

limestones (0.5m thick on average) which are interbedded with marls (Figure 5.9). These 

limestones and marls are approximately 13m thick in total and can be accessed from the 



, CHAPTER 5 - CABO ESPICHEL PALAEOECOWGT 195 

track above the cliff on the northern side of Praia de Lagosteiros (Figure 5.1). North of 

Praia de Lagosteiros, near to the track, a well exposed bedding surface is characterised by 

dinosaur trackways (Figure 5.11). The strata are exposed above and below this distinctive 

bedding plane. Above, the bedding plane the section is poorly weathered near the track, 

although, down dip fresher exposure can be studied. Below the bedding plane with the 

dinosaur trackways the section can be accessed by following the large sauropod trackway 

towards the edge of the cliff, where a fisherman's access path can be found. 

The carbonate beds that comprise this facies are grey in colour and mostly have irregular 

bases and planar surfaces. The irregular bases are a result of intense bioturbation by type-A 

Thalassinoides. Individual burrows can be seen penetrating from the base of the bed into 

the mud below. With the exception of two horizons (see below), no colonised 

abandonment surfaces have been recognised. The interbedded carbonates and muds appear 

to represent continuous sedimentation, and reworking of the sediment by deposit feeding 

burrowers. 

The fossil faima of the carbonates is characterised by a moUuscan fauna that is dominated 

by large naticid gastropod casts (ranging from 35-120mm last whorl width). The large 

sediment resting oyster Exogyra is also present. At one horizon a bed is almost completely 

composed of large naticid gastropods and rare Exogyra. Nerineid gastropods are also 

abundant and are represented by Aptyxeilla cf. liisitania. Larger Aptyxeilla are generally 

fragmented and only represented by 2 to 3 whorls; smaller forms (20-30mm in height) are 

mostly whole, and are randomly orientated as a result of the intense Thalassinoides 

bioturbatioa Other organisms represented within the beds are echinoid spines and rare 

individual plates (Toxaster), solitary corals {Montiivaltia), solitary serpulid worm tubes, 

disarticulated carditid bivalves and abundant moUuscan fragments. 

The sediments are wackestones and packstones. The packstone bioclasts are dominated by 

agglutinated foraminifera and oblate peloidals, and rare (never more than 1%) fine clastic 

quartz grains. Other bioclastic elements include disarticulated and fragmented dasycladean 

algal, abundant molluscan (including oyster) fragments. Wood fragments are abundant 

throughout, mostly in the mud partings and layers. 

Towards the top of these wackestone-packstones and interbedded muds, elastics sands 

appear instead of the carbonates (Figure 5.9). These medium to coarse, mature quartz sands 

have a similar fauna to the wackestone-packstones. Intense Thalassinoides (type-A) 
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bioturbation is associated with large naticid gastropods and abundant molluscan (including 

oyster) fragments. 

As mentioned above, two distinct horizons occur that represent abandonment and erosion 

of the substrate. These horizons are characterised by a tiering of trace fossils that indicate a 

distinctive fluctuation in environmental conditions. The upper of these two horizons is 

represented by the well exposed bedding plane that contains the dinosaur trackways 

(Figures 5.9), and the lower is 2.5m below this (Figure 5.9). 

Both horizons are characterised by abundant retrusive Diplocraterion parallelum (Figure 

5.12C). The U-shaped burrow is approximately 10mm in diameter and is filled with 

micrite that rarely contains bioclastic fragments. Spreite are well preserved and are 

approximately 5mm apart. Individual burrows penetrate up to 0.15m into the packstone. In 

the lower horizon rare Diplocraterion cf polyupsilon is also found. The outer (last used) 

burrow is approximately lOmm in diameter, infilled with micrite and penetrates 

approximately 0.10m into the packstone. Other, rare, U-shaped tubes are also found in the 

lower horizon. These have the same morphological characteristics as the Diplocraterion 

parallelum but only penetrate 0.6m from the packstone surface. 

The upper horizon, characterised by the dinosaur trackways, also is intensely bioturbated 

by the retrusive Diplocraterion parallelum. Unlike the lower horizon this packstone also is 

bioturbated by another burrow with spreite. These are fairly abundant and are characterised 

by a single sub-vertical tubes, lOmm across, with abundant convex spreite (Figure 5.12C). 

These are also a retrusive burrow of a small semi-infaual pelecopod bivalve. 

A) DINOSAUR TRACKWAYS, FOOTPRINTS, AND THEIR PALAEOECOLOGICAL SIGNIFICANCE 

The most distinctive feature of this upper packstone with retrusive burrows is found on the 

bedding surface and the presence of several dinosaur trackways (Figures 5.11 and 5.12). 

The dinosaur trackways were previously studied by Antimes (1976). It is thought that the 

exposure of the bedding plane has been more extensive in the past (Antunes, 1976) as less 

trackways were observable during the fieldwork undertaken during this study. Sauropods 

have been identified as being the most dominant trackways makers during this study 

(Figure 5.11). The most impressive of these is a sauropod trackway {Neosauropus 

lagosteirensis) that trends north-south and extends across the whole exposed bedding plane 

(Figure 5.11). This is represented by large, round deep impressions (approximately 0.6m 

across and average gait between individual footprints of 1.2m). These are thought to 
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Figure 5.11 - Dmosaur trackways of the Ladeiras Limestone Formation, exposed on a single 
bedding plain, above the cliff on the north side of Praia de Lagosteiros. A Large, continuous 
sauropod trackway oi Neosaumpns lagosteirensis. B Plane of the dinosaur footprints and 
trackways exposed on the single bedding plane featiored in A (adapted from ^^ntnes, 1976). 
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represent only the impression of the pes (larger hind leg). Manus impressions are not 

present, which would have been smaller and may have been removed by later marine 

erosion. There is also a large oblate impression to the north of the trackway (Figure 5.1 IB). 

This is thought to represent an impression of the sauropod tail (Antunes, 1976). 

Just to the north of the Neosavropm lagosteirensis is another sauropod trackway. These 

footprints are much smaller (average 0.3m long and 0.3m wide) and are only just visible. 

This is also only represented by the pes imprint. As well as quadruped sauropod 

impressions, bipedal impressions are exposed on the bedding plane. Two trackways (each 

with 4 or 5 footprints now exposed) of a small theropod are exposed in the north west part 

of the bedding plane (Figure 5.12). These footprints are characterised by impressions of 

digits 2,3 and 4, are approximately 0.25m long and 0.25m wide (Figure 5.12). These have 

been attributed to the theropod Megalosaitropus (Eutynunichnium) gomesi (Antunes, 

1976). Other smaller trackways (2 to 3 footprints) or single footprints were also described 

by Antunes (1976). These are dominated by round impressions of sauropods. Other three-

toed impressions are also present, which have been attributed to the omithopod Iguanodon 

by Antunes (1976) (Figure 5.1 IB). 

Directional evidence from the trackways indicate that dinosaur movement was towards the 

south, south-west and south-east (Figure 5.11). The palaeoshoreline at this time was 

orientated north-south, indicated by the migration direction of foreshore sihciclastics in the 

base of the Laderias Formation (see Section 5.7.1); assuming that coastline orientation did 

not change. This indicates a roughly shore-parallel travel direction of the dinosaurs. There 

is no evidence for parallel trackways on this bedding plane, which would suggest 

gregarious behaviour (as with the trackways found in the Porto da Calada Formation (see 

Section 5.2.3). This suggests that dinosaur movement was controlled by shoreline parallel 

migration (Ostrom, 1972). 

5.7.6 SHOREFACE SANDS AND CARBONATE PLATFORM (MUDDY) 

Above the wackestone-packstones and interbedded mud described in Section 5.7.5 there is 

a small gap in the exposure. This gap is most likely represented by muds, although this has 

not been exposed during fieldwork. The next 14m in the Ladeiras Formation is represented 

by thick clastic sands interbedded with nodular, muddy carbonates and muds. The 

exposure can be studied in the cliff section to the north (and above) the dinosaur trackway 

bedding plane (Figure 5.13). 
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Figure 5.12- Details of the 
dinosaur bedding plane of the 
Ladeiras Limestone Formation. 

A Trackway of a small theropod 
(Megalosauropus) heading in an 
E-SE direction. Tape for scale is 
extended 1 metre. 

B Close-up of an individual 
Megalosauropus footprint from 
the trackway in A above. 

C Addition ichnofossils fi-om 
the dinosaur bedding plane, 
retrusive Diplocraterion 
parallelum (see Section 5.7.5 for 
discussion on relationship 
between vetebrate and 
invertebrate ichnofossils). 
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A) SHOREFACE SANDS 

Four sandstone beds characterise this facies (Figures 5.9 and 5.13). These range in 

thickness from l-3m and all show similar characteristic structures and fossil assemblages; 

there are also similarities to the shoreface to foreshore sands described in Section 5.7.1. 

The individual sandbodies are characteristically very fine, textually mature sands. The 

larger sandbodies (3m thick) are silty to very fine sand at the base and coarsening upwards 

to very-fine and fine sands. 

In general the sandbodies are composed of three distinctive sub-facies, which show tiering 

of trace fossils (Figures 5.9 and 5.13): (i) the base of the sands are characterised by silty-

sand to very fine sand. This contains no visible sedimentary structures, but wood material 

is very abundant. This is not just small fragments (as seen in the lagoonal facies described 

in Section 5.7.5), but also abundant large pieces of wood (up to 0.40m in length, but only 

50mm thick). Fragments of oyster valves (up to 20mm across) are also abimdant locally. 

The pieces of wood and oyster fragments are all horizontally orientated and occur in 

discrete horizons (seen in horizontal sections); (ii) the middle of the sands are characterised 

by intense bioturbation by Thalassinoides (tyj)e-A?). Remnant sedimentary laminations are 

also found. These have been almost completely scrambled by the Thalassinoides 

bioturbation; (iii) the sands are capped by abandonment horizons characterised by 

burrowed surfaces. Burrowing is intense and often resulted in the complete scrambling of 

sedimentary laminations, however, remnant planar horizontal laminations are visible in 

places. Burrowing at these horizons is represented by abundant Skolithos and less abundant 

Psilonichnus. Large naticid gastropod casts have also been found at these horizons. 

Within individual sandbodies the cycle may be repeated or parts missing (this is similar to 

the shoreface and foreshore facies described in Section 5.7.1). The thiimer sands 

commonly have the basal part (see [i] above) missing and thicker sands have repeats of the 

trace fossil tiering of Thalssinoides and Skolithos-Psilonichnus (see [ii] and [iii] above). 

B) CARBONATE PLATFORM (MUDDY) 

The clastic sands (described in Section 5.7.6A) are interbedded with nodular, muddy 

carbonates (20-30cm thick) (Figure 5.9). The carbonates are dominated by micrites, and 

locally bioclastic wackestones, interbedded with muds. The bioclastic element is mostly 

oyster, minor molluscan Augments and rare fish teeth; microfossils are not present as 

fragments or in the matrix. In places the micrites and wackestones have been completely 

replaced by dolomite. The nodular appearance of the micrites and wackestones is the result 
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of intense bioturbation by Thalassinoides suevicus (type-A) (Figure 5.13D). The 

Thalssinoides suevicus burrows penetrate from the base of the carbonates into the muds 

below and this is what gives the carbonate beds their distinctive nodular appearance 

(Figure 5.13D). 

The tops of the carbonate beds are planar. Large naticid gastropods are common on these 

surfaces, as are large Exogyra. Naticid gastropods are mostly represented by casts. These 

naticids also provided a substrate for the colonisation of other organisms. The casts of 

naticids are often encrusted with Exogyra. The inside of the naticids (seen in thin section 

analysis) are encrusted by bryozoan and single serpulid worm tubes. Recrystallised 

disartculated bivalves (approximately 3cm across) are also present and trigonid bivalves 

have also been found. 

Bioturbation of these carbonates is generally characterised by Thalssinoides. However, the 

tops of two carbonate beds show distinctly different trace fossil assemblages. Retrusive 

Diplocraterion parallelum, U-shaped tubed (approximately 12mm across) with concave 

upwards spreite, penetrate 5-6cm down from the top of the bed. Single vertical tubes with 

concave upwards spreite are also characteristic of this horizon. These are the burrows of 

small pelecpod bivalves. These horizontal burrows represent a second tier of burrowers, 

with spreite cross-cutting the Thalassinoides. These retrusive vertical burrows (similar to 

those described in Section 5.7.5) indicate erosion of the carbonate substrate. 

5.7.7 CARBONATE PLATFORM (DASYCLADEAN), WITH MINOR SHOREFACE CLASTICS 

The top 16.5m of the Ladeiras Formation is characterised by very nodular, dark grey 

carbonates interbedded with thin muds (Figure 5.9). These are exposed towards the base of 

the cUflF above the dinosaur trackway bedding plane and where the strata extend onto the 

foreshore, forming a small headland at the base of the cliff (Figure 5.13). 

At the small headland the carbonates form at the base of the cliff the interbedded marls are 

weathered out and the nodular appearance of the carbonates can clearly be identified as an 

ichnofabric; trace fossils can be seen on the base of the carbonates. Burrowing in these 

carbonates is more intensive than any where else in the Ladeiras Formation. They are 

abundant in both the carbonates and the interbedded marls. In the carbonate beds this 

intense burrowing is represented by Thalassinoides suevicus. The trace fossils consist of a 

series of oblate, horizontal tubes with abundant bifiircating junctions and varying in size; 

representing type-A, B and C Thalassinoides. No tiering between the types of 
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Figure b.Vi - A Exposure of the upper part 
of the Ladeiras Limestone Formation in the 
cliff at Ladeiras. B Clastic lower shoreface 
facies, showing Skolithos burrowed horizon 
towards the base, with parallel laminations 
above and capped by 'lam-scram' unit. C 
Water escape structure in the clastic lower 
shoreface facies. D close-up of Thalssinoides 
suevkiis in the carbonates of the upper part 
of the Ladeiras Limestone Formation. 
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Thalassinoides can be distinguished, as burrows representing Thalassinoides type-A, B and 

C truncate one another. Towards the top of the packstones, sub-horizontal, U-shaped 

burrows (burrow width around 1cm), with concave upwards spreite, are found. These are 

Rhizocorallium and represent the work of additional deposit fodichnia. 

Within the interbedded marls a different ichnofauna is present. The Thalassinoides 

burrows penetrate down into the marls, as they protrude out from the base of the 

packstones, although they do not originate in the marls. The marls therefore appear to act 

as a barrier for the Thalassinoides. Within the marls a distinctive trace fossil is present. 

These are small (l-2cm across), single sub-horizontal tubes which are circular in cross-

section and infilled with light grey micrite. This micrite infill generally does not contain 

any bioclastic debris. These small sub-horizontal tubes are Planolites burrows which are 

very abimdant in the marls. The packstones do not act as a barrier to the deposit fodichnia 

Planolites. The Planolites penetrate down into the packstone beds where they can be seen 

to truncate the intense Thalassinoides suevicus burrowing. This indicates a tiering of 

ichnofossils with Planolites indicating slightly shallower water depths on the carbonate 

shelf than Thalassinoides (Bromley, 1995). This also indicates that the alternation of 

bioclastic packstones and marls is controlled by fluctuations in sea-level rather than 

sedimentation rates. 

