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Abstract 

GUY MARK OLIVER 

IIIGII-RESOLUTION SEQUENCE STRATIGRAPIIY AND 
DIAGENESIS OF MIXED CARBONATE/SILICICLASTIC 

SUCCESSIONS 

The aims of this thesis are to evaluate whether the distribution of diagenetic features in nearshore successions 
can be explained within a sequence stratigraphic concept; to assess whether the identification and analysis of 
these features can be used to aid in making sequence stratigraphic interpretations; and to evaluate whether 
sequence stratigraphy can be used to predict the distribution of diagenetic heterogeneities at the field and 
inter-well scale. 

High resolution sequence stratigraphic frameworks have been established for two nearshore mixed 
carbonate/siliciclastic successions, using facies and early diagenetic analyses. These are the Upper Jurassic 
Corallian Group of south Dorset and the Lower Cretaceous lower to middle Ericeira Group of west central 
Portugal. Early diagenetic analyses (including petrographic, CL, XRD and stable isotope work), was 
performed on 143 samples extracted from concretions and cemented beds at key horizons within these two 
successions. The early diagenetic results from within the majority of these cemented bodies generally supports 
the proposed facies-based sequence stratigraphic interpretation of parasequences, systems tracts and 
sequences. 

At a parasequence scale, early diagenetic analyses indicate that concretionary growth is controlled by an initial 
phase of rapid burial, equating to the period of parasequence progradation, followed by a period of prolonged 
residence time within a single diagenetic zone. This equates to a period of non-deposition/marine flooding at a 
parasequence boundary. The results also indicate that the application of sequence stratigraphic theory can be 
used to predict the presence and location of early diagenetic concretions within similar successions. Analysis 
of early diagenetic features within carbonate cemented beds (such as marine hard-ground surfaces) also 
supports the facies-based identification of parasequences. Such features are closely associated with 
parasequence boundary formation and the available data indicates that it is possible to predict their distribution 
within systems tracts of similar successions. 

At t?e systems tract scale, analysis of upward increasing or decreasing trends in the volume of pore-mling 
authigenic phases relates to subtle changes in the rate of sedimentation versus the rate of accommodation 
creation. A general upward increase in the volume of early diagenetic products (particularly dolomite) is seen 
to Occur within highstand systems tracts, which is attributed to an increase in residence time within early 
diagenetic zones as the rate of progradation/burial increases and the rate of non-deposition/marine flooding at 
parasquence boundaries remains constant. Similarly, an upward increase in the a180 isotope values of 
carbonate cements (to a more marine value) occurs within shelf-margin or lowstand systems tracts where rates 
of ~e1ative sea-level are rising increasingly quickly and, a dominance of marine cements occurs within coarser 
gramed beds of transgressive systems tracts. 

At the sequence scale, early diagenesis is controlled by the degree of relative sea-level fall and subsequent sub
aerial exposure at the end of the highstand systems tract. If a sequence is bounded above by a type-t 
sequence boundary and there is evidence of a period of sub-aerial exposure then the effects of surface related 
diagenesis (dissolution, replacement and further cementation) can be identified. However. if a sequence is 
bounded above by a type-2 sequence boundary, the effects of any meteoric diagenesis are likely to be confined 
to in-extensive fresh-water lenses originating from an up-dip/sub-aerially exposed area of the basin. 
Consequently, primary early diagenetic cements contained within pore spaces of the existing systems tracts 
will be preserved. 

The approach taken in this research has demonstrated that early diagenesis is a useful tool in refining high 
resolution sequence stratigraphic interpretations and in the prediction of the distribution of early diagenetic 
heterogeneities within reservoir units. It also shows that for nearshore successions the distribution of 
diagenetic heterogeneities can be predicted at a range of scales. 
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Chapter 1 

1: Introduction 

1.1: Aims, objectives, methodology & concepts 

Since the early 1990's, sequence stratigraphy has become an increasingly high resolution 

tool and is now routinely applied in outcrop and well studies. At the commencement of 

this project (1993) field based high resolution sequence stratigraphy was in its relative 

infancy and had only just begun to be applied to the processes and products of early 

diagenesis (refer to Horbury & Robinson, 1993; Taylor et ai., 1994). 

The application of high resolution sequence stratigraphy to outcrop and well studies has 

led to a re-evaluation of many stratigraphic successions, causing a major re-interpretation 

of stratigraphic evolution. This has brought sequence stratigraphy into the realm of 

production and reservoir geology, resulting in more geologically realistic descriptions of 

reservoir units and so reducing the stochastic requirement that was always a necessity 

within early reservoir models. Jennette & Riley (1996) and Wehr & Brasher (1996) 

demonstrate how a high resolution sequence stratigraphic approach can improve reservoir 

management (Le. prediction of reservoir sands, heterogeneities and reservoir response). 

A key aspect of reservoir characterisation is the identification of diagenetic processes and 

products which may increase or decrease reservoir quality and may influence fluid flow 

patterns in a field. The distribution of early diagenetic products are difficult to predict 

between well control points and across fields. High resolution sequence stratigraphy 
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provides (i) the conceptual framework; and (ii) the stratigraphic framework (coupled with 

good biostratigraphic control) to be able to perform such a study. 

1.1.1: Aims 

The aims of this thesis are to evaluate whether; 

1. the distribution of diagenetic features in nearshore successions can be explained within 

a sequence stratigraphic concept; 

2. can the identification and analysis of these features therefore be used to aid in making 

sequence stratigraphic interpretations, and; 

3. can sequence stratigraphy be used to predict the distribution of diagenetic 

heterogeneities at the field and inter-well scale. 

The approach taken within this project is that of a reconnaissance study of two nearshore 

successions - the Corallian Group of south Dorset and the lower to middle Ericeira Group 

of west central Portugal. The results of this analysis will be linked with previous studies 

to produce generalised models which will be of use in the petroleum industry (e.g. 

reservoir geology) and in high resolution basin analysis. 
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1.1.2: Objectives 

The principal objectives of this study were to; 

1. establish sequence stratigraphic interpretations at as high a resolution as is practically 

possible; 

2. incorporate regional data from published literature to further constrain the models; 

3. describe the distribution of diagenetic features within a high resolution sequence 

stratigraphic context; 

4. evaluate if there are any clear correlations and weigh-Up the relative importance of 

sequence stratigraphy and especially sea-level change in controlling this distribution; 

5. attempt to explain the causes of diagenesis using analytical and petrographic 

techniques; and 

6. use sequence stratigraphic theory to account for the relationship between facies, stratal 

surfaces and early diagenetic products. 

This study focused particularly on the identification of diagenetic products which formed 

early after the deposition of each unit and can be related to changes in relative sea-level. 

To test these objectives, two successions were chosen; 

1. the Upper Jurassic Corallian Group exposed along the south Dorset coast; and 

2. a section of the Lower Cretaceous Ericeira Group exposed along the coastal sections to 

the north of the town of Ericeira, west-central Portugal. 
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The two successions were chosen primarily because of the dominance of cyclically 

arranged shallow carbonate and siliciclastic lithologies. The Corallian Group is a well 

studied succession with a number of previous sedimentological and stratigraphic 

interpretations along with well constrained biostratigraphy and, as such, appeared to be an 

ideal succession in which to test the objectives. Although sequence stratigraphic models 

have already been published for this succession (see Chapter 2) none have utilised a high 

resolution sequence stratigraphic approach (sensu Van Wagoner et al., 1990). The less 

well studied Ericeira Group was chosen because of its superficial similarity to the 

Corallian Group in that it is a mixed siliciclastic/carbonate shallow marine to nearshore 

succession (Hiscott et al., 1990a). The study of two successions was thought necessary to 

highlight any local sequence stratigraphic or diagenetic responses from those that can be 

applied on a more general scale. 

For logistical reasons, the study was conducted on a local rather than basin-wide scale, so 

that the validity of analysing diagenetic heterogeneities on an interweillreservoir scale 

could be evaluated. However, within the Corallian Group succession, regional data were 

incorporated where possible from pre-existing studies. Due to the limited number of 

previous studies of the Ericeira Group, this was less possible. 

1.1.3: Methodology 

Figure I.i sets out the analytical procedure which has been implemented throughout this 

project in order to answer the aims and objectives. The methodology is discussed in more 

4 



Chapter 1 

detail in the following sub-sections (1.1.3a-1.1.3e) 

1.1.3a: Facies Analysis 

Initially, detailed field logging of the two successions was undertaken in order to record 

the facies, facies successions, vertical grain-size changes, detrital mineralogy, 

sedimentological and palaeontological variations and hiatuses. Grain-size changes were 

analysed in the field by using a hand-lens and grain-size comparator and checked using 

thin section petrography where coincident with sample. The collected data were then 

combined with previously published data (sedimentary and biostratigraphic data), to 

construct graphic logs and to recognise and interpret the depositional environments. An 

estimation of palaeo-water depth (i.e. shallowing, deepening, maximum flooding) was 

made as a result of the palaeoenvironmental interpretations. 

Field work for the Corallian Group of south Dorset was limited to five week-long field 

sessions conducted throughout the Autumn of 1993, Spring of 1994, Summer of 1994, 

Autumn of 1994 and Spring of 1995. Available funds meant that only one week-long field 

session was available for studying the Ericeira Group of west-central Portugal, and this 

was conducted during the Summer of 1995. 

1.1.3b: Construction of high resolution sequence stratigraphic framework 

Once the facies and depositional environments were interpreted, the next step was the 

subdivision of these strata into the hierarchical units of sequence stratigraphy (see Section 
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1.2.4) along with the recognition of the different types (and scales) of stratal surfaces. It is 

of vital importance to accurately identify the type of parasequence, stratal surfaces and 

style of parasequence stacking in order to be able to determine the type of parasequence 

set (aggradational, retrogradational or progradational). However, a lack of diagnostic 

features at some sedimentary horizons within the two successions, meant that 

parasequence identification was not possible. The parasequence set and facies associations 

were used to determine the type of system tract, stratal surfaces and ultimately the type of 

sequence. In some circumstances, stratal surfaces at different hierarchical scales coincide 

(e.g. parasequence boundary and sequence boundary). 

1.1.3c: Data collection & thin-section microscopy 

Sampling restrictions meant that only a low resolution strategy was implemented. Such 

restrictions included; 

1. Logistics, particularly available time and funds. This was also a major factor when 

conducting further analytical work (see sub-section 1.1.3d); 

2. Sampling was focused on stratal surfaces of key importance and samples were selected 

with the aim of resolving key sequence stratigraphic interpretations; and 

3. Certain lithologies (such as siliciclastic and carbonate mudstones, which account for 

approximately 32% of the Corallian Group and approximately 24% of the Ericeira 

Group) were not sampled because it was felt that any evidence of early diagenesis (by 

standard petrographic or analytical techniques) was either unobtainable, or would have 

been contaminated/over-printed by later diagenetic reactions (particularly clay 

authigenesis or organic reactions). 
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Individual sampling schemes are discussed in the relevant chapters (Chapter 3 for the 

Corallian Group; Chapter 5 for the Ericeira Group) and in Appendix 1. Oriented samples 

were cut to 30Jlm, bonded to glass slides and stained for carbonates, using the method 

outlined by Dickson (1966). Individual cement phases are identified, described and 

photographed with a view to the interpretation of their paragenetic histories. 

1.1.3d: Further geochemical analysis 

Additional geochemical analysis was performed on selected samples (selection procedures 

are outlined in the Chapters 2 and 4) to further constrain diagenetic environments. 

Methods employed were x-ray diffraction (XRD), stable isotope analysis and 

cathodoluminescence (CL) , details of which can be found within Chapters 3 and 4 and 

Appendices 2 to 4. Cathodoluminescence and stable isotope analysis were used to provide 

further evidence for geochemical changes in pore-waters which led to the crystallisation of 

various carbonate cements. X-ray diffraction was used to assess the purity of the sample 

used for stable isotope analysis. 

It should be noted that for cost, practical reasons and, as this study is primarily concerned 

with early diagenetic and facies related processes within a high resolution sequence 

stratigraphic framework, fine-scale analytical procedures (e.g. microprobe work) were not 

implemented. However, it is realised that such studies could complement the results 

offered in this thesis and are outlined in Chapter 7, "recommendations for further work". 
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1.l.3e: Construction of models to predict early diagenesis within high resolution sequence 

stratigraphy 

The data were collated (sedimentological, sequence stratigraphic and diagenetic) with the 

aim of constructing models which can aid in the prediction of stratal surfaces and units. 

These models indicate that the identification of early diagenetic products can be a useful 

tool in the construction of high resolution sequence stratigraphic models. However as this 

study is based on a low resolution sampling scheme, further diagenetic and analytical work 

is necessary before unequivocal support or rebuttal of models relating early diagenesis to 

changes in relative sea-level can be given. 

1.1.4: Conceptual framework 

1.1.4a: Concepts & history of sequence stratigraphy 

Sequence stratigraphy (for a definition of sequence stratigraphy, refer to Table l.i) was 

developed from seismic stratigraphy during the late 1970's and 1980's particularly by 

workers from the Exxon Production and Research Company. During this period, the 

controlling emphasis on the development of stratigraphic sequences and unconformities 

switched from local tectonic events to changes in global sea-level (eustacy, see Vail et al., 

1977). 

8 



Chapter 1 

Early sequence stratigraphic and seismic stratigraphic studies resulted in the construction 

of global sea-level curves consisting of 1 to 3 million year (third order) sea-level cycles, 

superimposed upon lower frequency (first and second order) cycles This "seismic-based 

stratigraphy" (Emery & Myers, 1996) has been termed "low-resolution sequence 

stratigraphy" by Posamentier & Weimer (1993) due to its coarse resolution. In the 

petroleum industry its uses are confined to hydrocarbon exploration. 

Erskine & Vail (1988) observed that higher frequency unconformities were often present 

within previously recognised third-order cycles (1-10m.y.) suggesting that sea-level 

changes occurred at even higher frequencies (e.g. fourth and fifth order or 105_104 years). 

During the same year, the book "Sea-level Changes, an Integrated Approach" (Wilgus et 

al., 1988) was published, providing geologists with the first real conceptual framework for 

sedimentology within a sequence stratigraphic framework. As a result of these new 

concepts, high resolution sequence stratigraphy evolved, allowing analysis at a scale below 

that of seismic resolution. The emphasis of sequence stratigraphy thus began to change 

from age-model predictions based on previous sea-level cycle charts, to lithological 

predictions (Posamentier et al. 1993). 

In the late 1980's and early 1990's, sequence stratigraphy began to be used in the analysis 

of field successions and borehole core. An early pUblication outlining this high resolution 

approach was the book "Siliciclastic Sequence Stratigraphy in Well Logs, Cores, and 

Outcrops" (Van Wagoner et al., 1990). Since then, several key publications (e.g. 

Posamentier et at., 1993 and Howell & Aitken, 1996) have developed these original 

concepts, resulting in a re-evaluation of sedimentary successions in a range of depositional 
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settings (e.g. Walker, 1992). 

The new concepts and higher resolution now allow for an improved understanding of 

facies geometry, reservoir architecture, stratal stacking patterns and particularly the 

importance of small scale cyclic changes in sedimentary rock successions that are a result 

of high frequency changes in sea-level. A greater emphasis is now placed on the 

predictable and repetitive nature of such successions, particularly when constructing a high 

resolution sequence stratigraphic framework (Posamentier et al., 1993). Thus, high 

resolution sequence stratigraphy has developed into a powerful and predictive tool in 

facies analysis (Howell & Aitken, 1996) allowing stratal geometries to be linked with 

internal facies assemblages (Emery & Myers, 1996). High resolution sequence 

stratigraphy is of particular use to reservoir and production geologists because it can 

provide more realistic reservoir models away from well control points. 

I.1.4b: Concepts & importance of diagenetic prediction within a sequence stratigraphic 

framework 

The construction of diagenetic models could result in the accurate prediction of porosity 

and permeability within a basin or stratigraphic unit - information that is of the up-most 

importance to the petroleum industry in exploration and more particularly, production. A 

key aim of reservoir characterisation is to be able to predict the nature and distribution of 

diagenetic products and their effect on fluid flow within a gross reservoir unit. Diagenetic 

components are moved in and out of sedimentary strata by diffusion or advection 

involving moving pore-waters (Horbury & Robinson, 1993). This pore-water movement 
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occurs as a response to basin evolution including, amongst many other things, changes in 

relative sea-level. 