Large naticid gastropod casts and large oysters (Exogyra) are abundant in these packstones 

(similar to the carbonates described in Section 5.7.6). Here there is also a close relationship 

between the naticids and Exogyra. The naticid gastropods provided a hard substrate onto 

which the Exogyra encrusted. Both the naticids and Exogyra have also been encrusted by 

colonies of small (1mm across) serpulid worm tubes (Figure 5.21). Echinoid spines are 

abundant, fragmented nerineid gastropods (large Aptxiella lusitanica and smaller 

Ptigmatis) and in situ trigonid bivalves (cf Trigonia) have also been found. Wood 

fiagments are abundant throughout, especially in the interbedded marls. Rey (1972) has 

also reported the presence of fish teeth in this unit. Locally horizons are also rich in 

disarticulated, recrystallised bivalves, terebratulid brachiopods and coral pebbles. 

An abundant bioclastic component dominates the microfacies. This is characterised, and 

dominated, by agglutinated foraminifera, including Chofatella decipiens, 

Haplophragmoides sp., Nautiloculina sp. (Rey, 1972) and dasycladean algae (Figure 5.21). 

MoUuscan Augments (including small fiagmented gastropods and oyster) are also abundant 

locally as are peloids. Quartz grains are also commonly found, although these 
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characteristically represent <1% of the grain composition. Towards the top of the Ladeiras 

Formation the carbonate sediments are replaced by dolomite, with only remnant 

agglutinated foraminifera and oyster fragments. 

5.8 ROCHADOURO SANDSTONE FORMATION 

The Rochadouro Formation, previously the Gres de Rochadouro of Rey (1972), is 

dominated by clastic sands interbedded with dolomitised carbonates (Figure 5.14). The 

Rochadouro Formation is exposed on the foreshore at Rochadouro between, and beneath, 

several ledges (Figures 5.1 and 5.15A). The formation can be reached from the top of the 

cliff by following fishermens' pathways that lead down the low cliff. 

The base of the formation is exposed directly above the ledge on the foreshore that 

represents the top of the Ladeiras Formation. The base can be easily identified. 1.5m above 

the base is a distinctive bed approximately 1.5m thick. This is characterised by a silty clay 

which is packed with carbonised wood material (less than 10mm to 0.5m size range). 

Although the exposure of the Rochadouro Formation is continuous along the foreshore at 

Rochadouro the base is exposed in the cliff and not directly on the foreshore. As a result 

the exposure is difficult to follow and there is a gap in the sedimentary log (Figure 5.14). 

5.8.1 SHOREFACE SANDS AND MUDDY PLATFORM CARBONATES 

Two distinct facies have been identified within the Rochodouro Formation. This distinction 

is based mostly on ichnofossils and remnant sedimentary structures. The two ichnofossil 

assemblages alternate throughout the Rochodouro Formation. Although the first of these 

(described here) is characterised by both carbonates (which are mostly dolomitised) and 

elastics the faunal assemblage is consistent in both sediments and so they are described 

together. 

The carbonates and elastics within the Rochodouro Formation, are mostly dolomitised, as 

is the case for the top of the Ladeiras Formation (see Section 5.7.7), yellow in colour and 

nodular in appearance (Figure 5.15). Carbonates show replacement of original carbonate 

sediment by dolomite and in the elastics the carbonate cement is replaced by dolomite. 

Towards the base of the formation the dolomitised carbonates commonly contain iron 

oxide concretions and calcite filled vugs. Apart from the dolomitised carbonates at the 

base, these nodular carbonates and elastics are exposed in the ledges along the foreshore at 

Rochodouro (Figure 5.15). The nodular appearance of these beds is a result of intense 

bioturbation by Thalassinoides (type-A) as seen in the Ladeiras Formation (see Section 
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Figure 5.14 - Detailed sedimentary log 
of the Rochadouro Sandstone, Areia do 
Mastro Limestone Formations and base 
of the Papo Seco Mudstone Formation, 
showing fossils/ichnofossils indicative of 
each facies. Numbers refer to sections in 
text. For key to symbols see Appendix A. 
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5.7.7). The Thalassinodes burrows that characterise this facies. They can be best observed 

on the imdersurface of the beds forming the ledges, where bifucating oblate burrows are 

exposed. At the base of the formation one sand bed contains single sub-vertical tubes, 

25mm across, with concave upwards spreite. This is a protrusive burrow representing the 

upward movement of a small pelecypod bivalve. 

The associated fauna with the Thalassinodes is similar to the packstones described in 

Section 5.7.7. This is characterised by abundant large naticid gastropod casts and 

fragments of oyster valves. Wood fragments are also common throughout this facies. 

Although the carbonates are mostly dolomitised, locally peloidal grains, oyster fragments 

and agglutinated foraminifera can be seen. Rey (1972) reports the presence of the 

foraminifera Choffatella decipiens and also fish teeth. 

5.8.2 SHOREFACE AND FORESHORE SANDS 

The second facies of the Rochadouro Formation is dominated by elastics which are 

interbedded with the lower shoreface clastic and shelf carbonates described in Section 

5.8.1. These lower to upper shoreface sands show many similarities to the sands described 

in the Ladeiras Formation (see Sections 5.7.1 and 5.7.6A). These sands are exposed on the 

foreshore at Rochadouro beneath the ledges (Figure 5.15). As with the sands of the 

Ladeiras Formation a cycle of three distinct sub-facies can be recognised within them: (i) 

the base of these sands is characterised by small scale planar and trough cross-laminations. 

The foresets commonly have abundant wood fragments draped on them; (ii) the middle is 

characterised by a 'lam-scram' unit, which show remnants of cross-laminations, parallel 

laminations and abundant wood Augments. Planolites (single tubed, sub-horizontal 

burrows, 15mm wide) overprint the scrambled laminations and rare casts of trigonid 

bivalves have also been foimd; (iii) the tops of the sand horizons are represented by 

omission surfaces, characterised by a burrowed horizon represented by Skolithos and 

Psilonichnus (J-shaped and Y-shaped crab burrows). These penetrate 0. Im from the top of 

the sand cycles. Within these sands more than one cycle may be present either in entirely 

or with sub-facies missing. This is difficult to determine in places as nodular cementation 

of the sands at several horizons has obscured the original sedimentary structures and 

ichnofossils. 

5.9 AREIA DO MASTRO FORMATION 

The Areia do Mastro Formation is a dominatly carbonate unit exposed in the cliff above 

the foreshore at Areia do Mastro (Figure 5.16). The exposure can be accessed from the 



CHAPTER 5 - CABO ESPICHEL P.ALAEOECOLOGY 207 

Figure 5.15 - A Exposure of the two facies, of the Rochadouro Sandstone Formation, 
beneath one of the ledges on the foreshore at Rochadouro. B Base of the cliff shows the 
shoreface facies, with the nodular, tabular Thalassinoides carbonates above. C Detail of the 
shoreface sands, showing Skolithos burrowed horizon towards the base and intense 
bioturbation of laminations above. 
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tracks along the top of the cliff. These tracks can be reached by leaving the Sesimbra to 

Cabo Espichel road in the village of Azoia (Figure 5.1). The Areia do Mastro Formation 

was previously described by Rey (1972) as the 'Calcaires et Mames a Choffatelles'. 

The carbonates of the Areia de Mastro Formation are dark grey and very nodular in 

appearance and interbedded with thin marl intervals (similar to the upper part of the 

Ladeiras Formation; see Section 5.7.7) (Figure 5.14). This nodular appearance also 

characterised by a bioturbation fabric. This bioturbation fabric is dominated by horizontal 

burrows with an oblate cross-section. Exposure of these burrows is best on the underside of 

the carbonate beds, where individual burrows can be seen to bifurcate. This is indicative of 

the Thalassinoides burrows common within the carbonates throughout the Lower 

Cretaceous succession. Bioturbation is dominated by type-B Thalassinoides, with type-A 

also present but less common. 

5.9.1 CARBONATE PLATFORM (MUDDY, WITH THALASSINOIDES-EXOGYRA-NATICA) 

As mentioned above, the Areia do Mastro Formation is dominated by carbonates that are 

intensely bioturbated by Thalassinoides (type-A and B). As with other Thalassinoides-

carbonates described (e.g. see Sections 5.7.5 and 5.7.7) the caiiwnates of this formation 

also have a similar characteristic associated fauna. Large naticid gastropod casts are 

abundant, as are also the large sediment resting oyster Exogyra. The large naticid 

gastropod casts are also encrusted by Exogyra. The Exogyra form small 'clumps' of two to 

three individuals encrusting onto each other. These are also encrusted by smaller (juvenile) 

Exogyra. A second oyster, Ostrea, is also found within the Areia do Mastro Formation. 

This is not found encrusting the large naticid, but, is commonly found in 'clumps' of two 

to three individuals, in a similar way to the Exogyra. There is no evidence of encrustation 

of these oysters by other organisms. 

Although the Thalssinoides-naticid-Exogyra association dominates the faima of these 

carbonates other organisms are also present. Nerineid gastropods are locally abundant 

(especially within the gastropod wackestone; see Section 5.9.2). These are represented by 

the smaller Ptygmatis (which are mostly whole) and the larger Aptxeilla lusitanica. A. 

lusitanica is mostly fragmented and characterised by the basal three to four whorls, having 

lost the apex. The bivalves Pholadomya and Trigonia and echinoids (Heteraster sp.) are 

locally common. The trigonid bivalves are commonly disarticulated and the echinoids are 

only rarely whole, mostly represented by spines and plates. Rey (1972) also reports the 

presence of belemnites, although does not name specific taxa. 
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FigiiTc 5.16 - A The .\reia do Mastro Limestone Formation exposed along in the cliff at 
Areia do Mastro. B Close-up of the middle of the Areia do Mastro Limestone Formation, 
showing clastic horizon found in the middle of the formation at the base of the photo (in 
recess) with the carbonates of the upper part of the formation above. 
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Towards the top of the formation the wackestones and packstones contain a second type of 

trace fossil. These are single, sub-horizontal tubes (10-20mm across), which are oblate in 

section and commonly infilled with bioclast-poor micrite. These sub-horizontal burrows 

are Planolites and are only found towards the top of the formation. Wood fragments are 

also common throughout the formation, especially within the marly intervals. 

The microfacies within the Areia do Mastro Formation is characterised by either bioclastic, 

peloidal packstones or wackestones, which are rich in microfossils (Figure 5.21). 

Foraminifera are particularly abundant. Rey (1972) reports the presence of the agglutinates 

Ammobaculites, Choffatella decipiens, Trocholina, Everticyclammina, Haplophragmoides, 

Pseudotextularia and also miliolids. Dasycladean algal frgaments are also abundant, with 

occasional discs and partial stems found (Figure 5.22). 

5.9.2 EXOGYRA COLONISED HORIZONS 

Within the Areia do Mastro Formation there are three distinctive horizons. These are at 

5.5m and 10m from the base and at the top of the formation (Figure 5.14). The horizons are 

characterised by a colonised surface covered with large examples of the sediment resting 

Exogyra. These Exogyra are closely spaced and are found as individuals and also clumps 

of 2 to 3 oysters (see Section 5.9.1). The large Exogyra, apart from encrusting and forming 

'clumps', are also encrusted by small (juvenile, 10-15mm high) Exogyra. There is no 

evidence of other encrusters that are commonly found (e.g. serpulid worm tubes and 

biyozoans). The larger adult Exogyra are commonly covered with small holes. These are 

1mm or less across and mostly circular, with some of the smaller ones being ovoid. These 

circular holes are Entobia, endolithic sponge borings of Cliona. The oval shaped borings 

are morphologically similar to the borings of the predatory gasfropod Natica, of which 

there are abundant casts throughout the formation. The colonisation, and to some extent the 

development of the endolithic borings, indicates a long pause in sediment deposition at 

these horizons. 

5.9.3 GASTROPOD WACKESTONE 

Approximately 4m from the base of the Ariea do Mastro Formation is a bioclastic 

wackestone with a distinctive fauna (Figure 5.14). This bed has an extremely abundant 

high-spired gastropod fauna which is dominated by the small nerineid Ptygmatis. Other 

high-spired gastropods include a cerithiform gastropod (this could not be identified as the 

wackestone is indurated and fossils have been identified from the exposure and 

recrystallised turriform gasfropod. The larger nerineid Aptxeilla lusitanica is rare. 
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The microfacies of this bed is characterised by a bioclastic wackestone. The bioclastic 

element is dominated by abundant fragments of nerineid gastropods and dasycladean algae. 

Agglutinated foraminifera are also abundant. 

5.9.4 SHOREFACE SANDS AND MUDS 

Directly above one of the oyster colonised surfaces (see Section 5.9.2), 10m from the base, 

the nodular carbonates that dominate the formation are replaced by 4m of elastics (Figure 

5.14). These elastics are characterised by a basal 2m thick unit of dark grey silty mudstone 

which is rich in wood fr^igments, small logs (up to 0.20m in length), reworked oyster 

fragments and rare, almost whole, randomly orientated Exogyra. 

Above this silty mudstone are 2m of fine to medium, clastic sands (Figure 5.14). These 

sands are similar to the shoreface sands described from the Rochadouro Formation (see 

Section 5.8.1). They are characterised by the intense bioturbation of type-A 

Thalassinoides, abundant wood material (fragments and small logs, up to 0.10m in length), 

and fragmented, randomly orientated, whole Exogyra. 

5.10 PAPO SECO MUDSTONE FORMATION 

The Papo Seco Formation (Rey, 1992) marks the return to clastic-dominated sedimentation 

(Figures 5.14 and 5.17). Exposure of the formation is found above the low cliff between 

Rochadouro and Areia do Mastro, and on the foreshore and beach at Boca do Chapim 

(Figure 5.18). The Papo Seco Formation was previously referred to by Rey (1972) as the 

'Gres a Dinosauriens' due to the abundant dinosaur remains found in the past. 

The Papo Seco Formation is dominated by silty mud-mud deposition. This is interbedded 

with medium to coarse, commonly ribbon shaped, clastic sands. Along the exposure, 

between Rochadouro and Boca do Chapim, the clastic sands are not laterally continuous. 

The exposure clearly shows that the ribbon sands are isolated and change laterally into 

muds (Figure 5.18). The sedimentary log of the Papo Seco Formation (Figures 5.14 and 

5.17) is representative and is taken from the exposure above the foreshore between 

Rochadouro and Areia do Mastro (Figure 5.18). Three distinct sand facies have been 

identified within the Papo Seco Formation and are described below. 

5.10.1 DELTAIC DISTRIBUTARY CHANNELS, WITH BIOCLASTIC LAGS 

Several massive sand units are exposed within the muds of the Papo Seco Formation 

(Figure 5.18). These sandbodies are approximately 2m thick and are characterised by 
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Figure 5.17 - Detailed 
sedimentary log of 
the upper part of the 
Papo Seco Mudstone 
Formation and the 
Boca do Chapim 
Limestone Formation, 
showing 
foss ils/ichnofossil s 
indicative of each 
fades. Numbers 
correspond to 
sections in text. For 
key to symbols see 
Appendix A. 
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concave upwards erosional bases. There is rarely amalgamation of erosional-based 

sandstones within the individual sandbodies. The bases of these sandstones often contain 

gravely lags which are abimdant in oyster fragments and wood debris (including some 

small logs). Internally the sands contain trough cross-bedding and trough cross-

laminations. The trough cross-bedding indicates a palaeocurrent direction towards the 

south west. Trough cross-laminations are commonly draped with fragments of fine woody 

material and mud. In one sand, tidal bundles are foimd towards the top. This indicates a 

minor amount of tidal influence in the deltaic distributary channels (Dalrymple, 1992). 

Towards the tops of these ribbon-shaped sandbodies rare trace fossils have been found. 

These are characterised by sub-vertical burrowings which are approximately 50mm across 

and penetrate up to 0.35m into the sand. Where a freshly exposed surface can be studied, 

these burrows have concave upwards bases. They are infilled by mud and silt laminae 

which are concave upwards in shape mirroring the basal shape of the burrow. These are 

thought to represent a type of crab burrow (cf Psilonichnus, Gingras et ai, 2000). 

5.1Q.2 SKOUTHOS-PLANOUTES SANDS 

Thin tabular, bioturbated sands are also characteristic of the Papo Seco Formation (Figures 

5.14 and 5.17). These sands, interbedded with the dominant mud of the formation, are also 

laterally discontinuous and are between 0.2m and 0.5m thick. Trough cross-bedding and 

planar cross-bedding (lateral accretion surfaces) are common v^thin these sands. Shallowly 

dipping lateral accretion surfaces and trough cross-bedding are characterised by 

bioturbation. Skolithos (single vertical tubes, 7irmi across) penetrate up to 0. Im down from 

the tops of the cross-beds. 

The top surface of the lateral accretion surfaces are also characterised by a second tier of 

burrowing. Abundant, single, sub-horizontal Planolites burrows truncate each other across 

the surface. Single U-shaped, Arenocolites burrows are also rarely found. The ichnofauna 

is not the only fauna found within these thin tabular sands. Rare naticid gastropod casts and 

rare infavmal bivalve casts have also been found within the sands. The tops of the some of 

the sands have been colonised by the oyster Exogyra. 

5.10.3 OYSTER BIOSTROMES 

Within the Papo Seco Formation are several thin bioclastic rich sands. These are tabular, 

laterally discontinuous and approximately 0.2m thick. They are characterised by an 

extremely abundant in situ oyster fauna. The oyster fauna is represented by only one taxon. 
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Figure 5.18 - A The Papo Seco Mudstone 
Formation exposed in the cliffs between .^reia do 
Mastro and Boca da Chapim, also showing the 
Boca da Chapim Limestone Formation at 
Aguncheiras in the background and, at the 
hottomof the photo, the top of the ^\reia do 
Mastro Limestone Formation. B Detail of a 
massive trough cross-bedded sandbody fhjm the 
middle of the formation. C Detail of the bedding 
surface of a oyster bank, found towards the base 
of the formation. 
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Exogyra. The Exogyra colonise the substrate either as individuals or in 'clumps'. They are 

also encrusted by smaller, juvenile forms and commonly show evidence of abimdant 

endolithic Entobia boring (see also Section 5.9.2). Unlike other oyster colonised horizons, 

it IS not the top of the bed but the entire bed that contains the oyster fauna in this case 

(Figure 5.18). 

5.10.4 DELTAIC OVERBANK MUDS, WITH DINOSAUR REMAINS 

The majority of the formation is dominated by mud deposition (Figures 5.14, 5.17 and 

5.18). The mud succession is characterised by horizons which are abundant in wood 

fragments and logs (Figures 5.14 and 5.17). In some horizons the original wood material 

has been replaced by diagentic calcium carbonate. Towards the top of the mud succession 

there are several horizons of calcareous septarian-like concretions. Rey (1972) also reports 

the presence of the agglutinated foraminifera Choffatella decipiens. 

In the past these muds have also yielded abundant dinosaur remains. Unfortunately no 

bones or fragments were found during the fieldwork undertaken for this study. Lapparent 

and Zbyszewski (1957) documented many dinosaur remains from this mud succession 

which included a theropod (Megalosaurus superbus Sauvage), omithopod (Jguanodon 

matnelli Meyer) and a stegosaurian sauropod {Astrodon valdensis Lyd). However, no 

pterosaur remains have ever been recorded. 

5.11 BOCA DO CHAPIM FORMATION 

The Boca do Chapim Formation, formerly the 'Calcaires a Rudistes de Boca do Chapim' 

of Rey (1972), is dominated by carbonates (Figure 5.17). It is exposed in the cliff on the 

northern side of Boca do Chapim. The sfrata dip down to the foreshore at the point of 

Aguncheiras where it forms a small ledge and wave cut platform (Figure 5.19). This can be 

accessed either by approaching from the foreshore to the south at Areia do Mastro, or by 

following the fishermens' pathway from the track at the top of the chff at Aguncheiras 

(Figure 5.1). This trackway can be accessed from leaving the main road to Cabo Espichel 

at Azoia (Figure 5.1). 

The formation, similar to other carbonate-dominated formations (e.g., Ladeiras and Areia 

do Mastro Formations, see especially Sections 5.7.5, 5.7.7 and 5.9.1) is dominated by 

carbonates interbedded with marly intervals and beds (Figure 5.17). As with the Ladeiras 

and Areia do Mastro Formations, there are also minor clastic sand horizons within the 
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formation. Wood fragments are common throughout the formation, especially in the 

interbedded marls. 

5.11.1 S H O R E F A C E SANDS, WITH/JQSSELM 

At the base of the Boca do Chapim Formation are two dolomitic fine to medium sandstone, 

interbedded with muds. The dolomitised elastics are distinctive in that they are intensely 

bioturbated by a trace fossil not found anywhere else in the succession. This is a vertical to 

sub-vertical, J-shaped, single tube that penetrates up to 0.3m from the bed surface. The 

wall of the burrow consists of a series of concentric laminae with a narrow shaft at the 

centre of the tube (Figure 5.19). The tube is approximately 40mm across and the whole 

burrow structure is approximately 65mm across. A longitudinal section through the burrow 

shows that the concentric laminae are also sub-vertical in orientation (Figure 5.19). 

This burrow has many similarities to the deposit fodichnia burrow of Rosselia socialis and 

the recent burrow of Amphitrite ornata. Although there are morphological differences 

between these two burrows {Rosselia socialis and Amphitrite omata) they are both 

attributed to terebellid polychaete worm (Nara, 1995). Terebellids are large, tentaculate 

poychaetes, that are mostly detritus feeders that Uve in bUnd ended tubes that are vertical 

or J-shaped (Fauchald and Jumars, 1979). The animal probably had a highly developed 

organ that was used to gather surface sediment (Nara, 1995). The laminae represent the 

lining of the burrow wall by the worm (Aller and Yingst, 1978). The burrow and organism 

is typically found in the clastic sands of the lower shoreface (Nara, 1995). 

5.11.2 CARBONATE PLATFORM (DASYCLADEAN) 

The carbonates of the Boca do Chapim Formation, like most of the carbonates in the Cabo 

Espichel succession, are dark grey and have a very nodular appearance (Figures 5.17 and 

5.19). This is due to intense bioturbation of the carbonate horizons by Thalassinoides. 

Planolites burrows often cross-cut the Thalssinoides suevicus, representing a second tier of 

trace fossils. 

The body fossil macrofauna within these carbonates is dominated by large naticid 

gastropod casts and the sediment resting oyster Exogyra. These are usually more abundant 

towards the top of individual carbonate beds. Echinoids and gastropods (other than 

naticids) are also locally abundant. Echinoids are represented by both spines and (rarer) 

plates. Other gastropods present include the large nerineid Aptyxiella lusitanica and other 
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Figure 5.19 - A Exposure of the Boca do Chapim 
Limestone Formation at the point at ,\giincheiras. 
B Bedding surface showing concentric laminae in 
the Rosselia burrows. 
C Vertical section through Rosselia burrow. 
D Attached valve of Toucasia, the rudist dinger, 
found towards the top of the formation. 
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cerithiform gastropods. Serpulid worm tubes (individual tubes 4mm across), which form 

small thickets, are also common in some horizons. 

The microfacies of the Boca do Chapim Formation carbonates is also similar to others 

previously described (see Sections 5.7.7 and 5.9.1). The microfacies is dominated by 

bioclastic peloidal wackestone and packstones. The bioclastic elements are dominated by 

dasycladean algae, foraminifera (agglutinated and non-agglutinated forms), echinoid 

spines, moUuscan fragments (including nerineid and cerithirid gastropods, and oyster 

fragments) and rare clastic quartz grains (Figure 5.22). According to Rey (1972) the 

dasycladean algae are represented by Acicularia, Actinoporella and Cylindroporella. The 

agglutinated foraminifera present include Choffatella decipiens, Lenticulina, Trocholina 

and Pseudotextularia; other foraminifera present include Orbitolinopsis and miliolids. 

5.113 SHOREFACE AND PLATFORM SANDS 

Towards the top of the formation, around 8m from the base, the carbonates are replaced by 

sandstones (Figure 5.17). These sands are characterised by Thalssinoides burrowing, 

naticid gastropods and oysters {Exogyrd). The sediment is also characteristically rich in 

agglutinated foraminifera. The surface of one of these elastics is colonised by small Ostrea 

oysters. These are foimd as individuals and also 'clumps' of individuals encrusting onto 

each other. In places the Ostrea are encrusted onto the naticid gastropods, similar to the 

Exogyra found in other localities. Serpulid worm thickets (individuals around 4mm across) 

are also found at this horizon. 

5.11.4 RUDIST-NERINEID HORIZON 

10.5m from the base of the formation is a carbonate bed with a distinctively different fauna 

(Figures 5.17 and 5.19). This carbonate is a peloidal, bioclastic packstone, with the 

bioclastic component characteristic of the one described in Section 5.11.2. The difference 

is in the macrofaunal component. This is dominated by the large nerineid gastropod 

Aptyxeilla lusitanica and attached valve (AV) of the rudist bivalve Toucasia. 

Toucasia is an attached rudist chnger (Skelton and Gili, 1991). The free valve (FV) 

appears to be completely missing. The preserved AV of the rudist Toucasia provides the 

basal attachment to the substrate for the animal. The relatively uncoiled form of the in situ 

AV valves suggests that the living rudist was not interrupted by sedimentation. This can be 

deduced as influxes of sediment could be coped with by upwards spiralling growth and 

subsequent elevation of the AV commisural margin (Skelton and Gili, 1991). The lack of 



Figure 5.20 - Examples of 
microfacies from the Guia 
Formation and base of the Ladeiras 
Formation. 
A Entobia borings in fragment of 
Lopha, from the Guia Formation 
(see Section 5.5.2). 

B Nerineid gratnstone from the 
base of the Ladeiras Formation, 
grains include peloids, 
foraminifera, rare echinoid spines, 
micritic rim, recrystallised 
fragments and abundant quartz 
(see Section 5.7.2). 

C Packstone from the lower 
Ladeiras Limestone Formation (few 
metres below the dinosaur trackway 
horizon,see Section 5.7.5), showing 
dasycladean algae, abundant 
agglutinated foraminifera and 
recrystallised molluscan fragments. 

D Gastropod (naticid)-recrystallised 
molluscan packstone, also from the 
Icwer Ladeiras Limestone 
Formation (few metres above the 
dinosaur trackway horizon), with 
minor agglutinated foraminifera. 



Figure 5.21 - Examples of 
microfacies from carbonates of the 
upper part of the Ladeiras 
Limestone Formation. 

A Section through a naticid 
gastropod, infilled with clastic-
moUuscan rich wackestone. 
Recrystallised naticid is encruted by 
serpulid worm tubes and laminae 
Exogyra oyster (see Section 5.7.6B). 

B Packestone from the carbonates 
towards the top of the Ladeiras 
Limestone Formation (see Section 
5.7.7), showing bioclastic grains of 
dasycladean algae, recrystallised 
molluscan fragments (including 
trigonid bivalve) and agglutinated 
foraminifera, plus also minor quatz 
grains. 

C As A above, section through 
naticid gastropod showing multiple 
encrustation by serpulid worm tubes 
and Exogyra oysters (see Section 
5.7.7). 

D Packstone from upper Ladeiras 
Limestone Formation, (as B above), 
showing abundant agglutinated 
foraminifera (prominant Chofatella 
decipiens in centre), recrystallised 
molluscan fragments and quartz 
grains. 

to 
to o 



i > -

_^ill^HH 

5 e '^ ^ 1 L -̂^ V 

Figure 5.22 - Examples of 
microfacies from the .Areia do Mastro 
and Boca da Chapim Limestone 
Formations. 

A Dasycladean, gastropod, molluscan 
packstone from the base of the Areia 
do Mastro Limestone Formation, 
with minor quartz grains (see Section 
5.9.1). 

B From the upper Areia do Mastro 
Limestone Formation, bioclastic 
packstone, showing abundant oyster 
and molluscan fragments, quartz 
grains and agglutinated foraminifera 
(see Section 5.9.1). 

C and D Bioclastic packstones from 
the Boca da Chapim Limestone 
Formation (lower and upper 
respectively), showing abundant 
dasycladean algae and agglutinated 
foraminifera, recr^'stallised 
molluscan fragments (including 
oyster), quartz grains, peloids, and 
rare echinoid spines (see Section 
5.11.2). 
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coiling in the Toucasia AV suggests a cessation, or decrease, in sedimentation during the 

life of the animal. 

5.11.5 T O P OF THE STUDY SUCCESSION 

The top of the Cabo Espichel study succession is found on the headland at Aguncherias 

(Figure 5.1). The dasycladean platform carbonates are overlain by sharp based alluvial 

elastics of the Regatao Formation. Further north part of the study succession (Areia do 

Mastro to Boca do Chapim Formations) is repreated due to the Miocene inversion (see 

Section 2.3.4). 

5.12 DEPOSmONAL ENVIRONMENTS & BIOFACIES 

The Cabo Espichel succession has been grouped into eight biofacies, based on the 

identification of repeated palaeontological and palaeoecological assemblage and nine 

palaeoenvironments based on the identification of differences in the lithologies 

representing individual biofacies. The biofacies, and variations in lithology leading to the 

indentification of the palaeoenvironments environments, are summarised in in Table 5.1 

and Figures 5.23 and 5.24.. The reasoning behind the identification of each 

palaeoenvironment is discussed in the following sections. 

5.12.1 DELTAIC MUDS AND DISTRIBUTARY CHANNELS 

Thick deltaic mud units inteibedded with distributary channel sands are found at two 

horizons at Cabo Espichel. This is at the base of the succession in the Porto da Calada 

Formation (Figure 5.23 and Section 5.2) and towards the top of the succession in the Papo 

Seco Formation (Figure 5.24 and Section 5.10). Although the sediments in these two 

formations are indicative of a similar environment, there are distinct differences and they 

are discussed below. 