As a result of the recent rapid development of high resolution sequence stratigraphy, the 

analytical approach now exists to interpret early diagenetic processes within patterns of 

high frequency relative sea-level change. Such studies could predict the type and extent of 

diagenetic products within a basin. As well as changes in relative sea-level; petrophysical 

properties within differing facies units, depositional environments, composition of pore

water, climate and carbonate sediment mineralogy (particularly within carbonate facies), 

are of importance to early diagenesis (Tucker, 1993). All of these criteria are controlled 

by, or are related to, changes in relative (and eustatic) sea-level. 

Previous research relating diagenetic processes to sequence stratigraphy within clastic 

successions includes Bj~rkum et ai. (1993) and Taylor et ai. (1994); and within carbonate 

successions includes, Tucker (1993), Read & Horbury (1993), Stemmerik & Larssen 

(1993) and Hendry (1993a). 
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1.2: Introduction to high resolution sequence stratigraphy within shallow 

marine nearshore successions 

1.2.1: Introduction 

Sequence stratigraphy is the study of "genetically related facies within a framework of 

chronostratigraphically significant surfaces, wherein the study of rocks is cyclic and is 

composed of genetically related stratal units" (Posamentier et al., 1988; Van Wagoner et 

al., 1990). Sequence stratigraphy relates the formation of stratal surfaces to relative 

changes in sea-level and places them within a chronostratigraphic context of parasequence 

and sequence boundaries (Van Wagoner et al., 1990). It is the balance between the rate of 

accommodation creation (which provides the "space") and the rate of sedimentation 

(which provides the "fill") that is the driving force behind the principals of sequence 

stratigraphy. 

The sequence stratigraphic terminology used throughout this thesis is that defined by 

Mitchum (1977), Posamentier et al. (1988), Posamentier & Vail (1988), Van Wagoner et 

al. (1988, 1990) and Posamentier et al. (1992) and is summarised in Table 1.i. 
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1.2.2: Basic theory 

1.2.2a: Eustacy 

Eustacy is measured between the sea-surface and a fixed datum, usually the centre of the 

Earth (Fig.l.ii). Eustacy can vary by changing ocean-basin volume or by varying ocean

water volume (Posamentier et al., 1988; Emery & Myers, 1996) allowing it to rise and fall. 

1.2.2b: Relative sea-level 

Relative sea-level is a function of eustacy and subsidence (sediment compaction and 

tectonics) which control the amount of space made available for sediment accumulation 

(accommodation space) in a marine environment. It is measured between the sea-surface 

and a local datum, such as a surface within the sedimentary pile (Posamentier et al., 1988) 

(Fig.I.H). Relative sea-level "rises" due to subsidence, compaction and/or eustatic sea

level rise, and "falls" due to tectonic uplift and/or eustatic sea-level fall (Emery & Myers, 

1996). The equilibrium point (Table l.i) separates the zone at the basin margin where 

relative sea-level is falling, from the zone where relative sea-level is rising (Emery & 

Myers, 1996). 

Within carbonate successions, changes in relative sea-level are also one of the primary 

controls on carbonate productivity (Schlager, 1992) and thus on the resultant facies 

distribution. Two other factors are also important - the depositional setting and climate. 

Unrestricted basins with normal, well circulated marine pore-waters provide a favourable 

13 



Chapter 1 

habitat for a more varied biota, whereas restricted basins with higher salinities have a 

specialised or reduced biota. Climate is important, not only in determining the 

depositional facies of carbonates, but also in controlling the extent of early post· 

depositional diagenesis associated with sub-aerial exposure. 

1.2.2c: Accommodation space 

Stratal packages and facies associations rely strongly on the amount of space available for 

sediment to accumulate in and the rate at which new space is added or taken away 

(Posamentier et al., 1988). The space available is termed the "accommodation space" (see 

definition in Table 1.i) and in a marine environment is the space between the sea floor and 

the sea surface (Fig.1.iii). Accommodation space represents the accumulation potential of 

any clastic or carbonate sequence. The rate at which new space is made available for 

sediment to fill is determined by the rate of relative sea-level change. Swift & Thome 

(1991) also include processes such as marine erosion and redistribution of material to 

create accommodation space. Their accommodation space is defined by a surface of 

dynamic equilibrium above which sediment cannot accumulate and is reworked. 

Changes in relative sea-level control the amount of space made available for sediment 

accumulation (Le. a rise in relative sea-level results in an addition of space, whereas a fall 

results in a loss of space). Water depth (relative sea-level minus accumulated sediment) is 

independent of relative sea-level, and dependent on the rate of sediment accumulation with 

respect to the rate of sea-level rise or fall. Thus, relative sea-level may rise creating more 

accommodation space, but if sediment accumulation occurs at a faster rate, then water 
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depth will decrease. Similarly, if relative sea-level falls at a slower rate than the sea floor 

subsides, the net effect will be a relative sea-level rise, and consequently, new space will 

be added. If sedimentation rates are lower than the rate of relative sea-level rise, then the 

water depth will increase. If rates of subsidence are greater than rates of relative sea-level 

change, new space will be created. The accommodation space av~lable for sediment 

accumulation will thus be the addition of the new space created plus the "left-over", 

unfilled space (Posamentier et ai., 1988). 

Detrital carbonate production, much of which is a by-product of photosynthesis, is highest 

in water depths of 10m, and drops off dramatically in deeper water (Sarg, 1988). Thus 

changes in relative sea-level are an important factor in the ability of carbonate production 

to keep pace with changing water depth (Fig.1.iv). 

1.2.2d: Accommodation fill 

The rate of sediment supply controls the degree to which accommodation space is filled 

spatially. The balance between sediment supply and relative sea-level rise controls whether 

siliciclastic facies belts prograde basinward or transgress landward (Emery & Meyers, 

1996). Carbonate is generally produced in platform-top environments and (depending on 

environmental conditions) can keep pace with rising sea-level (Emery & Meyers, 1996). 

This contrasts with the siliciclastic system by accreting vertically, rather than backstepping 

during a transgressive period (Emery & Meyers, 1996). 
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The amount of sediment supplied to the basin is a function of both the general rate of 

sediment supply and the location of sedimentary entry points (Emery & Meyers, 1996). 

Figure l.va-c (from Jervey, 1988) shows the relationship of facies, relative sea-level and 

rates of sediment accumulation at three points within a basin. All points have identical 

relative sea-level curves but differing rates of sediment supply. In Figure l.va, which 

represents a point with a low sediment input, the rate of accommodation creation will 

always exceed the rate of sediment accumulation. The net affect of this will be a landward 

migrating shoreline and a transgression develops. In Figure I.vb, which represents a 

location characterised by a moderate sediment input, the initial rate of accommodation 

creation exceeds the rate of sediment accumulation and a transgression begins. However, 

as the rate of relative sea-level rise diminishes, shoreline regression will begin and the rate 

of sediment supply exceeds the rate of accommodation creation. Excess sediment which 

cannot be accommodated will be transported basinwards. When relative sea-level falls, 

previously deposited sediment will be subject to erosion. Finally, in Figure 1.vc, which 

represents a point with a rapid sediment input, the rate of sediment supply will always 

exceed the rate of accommodation creation and shoreline regression will be continuous. 

However, the rate of sediment accumulation will be limited by the rate of accommodation 

creation. 
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1.2.3: Sequences and systems tracts 

1.2.3a: The sequence and sequence boundary 

A sequence (see Table l.i for original definition) represents one cycle of deposition 

bounded by unconformities or correlative conformities and deposited during one 

"significant" cycle of fall and rise of relative sea-level (Emery & Myers, 1996). 

Sequences can be of two types, type-! and type-2, which can be bounded by either type-1 

or type-2 sequence boundaries. 

The formation of a type-lor type-2 sequence boundary will depend on whether the rate of 

relative sea-level fall exceeds, or is less than, the rate of subsidence at the offlap break 

(previously called the depositional shoreline break, see Table l.ii for definition). Criteria 

for identifying sequence boundaries include a basinward shift in facies for a type-} 

sequence boundary and a vertical change in parasequence stacking patterns for either a 

type-! or a type-2 sequence boundary (Van Wagoner et al., 1990). 

If the rate of relative sea-level fall is greater than the rate of subsidence, a type-l sequence 

boundary will develop (Table l.i). Landward of the offlap break in siliciclastic 

successions the most pronounced features of a type-I sequence boundary are truncation, a 

basinward shift in facies and subaerial exposure. If a type-t sequence boundary develops 

in a basin or portion of a basin with numerous rivers, then valley incision will occur across 

the now exposed shelf (Fig.1.vi) with interfluves occurring between incised valleys. 

Depositional environments within the distal parts of these Valleys vary and include 
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lowstand deltas, tidal-flats, estuaries and beaches. In proximal settings, these facies types 

typically grade into fluvial depositional environments, while laterally (on the exposed 

shelf) soils or rooted horizons are dominant (Van Wagoner et al., 1990). However, if 

fluvial deposition is limited, then widespread evidence of subaerial exposure will be 

dominant. 

Within carbonate dominated successions, two major processes occur during the formation 

of a type-! sequence boundary (Sarg, 1988). Slope front erosion is one process, but will 

not be discussed further because the depositional environment is not within the realms of 

this review. Basinward movement of pore-water diagenetic zones also occur (Sarg, 1988; 

Tucker, 1993). Hunt & Tucker (1993) state that exposure of carbonate surfaces during a 

fall in relative sea-level will lead to chemical reworking (early meteoric diagenesis) rather 

than mechanical reworking. This feature will be discussed in more detail in Section 1.3. 

Therefore exposure of a carbonate shelf does not result in an increased sediment supply to 

the adjacent basin. 

A type-l sequence boundary that develops during a falling relative sea-level on a ramp 

margin will do so in response to a forced regression (Posamentier et aI., 1992) (Fig.l.vii). 

Forced regressions are defined as a seaward translation of a shoreline occurring in 

response to a relative sea-level fall and independent of sediment input variations 

(Posamentier et al., 1992). The shoreface deposits associated with a forced regression are 

typically detached from the underlying highstand shoreline, associated with a zone of 

sedimentary by-pass and subaerial erosion and commonly characterised by a sharp base 

defining a sequence boundary (Posamentier et ai., 1992). Hunt & Tucker (1993) have re-
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named these deposits "stranded parasequences". 

Conversely, if the rate of relative sea·level fall is similar to the rate of subsidence across a 

shelf margin. then a type·2 sequence boundary will develop (Table l.i). This will result in 

little or no basinward shift in coastal onlap (Posamentier & Vail, 1988) and limited or no 

subaerial erosion (depending on whether the shelfal area becomes exposed). As a result, 

there is no fluvial incision. stream rejuvenation or sediment bypassing on the shelf 

(Fig. I. viii). 

A type-l sequence is bounded at its base by a type-l sequence boundary and at its top by 

either a type-lor type-2 sequence boundary. It is composed of lowstand (LST), 

transgressive (TST) and highstand (HST) systems tracts (Posamentier & Vail, 1988). 

These are characteristically equivalent to progradational/weakly aggradational, 

retrogradational and progradational parasequence sets (Van Wagoner et al., 1990) 

(Fig. 1. vi). 

A type-2 sequence is bounded at its base by a type-2 unconformity and at its top by either 

a type-! or type-2 sequence boundary. It is composed of shelf.margin (SMW), 

transgressive (TST) and highstand (HST) systems tracts (Posamentier & Vail, 1988). 

These are characteristically equivalent to aggradational/weakly progradational, 

retrogradational and progradational parasequence sets (Van Wagoner et al., 1990) 

(Fig. 1. viii). 

19 



Chapter 1 

1.2.3b: Systems tracts 

The systems tract (Table l.i) generally represents the fundamental mapping unit for 

stratigraphic prediction, because it may contain a set of depositional systems with 

consistent palaeogeography and depositional polarity, and for which a single 

palaeogeographic map can be drawn (Emery & Myers, 1996). However, it should be 

stated that depositional systems can change at the parasequence scale within individual 

systems tracts. 

Lowstand systems tract (LST): 

The lowstand systems tract is deposited during intervals of relative sea-level fall and 

subsequent slow relative sea-level rise. A relative sea-level fall will occur when the rate of 

sea-level fall exceeds the rate of subsidence at the offlap break (Posamentier & Vail, 

1988). Within clastic successions representing shelf-break margin profiles, the lowstand 

systems tract typically consists of a lowstand submarine fan and a lowstand wedge. As the 

lowstand submarine fan occurs predominantly within the basin, seaward of the shelf/slope 

break, it is not relevant to the successions discussed in this thesis. Only the lowstand 

wedge (Fig.l.ix) will be discussed here. 

The lowstand wedge is commonly characterised by one or more progradational 

parasequence sets (Van Wagoner et ai., 1990) and is initiated during the latter part of a 

rapid relative sea-level fall during the sea-level lowstand (Posamentier & Vail, 1988) 

(Fig.l.ix). During this time, the rate of subsidence will exceed the rate of relative sea-
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level fall at the offshore break, creating a slow rise of relative sea-level and an increase in 

accommodation space. 

The proximal part of the wedge will consist of incised valley fills if the basin, or portion of 

the basin, contains rivers (caused by the cessation of stream downcutting and subsequent 

increase in deposition) and correlative shoreline deposits on the shelf and shoreface 

(Fig.l.ix). The distal part of the lowstand wedge will generally be composed of thick 

shale rich facies downlapping onto the underlying lowstand fan (Van Wagoner et al., 

1990). 

Throughout the period of lowstand wedge formation, the rate of accommodation creation 

increases as the rate of relative sea-level rises more rapidly (Posamentier & Vail, 1988). 

Eventually, the rate of sedimentation will become less than the rate of accommodation 

creation and the beginnings of a marine transgression will occur. This is marked by the 

transgressive surface, which marks the frrst major flooding event of the shelf area within 

the new sequence. The transgressive surface is initiated because up to this point in time 

(from sequence boundary formation to transgressive surface fonnation) deposition on the 

shelf has been restricted to incised valley fills. As the rate of relative sea-level begins to 

rise, new accommodation space is initially added in the incised valleys alone. The old 

shelf is subaerially exposed because base level has yet to reach this height. Thus, 

sedimentation rates are able to "keep up" with rates of accommodation space creation. 

However, as soon as base level reaches the height of the shelf (i.e. as soon as the shelf 

becomes flooded) a large increase in the space available for accommodation occurs. The 

rapid increase in rates of accommodation addition drastically outpace existing rates of 
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sedimentation. Hence, on the shelf, a rapid marine transgression will occur. The timing of 

marine transgression is a function of eustacy, subsidence, sedimentation rates and the area 

available for sediment accumulation (Emery & Myers, 1996). 

Within carbonate successions, Sarg (1988) suggests that lowstand systems tracts can be 

divided into two types: allochthonous deposits derived from erosion of the bank margin 

and slope and characterised by channelled megabreccia deposition, and autochthonous 

wedges deposited on the upper slope during either type-lor type-2 sea-Ievellowstands. 

Sarg (1988) also points out that with the correct climatic and depositional conditions, 

evaporite and/or clastic lowstand deposition can occur. 

Hunt & Tucker (1993) have suggested revisions for these models of lowstand deposition. 

In their model, they suggest that the current lowstand systems tract be subdivided into two 

newly named systems tracts - the forced regressive wedge systems tract and the lowstand 

prograding wedge systems tract. They also suggest that the positioning of the sequence 

boundary should be moved to coincide with the lowest point of relative sea-level. This 

would then place parasequences that stack to form at least the slope wedge component of 

the forced regressive wedge systems tract below the sequence boundary. The succeeding 

lowstand prograding wedge then behaves in a similar way to that described earlier. Thus, 

Hunt & Tucker's (1993) model effectively splits the original lowstand systems tract into 

two components occurring above and below a sequence boundary. 
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Shelf-margin systems tract (SMW): 

The shelf-margin systems tract overlies a highstand systems tract and type-2 sequence 

boundary and is characterised by a decreasingly progradational to increasingly 

aggradational parasequence stacking pattern, passing eventually into a retrogradational 

transgressive system tract (Posamentier & Vail, 1988, my Fig.1.x). 

The lower boundary of the shelf-margin systems tracts forms a type-2 sequence boundary 

separating coastal, paralic or deltaic sediments above, from highstand deposits below. The 

upper boundary of the shelf-margin systems tract is marked by a transgressive surface 

separating the dominantly aggradational parasequence stacking pattern of the upper shelf

margin systems tract below from the retrogradational parasequence stacking pattern of the 

transgressive systems tract above. The transgressive surface marks the frrst major flooding 

event to occur within the sequence (Posamentier & Vail, 1988). 