The trough cross-bedded sandstones described in the above mentioned sections are thought 

to represent a series of channels fills with the mud units representing thick overbank mud 

deposition (CoUinson, 1996) and thinner finer sands, with small scale cross-bedding, 

representing deposition of levees and crevasse splays (Singh, 1972). These sedimentary 

features are all indicative of an active fluvial environment (Collinson, 1996). However, in 

the Porto da Calada Formation the levees and crevasse splays contain abundant 

ichnofossils. These include both suspension fodichnia {Skilithos, IDiplocraterionl) and 

deposit fodichnia {Thalassinoides). Dinosaur trackways have also been found on an 

abandoned lateral accretion surface within a thick chaimel fill sandbody (see Section 



BIOFACIES 

Dinosaur-
Skolithos 

Dinosaur-
SkolUhos 

Planoiltes-
Skolithos-
PsUonichnus 
Ophiomorpha-
Thalassiitoides 

SkolUhos-
Psilontchnus-
Thalassinoides 
Colonial coral 

Lopha-
Montlhaltia-
Exogyra 
Thalassinoides-
Exogyra-Natica 

Thalassinotdes-
Exogyra-Natica 
Rudist-
ncrincld-
dusycladcan 

DESCRIPTION 

'lliick dark-grey, mud unil, with 
intcrbcds of yellow, med-coarse, 
isolated ribbon sands 

Thick dark-grey, mud unit, with 
yellow, med-coarse, isolated ribbon 
sands 
Grey, yellow-red, amalgamated, 
shcct-Iike sands-conglomerates, 
capped by thin, dark-grey, muds 

Dark grey-yellow, med-coarse, sands 

Dark red-yellow, coarse-gravely-
boulder, bioclastic quartz sands-
conglomerates 
Yellow- grey, fme-med., mature sands 

Massive, yellow-dark grey, stratified, 
coral platestone-pillarstones (& 
mixstones) 
Thick,dark red-grey, mud, intebedded 
with thin, dark red-yellow, bioclastio 
line sands and silts 
Yellow (-grey), nodular, tabular, 
sands, interbedded muds 

Dark-grey, tabular, notlular, 
bioclastic, wackestoncs-packstones 
Dark-grey, tabular, nodular, bioclaslic 
wackestones-packestones 

DOMINANT FAUNA 

Dinosaur trackways, Skolithos, 
Thalassinoides, Rhizoconcretions 

Dinosaur remains, Exogyra, Skolithos, 
Planoliles, Psilonichnus, wood 

Biolurbated 'lam-scram' units, Skolithos, 
Psitonichnus 

Thalassinoides, reworked (molluscs, 
cchinoid, brachiopod, coral) ammonites 

Skolithos, Psilonichmis,'\am-scmm' 
bioturbation units, Thalassinoides 

Microsolenid, latomeandrid & stylinid 
colonial corals, microbial crusts, eohinoid, 
molluscs, chaetetid 
Lopha, Montlivaltia, Exogyra, terebratulids, 
Thalassinoides, Rhizocoratlium 

Thalassinoides, Exogyra, nalioids, 
aggutinated foraminifcra, Rosselia 

Thalassinoides, Exogyra, naticids, echinoids, 
agglutinated foraminifcra, serpulids 
Thalassinoides, Exogyra, naticids, echinoids, 
serpulids, nerinieds, agglutinated 
foraminifera, dasycladean algae, with minor 
Malheronia, colonial corals. 

SEDIMENTARY STRUCIURES 

Concave upwards, erosional lag bases, 
large & small-scale ttough, planar cross-
bedding, herterolithic mud drappcd 
lateral accretion surfaces 
Concave upwards, erosional 
gravelly/bioclastic lags, trough cross-
bedding, lateral accretions 
Concave upwards, erosional, lag bases 
fming upwards, large scale trough cross-
bedding & lateral accretion surfaces, 
small scale, trough cross-bedding & 
lateral accretion surfaces 
Concave upwards, lag bases, large & 
small-scale trough cross-bedding 

Remnant low angle planar 
bedding/laminations 

Small-scale trough cross-bedding & 
laminations, low angle parallel 
laminations 
Stratification, channel-like structures 
towards top of biostrome 

Towards top sands display gutter casts, 
erosional bases, remnant planar 
horizontal stratification, loading 
Nodular top and bottom surfaces 
common 

Nodular top and bottom surfaces 

Nodular top and bottom surfaces 

ENVIRONMENTAL 
INTERPRETATION 

delataic muds and 
distributary channels 

Deltaic muds and 
distributary channels 

Deltaic flood plain, with 
sinuous distributary 
channels 

Deltaic distrubutary 
channels 

Transgressive shoreface 
beach 

Shoreface and foreshore 

Coral biostrome 

Pro-deltfi/clastic marine 
shelf 

Siliciclastic marine shelf 
(low energy) 

Carbonate marine platform 
(muddy, low energy) 
Carbonate marine platform 
(dasyclad., low energy) 

OCCURRENCE 

Porto deCalada Fm. (Section 5.2.2, 5.2.3, 
5.2.4) 

Papo Seoo Fm. (Section 5.10) 

Vale de Lobos Fm. (Section 5.3) 

Vale de Lobos Fm. (Section 5.3) 

GuiaPm. (Section 5.4.1,5.4.2) 

l..adeiras Fm. (Sections 5.7.1 and 5.7.5A), 
Rochadouro Fm. (Section 5.8.2) 

Lagosteiros Mem., Maceira Fm. (Section 
5.6) 

Maceira Fm. (Section 5.5) 

Ladeiras Fm. (Sections 5.7.5 and 5.7.6A), 
Roohadouro Fm. (Section 5.8.1), Areia do 
Mastro Fm, (5.9.4), Boca do Chapim Fm. 
(Section 5.11.1,5.11.3) 
Ladeiras Fm. (Section 5.7.6B) and 
Rochadouro Fm. (Section 5.8.1) 
Ladeiras Fm. (5.7.2, 5.7.3, 5.7.5 and 
5.7.7), Areia do Mastro Fm. (5.9.1), Boca 
do Chapim Fm. (Section 5.11.2, 5.11.4) 

Table 5.1 - Summary of the main biofacies and lithologies representing depositional environments in the Cabo Espichel succession. to 
lo 
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5.2.3). The combination of suspension and deposit fodichnia, similar to the deltaic 

distributary channels in the Ericeira succession (see Section 3.8.1), are thought to be a 

response to abundant nutrient availability in the water column. This is commonly 

encoimtered in the estuarine or deltaic depositional environment, where nutrients are 

supplied by both continental run-off and standing saline sea-water (Siggerud and Steel, 

1999). The presence of dinosaur trackways and soil horizons within the Porto da Calada 

Formation indicates periods of prolonged sub-aerial exposure. The presence of 

rhizoconcretion and calcrete horizons indicates a semi-arid environment (Retallack, 1990). 

These calcrete horizons become better developed up through the formation due to an 

increasing maturity of the soil horizons (Machette, 1985). 

In the Papo Seco Formation (Section 5.10 and Figure 5.24) levees and crevasse splays also 

contain similar ichnofossils, with also Psilonichnus found in some of the larger channel 

sand-bodies (see Section 5.10.1). These ichnofossils also indicate a similar deltaic 

depositional environment for the Papo Seco Formation. The Papo Seco Formation also 

includes abundant oysters within the formation (see Section 5.10.3), in the form of 

bioclastic channel lags and also oysterbanks. These oysterbank are foimd immediately 

below bioclastic channel lags and represent matrix to locally self-supporting accumulations 

of oyster shells built-up in the overbank environment where sedimentation is reduced 

(Watkins, 1990). The oyster rested on, or were partly buried, in the soft mud substrate 

without being attached (Stanley, 1970; La Barbera, 1981). These oysters are normally 

indicative of a shallow marine environment in many Cretaceous succession (Seeling and 

Bengston, 1999). The presence of abundant oysters in these deltaic sediments may indicate 

a more distal deltaic environment than in the Porta da Calada Formation; where the 

development of soil horizons indicates long periods of exposure in a more proximal deltaic 

setting. 

5.12.2 DELTAIC FLOOD PLAIN WITH SINUOUS DISTRIBUTARY CHANNELS 

Towards the base of the Cabo Espichel succession is a thick unit of amalgamated 

sandbodies, representing sinuous fluvial channels on the uppermost part of a deltaic flood 

plain. This is found within the Vale de Lobos Formation and is described in Section 5.3.1 

(see Figure 5.24). These sands have not been studied in any detail as no fossils have been 

found within them. The series of amalgamated trough cross bedded sands and lateral 

accretionary sands represent channel fills and transverse bars migrating obliquely across 

point bar deposits (Watkinson,/;ers com., 1999). 
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5.12.3 DELTAIC DISTRIBUTARY CHANNELS 

The Vale de Lobos Formation is capped by a clastic facies of deltaic distributary channels 

(Figure 5.24 and Section 5.3.2), similar to those described in the Ericeira succession (see 

Sections 3.2.1 and 3.8.1). For discussion on deposition environmental see Section 3.8.1. 

5.12.4 T R A N S G R E S S I V E SHOREFACE, BEACH 

The Guia Formation, towards the base of the Cabo Espichel succession, is characterised 

by a clastic beach facies (Figure 5.23 and Section 5.4). Although shoreface beach facies 

are found elsewhere in the successions, this facies is distinctly different, mainly as it is 

characterised by coarse to gravely sands. Remnant trough cross-bedding within the deposit 

is indicative of a upper shoreface beach environment, as described by McCubbin (1982) 

and Reading and CoUinson (1996), the rubbly, coarse grained nature is also indicative of a 

transgressive reworked shoreface environment (Walker and Flint, 1992). 

5.12.5 CORAL BIOSTROME 

The Lagosteiros Member (Maceira Formation) represents the development of a 25m thick 

coral biostrome and is found in the bottom half of the Cabo Espichel succession (Figure 

5.23 and Section 5.6). The Lagosteiros Member bioconstruction represents a shallowing 

upwards unit estabUshed on the pro-delta muds of an abandoned delta lobe (Figure 5.25). 

The combination of delta lobe switching and abandonment must have occurred otherwise 

estuarine facies would have developed (Reinson, 1992) rather than the development of 

carbonate bioconstructional facies. 

A) ENVIRONMENTAL CONTROLS ON CORAL FACIES DEVELOPMENT 

The Lagosteiros biostrome has been divided into four facies based on the morphology of 

the coral fauna, associated fauna and intra-bioconstruction sediment. The environmental 

significance of these facies is discussed below. 

I) CORAL ESTABUSHMENTFACIES 

The coral establishment facies (see Section 5.6.2) is characterised by several cycles 

dominated by changes in the rate of sediment influx and coral morphology. The base of 

these cycles is characterised by the branching and vase microsolenid coral association. 

This changes upwards to the platy microsolenid coral association. The cycle is capped by a 

significant influx of terrigenous mud indicated by a muddy parting. 
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The dominance of siliciclastics in the intra-bioconstruction sediment (especially 

terrigenous mud) indicate that establishment of this biostrome occurred in an area of 

significant siliciclastic influx and hence proximity to a palaeolandmass. This is also 

indicated by the establishment of the biostrome on an abandoned pro-delta surface. The 

two coral associations found within this facies (branching, vase morphology microsolenids 

and platy microsolenids) are comparable to the type VI and type II coral facies of Insalaco 

et al. (1997) respectively. Type VI coral facies developed below normal wave base 

allowing the settling of mud, although the palaeobathymetry of these reef facies varied 

according to local conditions (see also Section 5.6.3A). Lx)cal turbidity, related to the 

deltaic source of terrigenous mud input, may have reduced light levels resulting in the 

dominance of microsolenids and other pennular corals (e.g. latomeandrids; see Section 

5.12.6 for fiirther discussion on the effect of turbidity and low light on corals), although 

light attenuation is unlikely to have been severe (Insalaco et al., 1997). The presence of the 

platy coral association (comparable to the type II coral facies of Insalaco et al., 1997) 

indicates an increase in sedimentation rate and/or turbidity. This decreases light attenuation 

resulting in the dominance of a low light intensity adapted coral fauna (see discussion in 

Section 5.12.6). This increase in sedimentation (and subsequent turbidity) is indicated by 

the mud horizon that separates the cycles within this facies. Periodic increases in 

sedimentation were probably related to increases in terrigenous run-off from the nearshore 

deltaic environment rather than fluctuations in relative sea-level. 

II) CLASTIC-CARBONATE TRANSITION FACIES 

The coral association that characterise this facies are similar to the branching and vase 

microsolenid coral association found in the estabhshment facies; however, the intra-

bioconstruction sediment is dominated by bioclastic carbonate mud and not terrigenous 

mud (see Section 5.6.3). This coral association is also comparable to the type VI small 

species poor reef facies developed within mixed carbonate-siliciclastic sedimentation 

regimes of Insalaco et al. (1997). As mentioned in Section 5.6.2A, the palaeobathymetry of 

this type VI reef facies is dependant on local conditions. The dominance of carbonate mud 

over terrigenous mud in the intra-bioconstruction sediment indicates a relatively shallower 

water environment nearing normal wave base, where high energy levels meant that 

terrigenous mud was held in suspension and not incorporated into the intra-bioconstruction 

sediment. However, this relative increase in txarbidity still reduced hght intensity leading to 

the dominance of j^nnular corals (see also Section 5.12.6 for further discussion on the 

relationship between pennular corals and light levels). 
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III) CALOMOPHYLUOPSIS FACIES 

Towards the top of the Calomophylliopsis facies (see Section 5.6.4) is the first evidence of 

wave or current-action within the bioconstruction. This is in the form of shallow channel

like structures; indicating bioconstruction development, presumably well above normal 

wave base (Figure 5.7B). This suggests that the branching Calomophylliopsis coral 

association developed adjacent or in close proximity to spur and groove-like channel 

structures (see also Section 5.6.6). The Calomophylliopsis coral association is comparable 

to the type VIII coral reef facies of Insalaco et al. (1997). The type VHI coral reef facies of 

Insalaco et al. (1997) is also characterised by thickets of branching corals developed 

amongst either sand shoals or coral debris chaimels (comparable to the coral debris 

channel-like structure found towards the top of the Calomophylliopsis coral association, 

see Section 5.6.6). 

The energy levels in this environment were moderately high and generally strong enough 

to develop channel structures for the removal of bioconstruction debris and sediment. This 

will also have prevented the deposition of mud and silt that controlled the coral 

associations in the coral estabUshment phase of biostrome development (Insalaco et al., 

1997), hence development above normal wave base is envisaged. Although, energy levels 

were not so high as to inhibit coral growth, the principal controlling factor in the 

development of this coral association was the very high level of sediment production in 

this part of the bioconstruction and adjacent environment (Insalaco et al., 1997). The coral 

colonies colonised this environment by developing a fast growing, relatively open 

framework which had a large amount of sediment accumulation space, but also through 

sediments being locally removed via channels. 

IV) PLATYmCROSOLENID (ANDMINOR DOMAL STYLINID) FACIES 

Platy and lamella pennular coral morphotypes dominate this facies with the intra-

bioconstructional sediment being dominated by a bioclastic carbonate mud (see Section 

5.6.5). Within this facies horizons are found where the primary biocontruction fauna is 

dominated by domal coral morphotypes, and domal chaetetid and stromatoporid 

morphotypes. Although the limited exposure and recrystallised nature of the outcrop makes 

study of the relationship between these coral associations difficult, there appears to be a 

cyclic distribution. 

The platy and lamella morphotypes are comparable to the type 11 coral facies (biostromal 

units dominated by platy microsolenids developed within marly facies) of Insalaco et al. 
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(1997). The dominant control on the development of these coral facies is significantly 

reduced light intensity. The proximity of the facies to channel structures would have 

resulted in increased turbidity and subsequent suspended sediment significantly reducing 

light intensity to allow the development of a low light level adapted coral fauna. 

Suspended terrigenous mud plumes ft^om nearshore deltaic environments, supplying 

terrigenous mud to the below wave base part of the biostrome, would also have led to the 

significant decrease in light intensity. 

The presence of domal colonies (comaprable to bioconstruction development in the 

Cascais succession, see Section 4.4.3) indicates bioconstruction development during 

periods when light was not a limiting factor (Insalaco et al., 1997; Rosen et al, in press). 

Although the exact nature of the relationship between the domal coral association and platy 

association is not clear, the domal coral association indicates that light levels were not 

limiting. This may be related to periodic fluctuations in sedimentary input when turbidity 

was reduced and light levels increased. 

B) BlOCONSTRUCTION V'S TRUE REEF DEVELOPMENT IN TEffi CRETACEOUS 

The Cretaceous was an important time in the evolution of bioconstructional faunas (Scott, 

1979; 1988; Fagerstrom, 1987; Birkeland, 1997; Wood, 1999). Through the first half of tiie 

Cretaceous the faunal composition of bioconstructions changed fi^om those dominated by 

corals (stromatoporids and sponges) in the Late Jurassic to the coral-rudist dominated 

bioconstructions of the mid to late Cretaceous. This evolutionary change took place during 

the 30my period from Hauterivian to Aptian. Corals were no longer the dominant primary 

faunas in bioconstructions. Corals and rudist bivalves co-existed, with corals generally 

occupying deeper water environments, whilst rudists were abundant in the shallow lagoons 

(Scott et al., 1990). By the late Albian the rudists were the dominant organisms, both 

numerically and ecologically, in comparison to the corals and sponges (Kaufinann and 

Sohl, 1974; Scott, 1984; Kaufinann and Johnson, 1988). There are many factors which 

could have played a role in this change in the dominant fauna of the Cretaceous 

bioconstructions which include: (i) the gradual transgression and flooding of large areas of 

continental platform, which led to; (ii) the development of vast shallowly sloping 

carbonate platforms; (iii) the predominance of 'green-house' conditions; (iv) the 

development of 'calcite seas', and; (v) the Valanginian-Hauterivian turnover and radiation 

of the scleractinia, which lead to high diversity in the Aptian before the Albian-

Cenomanian extinction. The combination of these effects lead to the development of vast 

shallowly dipping carbonate platforms (as little as one or two degrees). These platforms 
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provided an abundance of ecospace which became dominated by rudist bioconstructions by 

the Late Cretaceous. The rudists bivalves were not exclusive. Corals played a minor role in 

the fauna of these bioconstructions, but only formed coral dominant bioconstructions in 

deeper water environments. 

For many years debate has continued over what controlled the dominance of the rudist 

bivalves in what previously in the fossil record had been colonised by the radiation of the 

scleractinia (e.g. Dechaseaux and Somey, 1959; Philip, 1972; Kauffman and Sohl, 1974; 

Scott, 1979; Polsak, 1981; Carbone and Sima, 1981; Kauffman and Johnson, 1988; Gili et 

al, 1995, Skelton, 2000). One of the critical questions this change in bioconstructional 

dominance raises is: was the development of the rudists' global dominance diuing the 

Early to Late Cretaceous a competitive displacement of the coral dominated communities 

out of prime habitats in the central Tethys (displacement hypothesis of Kaufinann and 

Johnson, 1988), or; did the change reflect occupation of newly available shallow marine 

ecospace that could not be colonised by corals adapted to deeper water envirormients (co

existence hypothesis of Scott, 1984; 1988)? 

The dominant coral taxa in Late Jurassic and Early Cretaceous coral bioconstructions were 

the porous skeletal structures of the microsolenids and latomeandrids. These have been 

interpreted by Insalaco (1996) as having formed in deeper water environments or 

environments where calcification rates are reduced. So it appears that coral faunas were 

already moving out of the shallower water enviroimients, and carbonate sand banks 

accumulated without large reefal organisms (Scott, 1988). This was long before the 

radiation of the uncoiled rudists (Skelton, 1985) led to localised platform conmiunities of 

elevators, which became abundant in the Valanginian (Gili, et al., 1995). 

Moussavian (1992) discusses the importance of the lack of encrusting organisms in rudist 

bioconstructions in comparison to the Holocene coral reefs, which are intensely incrusted. 

Moussavian (1992) suggests that the absence of encrusters is dependent on envirormiental 

stress in their ecospace, namely intertidal zones or shallow, restricted lagoonal regions, 

where the rudists were better adapted to the exclusion of most other groups, including 

encrusters. This is in contrast to Kaufinaim and Sohl (1974) who previously suggested that 

the lack of encrusters on rudists within bioconstructions was due to the secretion of anti-

fouling chemicals. Low abundances of encrusters, however, have been reported fi-om rudist 

bioconstructions in the Lower and Upper Cretaceous of France (Masse and Philip, 1981), 

the Late Cretaceous of Israel (Bein, 1976) and Lower Cretaceoiis of the northern 
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Calcareous Alps (Hofling 1985, pers. comm., in Moussavian, 1992). Thin (or low 

abundances) of encrusters are also common in the Cabo Espichel coral biosfrome and other 

coral bioconstructional facies from the Berremian-Aptian of southern France (Clack, pers. 

comm., 1998). Webb (1996) suggested that the absence or lack of encrusters (his non-

enzymatically secreted reef carbonates, or microbial carbonate and biologically induced 

cement) may have been responsible for the lack of reefs (bioconstructions where primary 

faunas are encrusted and bound leading to the formation of a superstratal framework and 

wave resistant structure). 

Skelton et al. (1997) discuss the hypothesis of competitive displacement of corals by 

rudists, and suggested that the rudist spread into effectively uncontested shallow platform 

habitats. As a result corals and rudists from the outset occupied distinct biotopes, as 

discussed above, "hence there is no need to invoke competitive displacement between 

members of the two groups to accoimt for their relative fortunes" (Skelton et al., 1997). In 

fact, as Rey (1979b) suggests, the distribution of coral and rudist bioconstructional facies 

at Cascais shows coral facies in the deeper water shelf environment and the development 

of rudists in the shallow shelf environment of a carbonate platform (see Sections 4.4.3 and 

4.6.8, with minimal or no siliciclastic input. At Cabo Espichel, the development of the 

Cabo Espichel biostrome is found in a shallower water environment and is controlled by 

the presence of terrigenous sediment and turbidity (see Sections 5.6 and 5.12.6). 

C) THE IMPORTANCE OF POROUS, PENNULAR CORALS AND PLATY CORALS 

The radiation of skeletonised scleractinia began during the mid Triassic (Rosen, in press). 

It is thought that they may have developed not from Palaeozoic corals (Rugosa and 

Tabulata), but from two distinct unskeletomsed groups of anemones which acquired a 

skeleton as a result of convergent evolution. It is suggested that many microstructural 

groups identified by Roniewicz and Morycowa (1993) that developed during this time have 

close relationships with extant coral groups. Of these, the porous skeletal structure groups 

of the microsolenids (and latomeandrids) dominate many of the Upper Jurassic 

bioconstructions in NW Europe (Insalaco, 1996). 

Recent work on microsolenid corals and their build-ups (Kaise et al., 1993; Morycowa and 

Roniewicz, 1995; Insalaco, 1996) has shown that they have similarities with the modem 

Red Sea agraciid Leptoseris fragilis. L. fragilis has adapted to life in sfressful 

environments (in comparison to optimal conditions for colonial coral growth) and is found 

in deeper water settings, where calcification rates are reduced and photofrophy is restricted 
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by increased water depth (Kaise et al., 1993). Like the microsolenids (and latomeandrids), 

L. fragilis has a porous septal structure (Figure 5.26). This allows the colonisation of 

environments with reduced calcification rates were other corals would be unable to 

survive. As a response to restricted phototrophy they have developed a pennular septal 

structure (Figure 5.26), which Kaise et al. (1993) suggested was an adaptation to a 

heterotrophic mode of feeding. Because of the microstructural similarities between 

Leptoseris fragilis and other corals with porous skeletal structures and pennular septa, 

(especially microsolenids and latomeandrids) a direct comparison has been made with 

regard to the palaeobiology and palaeoecology (Leinfelder, 1994). 

Throughout the history of scleractinian corals and bioconstructions (reefs), platy corals 

have formed a particularly striking growth fabric, which has reoccurred independantly of 

taxonomic turnover (Rosen et al., 1999). Of these a majority of the coral facies of the 

Upper Jurassic of NW Europe and the Lower Cretaceous of Portugal and southern France 

are dominated by platestones and sheetstones composed predominantly of microsolenid 

corals. As already discussed the porous microstructure of the microsolenid corals is 

thought to be an adaptation to reduced light intensities and the pennular septal structure an 

adaptation to heterotrophic feeding in environments with increased nutrients (from the 

comparison with the modem agariciid Leptoseris fragilis). 

In many modem reef ecosystems L. fragilis is foimd in ecospace where these 

environmental parameters are controlled by increased water depth (eg. Red Sea, Schlichter 

et al., 1992 and the Great Barrier Reef and Caribbean, Rosen, pers. comm., 1998) or soft 

sediment substrates. In these environments environmental factors do not only control what 

coral taxa are able to colonise the substrate, but also the morphology of the coral colonies. 

As z-corals are dependant on light to enable the nutritional cycle with their symbiotic 

unicellular algae the morphology of the colony is a response to the light intensity. As 

water depth increases not only does light the level of light decrease, but the direction from 

which the sunlight penetrates the water mass changes. This is a product of reflection of 

light rays at the water surface. In clear surface waters (typically in tropical latitudes) 

multidirectional light rays are able to penetrate the surface waters and reach the sediment 

substrate. As light intensities are reduced (either through increased water depth or 

turbidity/increased sedimentation) light rays at low angles to the water surface are unable 

to penetrate to the sediment surface. Under low light conditions only unidirectional Ught is 

able to penetrate to the sediment surface. As an adaptation to unidirectional light colonial 

corals foimd in such environments consist of a combination of ecophenotypically-flattened 



Figure 5.24 - The microstructure of microsolenid and other pennular corals. 
Many Mesozoic corals have been descibed with pennular structures, paired, 
ledge-like outgrowths of the septum witli denticulate margins. They were 
particularly recorded in genera which have fenestrate septa; these include 
members of the Calamophyliidae, Synastreidae, Cycolitidae and 
Microsolenidae. Many Jurassic and Cretaceous corals are characterised by 
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associated with the individual trabeculae. (Adapted fixjm Morycowa and 
Roniewicz, 1995; Gill and Russo, 1980). 
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taxa. (eg. Montastraea in deeper fore reef environments) and taxa which are laminar (eg. 

Leptoseris in deeper water settings). Since these corals are symbiotic with their unicellular 

algae, they are dependant on light, and their flattened morphology represents optimisation 

of phototrophy in response to low light levels. 

5.12.6 PRO-DELTA MUDS, CLASTIC MARINE SHELF 

Pro-delta muds are found at one horizon within the Cabo Espichel succession. This is in 

the bottom half of the Maceira Formation, directly imderlying the Lagosteiros (coral 

biostrome) Member (Figure 5.23 and Section 5.5.4 and 5.5.5). The base of the pro-delta 

muds are characterised by a series of fossiliferous beds. These are characterised by oysters 

(Lopha and Exogyra) and the solitary coral Montlivaltia. These faimas, and their facies 

relationships, have been described by Fiirsich and Smidt-Kittler (1980) as representing a 

deposition in the pro-delta during the abandonment of a deltaic environment. The change 

from elevating solitary corals to recumbent oysters reflects a decrease in the sedimentation 

rate during abandonment of the deltaic environment. 

Above the fossiliferous beds is a thick unit of interbedded laminated muds and silts 

deposited in the pro-delta environment. This comprises a relatively stable zone, below 

normal wave base, where muds and silts are deposited from suspension reflecting 

fluctuations in river sediment carried in buoyant plumes (Reading and Collinson, 1996). 

The preservation of the laminations may indicate anoxic bottom water conditions or rapid 

deposition. This may also indicate why no micro- (Wightman, 1990) and macro-fossils 

have been found in these muds. Although, recent preliminary analysis of sediment 

samples, taken from this mud unit, have produced agglutinated foraminifera from the mud 

and not the silt laminae (Oxford, pers. comm., 2000). This also suggests that the mud and 

slit laminae represent fluctuations in sediment type and rate. The mud laminae represent 

background sedimentation, with the silt representing periodic increases in sediment influx. 

This increase in sedimentation may have produced a dilution affect on the microfauna and 

may explain why foraminifera have been found in the mud laminae but not the silt laminae. 

Further study of this mud unit will be needed to confirm this. Identified taxa include 

Ammobaculites subcretaceoiis, Dorothia filiformis and Gandryinella sherlocki (M. Hart, 

pers. comm., 2000). Towards the top of the mud unit several sharp based sands are found 

which are commonly sharp based and grade upwards (see Section 5.5.5). This represents 

deposition by hyperpycnal flows down the delta front generated by floods (Reading and 

Collinson, 1996). 
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5.12.7 CLASTIC MARINE SHELF 

The clastic marine shelf facies is abundant throughout the top half of the Cabo Espichel 

succession, where it is commonly associated with either a carbonate marine platform facies 

or shoreface sand facies. Where it is associated with a carbonate platform facies it is found 

within the Ladeiras Formation (see Section 5.7.5), Areia do Mastro Formation and Boca do 

Chapim Formation (see Section 5.11.3). In association with shoreface sands it is foimd in 

the Rochadouro Formation (see Section 5.8.1). This clastic marine shelf facies is also 

found in the Ericeira succession. For discussion on depositional environment see Section 

3.7.8. 

5.12.8 CARBONATE PLATFORM (MUDDY, LOW ENERGY) 

Carbonate platform facies are dominant in the top half of the Cabo Espichel succession, 

and these are characterised by two distinct facies the muddy facies (discussed here) or the 

dasycladean facies (see discussion in 5.12.10). The muddy, carbonate platform facies is 

found in the middle of the Ladeiras Formation (Figure 5.24 and Sections 5.7.5 and 5.7.6) 

and also at one horizon in the Rochadouro Formation (Figure 5.24 and Section 5.8.1). This 

facies is also present in the Cascais succession (see Section 4.6.6) and the Ericeira 

succession. For discussion on this depositional environment see Section 3.8.8. 

5.12.9 CARBONATE PLATFORM (DASYCLADEAN, LOW ENERGY) 

The dasycladean carbonate platform facies is the second carbonate platform facies 

abundant in the top half of the Cabo Espichel facies. This facies is found towards the 

middle and at the top of the Ladeiras Formation (Figure 5.24 and Sections 5.7.5 and 5.7.7), 

in the Areia do Mastro Formation (Figure 5.24 and Sections 5.9.1) and the Boca do 

Chapim Formation (Figure 5.24, Sections 5.11.2 and 5.11.3). As with the muddy carbonate 

platform facies, this facies is also present in the Cascais succession (see Section 4.6.7) and 

the Ericeira succession. For discussion on this depositional environment see Section 3.8.9. 
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Figure 5.25 - Schematic log of the of the distribution 
of palaeoenvironments represented by the lower half 
of the Cabo Espichel succession. Diagram shows the 
age of the succession and iithostrotigraphy 
according to Rey (1992), lithoiogy and main fades, 
depositional trend indicated by the change in 
palaeoenvlronments up through the succession, 
environments represented by the main lithologies 
and fades and the reference section for full 
description in the text. 
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5.13 CHAPTER SUMMARY 

5.13.1 CABO ESPICHEL SUCCESSION SYNTHESIS 

The sedimentary and palaeoecological record of the Cabo Espichel succession is 

essentially the result of an alternation between marginal marine siliciclastic environments 

and shallow marine carbonate environments. This is very similar in characteristic to the 

Ericeira succession, although, the Cabo Espichel succession is much thicker. This is 

especially so for deltaic deposition where much thicker and more persistent delta plain 

development occurs. As with the Ericeira succession, the general theme appears to be the 

introduction of siliciclastics via sand and gravel-load river dominated deltas. Again there is 

also no evidence for tidal currents. Wave reworking of the deltaic siliciclastic sediments is 

even more restricted than the Ericeira succession as no coastal barriers or spits are 

developed, with the sediment forming shoreface and foreshore deposits. 

Delatic deposition dominates the lower part of the succession both depositionally and also 

as an environmental control on the development of a coral biostrome deposited on an 

abandoned delta lobe. Wave influence is at a maximum during biostrome development, 

shown by the formation of spur and groove-like channel structures. Towards the top of the 

succession mixed carbonate-siliciclastic depositional environments dominate in the form of 

a broad carbonate platform and shoreface siliciclastics. Although minor wave reworking is 

evidenced by the shoreface siliciclastics, this development of a broad carbonate platform 

(much like the Ericeira succession) would have dissipated and reduced the effectiveness of 

wave reworking. 