Throughout the deposition of the shelf margin systems tract a progressive increase in the 

rate of relative sea-level rise will occur resulting in deposition of sediment on the outer 

part of the shelf (Posamentier & Vail, 1988). An increasing rate of relative sea-level rise 

may initially be accompanied by the deposition of a progradational parasequence set, as 

sedimentation rates will be greater than rates of accommodation creation. With time, the 

rates of progradation will slow in response to the increasing rate of new shelf space added. 

This will allow sedimentation rates and rates of accommodation creation to equilibrate, 

resulting in the deposition of a vertically stacked, or aggradational parasequence set. 
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Type-2 sequence boundaries beneath shelf-margin wedges are notoriously difficult to 

recognise in outcrop (Posamentier & James, 1993). This is because no overall relative sea

level fall occurs across a type-2 sequence boundary in a marginal marine setting. In a 

depositional succession spanning late highstand to early shelf-margin systems tracts, the 

deceleration and then acceleration of relative sea-level rise results in an increasingly 

progradational to decreasing progradational and then aggradational parasequence stacking 

pattern (Posamentier & James, 1993). 

Transgressive systems tract (TST): 

The transgressive systems tract occurs in both type-l and type-2 sequences and is 

characterised by a retrogradational parasequence stacking pattern (Fig1.xi). It is deposited 

during a time of relative sea-level rise when the rate of accommodation creation is greater 

than the rate of sedimentation. Its base is the transgressive surface which represents the 

time of frrst significant flooding event within the new sequence (Posamentier & Vail, 

1988). The maximum rate of relative sea-level rise occurs some-time within the 

transgressive systems tract (Emery & Myers, 1996). The end of the systems tract occurs 

when the rate of accommodation creation decreases to a point where it is equal to the rate 

of sedimentation, and then progradation begins. This point is known as the maximum 

flooding surface and is controlled by eustacy, subsidence, sedimentation rates and the area 

available for sediment accumulation (Emery & Myers, 1996). 

In outcrop studies, positioning of a maximum flooding surface is based primarily on 

identification of changes in parasequence stacking patterns. In many cases, such as 
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condensed sections, or muddy shelfal depositional environments for example, it is difficult 

to recognise a single discrete surface in the field and so a "zone of maximum flooding" is 

recognised. Within this zone, a number of discrete surfaces may be candidates for a 

maximum flooding surface. Basinward of the shoreline, maximum flooding zones are 

represented by shelfal siltstones and mudstones (Emery & Meyers, 1996). 

The retrogradational pattern associated with transgressive systems tracts varies depending 

on whether the sequence described is type-lor type-2. Posamentier & Vail (1988) suggest 

that transgressive deposits following a lowstand wedge systems tract (i.e. a type-l 

sequence) will be contained within incised Valleys due to a rapidly rising relative sea-level 

flooding the shelf area quickly. This will result in limited transgressive deposition outside 

the incised valleys at that time. However, following a type-2 sequence boundary, flooding 

of the shelf occurs more gradually. As incised valleys are absent and the majority of the 

shelf area was probably not subaerially exposed, the extent of transgressive deposition 

will be greater both vertically and laterally. 

In carbonate systems, rates of sediment production are commonly sufficiently high enough 

to outpace rates of relative sea-level rise (Schlager, 1981). Hunt & Tucker (1993) have 

distinguished between two types of stacking pattern that can develop during a 

transgressive systems tract and reflect the ratio of rates of sea-level rise to sedimentation 

rate. In their model, when rates of relative sea-level rise are greater than sedimentation, 

type-l geometries are developed. If rates of relative sea-level rise are less than or equal to 

sedimentation rates (at the shelf margin) type-2 geometries are developed (although the 

rate of sea-level rise may be greater than sedimentation rates for inner-shelf facies). Hunt 
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& Tucker (1993) also note that, unlike clastic systems, carbonate sedimentation rates 

cannot always be assumed to be constant due to the strong environmental control on 

sedimentation. Thus changes in parasequence stacking patterns do not always reflect 

changes in the rates of relative sea-level rise, as carbonate production is affected by a 

number of other factors. 

Highstand systems tract (HST): 

The highstand systems tract is the youngest systems tract in either a type-lor type-2 

sequence, and is deposited after maximum transgression and before a sequence boundary 

when the rate of accommodation creation is less than the rate of sediment supply 

(Fig.l.xii). It is characterised by a decelerating rate of relative sea-level rise through time, 

resulting in an aggradational to progradational parasequence stacking pattern. When 

succeeded· by a type-l sequence boundary, the highstand systems tract may be 

significantly truncated or removed altogether. 

Sarg (1988) suggests that carbonate highstand systems tracts can be characterised by early 

and late stages that reflect different rates of accommodation, water mass conditions, 

associated carbonate productivity and fundamentally different depositional histories. In 

his model, Sarg modifies the "keep-up" and "catch-up" terminology of Kendall & 

Schlager (1981). The keep-up carbonate systems tract displays a relatively rapid rate of 

accumulation and is able to keep up with rises in relative sea-level. In comparison, the 

catch-up carbonate systems tract displays a relatively slow rate of accumulation, which 

initially will always be less than the rate of accommodation creation. Only during the 
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latest portion of the highstand, when accommodation is reduced because of falling sea

level will a catch-up carbonate system display keep-up characteristics (Sarg, 1988). 

During highstand systems tracts, carbonate production usually exceeds the rate of 

accommodation creation, and excess carbonate will by-pass the carbonate platform top and 

be discharged into adjacent basins by a process known as "highstand shedding" (Schlager, 

1992). Highstand shedding in carbonate systems provides a major contrast to siliciclastic 

sequence stratigraphy which predicts that most sediment is shed into the basin during a 

lowstand systems tract (Schlager, 1992; Emery & Myers, 1996). 

1.2.3d: Other systems tracts 

Emery & Myers (1996) describe two other possible systems tracts that can occur within a 

relative sea-level cycle. These are "the midstand systems tract" and "the regressive 

systems tract". The midstand systems tract (or forced regressive wedge of Hunt & Tucker, 

1993) represents an entire sequence where at no time was subsidence sufficiently high 

enough to outpace sediment supply and allow transgression (Emery & Myers, 1996). The 

regressive systems tract consists of a prograding wedge that is bounded below by a 

maximum flooding surface and above by a maximum progradation surface (Emery & 

Myers, 1996). 

1.2.3e: Sequence stratigraphic models for carbonate ramps 

During the deposition of the transgressive systems tract, rising sea-level will commonly 

cause a ramp to retrograde due to its low carbonate productivity. With an increase in 
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water depth, the deeper parts of the ramp will become increasingly sediment starved, 

increasing the likely-hood of organic matter accumulation (Emery & Myers, 1996). 

As the rate of sea-level rise decreases during the development of the highstand systems 

tract, the carbonate ramp will prograde. During the early highstand, when accommodation 

space is still being created, intertidal and lagoonal deposits may accumulate, but during the 

late highstand when very little accommodation space is being created strand-plain deposits 

may result (Tucker & Wright, 1990; Emery & Myers, 1996). Burchette et al. (1990) have 

written a review of carbonate ramp sequence stratigraphy, with particular implications for 

petroleum exploration. 

1.2.3f: Mixed carbonate/siliciclastic successions 

Hunt & Tucker (1993) state that mixed carbonate/siliciclastic depositional systems respond 

in a similar manner to purely siliciclastic depositional systems. During a falling sea-level, 

the landward portion of a carbonate ramp will be exposed. If the siliciclastic sediment 

supply is significant, it may overwhelm carbonate production and a siliciclastic lowstand 

systems tract may be established across the old carbonate ramp surface (Emery & Myers, 

1996). This may also incise the underlying carbonate highstand (Hunt & Tucker, 1993). 

Partitioning of carbonates into transgressivelhighstand systems tracts and siliciclastics into 

lowstand systems tracts, has also been identified by Cant (1995). 

Examples of mixed siliciclastic-carbonate cyclic sedimentation are from the Lower 

Permian of New Mexico (Mack & James, 1986), the Albian of Lunda and Soba, Northern 
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Spain (Garda·Mondejar & Fermindez·Mendiola, 1993) and the Middle Cambrian of the 

southern Great Basin, USA (Osleger & Montanez, 1996). In the first example, allocyclic 

glacio-eustatic sea·level changes have been used to explain the silicic1astic·carbonate 

facies partitioning within symmetrical and asymmetrical sedimentary cycles. In the 

second example, type· 1 sequence boundaries result in the emergence of carbonate 
, 

platforms, which are then subjected to small periods of karstification and erosion. The 

overlying lowstand deposits include turbiditic, estuarine or fluvial sandstones. Type·! 

sequence boundaries are produced by sea·level falls that are related to tectonic pulses. 

These produced angular unconformities in the basin margin or the inner platform, changes 

in palaeoslope of the basin floor and the sudden arrivals of sandstones into the basin. In 

the third example, siliciclastic sedimentation is controlled by relative sea-level with major 

sediment inputs occurring during inferred lowstand and highstand systems tracts. 

Finally, Emery & Myers (1996) provide a review of sequence stratigraphic models for 

other types of carbonate platforms (rimmed shelves, escarpment margins and isolated 

platforms) and the reader is referred to their book for further details. 

1.2.4: High resolution sequence stratigraphy 

As outlined in sub·section 1.1.4a, high resolution sequence stratigraphy integrates 

information obtained from detailed data sets (from the log, core or outcrop scale) allowing 

gross stratal geometries to be linked with the internal facies assemblages. Table 1.ii (after 

Van Wagoner et al., 1990) introduces the concepts of hierarchy within a high resolution 
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sequence stratigraphic framework. Van Wagoner et al. (1990) begin their hierarchical 

classification at the smallest unit - the lamina scale, although this scale is more likely to be 

the result of "events" rather than changes in relative sea·level. Within this brief review, I 

will begin at the parasequence scale. 

1.2.4a: The parasequence & parasequence boundary 

The parasequence: 

Parasequences (see Tables l.i & l.ii for definition) are the building blocks of 

parasequence sets and ultimately sequences (Van Wagoner et aI., 1990). They are 

predominantly progradational packages of sediment, resulting in a typically shallowing· 

upward facies succession in which younger bedsets are deposited in progressively 

shallower water. Carbonate parasequences can also be composed of aggradational 

packages of sediment and shallow·up into shoal or reefal facies (Van Wagoner et al., 

1990; Tucker, 1993; Emery & Myers, 1996). Parasequences are separated by thinner 

units, representing an upwards· deepening facies succession. Occasionally, this upwards. 

deepening component is represented only by a hardground or omission surface marking a 

transition from shallower to significantly deeper water facies (Emery & Myers, 1996). 

Parasequences can coarsen· upwards or fine.upwards depending on the depositional 

environment. In an upwards·coarsening parasequence representing a shallow marine, 

wave or storm dominated setting (Fig.l.xiiia) bedsets thicken, facies units coarsen and the 

ratio of coarser grained sediment. to finer grained sediment increases upwards. In an 
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upwards-fining parasequence representing a channel, estuarine or tidal flat setting 

(Fig.1.xiiib) the opposite is true, with the parasequence commonly culminating in 

mudstones, heterolithic units or even coa1 beds (Van Wagoner et al., 1990). In both types 

of parasequence, the vertical facies sequence usually suggests a gradual decrease in water 

depth. 

Facies types within a parasequence will change laterally in a predictable manner (Van 

Wagoner et al., 1990) as the depositional setting changes. In a basinward direction, 

(Fig.1.xiv) stratal characteristics may change from dominantly seaward dipping planar 

beds representing a foreshore or non-marine environment, through increasingly thinning 

and finer grained facies types representing a lower shoreface to shallow marine 

environment, to finally shelfal mudstones. The parasequence will be terminated updip 

(landward) by fluvia1 erosion/incision, or onlap onto a sequence boundary (Van Wagoner 

et al., 1990) and downdip (basinward) by thinning and/or downlap onto an underlying 

boundary (parasequence, parasequence set or sequence, Van Wagoner et al., 1990). 

Trace fossil assemblages (ichnofacies assemblages) can reflect high frequency cyclic 

pa1aeoenvironmental changes, and therefore are of importance in interpreting 

parasequences (Savrda, 1991). Generally, the degree of bioturbation will increase 

upwards, reflecting the increase in energy as the parasequence progrades. However, the 

type of trace fossil assemblage will change laterally in a predictable manner depending on 

the depositional setting within the overall land-shore-shelf profile. For a review of the 

conceptual framework of ichnological assemblages the reader is referred to Pemberton 

(1992). 
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Carbonate parasequences may include a significant siliciclastic component and in this 

respect, contain all the elements of mixed siliciclastic-carbonate sequences that were 

described in sub-section 1.2.3e, but on a much smaller scale. Autocyclic mechanisms such 

as eustacy and tidal-flat progradation (after James, 1984) have been used to explain the 

origin of such cycles (Emery & Myers, 1996). 

The parasequence boundary: 

Parasequences are separated from one another by a parasequence boundary which 

represents a marine flooding surface (Van Wagoner et ai., 1990) (Figs.1.xiii & 1.xiv). The 

marine flooding surface in this definition is a surface separating younger from older strata, 

across which there is evidence of an upward increase in water depth (Emery & Myers. 

1996). In coarsening-up parasequences, a marine flooding surface might, for example, 

separate deeper water siltstones or claystones above (representing the more distal part of 

the parasequence) from shallow water sandstones or ooliticlbioclastic grainstones below 

(representing the more proximal part of the parasequence). The flooding surface is 

characterised by minor submarine erosion with a minor hiatus indicated, although major 

erosion may indicate the formation of a ravinement surface (refer to Table l.i). 

Ravinement surfaces are the result of transgressive erosion by shoreface retreat and are 

particularly well developed when; (i) a parasequence boundary corresponds to a major 

transgressive surface (Le. the top surface of the lowstand or shelf-margin wedge systems 

tracts) or (ii) a facies unit was shallower than the shoreface prior to transgression. 
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Tucker (1993) states that carbonate parasequences may have an upper surface recording 

emergence that represents a relatively short period of time. Occasionally transgressive-lag 

deposits (see Table l.i for definition) are associated with parasequence 

boundaries/ravinement surfaces, but are more common when a parasequence boundary 

coincides with a major transgressive surface. The transgressive lag is composed of 

material derived from underlying strata during shoreface erosion. 

Parasequence thickness trends: 

The thickness of a parasequence is a product of (i) the rate of rise in relative sea-level after 

the "drowning" of the previous parasequence and (ii) the periodicity of parasequence 

formation (Emery & Myers, 1996). For example, if parasequence periodicity is relatively 

constant, then a slow rate of rise of relative sea-level will result in thin parasequences and 

a rapid rate of rise will result in thick parasequences (Emery & Myers, 1996). 

1.2.4b: Parasequence sets 

For carbonate and siliciclastic dominated successions, parasequences commonly stack to 

form parasequence sets (see definition in Tables l.i and l.ii) which may be progradational, 

retrogradational or aggradational (Van Wagoner et aI., 1990). The type of stacking pattern 

refers to the architecture of a vertical succession of parasequences and depends on the ratio 

of sedimentation rates to rates of accommodation creation at the scale of the parasequence 

set. The terms "systems tracts" (refer back to Section 1.2.3) and "parasequence set" are 

not always synonymous (Posamentier & James, 1993). The use of the term "systems 
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tract" involves an interpretation regarding sea-level change, vertical and lateral 

relationships between facies successions and the nature and significance of any bounding 

surfaces (Posamentier & James, 1993). However, the use of the term "parasequence set" 

is purely descriptive and does not infer any interpretation of sea-level change (Posamentier 

& James, 1993). In areas of high subsidence and sediment input, it is possible that more 

than one parasequence set can exist in a systems tract (Emery & Myers, 1996). 

Progradational parasequence set: 

During the deposition of progradational parasequence sets, the rate of deposition or 

sedimentation becomes greater than the rate of accommodation space creation, over time' 

(Fig.l.xva). Thus, successively younger parasequences become generally thicker, contain 

coarser grained facies and are deposited in successively basinward positions. 

Retrogradational parasequence set: 

During the deposition of retrogradational parasequence sets, the rate of sedimentation is 

less than the rate of accommodation creation (Fig.1.xvb). Thus, successively younger 

parasequences become generally thinner, contain finer grained facies and are deposited 

further landward. The youngest parasequence in the set may be composed entirely of 

sediment deposited on the shelf (Van Wagoner et al., 1990). 
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Aggradational parasequence set: 

During the deposition of aggradational parasequence sets the rate of sedimentation is equal 

to the rate of accommodation creation (Fig.1.xyc). Thus parameters such as facies types 

and thickness do not change significantly with time (at the time scale of the parasequence 

set) .. 