5.13.2 SUMMARY OF DEPOSITIONAL ENVIRONMENTS BY FORMATIONS 

The Cabo Espichel succession is the only one of the three study successions where the 

Jurassic-Cretaceous boundary is exposed. This takes the form of rubbly, karstified Jurassic 

carbonates infilled with green clay. 

The base of the Cretaceous succession is represented by the Porto de Calada Formation. 

This is characterised by deposition of deltaic distributary channels and overbank muds, 

with a distinctive marine influence at the base. On one distributary channel sandbody, an 

abandoned point bar lateral accretion surface is characterised by theropod trackways that 

evidence gregarious behaviour. 

The Vale de Lobos Formation is a thick sand unit representing deposition of a deltaic flood 

plain. The delta flood plain is characterised by amalgamated sinuous distributary channel. 
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Towards the top of this formation the distributary channels are characterised by a marine 

ichnofossil influence. 

The Guia Formation is a thin sandstone unit that is characterised by the deposition of a 

beach boulder, transgressive lag deposit. This caps the deltaic flood plain developed in the 

Vale de Lobos Formation. 

Abandonment of the deltaic flood plain and delta lobe switching is characterised by the 

Maceira Formation. This is represented by the deposition of a thick pro-delta mud unit. A 

decrease in sedimentation rate at the base, during abandonment, of this unit is characterised 

by a change in fauna from 'elevator' solitary corals to 'recumbant' oysters. Towards the 

top of the formation there is evidence for hyperpycnal flow down the delta front generated 

by flood. 

The Lagosteiros Member (of the Maceira Formation) characterises the development of a 

microsolenid coral biostrome on the abandoned delta lobe. Establishment of the biostrome 

occurs below normal wave base and continues to well above normal wave base, shown by 

the presence of channel structures and branching corals. Coral palaeoecology is heavily 

dominated by suspended terrigenous sediment and increased turbidity leading to the 

dominance of light limiting coral ecomorphotypes. 

The thick Laderias Formation characterises a distinct change in the morphology of 

deposition in the nearshore environment. This formation is characterised by an alternation 

of shoreface and foreshore sihciclastics with shallow platform carbonates. The platform 

carbonates, that dominate the formation, are either clean carbonates with dasycladean 

algae, nerineids and rare rudist bivalves or more proximal to points of siliciclastic input 

where they are muddy and characterised by Exogyra-Natica and agglutinated foraminifera. 

On distinctive horizon is found within a unit of dasycladean platform carbonates towards 

the base of the formation. This represents a period of sub-aerial exposure and is 

characterised by abundant dinosaur trackways and footprints. 

The Rochadouro Formation shows similar facies association to the Ladeiras Formation, an 

alternation between shoreface and foreshore siliciclastics with platform carbonates. Unlike 

the Ladeiras Formation siliciclastics dominate the succession with the muddy platform 

carbonates only represents by a few beds. 
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The Areia do Mastro Formation is also characterised by an alternation between platform 

carbonates and shoreface siliciclastics. The opposite relationship to the Rochadouro 

Formation. Platform carbonates dominate the formation with shoreface elastics represented 

by only few beds. One distinctive nerineid-gastropod wackestone is found towards the base 

of the formation. 

Towards the top of the Cabo Espichel succession the Papo Seco Formation is characterised 

by a thick mud-dominate deltaic unit, this thick mud unit is characterised by laterally 

discontinuous distributary channels (with bioclastic, gravely lags and rare tidal bundles) 

and the development of small oyster biostrome in the overbank environment. Dinosaur 

remains have also been recovered from the flood plain muds. 

The top of the study succession is represented by the Boca do Chapim Formation. This is 

dominated by the deposition of a carbonate platform, with shoreface siliclclastics found in 

the more proximal environment. Two distinctive horizons are foimd within this formation. 

At the base two shoreface sands are characterised by the ichnofossil Rosselia. Towards the 

top one bed of platform carbonates is characterised by the rudist dinger Toucasia. 

The top of the study succession is characterised by a sharp based fluvial sandstones 

representing the base of the Regatao Formation. Further north along the coastline part of 

the study succession is repeated, due to Miocene inversion. 



CHAPTER 6 - LUSITANIAN BASIN SEQUENCE STRATIGRAPHY 

'The sequence stratigraphic approach constitutes a powerful tool for the generation of 
reasonable geological working hypothesis" 

Posamentier & Allen. 

6.1 INTRODUCTION 

6.1.1 SEDIMENTARY AND 

PALAEOECOLOGICAL CONTROLS ON 

SEQUENCE DEVELOPMENT 

6.2 FACIES RELATIONSHIPS AND 
SEQUENCE DEVELOPMENT 

6.2.1 M I X E D CARBONATE-SILICICLASTIC 

SUCCESSIONS 

6.2.2 CORAL BIOSTROMES & HIGHSTAND 

SYSTEMS TRACTS 

6.2.3 CARBONATE SUCCESSIONS 

6.3 SEQUENCE 1 

6.3.1 LOWSTAND SYSTEMS TRACT 

6.3.2 TRANSGRESSFVE SYSTEMS TRACT 

6.3.3 HIGHSTAND SYSTEMS TRACT 

6.4 SEQUENCE 2 

6.4.1 LOWSTAND SYSTEMS TRACT 

6.4.2 TRANSGRESSIVE SYSTEMS TRACT 

6.4.3 HIGHSTAND SYSTEMS TRACT 

6.5 SEQUENCE 3 

6.5.1 LOWSTAND SYSTEMS TRACT 

6.5.2 TRANSGRESSIVE SYSTEMS TRACT 

6.5.3 HIGHSTAND SYSTEMS TRACT 

6.6.2 TRANSGRESSTVE SYSTEMS TRACT 
6.6.3 HIGHSTAND SYSTEMS TRACT 

6.7 SEQUENCE 5 

6.7.1 LOWSTAND SYSTEMS TRACT 

6.7.2 TRANSGRESSIVE SYSTEMS TRACT 

6.7.3 HIGHSTAND SYSTEMS TRACT 

6.8 SEQUENCE 6 

6.8.1 LOWSTAND SYSTEMS TRACT 

6.8.2 TRANSGRESSTVE SYSTEMS TRACT 

6.8.3 HIGHSTAND SYSTEMS TRACT 

6.9 OVERVIEW OF 2"^" ORDER 

MEGASEQUENCE 

6.9.1 LOWSTAND SEQUENCE SET 

6.9.2 TRANSGRESSTVE SEQUENCE SET 

6.9.3 HIGHSTAND SEQUENCE SET 

6.10 AGE & DURATION OF SEQUENCES 
AND PARASEQUENCES 

6.10.1 AGE AND DURATION OF SEQUENCES 

6.10.2 DURATION OFPARASEQUENCES 

6.10.3 DURATION OF HIGH ORDER CYCLE 

6.11 EARLY CRETACEOUS SEA-LEVEL 

CURVE 

6.6 SEQUENCE 4 

6.6.1 LOWSTAND SYSTEMS TRACT 
6.12 CHAPTER SUMMARY 



CHAPTER 6 - LUSITANIAN BASIN SEQUENCE STRATIGRAPHY 242 

6.1 INTRODUCTION 

Traditional sequence stratigraphic concepts use the identification of parasequences and 

parasequence stacking patterns to identify key stratal surfaces and systems tracts. The 

sequence stratigraphic interpretation presented in this chapter uses the palaeoecological 

interpretations of the three study successions to identify key stratal surfaces and systems 

tracts. These have been identified from the depositional facies trend diagrams presented in 

Chapters 3, 4 and 5 (see Figures 3.14, 4.13, 5.25 and 5.26). Parasequences are not always 

well developed, although where they have been identified palaeoecological data proved a 

more powerful tool for their identification (and also the identification of key stratal 

surfaces) than sedimentological data alone. 

The layout of this chapter differs from others in this thesis. Many of the diagrams are 

referred to repeatedly throughout the chapter. Hence, for the convenience of the reader, 

these accompanying diagrams are found at the end of this chapter. 

6.1.1 SEDIMENTARY AND PALAEOECOLOGICAL CONTROLS ON SEQUENCE DEVELOPMENT 

The three study succession represent deposition of a single megasequence during the Early 

Cretaceous (?BeniasienA^alanginian to Hauterivian). This was a time when the North 

Atlantic Ocean between Iberia and the Grand Banks had started to form, although it is 

represented by a post-rift development in the Lusitanian Basin. The succession is relatively 

thin; approximately 200m thick at Ericeira and Cascais, thickening to 300m towards the 

south of the basin in the Cabo Espichel area. This megasequence is composed of 

interbedded marine carbonates and fluvial to marginal marine elastics. Most locations 

show some interfingering of these facies associations, although carbonates dominate the 

Cascais succession and fluvial elastics dominate to the north in the Torres Vedrzis area. 

A) CLIMATE AND PALAEOOCEANOGRAPHY 

In contrast to the Jeanne d'Arc and Cantabrian Basins, the sedimentological record of the 

Lusitanian Basin displays facies indicating very different energy conditions. Unlike the 

Jearme d'Arc Basin (of the Canadian Grand Banks; Figure 2.2) and Cantabrian Basin (of 

northern Spain, Figure 2.2) Hiscott et al. (1990) suggest that the Lusitanian Basin lacks 

any evidence of either energetic waves or tidal currents during the Early Cretaceous. 

Trough cross-bedding is prevalent throughout the three study successions, and minor tidal 

evidence has been foimd (see Section 5.10.1). In concurrence with Hiscott et al. (1990) no 

evidence for high energy/storms has been foimd. This evidence includes the presence of 

hummocky and swaly cross-stratification. In many of the clastic shoreface/beach facies 
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primary stratification has been destroyed by bioturbation (for examples see Sections 3.4.3 

and 5.7.1). Even the beach barrier facies, developed towards the base of the Ericeira 

succession (see Section 3.4.3) is more indicative of a microtidal barrier island succession 

(Reinson, 1992). The fact that ravinement surfaces with the barrier island succession are 

almost parallel to bedding is also indicative of a relatively low-energy environment 

(Posamentier and Allen, 1999). The lack of evidence found elsewhere in the study 

successions supports the model suggested by Hiscott et al. (1990) and also Wilson et al. 

(1990) that the Lusitanian Basin is a relatively low-energy setting. Hiscott et al. (1990) 

also state that the palaeoclimatic model produced by Lloyd (1982) for the mid-Cretaceous 

is broadly applicable to the Early Cretaceous. Lloyd (1982) estimated July sea surface 

temperatures to be around 30°C and 32°C, and January temperatures between 22°C and 

26°C. This would have caused the eastern Canadian coast to have been affected by severe 

storms as, according to Marsaglia and Klein (1983), hurricanes and tropical storms 

nucleate over oceans in areas where sea-surface temperatures exceed 27°C. Hurricanes did 

not influence the Lusitanian Basin (Iberian Peninsular) as the African and Iberian 

landmasses were situated on the eastern North Atlantic Ocean margin in an area where 

hurricanes nucleate rather than occur (Marsaglia and Klein, 1983). Lloyd (1982) also 

argues that the palaeolatitude of the Lusitanian Basin during the Early Cretaceous (Figure 

2.11) means that it would most likely to have been in a belt of weak winds (subtropical 

anticyclone belt), which might explain the significant lack of wave reworking in the 

Lusitanian Basin at this time. 

The Lusitanian Basin faced southwards towards the Tethys Ocean (Figure 2.11) during the 

Early Cretaceous and, according to Hiscott et al. (1990) shows no evidence for significant 

tidal current reworking or storm reworking. The development of a wide shallow platform 

during the Early Cretaceous, which is characterised by a transition from siliciclastics to 

shallow platform carbonates, was probably effective in the dissipation of wave energy 

from the open Tethys Ocean to the south, and may have played an important role in the 

development of biostromal facies in the Cretaceous (Skelton, 2000). 

B) PALAEOENVIRONMENTS OF THE SOUTHERN LUSITANIAN BASIN 

The sedimentary and palaeoecological record in the Ericeira succession is essentially the 

result of an alternation between marginal marine siliciclastic environments and shallow 

marine carbonate enviroiunents (see Figure 3.1. The general theme appears to be the 

introduction of siliciclastics by way of sand and gravel-load river-dominated, shallow 

water deltas with Httle reworking of the sediment at the channel mouths (mouth bars). 
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There is no evidence for tidal currents, and the relatively minor wave reworking led to the 

development of thin coastal barriers and spits during sea-level rise. Siliciclastic 

palaeoenvironments dominate the lower part of the Ericeira succession (Vale de Lobos, 

Sao Lourengo and Santa Suzana Formations, see Sections 3.2, 3.3. and 3.4), where the 

largest amount of wave reworking is found. Towards the top of the succession carbonate 

depositional environments become more dominant and are characterised by the 

development of a broad carbonate platform that appears to have dissipated and reduced the 

effectiveness of wave reworking. 

The sedimentary and palaeoecological record of the Cascais succession is essentially the 

result of fluctuations in relative sea-level, which led to alternating shallow marine 

carbonate environments (see Figure 4.13). The succession generally represents deposition 

in a more distal or off-shore position, unlike the Ericeira succession, which is dominated 

by deltaic to marginal marine siliclclastic depositional environments. Carbonate facies 

dominate the Cascais succession, although the proximity to small deltas is seen throughout 

the succession, where terrigenous mud influenced palaeoecology. Siliciclastics were 

introduced into the base of the succession by way of sand and gravel-load, river-dominated 

small deltas. Although the remainder of the succession is dominated by carbonates 

deposited in more distal depositional environments the influence of terrigenous mud still 

influences the palaeoecology of the more proximal carbonate platform settings (Cabo Raso 

and Guincho Formations, see Sections 4.4 and 4.5). As in the Ericeira succession, there is 

little evidence of tidal current activity and wave reworking. Carbonate depositional 

environments dominate the Cascais succession and again led to the development of a broad 

carbonate platform. This dissipated the waves and led to the development of minor barrier 

bars and shoals. 

The sedimentary and palaeoecological record of the Cabo Espichel succession is 

essentially very similar in character to the Ericeira succession, although, the Cabo Espichel 

succession is much thicker (see Figures 5.25 and 5.26). This is especially seen towards the 

base of the succession where much thicker and more persistent fluvio-deltaic facies occur 

(see Figure 6.1). Wave reworking of the deltaic siliciclastic sediments was less than in the 

Ericeira succession as no coastal barriers or spits are developed; the sediments formed 

shoreface and foreshore deposits. 

Delatic deposition dominates the lower part of the succession and the introduction of 

terrigenous sediment and increased turbidity controlled the development of a coral 
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biostrome (see Section 5.12.5). Biostrome development is seen when wave influence is at a 

maximum. This is shown by the formation of spur and groove-like channel structures. 

Towards the top of the succession mixed carbonate-siliciclastic depositional environments 

dominate in the form of a broad carbonate platform and shoreface siliciclastics. Although 

minor wave reworking is shown by the shoreface siliciclastics, this development of a broad 

carbonate platform (much Uke the Ericeira succession) would have dissipated and reduced 

the effectiveness of wave reworking. 

6.2 FACIES RELATIONSHIPS AND SEQUENCE DEVELOPMENT 

The Lower Cretaceous study successions are dominated by a carbonate or mixed 

carbonate-siliciclastic sedimentary regime. Although there are variations in the thickness 

of sequences and facies across the basin, the repetition of characteristic facies has aided the 

identification of systems tracts. This facies repetition is directly related to the autocyclic 

controls on sedimentation and environmental conditions (see Section 6.1.1); these are 

summarised below. 

6.2,1 MIXED CARBONATE-SILICICLASTIC SYSTEMS 

Mixed carbonate-siliciclastic systems dominate the Ericeira, Cabo Espichel and base of the 

Cascais successions (see Figures 6.2, 6.3, 6.4 and 6.5). A repetition of facies has allowed 

the identification of lowstand, transgressive and highstand systems tracts in mixed 

carbonate-siliciclastic systems and are described below. 

A) LOWSTAND SYSTEMS TRACTS 

Lowstand systems tracts have been identified by the following facies successions: 

(i) Deltaic distributary channel facies (and associated deposits); e.g., LST of Sequences 1 

and 2 in the Ericeira, Cascais and Cabo Espichel successions, LST of Sequence 5 in the 

Ericeira succession and the LST of Sequence 6 in the Cabo Espichel succession (see Figure 

6.1). Where sediment supply is more dominant than creation of accommodation space 

these types of lowstand systems tracts are often characterised by parasequence sets or high 

frequency sequences (e.g., LST Sequence 2 at Ericeira and LST of Sequence 1 at Cascais); 

(ii) Lowstand systems tracts are also characterised by parasequences sets characterised by a 

facies change fi^om carbonate platform to shoreface or deltaic sands (e.g., LST of Sequence 

3,4 and 5 at Cabo Espichel, Figure 6.1). 
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B) TRANSGRESSrVE SYSTEMS TRACTS 

Transgression and transgressive systems tracts capping the above lowstand systems tracts 

have been identified by the recognition of the following facies successions:(i) Overlying 

delta distributary chaimels transgression is characterised by either: (a) the deposition of 

transgressive shoreface and foreshore sands, (e.g., TST of Sequence 2 at Ericeira and Cabo 

Espichel, TST of Sequence 6 at Cabo Espichel, Figure 6.1) or; (b) the deposition of a 

siliciclastic marine shelf, (e.g., LST of Sequence 2, 5 and 6 at Ericeira, LST of Sequence 5 

at Cabo Espichel, Figure 6.1). These represent gradual and more rapid transgression and 

landward migration of the shoreline respectively; (ii) Transgression of the lowstand 

systems tracts are characterised by carbonate platform and shoreface sand parasequence 

sets, represented by the deposition platform carbonates (e.g., LST of Sequence 3,4 and 5 at 

Cabo Espichel, Figure 6.1). 

C) HIGHSTAND SYSTEMS TRACTS 

The highstand systems tracts of mixed carbonate-siliciclastic sedimentary regimes are 

commonly characterised by prograding parasequence sets. Individual parasequences are 

represented by a shoaling upwards of facies from platform carbonates to siliciclastic 

marine shelf and shoreface sands (e.g., HST Sequence 5 and 6 at Ericeira, HST Sequence 

3,4,5, and 6 at Cabo Espichel). 

6.2.2 CARBONATE SYSTEMS 

Carbonates dominate the majority of the Cascais succession (see Figure 6.3). The 

repetition of facies characterising systems tracts is not as fi-equent in this carbonate 

sedimentary regime as the mixed carbonate-siliciclastic systems of Ericeira and Cabo 

Espichel. Towards the top of the Cascais succession (Guincho Formation, see Figure 6.3) 

repetition has been identified in the shallow carbonate platform environment: (i) LSTs are 

either missing or are characterised by a highly condensed muddy, platform carbonate 

facies (see Figure 6.3); (ii) Transgression is also characterised by deposition of a 

terrigenous mud, carbonate platform facies. The amount of mud in the facies gradually 

decreases up through the succession as the shoreline is transgressed (see Figure 6.3); (iii) 

HSTs are represented by the development of a clean, carbonate platform (see Figure 6.3). 

The HSTs are characterised by coarsening platform carbonates that may also represent 

smaller scale parasequences (see Figure 6.3 and also Section 6.10). 
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6.2.3 CORAL BIOSTROMES AND HIGHSTAND SYSTEMS TRACTS 

Highstand systems tracts in both mixed carbonate-siliciclastic and carbonate systems, are 

often characterised by the development of small, thin coral biostromes. Where this 

occurred in a mixed carbonate-siliciclastic system terrigenous mud, increased turbidity led 

to decreased illumination and the development of coral biostromes with dominant platy 

coral morphotypes. In carbonate systems the lack of terrigenous mud, decreased turbidity 

and increased hght intensity led to the development of more oligotrophic conditions, with 

biostromes where large, domal, coral morphotypes dominated. 

6.3 SEQUENCE 1 (?UPPER BERRIASIEN-?LOWER VALANGBVIAN) 

The unconformity which represents Sequence Boundary 1 is only exposed in the Cabo 

Espichel succession (see Section 5.2.1). Sequence Boundary 1 is no longer accessible at 

the location identified by Hiscott et al. (1990) at Ericeira, while at Cascais, it is probably 

located below sea-level in the cliff at Guia. Sequence Boimdary 2 (see Figure 6.1), is 

characterised by a karstic surface (unconformity) in the Cascais succession (see Figure 6.3) 

while at Ericeira and Cabo Espichel (see Figures 6.2 and 6.4) it is represented by a 

regressive facies pattern. There is a variation in the thickness of Sequence 1 across the 

study area and not all systems tracts are found at each succession. At Ericeira Sequence 1 

is approximately 7m thick while at Cascais it is approximately 13.5m thick (approximate 

thickness as Sequence Boundary 1 is not exposed). At Cabo Espichel it is 25m thick 

(Figure 6.1). 

6.3.1 LOWSTAND SYSTEMS TRACT 

The lowstand systems tract of Sequence 1 has been identified in the Ericeira and Cascais 

successions (Figure 6.1). At Ericeira it is approximately 4m thick, although Sequence 

Boundary 1 is not accessible in the succession. The 4m of the lowstand systems tract is 

represented by the deltaic distributary channel facies of the Vale de Lobos Formation (see 

Section 3.8.1 and Figures 6.2 and 6.10). Distributary channels have erosional bases and are 

capped by flooding surfaces or channel abandonment surfaces that are characterised by a 

bioturbated horizon. Erosional bases represent ravinement surfaces and the burrowed 

horizons represent flooding surfaces. During lowstands sea-level is at its lowest (early 

lowstand systems tract) or slowly rising before shoreline transgression begins (late 

lowstand systems tract); for discussion see Section 1.7.8. The ravinement surfaces at the 

base of the individual sands are the result of erosion during slow rises in sea-level during 

the late lowstand systems tract. These individual channel fills may represent 

parasequences. However, during late sea-level lowstand rises in sea-level and 
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accommodation are small. At Ericeira this resulted in the amalgamation of the channel 

sandbodies. 

At Cascais the lowstand systems tract is approximately 12m thick and is characterised by 

facies association 1, which is found at the base of the Guia Formation (see Sections 4.2.2, 

Figures 6.3 and 6.6). This facies association is composed of a series of deltaic sandstones 

(and muds) interbedded with muddy platform marine carbonates (see Section 4.2.2 and 

Figure 6.10). At two horizons the carbonates are capped by palaeosols (see Section 4.2.4). 

The older palaeosol is characterised by a root-horizon and the younger shows karstic 

dissolution features infilled by green clays. These interbedded carbonate and clastic facies 

are interpreted here to represent parasequences (Figure 6.6). The top of the elastics 

represent flooding surfaces and a basinward shift in facies (Figures 6.3 and 6.6). However, 

this facies association may also represent high-order sequences, which show facies 

partitioning into lowstand/transgressive systems tract clastic facies and highstand systems 

tract carbonate facies. The tops of the clastic facies represent transgressive surfaces or 

marine flooding surface and the well developed soil and karst horizons represent minor 

sequence boundaries (Figure 6.6). The frequent exposure horizons indicate short-lived, 

minor rises in sea-level during the late lowstand systems tract. 

6.3.2 TRANSGRESSIVE SYSTEMS TRACT 

The transgressive systems tract of Sequence 1 has been identified in all three successions 

(Figure 6.1). In the Ericeira succession the transgressive systems tract is approximately 

2.5m thick and characterised by the restricted lagoonal facies of the Sao Louren9o 

Formation (see Section 3.8.2 and Figure 6.2). Transgression was characterised by an abrupt 

basinward shift in the depositional environment from deltaic distributary channels to a 

restricted carbonate lagoon (Figure 6.10). The rise in sea-level resulted in the entrapment 

of clastic sediments within the nearshore deltaic environment muds were deposited at this 

time. The Ericeira succession is dominated by a mixed carbonate-siliciclastic system. With 

the suppression of clastic sediment during transgression (sea-level rise) carbonate 

sedimentation dominated at this time. 

In the Cascais succession the transgressive systems tract is only Im thick and is 

characterised by muddy carbonate platform facies (Figure 6.10). This is found at the top of 

facies association 1, in the Guia Formation (Figures 4.2 and 6.3). The transgressive surface 

(marine flooding surface), marking the onset of sea-level rise in Sequence 1, is represented 
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by the top of the thick sand in the upper most part of carbonate-siliciclastic facies 

association 1 (Figures 4.2 and 6.3). 

In the Cabo Espichel succession the transgressive systems tract is similar in thickness to 

the TST in the Cascais succession (approximately Im thick; Figure 6.4). Transgression 

above Sequence Boundary 1 led to the deposition of muds with two interbeds of fine sands. 

These sands are characterised by ichnofossils and gastropods that indicate a marine 

influence for the first time (see Figures 6.4 and 6.10). This represents marine flooding of 

the karst at Sequence Boundary 1. The top of the younger of these fine marine sands is 

taken to represent the maximum flooding siuface, as above this level sedimentation is 

dominated by amalgamated deltaic distributary channel sands and overbank muds. 

6.3.3 HIGHSTAND SYSTEMS TRACT 

The highstand systems tract is found in all three successions (Figure 6.1). In the Ericeira 

and Cascais successions it is relatively thin; 3m and 1.5m respectively. In the Ericeira 

succession it is characterised by the restricted lagoonal facies of the Sao Lourenfp 

Formation (see Section 3.8.2) and at Cascais it is characterised by a carbonate-siliciclastic 

association (see Section 4.2.3). At Cabo Espichel the highstand systems tract is much 

thicker (approximately 20m thick) and is characterised by muds and distributary channels 

(see Section 5.12.1). 

The maximum flooding surface (or maximum flooding zone) in the Ericeira succession is 

difficult to identify using palaeoecological data, and parasequence identification is also 

impossible. However, septarian concretions that occur towards the middle of the restricted 

lagoon facies may indicate a zone of maximum flooding. As Oliver (1997) indicates, 

septarian concretions grow as a result of prolonged residence time within the sulphate 

reduction zone. This can be associated with periods of marine flooding and non-deposition. 

The maximum flooding surface or zone is identified as the point of maximum landward 

migration (transgression) of the shoreline (see Section 1.7.9) and is often characterised by 

a period of condensation or non-deposition (Loutit et al, 1988; Kidwell, 1989). Above the 

maximum flooding zone, the highstand systems tract is characterised by the same restricted 

lagoonal environment as the transgressive systems tract (Figures 6.2 and 6.10). 

The maximum flooding surface in the Cascais succession is indicated by an abrupt 

deepening in facies (Figure 6.3). The base of the coral biostromal facies (Section 4.2.3) 

represents the maximum deepening of facies, which equates to the maximum flooding 
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surface. The highstand systems tract is represented by the thin coral biostrome facies 

(Figure 6.10). 

In the Cabo Espichel succession the maximum flooding surface is marked by a single, thin 

tabular sand that is characterised by marine ichnofossils {Skolithos and Diplocraterion; see 

Figure 6.4) and marine gastropods (small naticid casts). The highstand systems tract is 

characterised by deltaic distributary channels and overbank muds (see Figures 6.4, 6.10 

and Section 5.2.4). Palaeosol horizons developed in the HST may represent shallowing 

upwards, short term exposure and subsequent flooding during parasequence formation. 

They may, however, also represent higher-order sequence development, in a similar way to 

the LST deposits in the Cascais succession (see Section 6.2.1). Increasing maturity of the 

palaeosols up through the succession indicates a decrease and restriction of 

accommodation space towards the top of the HST, similar to the restricted creation of 

accommodation space during a LST. 

6.4 SEQUENCE 2 (UPPER VALANGINIAN-LOWER HAUTERIVIAN) 

Sequence Boundary 2 is characterised by an abrupt shallowing of facies in all three 

successions, with no evidence for exposure forming an unconformity. Parasequence 

stacking patterns and ravinement surfaces have also been identified using changes in the 

depositional facies trend. The lowstand systems tract is missing in the Cascais succession 

but present at Ericeira and Cabo Espichel (Figure 6.1). There is a considerable thickness 

variation within Sequence 2. Sequence 2 is 12m thick at Ericeira and 20m thick at Cascais. 

In the Cabo Espichel succession it is considerably thicker, approximately 110m (Figure 

6.1). 

6.4.1 LOWSTAND SYSTEMS TRACT 

At Ericeira the lowstand systems tract is 5m thick and characterised by the deltaic 

distributary channel facies of the Sao Lourenpo Formation (see Section 3.8.1, Figures 6.1 

and 6.2). At Cabo Espichel the lowstand systems tract is much thicker (approximately 45m 

thick), and is also characterised by deltaic flood plain and deltaic distributary channel 

facies (see Sections 5.12.2, 5.12.3, Figures 6.1 and 6.4). 

In the Ericeira the lowstand systems tract above Sequence Boundary 2 is characterised by 

the same deltaic distributary chaimel facies found in the lowstand systems tract of 

Sequence 1 (see Section 6.2.1). Amalgamated channel sandbodies within the lowstand 
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systems tract are thought to represent parasequences, as seen in Sequence 1 (see Section 

6.2.1). 

In the Cascais succession the lowstand systems tract of Sequence 2 is missing, although 

Sequence Boundary 2 is characterised by a sub-aerial exposure surface, indicating a 

significant sea-level fall (Figure 6.11). This exposure surface is represented by a well-

developed karstic surface capping coral biostrome facies (Figure 6.3). This karstic feature 

indicates long term sub-aerial exposure of the carbonate substrate during the relative sea-

level lowstand. 

Sequence Boundary 2 in the Cabo Espichel succession occurs at an abrupt shallowing of 

facies (Figure 6.4). The lowstand system tract is characterised by a thick unit of tabular, 

sinuous, gravelly sandbodies representing a fluvio-deltaic flood plain (Figures 6.4, 6.11 

and Section 5.3.1). Amalgamation of these sandbodies indicates minor increases in 

accommodation and rises in sea-level during the lowstand. The shallow depth of alluvial 

incision within individual sandbodies and the tabular, sheet-like amalgamated form is 

indicative of the formation of a lowstand systems tract above a sequence boimdary with 

low erosional relief (Posamentier and Allen, 1999). 

6.4.2 TRANSGRESSIVE SYSTEMS TRACT 

The transgressive systems tract of Sequence 2 increases in thickness from north to south 

across the basin (Figure 6.1 and see Section 6.8 for discussion). At Ericeira the 

transgressive systems tract is 3m thick and is characterised by the muddy, clastic marine 

shelf facies of the Sao Louren^o Formation (see Section 3.8.4). The transgressive systems 

tract at Cascais is approximately 5m thick and is represented by a carbonate ramp facies at 

the top of the Guia Formation (see Section 4.6.6). At Cabo Espichel the transgressive 

systems tract is approximately 15m thick and is characterised by a lower shoreface facies 

formed on a delta top and delta abandonment characterised by a clastic shelf facies (see 

Sections 5.12.4 and 5.12.5). 