The parasequence set boundary: 

Parasequence sets are separated by parasequence set boundaries which are similar to 

parasequence marine flooding surfaces and their correlative surfaces (Van Wagoner et al., 

1990). They therefore separate distinctive parasequence stacking patterns and can 

coincide with systems tract boundaries - transgressive surfaces, maximum flooding 

surfaces (see sub-section 1.2.3c) or sequence boundaries (see sub-section 1.2.3a). 

1.3: Early diagenesis within a high resolution sequence stratigraphic 

framework 

1.3.1: Introduction 

Within the context of this thesis, early diagenesis is considered to include those processes 

between the time of deposition and the early stages of lithification, at relatively low 

temperatures within a shallow burial environment (Friedman, 1964; McKay et al., 1995). 
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Early diagenetic processes and products are strongly influenced by depositional 

environment (Berner, 1981; Curtis, 1987), relative sea-level changes (Taylor et al., 1994; 

Tucker, 1993; McKay et al., 1995), sedimentation rate (Curtis, 1987) and climate (Tucker, 

1993). Early diagenetic processes encompass three major diagenetic environments - the 

marine, mixing zone and meteoric zones all of which are influenced by the features listed 

above (Tucker & Wright, 1990; Tucker, 1991, 1993). Inorganic/organic diagenesis and 

organic matter degradation, also occurs within each diagenetic environment as a series of 

depth related, microbially induced zones (Irwin et aZ., 1977; Curtis, 1978, 1980, 1987; 

Berner, 1981; Curtis & Coleman, 1986). In these zones, the concentrations of oxygen and 

sulphate primarily control the degradation of organic matter (along with rates of reactivity, 

amount of organic matter, Fe content and temperature). These diagenetic reactions are all 

strongly influenced by pore fluids within each of the diagenetic environments. 

This section provides a brief· review of, (i) early diagenetic reactions, products and 

environments of siliciclastic and carbonate successions; and, (ii) previous work that has 

linked sequence stratigraphy (or high frequency changes in relative sea-level) with early 

diagenesis. For more comprehensive reviews, please refer to Curtis (1987), Tucker & 

Wright (1990), Tucker (1991 & 1993) and Read & Horbury (1993). 
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1.3.2: Review of early diagenetic processes 

1.3.2a: Inorganic/organic diagenesis of sediments 

Curtis (1987) provides a summary of depth related inorganic/organic diagenesis. During 

normal marine conditions (Le. oxygenated bottom waters), three main diagenetic zones are 

encountered from the sediment/water interface downwards (Fig.1.xvi). These are the 

respiration or oxic zone (Ox), the sulphate reduction zone (incorporating the sub-oxic 

zone) (Sr) and the microbial methane zone (Me). Figure 1.xvi shows three other examples 

with varying zonation patterns depending on changes in environment and bottom-water 

oxygen conditions. 

Within each of the diagenetic zones, different chemical reactions take place which are 

dependant on a number of factors including amount of organic matter and type of 

organisms present. Each of these chemical reactions produces important products which 

directly lead to mineral authigenesis. Simple chemical equations can be written to 

approximate these chemical reactions (after Curtis, 1987):-

Ox: CHzO + O2 4 H+ + HCO; [Eq. 1] 

Sr: 2CH20 + SO;- 4 H+ + 2HCO; + HS- [Eq. 2] 

Me: 2CH20+ H20 4 H+ + HCO; +CH4 [Eq.3] 

Mineral authigenesis within the Sr zone is particularly important because approximately 
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double the quantity of HCO; is produced compared to H+. This raises the pH of the 

pore fluid and thus ultimately favours carbonate precipitation (Curtis, 1987). 

Iron reduction is also an important process occurring within the Sr zone. Fe(l/I) will be 

reduced to Fe2
+ with organic matter acting as a reducing agent. Curtis (1987) offers a 

simple equation to describe this reaction:-

2Fe203+CH20+3H20~4Fe2+ +HCO;+70H- [Eq.4] 

This reaction (Equation 4) will favour carbonate precipitation by increasing bicarbonate 

activity and raising pH. Iron reduction is also important in the precipitation of pyrite 

within the Sr zone. Simultaneous reduction of Fe(I/I) compounds and SO;- yields Fe2+ 

and HS- which quantitatively precipitate as pyrite. A simple equation to describe this 

reaction (Curtis, 1987) is:-

The reaction outlined in Equation 5 will also favour carbonate production by significantly 

increasing bicarbonate activity and raising pH. The composition of the carbonate phase 

will reflect the relative rates of Fe(lIl) and sulphate reduction. If the sulphate reduction 

rate balances or exceeds Fe(/II) reduction, the carbonate phase will be iron poor (either 

calcite or dolomite), whereas. iron-rich carbonates (ferroan calcite, ferroan dolomite, 

siderite) will co-precipitate with pyrite if the opposite is true. 
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The importance of sedimentation rate on the production of mineralising fluids within each 

of the microbial zones has also been discussed by Curtis (1987) (Fig.l.xvii). Curtis states 

that authigenic precipitation is dependant on the rate of organic matter degradation and the 

time for which the particular zonal reaction operates (a function of zone thickness and rate 

of burial). Thus, slow rates of sedimentation would favour massive degradation of organic 

matter within the Ox zone (from sediments beneath oxygenated waters). By contrast, 

rapid sedimentation allows sediment to by-pass the Ox zone, thus preserving organic 

matter and transporting it rapidly into the deeper microbial zones where degradation is less 

intensive. 

Thus, authigenic phases precipitated from pore-waters prior to any significant burial (or 

compaction) are an important product of early diagenesis. In clastic sediments the effects 

of early diagenetic precipitation are often found in the form of concretions. Concretions 

are often demonstrably early diagenetic features, often containing intact bioclastic 

material, sedimentary laminae that, originated from within the host sediment and 

depositional fabrics that are devoid of compactional features. 

1.3.2b: Early diagenetic environments 

The three major early diagenetic environments (the marine, meteoric and mixing zone) 

pass vertically and laterally into one another (Fig.l.xviii). Sediments can therefore pass 

from one environment to another with time, deposition and relative sea-level changes. The 

following sub-section offers brief introductions to each of these environments, with 

particular reference to the main controlling factors. For a more detailed discussion 
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(especially of different carbonate cement types) refer to Leeder (1982), Tucker & Wright 

(1990) and Tucker (1991). 

The marine diagenetic environment: 

Within the marine realm of siliciclastic and carbonate successions, pore space is entirely 

filled by waters of marine composition and pressures and temperatures do not substantially 

differ from those at the Earth's surface. Sediment in contact with marine water is affected 

by oxidising conditions (refer back to sub-section 1.3.2a) while lower down, pore-waters 

are usually reducing and early diagenesis is strongly influenced by bacterial oxidation and 

reduction (Leeder, 1982). 

Common products of marine diagenesis are calcium carbonate cements that precipitate 

within intergranular and intragranular porosity. The dominant controls on marine 

cementation within carbonate sediments are the degree of sea-water circulation through the 

sediments, the climate and the sedimentation/carbonate production rate (Tucker, 1991), 

Above wave base, sea-water circulation is most active in unrestricted shallow marine 

environments and it is here where marine cementation is most pronounced. However, in 

restricted/stagnant shelfal or lagoonal environments, marine cementation is less important 

because pore-water movement is considerably slower (Tucker, 1991). If the climate is 

dominantly arid, then sea-water is subject to evaporation promoting precipitation of 

cements on the shallow sea-floor. The rate of carbonate production will also affect the 

degree of sea-floor sedimentation. Tucker (1991) states that where production rates are 
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low, marine cementation is more common. 

Ancient marine calcite cements are dominantly of the fibrous type forming isopachous 

layers around detrital allochems, although Wilkinson et al. (l982b) and Wilkinson et al. 

(1985) provide evidence that for some of the geological past (e.g. the Jurassic) equant 

sparry calcite and syntaxial calcite overgrowths are common marine cements. All of these 

cements are closely associated with all the characteristic features of marine hard-grounds 

including truncation by endolithic borings and lithoclasts. The reason for this is that the 

composition of the marine carbonate cements has varied through geological time, with 

periods when aragonite and high-Mg calcite were dominant and periods when calcite with 

low-Mg content were dominant (e.g. the Jurassic and Cretaceous periods, Sandberg, 1983, 

1985; Wilkinson et al., 1985; Tucker & Wright, 1990 and Tucker, 1993). Sandberg 

(1983, 1985) states that the pattern of marine cement composition ties in with the frrst 

order sea-level curve (l00-1000 million year fluctuations) with low-Mg calcite being 

dominant during global sea-level highstands. As the global position of sea-level is 

determined largely by plate tectonic processes, these trends have been related to periods of 

marine global tectonic activity (Wilkinson et ai., 1985). Similar trends have been 

observed in the occurrence of dolomite through-out geological time, with abundances 

coinciding with the periods of low-Mg calcite precipitation (first order sea-level 

highstands, Given & Wilkinson, 1987). 

41 



Chapter 1 

The meteoric diagenetic environment: 

Within the meteoric realm of siliciclastic and carbonate successions, pore spaces are either 

entirely or partially filled with atmospheric gases resulting in oxidising conditions, or 

partially or totally filled with pore-water resulting in reducing conditions (refer back to 

sub-section 1.3.2a). In either situation, pressures and temperatures are similar to those at 

the Earth's surface. Any pore-water movement will occur in response to fluid potential 

gradients (Leeder, 1982). Tucker & Wright (1990) note the effect of a fall in sea-level on 

the development of meteoric lenses by discussing the Ghyben-Herzberg model (for a 

review of this model, see Tucker & Wright, 1990 page 338). Of importance to this 

review, Tucker & Wright state that small drops in sea-level can lead to the development of 

relatively large meteoric lenses 

There are three important controls on the degree of meteoric diagenesis within carbonate 

sediments:- climate, amplitude and duration of sea-level fluctuations and original sediment 

mineralogy (Tucker, 1993). Under humid climatic conditions, the effects of meteoric 

diagenesis are more marked with grain leaching, karstification and extensive cementation 

by equant sparry calcite, all major processes. The magnitude of a relative sea-level fall 

controls the depth to which meteoric processes develop. The original sediment mineralogy 

controls the degree of leaching and cementation that can take place (Tucker, 1993). 
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The mixing zone diagenetic environment: 

Mixing zone diagenesis occurs in the shallow subsurface where the marine and meteoric 

zones overlap. The geometry of the mixing zone varies along a shoreline and is dependant 

on the hydrostatic head, the petrophysical properties of the rock and relative sea·level or 

climatic fluctuations. Dolomite is a carbonate mineral often associated with this zone, 

primarily due to its distinct geochemical properties. Dissolution is an important process 

associated with this zone. 

1.3.3: Early diagenesis and high resolution sequence stratigraphy 

In the previous sub·sections, early diagenesis has been related to changes in relative sea· 

level, climate, sedimentation rate, organic content and many other factors. Basic 

principals of early diagenesis can now be related to the concepts and hierarchical 

classification of high resolution sequence stratigraphy that were discussed in Section 1.2. 

This section is a review of key papers by Sarg (1988), Hendry (1993a), Read & Horbury 

(1993), Tucker (1993) and Taylor et al. (1994). 

1.3.3a: The parasequence scale 

Within shallowing·up carbonate parasequences, Tucker (1993) suggests that the 

transgressive parts of a parasequence would be expected to show marine diagenetic 

textures, whereas the regressive part might show the effects of surface related diagenesis, 
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such as palaeokarstic surfaces (assuming a humid climate) or at least the effects of 

meteoric/mixing-zone diagenesis. 

Carbonate parasequences that stack within a transgressive systems tract, would be 

expected to show more evidence of marine cementation, than those of a highstand systems 

tract that is capped by a type-l sequence boundary. Similarly in the latter, meteoric 

cementation would be expected to be dominant (Tucker, 1993). 

Rea4 & Horbury (1993) make similar observations to those of Tucker (1993). In their 

model, they suggest that carbonate depositional environments that are a result of small, 

high frequency sea-level fluctuations are related to intracyclic diagenesis. Again, the 

importance of climate is stressed, with arid climates resulting in early dolomitisation and 

shallow leaching of parasequences (or parasequence tops). Under more humid conditions, 

Read & Horbury (1993) suggest that any dolomitisation will be negligible and 

parasequence tops may undergo some microkarstification, leaching and sparry calcite 

cementation associated with small fresh-water lenses. 

Increasing the amplitude of the high frequency sea-level fluctuations can lead to 

intercyclic diagenesis, particularly in humid conditions (Read & Horbury, 1993). Cycles 

(or parasequences) can be capped by karstic disconformities and carbonate cements can 

extend down through several previous cycles (parasequences) because of repeated 

establishment of successive, relatively thick pore-water zones (Read & Horbury, 1993). 

Arid climates will result in small amounts of calcite cementation and relatively little 

leaching (Read & Horbury, 1993). Pedogenic and dissolution processes will occur during 
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a prolonged period of sub-aerial exposure, particularly under humid conditions (Tucker & 

Wright, 1990). Pedogenic processes may also modify the sediment and under suitable 

conditions result in the formation of calcretes (Tucker & Wright, 1990). 

The importance of marine flooding surfaces (relating to parasequence boundaries) and 

their relationship to microbial diagenetic zones has been discussed by Taylor et al. (1994). 

Their model states that during periods of marine flooding (which result in an increase in 

the rate of accommodation development) sedimentation rates are very low and as a 

consequence, sediment has a longer residence time within early diagenetic (microbial) 

zones. Consequently, intensification of early diagenetic reactions allows the build-up of 

solutes within the sediment and the precipitation of early diagenetic cements in the form of 

concretions or laterally cemented beds. A lowering of sedimentation rates coincident with 

the marine flooding may be due to a cut-off in sediment supply rate. 

1.3.3b: The systems tract and sequence boundary scale 

The time scale of systems tract development is an order of magnitUde greater than the 

parasequence scale (Table l.ii). Consequently, early diagenesis will have a longer time to 

develop and will be more extensive. 

During a lowstand systems tract, there is a basinward shift in the diagenetic environments 

in response to a fall in relative sea-level (Fig.1.xixa). In a humid climate, the exposed 

highstand sediments of the previous sequence will be subject to meteoric diagenesis with 

possible grain dissolution and calcite cementation. Karstic surfaces are also likely to form 
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in response to relative sea-level falls. In an arid climate, hypersaline waters are likely to 

develop in restricted lagoons or lakes. The descent of these fluids into the subsurface may 

lead to the precipitation of dolomite within earlier systems tracts. 

During a transgressive systems tract, there is a landward shift in the diagenetic 

environments in response to a rise in relative sea-level (Fig.1.xixb). Carbonate sediments 

deposited during the transgressive systems tract will be subject to marine diagenetic 

processes on the sea-floor. 

During a highstand systems tract the main diagenetic pattern may result in initial marine 

diagenesis being replaced by meteoric dissolution and cementation, supratidal diagenesis 

and evaporation (Fig.1.xixc). Alternatively a continuation of marine diagenetic processes 

could occur, depending on the climate and magnitude of relative sea-level fall (i.e. the 

formation of either a type-1 or type-2 sequence boundary). Sarg (1988) states that the 

basinward movement of the meteoric pore-water zone [or freshwater lens] is controlled by 

the rate and duration of any relative sea-level fall. Similarly, Read & Horbury (1993) 

suggest that large scale sea-level fluctuations (4th order systems tract scale) are responsible 

for large, rapid vertical (and lateral) movements of diagenetic environments through many 

cycles. Thus diagenesis on this scale is markedly intercyclic. 

Long term sea-level changes, associated with sequence boundary formation, may generate 

large scale regional aquifers if associated with a humid climate (Read & Horbury, 1993). 

Read & Horbury's model suggests that sediments in up-dip areas may be prone to leaching 

and are succeeded by cementation from dominantly oxidising meteoric pore-waters. 

46 



Chapter 1 

Again, time is an important consideration. Large falls in relative sea-level, will lead to 

prolonged sub-aerial exposure and a larger time scale for surface related diagenetic 

processes to occur. Consequently they will be extensive and well developed. 

Finally, Hendry (1993a) illustrates the importance of identifying different scales of 

unconformity, and relating their genesis to particular patterns of cementation. In his 

model, unconformities associated with significant sea-level falls (e.g. type-! sequence 

boundaries) provide prolonged exposure, an elevation head for deep penetration by surface 

meteoric waters, extensive karstification and cement production - all resulting in large 

scale regional cementation. However smaller scale unconformities that are a result of 

shallowing and progradation without any significant sea-level fall (i.e. parasequence 

boundaries) do not allow for hydraulic head development and thus no meteoric 

cementation occurs. 