At Ericeira the transgressive surface is indicated by an abrupt deepening of facies (Figure 

6.2). This transgressive event is characterised by a gravelly, transgressive beach facies that 

caps the gravelly, deltaic distributary channel facies. The transgressive systems tract is 

characterised by a muddy, clastic marine shelf (Figures 6.2 and 6.11). 
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The transgressive surface in the Cascais succession coincides with Sequence Boundary 2, 

as the lowstand systems tract is missing (Figure 6.3). The transgressive systems tract is 

characterised by the deposition of a carbonate ramp across the transgressive surface. 

Sedimentological and palaeontological analysis of the carbonate ramp facies that 

characterises the transgressive systems tract indicates steady increasing water depth 

upwards through the systems tract (see Section 4.2.5). 

In the Cabo Espichel succession transgression during Sequence 2 is characterised by a 

similar abrupt deepening of facies that seen at Ericeira (Figure 6.4). The transgression is 

characterised by the development of a transgressive beach facies, capping a clastic fluvio-

deltaic channel facies (Figures 6.4 and 6.11). Rapidly rising relative sea-level exceed 

sedimentation rates during transgression, suppressed the deposition of sand and led the 

deposition of pro-delta mud facies (Figure 6.4 and see Section 5.5.1). 

6.4 J HiGHSTAND SYSTEMS TRACT 

The thickness of the highstand systems tract (identified in all three successions) increases 

from north to south across the basin (Figure 6.1). At Ericeira the highstand systems tract is 

3.5m thick and in the Cascais succession it is approximately 15m thick. At Ericeira this is 

the muddy clastic shelf of the Santa Suzana Formation (see Section 3.4.2) and in the 

Cascais succession the carbonate ramp facies of the Maceira Formation (see Sections 4.3 

and 4.6.6) and base of the Cabo Raso Formation (see Sections 4.4.1 and 4.6.6). In the Cabo 

Espichel succession the highstand systems tract is approximately 50m thick (Figure 6.1). 

This is characterised by a delta lobe abandonment facies and the subsequent development 

of a coral biostrome (see Sections 5.12.5 and 5.12.6). 

The position of the maximum flooding surface in the Ericeira succession is difficult to 

identify as the lack of sedimentological and palaeontological data in the mud-dominated 

facies means that parasequences cannot be identified. However, one horizon within the 

muddy, clastic marine shelf facies (Figure 6.11) is characterised by the presence of the 

solitary coral Montlivaltia (see Section 3.4.2 and Figure 6.2). This horizon is also 

coincident with an horizon of maximum diversity and abundance of foraminifera identified 

by Wightman (1990). According to Armentrout et al. (1988), Emery and Myers (1996) and 

more recently Hart (2000), maximum abundance and diversity occurs during maximum 

flooding. Armentrout (1988), Emery and Myers (1996) and Hart (2000) also point to the 

appearance of planktonic foraminifera at the maximum flooding surface, although. 
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previous studies by Rey (1972), Ramalho (1971) and Wightman (1990) have not identified 

planktonic foraminifera in the Ericeira succession. 

The maximum flooding surface at Cascais could be placed at two possible horizons within 

the carbonate ramp facies (Figure 6.3). The first of these is the 'calcaire roux' of Rey 

(1972). This is an extremely fossiliferous horizon (cf concentration lagerstatten) and 

probably represents a condensed horizon with reduced sedimentation during deposition. 

The second horizon is the top of the Guia Formation (see Section 4.2.5 and Figure 6.3). 

This second horizon is characterised by a winnowed surface that has an extremely 

abundant pelagic nautiloid fauna. Although the 'calcaire roux' horizon represents the 

maximum abundance and diversity, the horizon at the top of the Guia Formation represents 

the maximum abundance of pelagic organisms. 

Above the maximum flooding surface the highstand systems tract is represented by two 

shallowing upwards parasequences (Figure 6.3). These parasequences are characterised by 

deposition of mud at the base, which shoals upwards to bioclastic packstones at the top 

(see Section 4.6.7 and Figure 6.3). Marine flooding surfaces capping the parasequences are 

characterised by packstones to fine grainstones, with the marine flooding event being 

represented by the deposition of mud found at the toe of the carbonate ramp. The thickness 

of the mud, deposited at the bottom of parasequences, decreases in successively yoimger 

parasequences (Figure 6.3). This reflects the decrease in accommodation and gradual 

backward stepping of the carbonate ramp facies in the upper part of the highstand systems 

tract. 

Sea-level highstand in the Cabo Espichel succession represents the final abandonment (and 

also lobe shifting) of the delta developed in Sequences 1 and 2 (see Sections 6.2, 6.3.1 and 

Figure 6.4). The maximum flooding surface is represented by a single fossiliferous, fine 

sand found towards the base of the pro-delta muds (towards the base of the Maceira 

Formation; see Section 5.5.1 and Figure 6.4). This has been identified by the maximum 

abimdance of pelagic organisms (cf, Armentrout et al, 1988; Emery and Myers, 1996), 

similar to the maximum flooding surface in the Ericeria and Cascais succession. Abundant 

belemnites (and also the bivalve Neithia sp.) have been found at this horizon. The 

combination of sea-level highstand and delta lobe shifting were responsible for the 

cessation in deposition of pro-delta muds, otherwise the highstand systems tract (and 

Sequence 2) would be characterised by estuarine sedimentation (Walker and Flint, 1992). 
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This abandonment of the delta lobe during the late highstand enabled the development of 

the Lagosteiros Coral Biostrome Member (see Section 5.6 and Figures 6.4 and 6.11). 

6.5 SEQUENCE 3 (LOWER HAUTERIVIAN) 

Sequence Boundary 3 has been identified by an abrupt shallowing in the depositional 

facies pattern in two of the successions (Cascais and Cabo Espichel). At Ericeira Sequence 

Boundary 3 is characterised by a disconformity, indicated by a karstic surface. The 

highstand systems tract appears to be missing at Ericeira (Figure 6.1). Sequence 3 is 

approximately 26m thick in the Ericeira succession, at least 25m thick at Cascais (although 

the actual thickness is not known as there are gaps in the exposure, see Section 4.1) and 

approximately 35m thick at Cabo Espichel. The actual thickness is also not known here 

due to gaps in the exposure (see Section 5.7.4 and Figure 6.1). 

7.5.1 LOWSTAND SYSTEMS TRACT 

The lowstand systems tract of Sequence 3 has been identified in all three successions 

(Figure 6.1). In the Ericeira and Cabo Espichel successions lower and upper lowstand 

systems tract can be identified. In the Cascais succession the lowstand systems tract is 

much thinner, and cannot be sub-divided. In the Ericeira succession the lowstand systems 

tract is 22.5m thick and is characterised by the clastic beach barrier facies (Figure 6.12) of 

the Santa Suzana Formation (see Sections 3.4.3 and 3.8.5) and a tidal inlet facies of the 

Praia dos Coxos Formation (see Sections 3.5.1 and 3.8.6). At Cascais the actual thickness 

of the lowstand systems tract in not known (see Section 4.4.2), although the exposure 

indicates that it is at least 13m thick. It is characterised by a migrating carbonate sand bar 

facies of the Cabo Raso Formation (see Sections 4.4.2 and 4.6.7). The lowstand systems 

tract at Cabo Espichel is at least 15m thick although, the true thickness is not known as 

there are gaps in the succession (see Section 5.7.4). The lowstand systems tract at Cabo 

Espichel is characterised by interbedded clastic shoreface facies and shallow carbonate 

shelf facies which is found at the base of the Ladeiras Formation (see Sections 5.7.1, 5.7.2, 

5.7.3). 

The lowstand systems tract at Ericeira is characterised by a series of parasequences (Figure 

6.2). Towards the bottom of the beach barrier facies the base of individual parasequences 

are characterised by sharp-based sandstones with gravelly lags and abundant 

Thalassinoides burrows. These burrows often penetrate into the top of the underlying sand 

(see Section 3.4.3 and Figure 3.2). The marine flooding surfaces capping the 

parasequences are characterised by burrowed horizons penetrated by abundant Skolithos. 
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In the upper part of the beach barrier facies, the parasequences are separated by well 

developjed ravinement surfaces, but are still characterised by the same ichnofabrics at the 

base and top of each parasequence (see Section 3.4.3 and Figure 3.2). The top of the 

lowstand systems tract is characterised by the tidal inlet channel facies (see Section 3.5.1 

and Figure 6.2). In this facies parasequences are separated by well developed ravinement 

surfaces and are characterised by trough cross-bedded grainstones with bioclastic, gravelly 

lags at the base. 

The depositional facies trend shows that each parasequence represents a shallowing 

upwards cycle representing environments from the lower shoreface to foreshore (see 

Section 3.8.4 and Figure 6.2). Oliver (1997) suggested that the sequence boundary 

separates a dominantly progradational parasequence set (below) from a dominantly 

aggradational parasequence set (above). However, the parasequences identified during this 

study do not indicate a change in stacking pattern, but just progradation (Figure 6.2). 

The base of parasequences are characterised by planar or ravinement surfaces. These 

surfaces are thought to be related to the inefficient removal of sand from the tidal shoreface 

environment (see Section 3.8.4) during periodic marine flooding events at sea-level 

lowstand. Although, the depositional facies trend (Figure 6.2) indicates a significant 

shallowing from a muddy (below normal wave base) marine shelf to lower shoreface and 

foreshore environment (deposited above normal wave base) (Figure 6.2). This shallowing 

of facies is a result of re-dispersal of already accumulated sediment as opposed to the 

accumulation of sediment filling available accommodation space. The regression of the 

shoreline occurs without new sediment accumulating. For this reason the beach barrier 

facies has been interpreted as a forced regressive deposit overlying a muddy marine 

highstand deposit. 

Many of the forced regression criteria rely on the identification of facies fransitions down 

the depositional dip (Posamentier and Morris, 2000); for example the identification of a 

zone of separation between shoreface deposits located on the margin and shoreface 

deposits located fiirther seaward (see Section 1.7.8, Figure 1.9 and Table 1.1). The 

presence, in the Ericeira succession, of a sand with sharp base overlying marine muds, and 

re-dispersal of sediment (resulting in sediment by-passing of the shoreline) are indicative 

of a forced regression (Posamentier and Allen, 1999; Posamentier and Morris, 2000). The 

presence of a fore-shortened stratigraphic section is also indicative of a forced regression. 

Microfossil data from Rey (1972) and Wightman (1990) suggest a backward stepping of 
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facies from a muddy clastic shelf (of between 25-30m depth) to foreshore (<5m water 

depth) represented by approximately 5 metres of section. This indicates that the beach 

barrier facies may represent a fore-shortened, or thinner, stratigraphic section. 

According to Posamentier and Allen (1999) and Posamentier and Morris (2000) the 

sequence boundary related to a forced regression should be placed at the base of the forced 

regressive wedge. In the Ericeira succession the base of the forced regressive wedge (sharp 

base of the beach barrier facies) represents a regression in the depositional facies trend, 

which equates to a sequence boundary (Figure 6.2). The sequence boundary beneath forced 

regressive deposits can be represented by either a correlative conformity or unconformity 

(Posamentier and Allen, 1999). The sharp based sand (Sequence Boundary 3) is thought to 

have formed as a result of shoreface erosion during falling sea-level and it is possible that 

Sequence Boundary 3 represents a disconformity. 

Sequence Boundary 3 in the Cascais succession has been identified as an abrupt 

shallowing of facies towards the middle of the Cabo Raso Formation (Figure 6.3). This is 

exposed in the cliff section at Maceira representing normal regression (see Section 4.4.2 

and Figure 6.3). The shallowing of facies is represented by a shift from distal carbonate 

ramp (see Section 4.6.7 and Figure 6.3) to a migrating carbonate sand bar facies deposited 

on the top of the carbonate ramp (see Section 4.6.3 and Figures 6.3 and 6.12). 

Within the migrating carbonate sand bar facies two parasequences have been identified. 

These are separated by a distinct erosional surface or ravinement surface (see Section 

4.4.2, Figures 4.5 and 6.3). This ravinement surface formed by shoreface erosion of the 

upper part of the carbonate ramp. Shoreface erosion of the carbonate ramp occurred during 

two periods of sea-level rise during the later part of the sea-level lowstand (see Section 

1.7.8). The formation of this type of parasequence boimdary is similar to the ravinement 

surfaces found in the beach barrier and tidal inlet channel facies of the lowstand systems 

tract (forced regressive systems tract) of Sequence 3 at Ericeira. 

The transgressive surface has not been identified in the Cascais succession as there is a gap 

between the facies representing the lowstand systems tiact and transgressive systems tract 

of Sequence 3 (see Section 4.4 and Figure 6.3). 

The lowstand systems tract in the Cabo Espichel succession is characterised by a series of 

parasequences composed of platform carbonates and shoreface to foreshore sandstones 
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(see Sections 5.7.1, 5.7.2 and Figures 6.5, 6.12). In the lower part of the lowstand systems 

tract, these parasequences are characterised by cycles composed basal carbonates overlain 

by foreshore/shoreface sands (Figure 6.5). Marine flooding surfaces capping each 

parasequence are burrowed by Skolithos (see Section 5.7.1, Figures 5.5 and 6.5). These 

horizons also characterise parasequence boundaries in the lowstand systems tract of 

Sequence 3 at Ericeira (see Section 6.4.1 and Figure 6.2). In the upper half of the lowstand 

systems tract the parasequences are also separated by well developed ravinement surfaces 

(see Sections 5.7.1, 5.7.2 and Figures 5.5, 6.5), similar to the Ericeira succession (see 

Section 6.4.1 and Figure 6.1). 

Parasequences at the base of the lowstand systems tract at Cabo Espichel (Figure 6.5) 

developed at the onset of relative sea-level fall or sea-level lowstand. Continuous clastic 

sediment accumulation occurred in the foreshore and shoreface environments. Clastic 

sedimentation, deposited over more distal shelf carbonates, forced the shoreline to 

prograde. In the more distal setting continuous in situ accumulation of carbonate sediment 

occurred as a result of the entrapment of elastics in the coeval nearshore enviroimients. 

Where there is a continuous supply of sediment to the coastline the sequence boundary 

would normally be characterised by a correlative conformity. This correlative conformity 

(which equates to Sequence Boundary 3) has been identified using the depositional facies 

trends (see Section 5.12 and Figures 5.27, 6.5) and also a marked change in parasequence 

thickness (Figure 6.5). 

Parasequences, separated by ravinement surfaces, developed during the interval between 

the time when water depth was at its lowest and when overall transgression of the shoreline 

began; similar to the development of ravinement surface bounded parasequences in the 

Ericeira succession (see Section 6.4.1A and Figure 6.2). The rate of regression of the 

shoreline slows at this point as sea-level begins to rise and erosion of the shoreface occurs 

(see Section 1.7.8 and Figure 1.10). 

7.5.2 TRANSGRESSIVE SYSTEMS TRACT 

The transgressive systems tract of Sequence 3 is relatively thin across the basin (Figure 

6.1). In the Ericeira succession the transgressive systems tract is 3.5m thick and is 

characterised by the rudist-nerineid-dasycladean, carbonate platform facies of the Praia dos 

Coxos Formation (see Section 3.8.7 and Figure 6.12). At Cascais the exact thickness of the 

transgressive systems tract is not known because of a gap in the exposure (see Section 

4.4.3). The exposure of the transgressive systems tract is only (approximately) 2m thick 












































































































































