1.4: Organisation of thesis 

The main body of the thesis is divided into four chapters. Chapters 2 and 3 are concerned 

with the Corallian Group succession, and describe and interpret the high resolution 

sequence stratigraphy and early diagenesis respectively. Chapters 4 and 5 relate to the 

studied Ericeira Group succession. Chapter 6 incorporates the observations and 

interpretation of the previous chapters and demonstrates how early diagenetic processes 

and products can be modelled for each of the sequence stratigraphic hierarchical units 

previously defined. Finally, Chapter 7 summarises the findings and key points of the 
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thesis and provides recommendations for further work. 

The results of petrographic analyses for all samples are summarised in Appendix 1, while 

Appendices 2, 3 and 4 outline the procedure and detailed results of the XRD, CL and 

stable isotope analysis. Figures and Tables relating to the text are to found at the end of 

each chapter. 

Figure 1.xx provides a key to all symbols and ornaments used in other Figures (unless 

otherwise stated). 
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Table 1.i: Glossary of key Sequence StratihYfaphic terms & definitions 

Kev Term Definition Re(erel1ce 
The study of rock relationships within a 

Sequence Stratigraphy chronostratigraphic framework wherein the Posamentier el al. (1988) 
study of rocks is cyclic and is composed of Van Wagoner et al. (1990) 

~eneticallv related stratal units 
The point along a depositional profile where 

Equilibrium the rate of relative sea·level change is zero. Posamentier et al. (1988) 
point It separates zones of rising and falling relative Emery & Myers (1996) 

sea-level 
Accommodation The space made available for potential Jervey (1988) 

sediment accumulation 
omap break The position on the shelf landward of which Van Wagoneretal. (1988) 

(depositional.shoreline the depositional surface is at or near base Van Wagoner et al. (1990) 
break) leveVsea-level, and seaward of which the Emery & Myers (1996) 

depositional surface is below sea·tevel 
A relatively conformable succession of Vailetal. (1977) 

Sequence genetically related strata bounded at its top Mitchum et al. (1977) 
by unconformities and their correlative Posamentier el al. (1988) 

conformities. Van Wagoner el al. (1988) 
Van Wa~oner et al. (1990) 

Interpreted to form when the rate of eustatic Jervey (1988) 
Type-l sequence fall exceeds the rate of subsidence at the Posamentier et al. (1988) 

boundary depositional·shoreline break (shelf edge) Van Wagoner et al. (1990) 
producing a relative fall in sea-level at that Posamentier & James (1993) 

position 
Interpreted to form when the rate of eustatic lervey (1988) 

Type-l sequence fall is slightly less than or equal to the rate of Posamentier et al. (1988) 
boundary basin subsidence at the existing depositional· Van Wagoner et al. (1990) 

shoreline break at the time of the eustatic fall Posamentier & lames (1993) 
A surface separating younger from older 
strata along which there is evidence of Van Wagoner et al. (1988) 

Unconformity subaerial-erosional truncation and/or Posamentier et al. (1988) 
submarine erosion or subaerial exposure, Van Wagoner et al. (1990) 

with a si~ficant hiatus indicated 
A surface separating younger from older 

strata which there is no evidence of erosion 
Confonnity (neither subaerial or submarine) or non· Van Wagoner et al. (1990) 

deposition, and along which no significant 
hiatus is indicated 

A linkage of contemporaneous depositional 
systems. Each is defined by stratal 

geometries at bounding surfaces, position Brown & Fisher (1977) 
Systems tract within the sequence and internal Posamentier et al. (1988) 

parasequence stacking patterns. Each is Posamentier & James (1993) 
interpreted to be associated with a specific 

segment of the eustatic curve. Each 
explicitly involves interpretations regarding 

sea-level chan~e 



Table 1.1 (conI.): 
Key term Definition Reference 

A stratigraphic interval consisting of thin 
hemipelagic or pelagic sediments, starved of 

Condensed section terrigenous material, deposited on the middle Loutit et al.(1988) 
to outer shelf, slope, and basin floor during a 
period of maximum relative sea-level rise and 

maximum transgression of the shoreline 
A relatively conformable succession of Van Wagoner (1985) 

Parasequence genetically related beds or bedsets bounded Van Wagoner et al. (1988) 
by marine-flooding surfaces and their Van Wagoneretal. (1990) 

correlative surfaces 
A succession of genetically related 

parasequences that form a distinctive Van Wagoner (1985) 
Parasequence set stacking pattern, bounded, in many cases, by 

major marine flooding surfaces and their 
Van Wagoner e.t al. (1988) 

correlative surfaces 
Successively younger parasequences are 

Progradational deposited farther basinward. Van Wagoner el al. (1990) 
Parasequence set , Rate of deposition> rate of accommodation 

creation 
Successively younger parasequences are 

Retrogradational deposited farther landward, in a backstepping Van Wagoner et al. (1990) 
Parasequence set pattern. 

Rate of deposition < rate of accommodation 
creation 

Successively younger parasequences are 
Aggradational deposited above one another with no Van Wagoner et aL (1990) 

Parasequence set significant lateral shifts. 
Rate of deposition = rate of accommodation 

creation 
A sedimentary deposit, commonly less than 

Transgressive lag O.6m thick, of relatively coarse-grained Van Wagoner et al. (1990) 
material composed of shells, shell fragments, 

clay rip-up clasts, nodules and gravels 
A surface of transgressive erosion formed by Stamp (1921) 

Ravinement Surface shoreface retreat during sea-level rise Swift (1968) 
Emery & Myers (1996) 



STRATAL UNIT 

Sequence 

Parasequence set 

Parasequence 

DEFINITION 

A relatively conformable 
succession of genetically 
related strata, bounded 
by unconformities and 

their correlative 
conformities 

A succession of 
genetically related 

parasequences forming 
a distinctive stacking 

pattern and commonly 
bounded by major marine 
ooding surfaces and thei 

correlative surfaces 

A relatively conformable 
succession of genetically 
related beds or bedsets 

bounded by marine 
flooding surfaces and 

their correlative surfaces 

RANGE OF THICKNESS 
(M) 

RANGE OF LATERAL 
EXTENT (SQ. KM) 

Table 1.U: Stratal units in hierarchy - definitions and characteristics (from Van Wagoner el al., 1990) 

RANGE OF TIMES OF I ORDER 
FORMATION (YEARS) 

Third 

Fourth 

Fifth 



Chapter 2 

2: A High Resolution Sequence Stratigraphic Model For The 

Corallian Group Of South Dorset 

2.1: Introduction 

2.1.1: Aims & organisation 

2.1.1a: Aims 

The overall aim of this research is to evaluate how specific diagenetic products can be 

related to sea-level change. A fundamental objective of this study therefore involves 

identification of successions and stratal surfaces, which indicate sea-level changes to as 

high a resolution as possible. Recent studies (e.g. Van Wagoner et al. 1990) have 

identified that the highest resolution units associated with sea level change are 

parasequences, high order sequences and associated stratal surfaces. The Corallian Group 

succession was chosen because it has been extensively studied and dated, including several 

recent sequence stratigraphic interpretations (e.g. Rioult et al., 1991; Wilson, 1991; Coe, 

1995). However none of these studies has attempted to identify parasequences or other 

high resolution sequence stratigraphic features. To satisfy the aims of the research, it was 

necessary to therefore re-interpret the succession at a high resolution. This approach has 

confirmed many of the observations made by previous workers, modified some and 

enabled a higher degree of resolution to which diagenetic features can be evaluated. 
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2.1.1b: Qrganisation 

The chapter is divided into three main sections. In Section 2.2 the sedimentology and 

depositional environment of each lithostratigraphic unit arc described and interpreted. 

This is necessary because Van Wagoner et al. (1990) state that any sequence stratigraphic 

interpretation must be based on a correct identification of facies. In Section 2.3, I the 

Corallian Group is divided into six sequences. Within each sequence, parasequences arc 

identified where possible. Parasequence identification, together with the 

palaeoenvironmental interpretations from Section 2.2~ arc then used to identify systems 

tracts and 3N and 4th order stratal surfaces. At some stratal surfaces a lack of unequivocal 

sedimentological data means that a number of interpretations are possible and these arc 

discussed in tum. Regional data arc also utilised, where available. Following each 

sequence description a comparison with previous interpretations is presented. In the final 

section (Section 2.4) the overall significance of the succession is discussed along with nn 

indication where early diagenetic work may help to resolve the identification of certain 

key stratal surfaces and sequence stratigraphic units. 

2.1.2: Regional geology of the \Vesscx Hasln (l'ermlan to Jurassic) 

The Wessex Basin forms part of an extensive intracratonic basin that extends from 

southern central England to northern France. It evolved as the result of a phase of Permo

Triassic rifting which affected much of N\V Europe (Stoneley, 1982; Chadwick, 1986; 

Stoncley & Selley, 1991). 
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During the Jurassic, the Wessex Basin lay at a latitude of approximately 35°N, one of the 

climatic implication being the deposition of a mixture of siliciclastics and carbonates and 

faunas intermediate between the Boreal and Tethyan realms (Callomon & Cope, 1995; 

Cope, 1995). 

2.1.2a: Tectonics 

The Wessex Basin was initiated in the Permian during a period of north-south extension 

which re-activated pre-existing east-west aligned Hercynian thrust faults (Chadwick, 

1986). Fault bounded sub-basins developed within the Triassic in response to the early 

stages of Atlantic opening (CaUomon & Cope, 1995). North-south extension continued 

throughout the Jurassic (Selley & Stoneley, 1987). During this period, syn-sedimentary 

growth faulting was also an important feature (Callomon & Cope, 1995). Rapid 

subsidence within the basin was controlled by wrench fault systems that were associated 

with crustal extension in the North Sea and Celtic Sea areas (Stoneley, 1982; Ziegler, 

1990). By the time of the Oxfordian, regional flexural subsidence had become established, 

while syn-depositional faulting was rare (Sun, 1989). 

2.1.2b: Depositional history 

The Wessex Basin evolved in four distinct phases; the Permo-Triassic, the Jurassic to early 

Cretaceous, the late Cretaceous and the Tertiary to Recent (Stoneley & Selley, 1991). The 

fITst two of these phases are now described. 
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A period of continental desert sedimentation dominated Permo-Triassic times (Stoneley & 

Selley, 1991). Locally (particularly in the west of the basin) fan breccias, braided stream 

deposits and sheet flood conglomerates have been identified (Stoneley & Selley, 1991). 

Throughout the Late Permian and Triassic, deposition became more widespread across the 

basin and was dominated by playa lake mudstones interbedded with fluvial and aeolian 

sands (Stoneley & Selley, 1991). 

Towards the end of the Triassic, a shallow intracratonic sea was gradually established 

across southern England. During the Early Jurassic this sea was periodically stagnant 

allowing dysaerobic bottom water conditions to develop. This led to the deposition of the 

Lower Lias (interbedded lime mudstones and shales) which are the major petroleum 

source rock for the basin. Succeeding this, sedimentation patterns within the Jurassic 

became cyclic, with individual cycles broadly consisting of a tripartite lithological 

sequence of clays, sands and limestones (Arkell, 1933, 1936; Stoneley & Selley, 1991; 

Callomon & Cope, 1995). It is one such cyclic succession which is the focus of this thesis. 

The close of the Jurassic saw the gradual emergence of the entire region, with the 

development of the sabkhas and the brackish and fresh-water deposits of the Purbeck 

Group (Stoneley & Selley, 1991). Finally, the Cretaceous was dominated by marine chalk 

sedimentation and further tectonic activity which controlled subsequent deposition 

(Stoneley & Selley, 1991). 
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2.1.3: Summary of previous Corallian Group work 

For the last sixty years, the coastal exposures of the Corallian Group around Osmington 

Mills in south Dorset (Fig.2.i) have been the focus of considerable sedimentological, 

stratigraphical, palaeontological and sequence stratigraphic study (Arkell, 1933, 1936, 

1947a; Whatley, 1965; Wilson, 1968a, 1968b, 1975, 1991; Talbot, 1973, 1974; FUrsich, 

1973, 1975; Brookfield, 1978; Wright, 1986a; Sun, 1989; Rioult et al., 1991; Coe, 1992, 

1995). 

Arkell (1933, 1936) first recognised the cyclicity that is present within the Corallian 

Group. He identifies three shallowing-up cycles each beginning with a relatively deep 

water clay, overlain by a sandstone and capped by a shallow water carbonate deposit 

(Fig.2.ii). Thus, each of Arkell's cycles began with an abrupt deepening, but is 

subsequently related to a shallowing of sea-level. 

Wilson (l968a, 1968b) re-interprets Arkell's three shallowing-up cycles, suggesting that 

each is controlled by the rate of siliciclastic sedimentation (Fig.2.ii). In his model, Wilson 

states that although each cycle begins with a "positive eustatic change", the subsequent 

deposition of sands and carbonates are linked to "events in the source area and not to sea

level changes". 

In contrast, Talbot (1973) suggests that the Corallian Group consists of four eustatically 

controlled asymmetric shallowing-up cycles (Fig.2.ii). In this model, each cycle is 

characterised by the succession of limestone to clay to sand and is capped by an erosion 
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surface. The erosion surfaces mark a change from a restricted environment below 

(relating to the deposition of sand) to an open marine environment above and represent a 

marine transgression that is the result of a sudden rise in sea-level. According to Talbot, 

each erosion surface marks an abrupt change in lithology and truncates structures in the 

underlying sediments. 

Wright (1986a) subdivides the Corallian Group into the six lithostratigraphical formations 

which are referred to throughout this thesis (the Nothe Grit Formation, the Redcliff 

Formation, the Osmington Oolite Formation, the Trigonia Clavellata Formation, the 

Sandsfoot Formation and the Ringstead Formation, see Fig.2.ii). Apart from the Nothe 

Grit Formation, all other formations are sub-divided into members. Within the middle 

four formations, Wright identifies cyclic sedimentation consisting of shelly siliciclastic 

sand to silty claynime mud to shallow-marine sandstones or limestones (Fig.2.ii). This 

cyclicity, he suggests, is a result of tectonically controlled changes, rather than eustatic 

sea-level changes. Wright (1986a) also expands on Sykes & Calloman's (1979) 

biostratigraphic proposals for the Corallian Group (refer to Fig.2.iv). In Wright's paper, a 

number of hiatus' have been positioned between ammonite sub zones or within ammonite 

sub zones (diagonal shading on Fig.2.iv). It is unclear however, whether Wright's hiatus' 

have been positioned on the basis of an absence of diagnostic ammonites, on the evidence 

of stratal erosion or a combination of both features. 

In contrast to Talbot (1973), Sun (1989) identifies four symmetrical regressive

transgressive cycles (Fig.2.ii). According to Sun, each regressive shallowing-upward 

sequence is separated from a transgressive deepening-upward sequence by a sharp erosive 
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upper boundary. Sun also draws similarities between his interpretation and the global 

eustatic sea-level curves produced by Hallam (1978) and Haq (1987), and suggests that the 

sedimentary cycles are mainly produced by eustatic sea-level changes. 

The advent of the application of sequence stratigraphy to the analysis of field exposures 

resulted in sequence stratigraphic interpretations by Wilson (1991), Rioult et a1. (1991) 

and Coe (1992, 1995). Wilson (1991) divides the Corallian Group (up to the Sandsfoot 

Clay Member) into three sequences, each bounded by a type-! sequence boundary and 

composed of a lowstand systems tract (divided into lower and upper lowstand wedge), 

transgressive systems tract and highstand systems tract (Fig.2.iii). 

The sequence stratigraphic studies of Rioult et aZ. (1991) and Coe (1992, 1995) are part of 

regional studies of the Anglo-Paris Basin, and Oxfordian successions of Dorset, 

Oxfordshire and Yorkshire, respectively. Rioult et al. (1991) divide the Corallian Group 

strata into four sequences. Each is separated from the next by a sequence boundary which 

is assumed to have formed as a result of a relative sea-level fall. Sequences consist of 

either a shelf-margin or lowstand systems tract, a transgressive systems tract and a 

highstand systems tract (Fig.2.iii). 

Coe (1992, 1995) recognises six major unconformities within the Corallian Group 

succession (Fig.2.iii). These unconformities divide the succession into five sedimentary 

packages, each of which is interpreted to be a cycle of relative sea-level change. The 

unconformities are thought to have formed during the maximum rate of sea-level fall and 

are, therefore, equivalent to sequence boundaries. Coe (1992, 1995) utilises lateral 
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changes in facies, an assessment of the amount of missing strata and the use of established 

biostratigraphy to construct her model. 

Although Coe (1992) does not state whether her sequence boundaries are either type-! or 

type-2, she does define her systems tracts based on the scheme proposed by Posamentier et 

al. (1988). This original scheme states that a type-! sequence is bounded below by a type-

1 sequence boundary and is composed of a basal lowstand, transgressive and highstand 

systems tracts (refer back to Section 1.2.3 for a fuller explanation). It is, therefore, 

assumed that Coe's lowstand systems tracts are bounded below by type-l sequence 

boundaries. 

As stated earlier, none of these workers have attempted to identify parasequences or 

parasequence boundaries within this succession .. 

2.2: Facies Analysis 

Using the lithostratigraphic nomenclature proposed by Wright et al. (1986a) as a template, 

this section provides a detailed description and palaeoenvironmental interpretation of each 

lithostratigraphic formation within the Corallian Group. The lithostratigraphic units are 

used, because they have proven (in this study) to closely approximate to facies 

associations. Biostratigraphic data will be utilised where available (Fig.2.ii & Fig.2 iv) 

and reference to previous/alternative interpretations will also be given (Fig.2.ii). 
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2.2.1: The Nothe Grit Formation 

The Nothe Grit Formation is located in the cliff sections of Bowleaze Cove and Ham Cliff 

(Fig.2.i). Biostratigraphically, it falls within the cordatum subzone (Fig.2.iv, Fig.2.v). 

Lithostratigraphic boundary: 

The lithostratigraphic boundary separating the Nothe Grit Formation from the underlying 

Oxford Clay Formation is best examined at the Bowleaze Cove exposure. Careful field 

analysis indicates that this boundary (at Om on Fig.2.v) is gradational over a thickness of 

O.5m from clay to silt to very fine sand. This observation is in agreement with Sun (1989) 

and Rioult et al. (1991) but disagrees with Wright (1986a), who describes it as planar and 

sharp. 

Lithological description: 

Grainsize measurements obtained from detailed fieldwork reveal that the Nothe Grit 

Formation represents an 11.8m thick gradually coarsening-up succession of silts to fine

grained sub-rounded and fairly well sorted sandstones, interrupted by two coarser, very 

fine to fine grained sandstone beds. This field observation is further supported by the 

analytical data of Wright (1986a, fig.2). 

The trace fossil fauna from within the Nothe Grit Formation IS dominated by 

Rhizocorallium, Thalassinoides and Teichichnus burrows which are especially abundant at 
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the top of each coarsening-up sequence. Whole (within concretions) and fragmented 

bivalves, notably Pinna, are abundant throughout the formation. Although a "spiculite 

bed" is identified by both Wright (1986a, fig.2 Bed 5) and Coe (1995, fig.6 Bed 5), no 

evidence of this was observed in the field during this research. Spicules are abundant 

throughout the formation, as indeed they are throughout the Corallian Group (pers comm. 

M.B. Hart); especially within the septarian concretions. It is unclear from the descriptions 

of both Wright (1986a) and Coe (1995) on what basis this spiculite bed has been defined. 

The two prominent coarser grained beds are calcite cemented bioclastic sandstones. Each 

is clearly visible in the cliff sections at Bowleaze Cove, Ham Cliff and Red Cliff (at 6.5m 

and lO.4m on Fig 2.v and Fig.2.vii). These are equivalent to Beds 4 and 8 of Wright 

(1986a) and contain septarian concretions which are similar in character to concretions 

found within the underlying Oxford Clay Formation (Section 3.2.5a). The presence of 

these septarian concretions has not been noted by some previous workers (e.g. Coe, 1995). 

Each cemented bed represents the top of a smaller scale coarsening-up sequence which is 

contained within the overall larger scale coarsening-up succession of the Nothe Grit 

Formation (refer to Fig.3v for a field view). The lower of the two coarsening-up 

sequences is 6.5m in thickness (between Om and 6.5m on Fig.2.v) and grain-size 

measurements taken in the field (substantiated by analytical data from Wright, 1986a) 

indicate that it coarsens-up from silt «44Jlm) to very fine sand (88-125Jlm). The upper 

coarsening-up sequence is 3.9m in thickness (between 6.5m and lO.4m on Fig 2.v) and 

coarsens-up (Wright, 1986a) from very fine sand (88-125Jlm) to fine sand (125-l77J.lm). 

The boundary separating the two coarsening-up units is marked by an abrupt but slight 
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upward decrease in grain-size, a change in the amount of cementation (decrease in 

bioclastic content) and a weathered surface colour change from yellow to light grey 

(clearly identifiable in Fig.2.vii). A change from a laterally cemented shelly sand 

containing septarian concretions, to a predominantly uncemented sand also occurs across 

the boundary. 

Palaeoenvironmental interpretation: 

The lack of physical sedimentary structures and abundance of bioturbation within this 

formation indicates a relatively low energy environment, although the absence of clay 

suggests that deposition occurred above storm wave-base without any significantly long 

periods of quiet water in which fines could settle from suspension. The lack of structures 

may be the result of too high a degree of bioturbation. The shell beds at the top of each of 

the small-scale sequences are likely to be an indication of shallowing and winnowing 

above the level of fair-weather wave-base - hence each is bioclastic rich, of a coarser grain 

size and heavily bioturbated. 

According to Whatley (1965), the ostracod fauna contained within the Nothe Grit 

Formation is indicative of deposition within an unrestricted marine environment. This 

evidence, coupled with the gradual coarsening-up grain-size trend and other dominantly 

shallow water marine fauna, indicates that the Nothe Grit Formation was most probably 

deposited in a prograding low energy lower shoreface environment (sensu Elliot, 1986; 

McCubbin, 1982; Walker & Plint, 1992). Similar low energy shorefaces occur on the 

present day coast of Texas (see McCubbin, 1982). 
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There is no sedimentological evidence for erosion or down-cutting at the lithostratigraphic 

boundary between the Nothe Grit Formation and underlying Oxford Clay Formation (e.g. 

load casts and/or elongate gutter casts: sensu Rosenthal & Walker, 1987; Davis & Byers, 

1989; Plint, 1991) and it is therefore interpreted to be conformable. Because of the 

dominantly low energy environment (as interpreted above) there may not have been an 

effiCient mechanism for removing sediment. Any sand deposited offshore would, 

therefore have been trapped within the lower shoreface environment with no (or a poorly 

developed) mechanism for offshore redistribution. This explains the "apparent" sharpness 

to the base of the formation, with shoreface sands sitting directly on top of mid- to outer

shelf mudstones. The gradational base of the Nothe Grit Formation would then represent 

the lower shoreface to inner-shelf transition zone (see Walker & Plint, 1992, fig.14). 

2.2.2: The Red Cliff Formation 

The Red Cliff Formation is located in the cliff sections of Ham Cliff, Red Cliff and 

Osmington Mills (Fig.2.i). It is composed of the Preston Grit Member, the Nothe Clay 

Member and the Bencliff Grit Member and lies within the vertebrale ammonite subzone 

(Fig.2.iv & Fig.2.v). 
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2.2.2a: The Preston Grit Member 

Lithostratigraphic boundary: 

The lithostratigraphic boundary between the Preston Grit Member and the underlying 

Nothe Grit Formation (at 11.8m on Fig.2.v) is erosional with some evidence of broken 

bioclastic debris immediately above it. Wright (1986a) has demonstrated that it represents 

a stratallbiostratigraphic gap, although it is unclear as to whether this "gap" is based on 

evidence of stratal erosion or the absence of diagnostic ammonites. 

Lithological description: 

The Preston Grit Member is a 1.1m thick coarsening-up succession of fine to medium 

grained (up to 250Jlm; Wright, 1986a) dominantly massive sandstone. Bioturbation is 

common (e.g. at 12m on Fig.2.v) and the member is characterised by a high faunal 

diversity (Arkell, 1936; Talbot, 1973; Rioult et al., 1991; Coe, 1995). Particularly 

common are the shallow marine bivalves Chlamys, Pleuromya and MyophoreUa 

hudlestoni (dominant towards the top of the member), ammonites belonging to the 

vertebra Ie subzone (Fig.2.iv) and bioturbation dominated by Thalassinoides and 

Rhizocorallium irregulare. Whatley (1965) notes the presence of ostracods that are 

similar to those found within the underlying Nothe Grit Formation. 
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Palaeoenvironmental interpretation: 

The lithostratigraphic boundary at the base of the Preston Grit could be interpreted two 

ways. It could either represent:-

1. an unconformity corresponding to a submarine regressive surface of erosion, more 

commonly referred to as a surface of forced regression (Fig 2.viiia sensu Walker & 

Plint, 1992). Surfaces of forced regression are commonly sharp based and interpreted 

to be the result of progradation due to a relative sea-level fall, resulting in abrupt 

shallowing above the surface; or, 

2. a transgressive surface of erosion, more commonly referred to as a ravinement surface 

(Fig 2.viiib, e.g. Reinson, 1992). A ravinement surface generally occurs due to 

landward and upward movement of the shoreface during continued transgression 

resulting in abrupt deepening above the surface. Barrier and near-shore sands are 

commonly removed and a planar erosive surface will develop (the ravinement surface) 

upon which the redistributed lower shoreface-inner shelf sands are deposited. 

Thus to interpret the lithostratigraphic boundary, the palaeoenvironmental interpretation of 

the Preston Grit Member needs to be established. The fossil evidence and bioturbation 

indicate that the Preston Grit Member was deposited in a shallow marine environment. 

Ostracods collected from the Preston Grit Member correspond to a similar shallow marine 

environment to that inferred for the underlying Nothe Grit Formation (Whatley, 1965). 

The absence of a clay-sized fraction further indicates that it was. probably deposited above 

fair-weather wave-base. The lack of physical sedimentary structures can be explained by 

the high degree of biogenic activity - destroying all primary, physical sedimentary 
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structures. The dominant fine to medium grain-size indicates that it is likely to have been 

deposited in a transitional to upper shoreface zone (Elliot, 1986; Walker & Plint, 1992; 

Emery & Myers, 1996). This interpretation lends support for the lithostratigraphic 

boundary representing a surface of forced regression, with a sense of shallowing occurring 

above the boundary. A ravinement surface could only have formed at this 

lithostratigraphic boundary if shallower facies were deposited in the progradational phase 

of the upper Nothe Grit Formation, but were then totally removed by erosion during 

. transgression. The Preston Grit Member is less likely to represent a transgressive deposit, 

for the reasons mentioned above and, the fact that there is less evidence for abrupt 

deepening above the lithostratigraphic boundary. Previous palaeoenvironmental 

interpretations (Fig.2.ii) indicate that the Preston Grit Member represents a shallow marine 

deposit. 

2.2.2b: The Nothe Clay Member 

Lithostratigraphic boundary: 

The lithostratigraphic boundary that separates the Nothe Clay Member from the 

underlying Preston Grit Member (at 12.9m on Fig.2.v) is gradational and contains ooids 

and sandstone intraclasts. 
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Lithological description.' 

The Nothe Clay Member consists dominantly of claystone interbedded with at least six 

thin, cemented and occasionally laterally extensive siltstone beds (e.g. the bed at 17.3m on 

Fig.2.v). Each siltstone bed is rich in bioclastic material, sparsely oolitic and contains 

whole and fragmented bivalves such as Lopha, Liostrea, Modiolus (Wright, 1986a) and 

Gryphea dilatata (Arkell, 1936). The top surface of one siltstone bed (at 17.3m on 

Fig.2.v) is bored and this siltstone bed in particular displays an upward increase in faunal 

diversity. Ostracods similar to those found within the Preston Grit Member have been 

recorded by Whatley (1965). He also indicates that ostracod species associated with a 

restricted, less saline environment are only common within the top few metres of the 

Nothe Clay Member. 

Palaeoenvironmental interpretation.' 

The fossil evidence indicates that the Nothe Clay Member was deposited in a marine 

environment, that became more restricted/less marine towards the very top of the member. 

A dominance of 'clays indicates that it was likely to have been deposited below storm 

wave-base within a deeper water environment than the underlying Preston Grit Member; 

probably a shallow shelfal environment (sensu Rine & Ginsberg, 1985; Johnson & 

Baldwin, 1986; Walker & Plint, 1992). This is supported by the ostracod data of Whatley 

(1965) and all other previous palaeoenvironmental interpretations (Fig.2.ii). 
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The depositional interpretation of the coarser, bioclastic rich sands has not been 

significantly discussed by previous workers. It is possible that each bed represents 

deposition from periodic storm activity and can be interpreted as "event" deposits. Davis 

et al. (1989) and Walker & Plint (1992) indicate that sharp-based coarser beds within shelf 

mudstone sequences are probably deposited from waning, storm generated flows. The 

muddier portion separating the coarser beds may be partly storm emplaced and pardy 

reflecting the pelagic deposition between storms. 

However, as mentioned previously, one coarser grained bed within the Nothe Clay 

Formation contains evidence of borings on its upper surface which may be an indication of 

shallowing above the level of wave winnowing. This particular surface could be 

interpreted as representing a marine hard-ground. 

The distinct change in the depositional environment between the Nothe Clay Member and 

the underlying Preston Grit Member, is associated with an increase in water depth. The 

intervening lithostratigraphic boundary is thus interpreted as a transgressive surface. The 

presence of reworked pebbles, intraclasts and ooids on and immediately above this surface 

can be interpreted as representing a transgressive lag deposit (sensu Van Wagoner et al., 

1990). 
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2.2.2c: The Bencliff Grit Member 

Lithostratigraphic boundary: 

The lithostratigraphic boundary between the BencHff Grit Member and underlying Nothe 

Clay Member is upwards gradational from claystone to fine grained sandstone. It shows 

no evidence of down-cutting or erosion, an observation also noted by Wright (1986a) and 

Sun (1989). 

Lithological description: 

The BencHff Grit Member consists of four uniformly thick, sharp-based fining-up 

(sandstone to siltstone) facies associations (e.g. between 25.7m-27.4m on Fig.2.v & 

Fig.2.ix). Within each facies association is a mixed fresh-water/marine fauna indicated by 

fresh-water tolerant species of Ostracoda and Forminifera (Whatley, 1965 and Talbot, 

1973) and a diverse dinoflagellate assemblage (Allen & Underhill, 1989). It is a 

predominantly uncemented, well sorted and contains large (average 1m diameter) 

calcareous concretions. The' sandstones are interbedded with at least three, occasionally 

laterally persistent, well cemented silty heteroHthic layers and rare impersistent thin 

claystone layers. 

The sandstone beds of each facies association contain bedforms analogous to swaley 

cross-stratification (SCS) or amalgamated hummocky cross-stratification (HCS) that have 

formed under unidirectional currents (Allen & Underhill, 1989). Palaeocurrent directions, 
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taken from troughs within these bedforms, suggest variable flow directions towards the 

north and north-west. Trace fossils associated with the large scale SCS and ripple 

laminated sands are dominated by Diplocraterion parallelum (up to O.2m in length). D. 

parallelum is often associated with unstable substrates that are subjected to high rates of 

sedimentation and erosion (Fiirsich, 1975). 

Palynological and micropalaeontological evidence (Goldring & Gabbott, 1993; Goldring 

et al. in press) indicate that "muddy" layers preserved within the cross-bedded sands are 

dominated by terrestrial palynomorphs and agglutinated foraminifera. This may indicate 

an input of fresh-water that contained land derived organic matter. Bioclastic shell debris 

is rare within the sandstone beds, but is locally concentrated within the large calcareous 

concretions. 

The sandstones grade up into heterolithic facies, which occur at the top of individual 

fining-up facies associations. Each heterolithic bed contains flaser and wavy bedding. 

Ripple laminations indicate flow directions of northeast-southwest (wave ripples) and 

northwest (current ripples). Allen & Underhill (1989) suggest that the depositional 

characteristics of the heterolithic layers are controlled by flows reversing on either a tidal 

or gravity wave frequency. Talbot (1973) notes the presence of desiccation cracks within 

a heterolithic bed of the BencHff Grit Member at Redc1iff Point (although this is no longer 

exposed at this location). Facies association boundaries (e.g. at 25.7m on Fig.2.v) occur 

immediately above each heterolithic bed. 
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Trace fossils within the heterolithic layer of the uppermost facies association of the 

BencHff Grit Member (29.2m on Fig. 2.v) are dominated by Rhizocorallium irregulare. 

Some of these burrows contain carbonate-coated grains that are not present in the BencHff 

Grit Member and may have penetrated down from the overlying unit (Fig.2.x). The 

burrows are oriented approximately parallel to asymmetric ripple troughs, which contain a 

high amount of organic matter (Fiirsich, 1975). 

Palaeoenvironmental interpretation: 

The biostratigraphic evidence indicates that the BencHff Grit Member may represent a 

tidal-flat shoreline environment (sensu Elliot, 1986; Dalrymple, 1992), agreeing with the 

interpretation offered by Wilson (I 968b, my Fig.2.ii). Individual facies associations 

represent tidal flat units that fine towards the high-tide level. Each facies association 

passes gradationally from a stonn induced, sand dominated lower intertidal deposit 

through to an upper intertidal deposit represented by individual heterolithic beds (sensu 

Dalrymple, 1992). Facies association boundaries are characteristically sharp due to 

erosion by currents during transgression prior to the deposition of the succeeding 

sandstone. The presence of desiccation cracks within an heterolithic bed (observed by 

Talbot, 1973) would indicate shallowing and subaerial exposure associated with 

progradation. This would suggest that the heterolithic facies represent a shallower water 

environment than the SCS dominated coarser sandstone beds. Recent previous workers 

(e.g. Allen & Underhill, 1989) agree that the SCS bedforms within the sand dominated 

facies indicate periodic storm activity. 
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The presence of R. irregulare within the heterolithic layer at the top of the BencHff Grit 

Member is significant. It is often associated with stable substrates in a lower energy 

environment (Fiirsich, 1975). This suggests that the depositional environment gradually 

became more tranquil towards the top of the BencHff Grit Member, which could be related 

to a gradually rising sea-level. 

Two questions which remain unanswered in all previous work are:-

• why do SCS bedfonns dominate the sand grade beds of each facies association? and, 

• why are stonn dominated sedimentary structures only prevalent in the BencHff Grit 

Member of the Corallian Group and not seen elsewhere? 

The latter question may be linked to changes in basin hydro-dynamics controlled by 

relative sea-level changes and will be discussed with reference to the high resolution 

sequence stratigraphic interpretation later (Section 2.3.3). 

With reference to the first question, one would expect the dominant sedimentary structures 

within a tidal flat/tidal channel environment to include, for example, double mud-drapes, 

reactivation surfaces, tidal bundles and herringbone cross-stratification (Dalrymple, 1992). 

Generally, after minor storm events, a return to the dominant depositional regime (Le. tidal 

flow) would be expected. Thus, the tidal flat/tidal channel depositional environment of the 

BencIiff Grit is not typical. Pickering (1995) has identified a concentration of similar 

storm induced bedforms within the shallow marine Middle Jurassic Bridport Sands of 

south Dorset and interprets them as "erosional wavy sandy bedfonns formed ..... during a 

very severe tropical cyclone, consistent with the low latitudes for that time". Pickering 
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also states that it is curious that these bedforms have been preserved within the Bridport 

Sands, but indicates that rising sea-level and decreased rates of sediment accumulation, 

allowing greater time periods for stonn activity reworking, could lead to the preservation 

of the bedforms. It is quite possible, during the deposition of the BencHff Grit Member, 

that the tidal flat depositional environment was SUbjected to numerous intense tropical 

cyclones lasting several days. This would have resulted in the re-working of sub-tidal 

sands and the deposition and preservation (coupled with a gradual rising sea-level) of 

storm induced beds. Thus storm deposition could well have been dominant over the more 

typical tidal flow depositional regime, during the deposition of the BencHff Grit Member. 

After all, it is only the biostratigraphic evidence and recognition of intertidal heterolithic 

sands that allows a tidal flat interpretation of the BencHff Grit Member. 

Several workers (e.g. Allen & Underhill, 1989; Goldring et al. in press) have suggested 

that the BencHff Grit Member represents deposition within an estuarine environment. 

However, Reinson (1992) states that the most important evidence for the interpretation of 

ancient estuarine environments, is the recognition of an incised valley within which the 

estuary develops during transgression. However, the lithostratigraphic boundary between 

the BencHff Grit Member and the underlying Nothe Clay Member shows no evidence of 

the erosion or down-cutting that would usually be associated with valley incision. 
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2.2.3: The Osmington Oolite Formation 

The Osmington Oolite Formation is exposed in the cliff sections lkm to the east of 

Osmington Mills and at Bran Point and Black Head (Fig.2.i). It is composed of the Upton 

Member, the Shortlake Member and the Nodular Rubble Member and lies within the 

antecedens and parandieri ammonite sub zones (Fig.2.iv & Fig.2.v). 

2.2.3a: The Upton Member 

Lithostratigraphic boundary: 

The lithostratigraphic boundary separating the Upton Member from the underlying 

BencHff Grit Member (at 29.2m on Fig.2.v & Fig.2.ix) is wave-ripple cross-laminated. 

These wave ripples are draped by mm-scale mud drapes. Minor evidence of sub-marine 

erosion and sub-marine reworking is present in the form of small sandstone lithoclasts, 

which probably originate from the underlying Bencliff Grit Member. There is no evidence 

of sub-aerial exposure associated with this boundary although Wright (1986a) indicates 

that this lithostratigraphic boundary, also represents a small stratalJbiostratigraphic gap. 

Immediately above this surface (at 29.Sm on Fig.2.v) is a thin (approximately a.Sm) oolitic 

and bioclastic bed containing abundant reworked lithoclasts, ooids and whole or 

fragmented bioclastic material. 

71 



Chapter 2 

Lithological description: 

The lowest 5m of the Upton Member (between 29.2m-35.5m on Fig.2.v) is composed of a 

series of interbedded silty claystones and coarser grained oolitic and bioclastic rich 

grainstones and packstones which are arranged into a series of two coarsening-up facies 

associations. 

The lower facies association (between 30m and 31.8m on Fig 2.v) coarsens-up from silty 

claystone to a medium grained bioclastic, oolitic grainstone which is known as the 

Chlamys qualicosta bed (Wilson, 1968a, 1968b, 1975; Talbot, 1973; Wright, 1986a). The 

coarser grained bed at the top of this facies association contains well developed marine 

cements discussed in Section 3.2. 

The upper facies association (between 31.8m-33.5m on Fig.2.v) coarsens-up from silty 

claystone to a coarse grained bioclastic and pisolitic packstone. The coarse grained bed 

contains poorly developed marine cements and a higher percentage of micrite than the 

lower facies association. 

Both facies associations record an upward increase in faunal diversity, including an 

increase in the abundance of bivalves such as Chlamys qualicosta and Nanogyra (Talbot, 

1973; Wright, 1986a; Sun, 1989). Both facies associations are highly bioturbated with 

Diplocraterion, A renicolites, Thalassinoides and Rhizocorallium concentrated on, and 

towards, the upper surfaces. The upper surfaces are also bored, suggesting that early 

cementation occurred followed by winnowing and sub-aqueous exposure of the hardened 
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surface. This led to the fonnation of marine hardgrounds. 

The upper 5.5m of the Upton Member (between 33.5m·38.9m on Fig.2.v) is composed of 

nodular micritic limestone interbedded with soft, occasionally silty, claystones. Physical 

sedimentary structures are absent from these beds. Fiirsich (1973) has interpreted the 

nodular limestones as representing the cemented infillings of Thalassinoides burrows that 

had formed just beneath the sediment·water interface. As well as Thalassinoides, other 

trace fossils such as Teichichnus, Rhizocorallium (rare) and Corophoides (Fiirsich, 1973) 

have been found. Apart from the presence of neomorphosed sponge spicules, macrofossils 

are rare. 

Palaeoenvironmental interpretation: 

The lithostratigraphic boundary separating the Upton Member from the underlying 

BencHff Grit Member represents a change to a more open marine depositional 

environment and, as a result represents a transgressive surface. This interpretation agrees 

with all previous interpretations. The oolitic and bioclastic bed immediately above this 

surface (at 29.5m on Fig.2.v) can be interpreted as representing a transgressive lag deposit 

(sensu Van Wagoner et al., 1990). Carbonate precipitation may have begun at thfs point 

due to a probable cut-off in clastic supply. 

The presence of shallow marine fauna and a dominance of moderate to high energy 

carbonate grain types indicates that the lower Sm of the Upton Member was deposited 

within a shallow marine shoreface environment. Similar interpretations have been offered 
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by previous workers (Fig.2.ii). The presence of poorly developed marine cements and a 

high percentage of carbonate micrite mud in the upper facies association, indicates 

deposition within a deeper-water, less agitated (below fair-weather wave-base) 

depositional environment than the underlying facies association. Although oncoids are 

commonly associated with shallow lagoons, a similar interpretation has been offered for 

the Pea Grit Series (Middle Jurassic Inferior Oolite of the Cotswold area) by Kenyon

Roberts (1995) who identifies oncoids and pisolites and interprets them as having been 

deposited in a "mid-ramp" setting, equivalent to a shoal margin, but below fair-weather 

wave-base. 

Fiirsich (1973) has interpreted the upper 5.5m of the Upton Member as representing a 

tranquil, shallow subtidal environment, thus relating to a deeper water environment than 

that ofthe underlying relatively high energy, bioclastic and oolite rich, shoreface sands. 

2.2.3b: The Shortlake Member 

Lithostratigraphic boundary: 

The lithostratigraphic boundary separating the Shortlake Member from the underlying 

Upton Member has been defined by Wright (1986a). It can be described as planar and 

conformable at the Bran Point outcrop (white arrows on Fig.2.xi) but distinctly erosive 

lkm to the west of Osmington Mills at the Black Head outcrop (black arrows on Fig.2.xii). 

However, some confusion still exists as to the exact lithostratigraphic position of this 

boundary. Coe (1995) also notes the presence of a laterally conformable/erosive surface at 
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Bran Point, but identifies it as "the junction between a clear oolitic grainstone containing 

long 'U' -shaped burrows and a thin clay with sandy argillaceous oolites beneath. Here the 

unconformity is about O.5m above the base of the Shortlake Member (taken as the first 

occurrence of oolite filled Diplocraterion burrows, Wright, 1986a)". Coe's (1995) 

lithostratigraphic boundary has been marked on Figure 2.xi with green arrows. It should 

be noted that it is very difficult to trace these surfaces laterally along the length of the 

Osmington Mills exposures due to the presence of a small normal fault, that is identified 

on Figure 2.xii. 

Lithological description (lower to middle Shortlake Member): 

The lower 2m of the Shortlake Member at Bran Point (between 39.8m-41.8m on Fig.2.v) 

is composed of three coarsening-up successions from sandy/silty calcareous claystones to 

medium grained oolitic and sparsely bioclastic packs tones and grainstones. The upper 

packstone/grainstone bed of these three is more commonly known as the "middle white 

oolite bed" (Arkell,1947a). All are identified in the photograph and annotated sketch log 

on Figure 2.xi. Close field inspection indicates that the tops of the successions contain 

low angled planar cross-bedding with laminae dipping in a west-north-west direction. 

Trace fossils are dominated by elements of the Skolithos and Cruziana ichnofacies 

assemblages, including Arenicolites va ria b lis . This burrow type is common towards the 

top of all of the coarsening-up sequences indicating rapid deposition in a high energy 

environment (Filrsich, 1975). 
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At Black Head, the facies associations of the lower Shortlake Member thicken laterally 

(between 34.6m-41.6m on column 3 of Fig.2.v) and are associated with down-cutting into 

the underlying silty claystones. The oolitic grains tones are thicker and contain trough 

cross-bedding, indicating a dominant flow towards the southwest and a subordinate flow 

towards the west-northwest (also noted by Wilson, 1968b, 1975; Wright, 1986a & Sun, 

1989, my Fig.2.xiii & Fig.2.xiv). Intraclasts, mud-draped wave-ripple laminations 

(indicating a southwest-northeast flow direction) and mud draped foreset laminae are also 

a common feature. Marine fossils are rare within the oolitic beds, except at Black Head 

where Nucleolites is common. 

Palaeoenvironmental interpretation (lower to middle Shortlake Member): 

The lithostratigraphic boundary separating the Shortlake Member from the underlying 

Upton Member is conformable to laterally erosive. Sedimentological evidence at this 

boundary indicates that it could represent either a surface of erosion at the base of a tidal 

inlet similar to modem day examples from Jade Bay, Germany (Dalrymple, 1992; fig. 13) 

or the Solway Firth, Scotland (Bridges & Leeder, 1976) or, a tidaVwave ravinement 

surface (sensu. Stamp, 1921) associated with a period of submarine transgression. 

However, because it marks a change in facies from the underlying subtidal muds of the 

Upton Member to the shallow water sands of the overlying Shortlake Member 

(representing overall shallowing, see below) it is likely that the first interpretation is more 

plausible. 
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The sedimentological and rare fossil evidence indicate that the silty claystones of the upper 

Upton Member represent deposition in a low energy subtidal environment, possibly a ramp 

setting. The oolitic grainstones of the overlying lower Shortlake Member have scoured 

bases, bimodal palaeo-currents and mud draped foreset laminae. All of these features are 

characteristic of laterally migrating tidal inlets/channels (sensu. Bridges & Leeder, 1976; 

Elliot, 1986; Dalrymple, 1992) within a high energy shoreface environment. Dominant 

flood tidal currents would have originated from the north-east (Fig.2.xiv). The west-north

west dipping bedsets identified at Bran Point can be traced laterally to the Black Head 

outcrop, where they thicken into north-east south-west trending tidal inlets/channels (as 

stated above). Tidal features (as stated above) are readily identifiable here, because tidal 

currents are likely to be exaggerated within tidal inlets. This may explain why similar 

tidal features were not as easy to identify within other similar depositional environments of 

the Corallian Group (e.g. the Bencliff Grit Member). The Bran Point bedsets are, likely to 

represent lateral accretion bedding (also called inclined heterolithic stratification, Bridges 

& Leeder, 1976; Thomas et al., 1987) identifying a dominant west-north-west avulsion 

direction. Elliot (1986) cites the Georgia embayment of the eastern USA, which can be 

used as a modem day analogue of the lower to middle Shortlake Member. 

Lithological description (upper Shortlake Member): 

The upper Shortlake Member (above the "middle white oolite bed" of Arkell, 1947a and 

between 41.6m-48.5m on Fig.2.v) is composed of silty claystones that are interbedded 

with three coarser grained oolitic and bioclastic grainstone beds displaying sheet-like 

geometries (Wilson, 1968b, 1975). These coarser grained beds contain low angle planar 
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cross-bedding that indicates a dominant accretion direction towards the north-northwest 

(although Wilson, 1975 identifies a bidirectional pattern). Wave ripple lamination, 

indicate a north-northwestlsouth-southeast flow direction. (Fig.2.xv). 

Biogenic sedimentary structures are concentrated at the top of the coarser grained beds and 

are dominated by Planolites and rare Cylindrichus burrows (Fiirsich, 1975) along with 

evidence of borings. Marine fauna is scarce, although Arkell (1936) notes the presence of 

the bivalves Exogyra, Ostrea and Placunopsis within the coarser grained beds. 

Palaeoenvironmental interpretation: 

The physical and biogenic sedimentary structures along with the observed sheet-like bed 

geometries indicate that the upper Shortlake Member represents a marine shoal 

environment, probably equivalent to a middle shoreface environment (sensu Walker & 

Plint, 1992). Thus the deepening of the depositional environment between the 

lower/middle Shortlake Member (tidal channels/flats) and upper Shortlake Member 

(middle shoreface), indicates that they are likely to be separated by a transgressive surface 

positioned immediately above the "middle white oolite" bed (e.g. at 41.6m on column 3 of 

Fig.2.v). This interpretation is also supported by Wright (1986a). 

78 



Chapter 2 

2.2.3c: The Nodular Rubble Member 

Lithostratigraphic boundary: 

The lithostratigraphic boundary separating the Nodular Rubble Member from the 

underlying Shortlake Member (at 49.1m on Fig.2.v) is planar with no evidence of erosion 

or reworking. Wright (1986a) indicates that this surface also represents a small 

stratallbiostratigraphic gap. 

Lithological description: 

The Nodular Rubble Member consists of micritic limestone nodules containing common 

Rhaxella, which represent cemented infillings of Thalassinoides and Teichichnus burrows 

suspended within a laminated silty clay (between 49.1m and 52.1m on Fig.2.v and 

Fig.2.xv). A thin claystone occurs at 51.2m on Figure 2.v. The marine fauna is dominated 

by infaunal species such as Pseudomelania, Ampullina, Pleuromya, Nuc1eolites and the 

encrusting Nanogyra nan a (Fiirsich, 1973). Brookfield (1973) and Coe (1995) both 

suggest that the Nodular Rubble Member represents the whole of the parandieri subzone 

and so interpret it as being a condensed unit. 

Palaeoenvironmental interpretation: 

Evidence from biogenic sedimentary structures and marine fossils indicate that the 

Nodular Rubble Member represents a return to a low energy, oxygenated shelf 
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environment, deeper than the upper part of the Shortlake Member and similar to that of the 

upper part of the Upton Member. 

2.2.4: The Trigonia Clavellata Formation 

The Trigonia Clavellata Formation is located within the cliff sections of Black Head 

(Fig.2.i). It is composed of the Sandy Block Member, the Chief Shell Beds Member and 

the Red Beds Member and lies within the cautisnigrae ammonite subzone (Fig.2.iv & 

Fig.2.v). 

2.2.4a: The Sandy Block Member 

Lithostratigraphic boundary: 

The lithostratigraphic boundary between the Sandy Block Member and the underlying 

Nodular Rubble Member is characterised by an irregular and undulatory surface, which 

was then draped by, laminated marls. In south Dorset, this boundary also corresponds to a 

major biostratigraphic gap. Wright (l986a) indicates that the latter part of the parandieri 

subzone, together with the whole of the nunningtonense subzone is missing (Fig.2.iv). 

Coe (1995) measured oxygen and carbon stable isotopes extracted from bulk rock samples 

at the top of the Nodular Rubble Member. The values range between -2.3 to +2.2%0 PDB 

013C and -2.3 to -6.1%0 PDB 0180. 
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Lithological description: 

The overlying Sandy Block Member (Fig.2.xvi and between 52.1m and 54m on Fig.2.v) 

consists of dominantly sandy, sparsely oolitic and bioclastic packs tones that are interbeded 

with rare micritic partings. This agrees with the observations of Wilson (1968a), Talbot 

(1974), Brookfield (1978), Wright (1986a) and Coe (1995). Biogenic sedimentary 

structures are dominated by Thalassinoides suevica, Planolites, Chondrites and rare 

Skolithos burrows, as observed by Fiirsich (1975), Sun (1989) and Coe (1995). 

Palaeoenvironmental interpretation: 

The irregular and undulatory characteristics of the lithostratigraphic boundary, along with 

the analytical evidence of Coe (1995) indicate that it is likely to represent a period of sub

aerial exposure: Coe (1995) interprets her oxygen and carbon stable isotope data to be the 

result of a phase of fresh water cementation. An increase in sand content within the Sandy 

Block Member (when compared to the underlying Nodular Rubble Member) together with 

a lack of clay and a dominantly Cruziana ichnofacies assemblage, indicates that it was 

deposited in a relatively high energy lower shoreface environment (sensu Elliot, 1986; 

Walker & Plint, 1992; Emery & Myers, 1996). 
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2.2.4b: The Chief Shell Beds Member 

Lithostratigraphic boundary: 

The lithostratigraphic boundary between the Chief Shell Beds Member and the underlying 

Sandy Block Member marks the first profusion of the bivalve Myophorella clavellata. 

Lithological description: 

The Chief Shell Beds Member consists of a series of three fine grained, sandy, oolitic and 

bioclastic beds that contain M. clavellata and rarer Pleuromya. 

The lowest bed of the Chief Shell Beds Member (between 54m and 54.8m on Fig.2.v) 

contains an abundance of M. clavellata that are disarticulated, occasionally intact, heavily 

bored and concentrated into layers (Arkell, 1936; Talbot, 1974; Wright, 1986a and Coe, 

1995). 

Palaeoenvironmental interpretation: 

The lithostratigraphic boundary separating the Chief Shell Beds Member from the 

underlying Sandy Block Member represents a return to a more open marine environment 

and can thus be interpreted as a transgressive surface. 
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The lowest bed of the Chief Shell Beds Member can be identified as a transgressive shell 

bed and is interpreted to represent a transgressive lag deposit, agreeing with the 

interpretation of Rioult et al. (1991). Goldring (1995, based on Fiirsich & Oschmann, 

1993) suggests that shell beds forming as a result of transgressive lag deposition show 

evidence of reworking, combined with randomly oriented, disarticulated, fragmented, 

encrusted and bored shells - observations that are characteristic of the Chief Shell Beds 

Member. Goldring (1995) continues by stating that this differs from the fabric of a shell 

bed that forms as a result of storm activity, which is generally cemented into a packstone 

or grainstone, has an erosive base, bimodal sorting and whole and broken randomly 

oriented shell debris. 

2.2.4c: The Red Beds Member 

Lithological description: 

The Red Beds Member consists of a O.6m thick clay band which lies conformably on top 

of the underlying Chief Shell Beds Member and a sparsely oolitic and bioclastic sideritic 

packstone with micritic mudstone partitions. Broken M. clavellata shell debris is common 

along with biogenic sedimentary structures, especially Thalassinoides burrows. 

Palaeoenvironmental interpretation: 

This upwards change in facies from the underlying Chief Shell Beds Member represents a 

continual deepening associated with a marine transgression, as suggested by previous 
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workers (Fig.2.ii). 

2.2.5: The Sandsfoot Formation 

The Sandsfoot Formation is located within the cliff sections of Black Head and beneath 

Sandsfoot Castle (Fig.2.i). It consists of the Sandsfoot Clay Member and the Sandsfoot 

Grit Member. The Formation lies between the upper cautisnigrae subzone and the 

pseudocordata subzone (Fig.2.iv & Fig.2.v). According to Wright (1986a) the 

variocostatus to pseudoyo sub zones are missing from south Dorset (Fig.2.iv). 

2.2.5a: The Sandsfoot Clay Member 

Lithostratigraphic boundary: 

The lithostratigraphic boundary between the Sandsfoot Clay Member and the underlying 

Red Beds Member (at 58.2m on Fig.2.v) is gradational from fine sand to claystone over a 

thickness of O.1-O.2m. There is no evidence of erosion or reworking. 

Lithological description & palaeoenvironmental interpretation: 

The Sandsfoot Clay Member (between 58.2m-66.6m on Fig.2.v) is composed of a 

calcareous silty claystone, with occasional sandy laminations (Brookfield, 1978; Wright, 

1986a and Coe, 1995). It is sparsely fossiliferous, containing rare examples of Deltoideum 
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delta, Nanogyra and belemnites (Brookfield, 1978; Coe, 1995). Wright (1986a) indicates 

that the Sandsfoot Clay Member represents the whole of the variocostatus subzone and has 

interpreted it as a condensed unit. Talbot (1974) has interpreted the Sandsfoot Clay 

Member as representing a subtidal depositional environment. 

2.2.5b: The Sandsfoot Grit Member 

Lithostratigraphic boundary: 

The lithostratigraphic boundary separating the Sandsfoot Grit Member from the 

underlying Sandsfoot Clay Member (at 66.6m on Fig.2.v) is an erosional surface indicated 

by the extensive downcutting of the underlying strata (Brookfield, 1978) and, the removal 

of the upper part of the variocostatus subzone, the whole of the caledonica subzone and 

the lower pseudoyo subzone (Wright, 1986a, my Fig.2.iv). 

Lithological description: 

Lithologically, the Sands foot Grit Member (between 66.6m·71.2m on Fig.2.v) is a 

bioturbated ferruginous sandstone that is interbedded with a thin clay bed (at 70m on 

Fig.2.v). The macrofauna is dominated by the bivalves Ctenostreon and Pinna, often 

preserved in life position, suggesting periods of increased sedimentation (Talbot, 1974; 

Brookfield, 1978). Bioturbation is dominated by Thalassinoides, Rhizocorallium and 

Chondrites. A thin lag of shell debris occurs at 66.9m on Figure 2.v, as also noted by Coe 

(1995). 
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Within the lower beds of the Sandsfoot Grit Member (between 66.6m-69.7m on Fig.2.v) 

detailed grain-size measurements taken in the field and substantiated by analytical data 

from Wright (1986a), indicate an upwards-coarsening grain-size profile from siltstone 

«44Jlm) to medium-grained sandstone (> 177Jlm). Small sideritic, phosphatic and hollow 

or tube-like iron-oxide concretions are concentrated towards the top of this coarsening-up 

grain-size profile (at 69m on Fig.2.v). 

P alaeoenvironmen tal inte rp re tation: 

The erosive base, coarsening-up grain-size profile, lack of clay within the sand units 

(indicating deposition above fair-weather wave-base) and the dominant shallow marine 

fauna, indicate that the Sandsfoot Grit Member was deposited in a middle to upper 

shoreface environment (sensu Elliot, 1986; Walker & Plint, 1992; Emery & Myers, 1996). 

2.2.6: The Ringstead Formation 

The youngest formation of the Corallian Group - the Ringstead Formation - is located 

within the cliff sections beneath Sandsfoot Castle and on the foreshore of Ringstead Bay 

(Fig.2.i). It consists of the Ringstead Waxy Clay Member and the Osmington Mills 

Ironstone Member and lies within the evoluta subzone (Fig.2.iv & Fig.2.v). 
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2.2.5a: The Ringstead WGJ)' Clay Member 

Lithostratigraphic boundary: 

The lithostratigraphic boundary separating the Ringstead Waxy Clay Member from the 

underlying Sandsfoot Grit Member (at 71.2m on Fig.2.v) is gradational from a medium 

grained sand to a claystone. This observation disagrees with Brookfield (1978), Wright 

(1986a) and Coe (1995), who all state that it is a sharp boundary. Wright (1986a) also 

indicates that this boundary corresponds to a thin, poorly developed stratallbiostratigraphic 

gap (Fig.2.iv). 

Lithological description: 

The Ringstead Waxy Clay Member is characterised by calcareous clays containing sparse 

ferruginous ooids, sand grains and an impoverished macrofauna (Brookfield, 1978; Coe, 

1995). 

Palaeoenvironmental interpretation: 

The abrupt change in facies across the lithostratigraphic boundary is associated with a 

deepening of the depositional environment and can, therefore, be interpreted as a 

transgressive surface. The dominant clay sized grain-size fraction and impoverished 

macrofauna of the Ringstead Waxy Clay Member indicate that it probably represents 

deposition within a restricted bay or offshore shallow shelfal marine environment. 
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2.2.5b: The Osmington Mills Ironstone Member 

Lithological description: 

The Osmington Mills Ironstone Member (between 74m-74.8m on Fig.2.v) consists of a 

sandy, iron-rich, calcareous clay bed with a diverse, shallow marine fauna (Talbot, 1973, 

1974; Brookfield, 1978; Wright, 1986a and Coe, 1995). The upper surface of this bed 

contains abundant bivalves, gastropods. serpulids and in-situ corals such as Thamnasteria 

arachnoides (Parkinson) and bored Gastrochaenolites (after Wright, 1986a and Coe, 

1995). 

Palaeoenvironmental interpretation: 

The diverse shallow marine fauna indicate that the Osmington Mills Ironstone Member 

represents a return to a more open marine depositional environment when compared to the 

underlying Ringstead Waxy Clay Member. 

2.3: Sequence Stratigraphy 

The sequence stratigraphic approach and definitions used here follow those outlined in 

Chapter 1. The studied succession has been divided into six sequences, two of which 

(Sequence 1 and Sequence 6) are only partially represented within the studied sections 

(Fig.2.vi and Table 2.i). Within each sequence, the sequence boundary (if present) is 
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identified and interpreted (as either a Type-lor Type-2 boundary). This is followed by an 

identification of parasequences (if present), systems tracts, transgressive surfaces and 

zones of maximum flooding. Where outcrop was clean enough, ichnofabric analysis has 

been used to help identify key stratal surfaces. However, more detailed ichnofabric work 

would be useful and should be a consideration when planning future studies (refer to 

Chapter 7). . Reference to relevant regional data, and comparisons with previous 

interpretations, will be presented throughout. The sedimentological descriptions and 

interpretations presented in Section 2.2 are used throughout this Section. 

2.3.1 Sequence 1 

In this interpretation the upper part of Sequence 1 is equivalent to the Nothe Grit 

Formation. Only one systems tract is evident. The sequence boundary of Sequence 1 is 

not thought to occur within the sediments of the Corallian Group and therefore will not be 

discussed further. 

2.3.1a: Sequence 1: Parasequence identification 

Observations in the field indicate that the Nothe Grit Formation is composed of two 

parasequences (between Om-6.5m and 6.5m-lOAm on Fig.2.vi, marked by white arrows 

on Fig.2.vii). These parasequences are the two small-scale coarsening-up facies sequences 

described in Section 2.2.1. Each parasequence contains a slight but definite and gradual 

increase in grain size and is capped by a prominent coarse grained bioclastic sandstone bed 
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containing septarian concretions. The shelly material can be interpreted as an indication of 

winnowing as each parasequence shallows into a higher energy environment at the 

shoreface equilibrium depth. Each parasequence boundary is marked by an abrupt but 

slight upward decrease in grain·size and a weathered surface colour change from yellow to 

light grey (picked out clearly in Fig.2.vii). A change from a laterally cemented shelly sand 

containing septarian concretions, to a predominantly uncemented sand also occurs across 

these boundaries. Diagenetic analysis presented in Section 3.2.5a has been used to help 

confirm the parasequence interpretation. 

2.3.1 b: Sequence 1: Systems tract identification 

The highstand systems tract: 

Although there are only two of them, the parasequences become thinner within an overall 

gradual coarsening·up succession (Fig.2.vi). With a fair degree of certainty, the reasoning 

presented in this thesis suggests that the two parasequences represent the top part of a 

progradational parasequence set. Van Wagoner et al. (1990) state that such a pattern could 

indicate progradation within a highstand systems tract. However, recent work by Church 

& Gawthorpe (1997) has indicated that the identification of systems tracts based on 

parasequence stacking patterns alone should be treated with a degree of caution. Their 

work indicates that basinal thickness trends should be considered when applying 

parasequence stacking patterns to systems tract identification. The logistical constraints on 

this research have meant that no such data was collected and this should be a priority in the 

planning of for future work (refer to Chapter 7). 
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The boundary separating the Nothe Grit Formation from the underlying Oxford Clay 

Formation, has already been described as conformable with no evidence of erosion or 

down-cutting (Section 2.2.1). This implies that an overall coarsening-up and shallowing

up succession occurs from the top of the deeper-water Oxford Clay Formation to the top of 

the shallower-water Nothe Grit Formation. It is not thought to represent a sequence 

boundary, but merely a transition from the inner shelf to lower shoreface environments 

(see Walker & Plint, 1992, fig.14) during normal progradation. 

Previous & alternative sequence stratigraphic models: 

The previous sequence stratigraphic interpretations of the Nothe Grit Formation (Fig.2.iii) 

are that: -

• the surface separating the Nothe Grit Formation from the underlying Oxford Clay 

Formation represents a sequence boundary (either type-lor type 2, Rioult et al., 1991 

and Coe, 1995). Sun (1989) and Rioult et al. (1991) suggest that this boundary resulted 

from a relative sea-level fall that is comparable to a global eustatic sea-level fall at the 

end of the early Oxfordian (Hallam, 1978; Haq et al., 1987); and, 

• the Nothe Grit Formation represents either a lowstand (Coe, 1995) or shelf-margin 

systems tract (Rioult et al., 1991). 

The re-interpretation of the Nothe Grit Formation based on field observations and 

reasoning presented in this thesis, is that it represents the top part of a highstand systems 

tract. The evidence for this is: 
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1. At the lithostratigraphic boundary between the Nothe Grit Formation and the marine 

mudstones of the underlying Oxford Clay Formation (as interpreted by Wright, 1986b) 

there is no sedimentological evidence (erosion, down-cutting and abrupt shallowing) to 

support the identification of a type-l sequence boundaryt. Although sequence 

boundaries in marine successions can be traced laterally into correlative unconformities, 

there is no evidence for such an unconformity elsewhere in Dorset. A review of 

borehole data from North Dorset (Henderson, 1997), implies that a conformable 

sequence, with no evidence of erosion or down-cutting, occurs between the Oxford 

Clay Fonnation and the Hazelbury Bryan Formation (North Dorset Nothe Grit 

Formation equivalent). Bristow (1989) states that: "the lower boundary of the 

Hazelbury Bryan Formation is not well defined, as it is transitional with the Oxford 

Clay". This statement also implies that a conformable boundary exists between the two 

formations in North Dorset. 

2. The dominantly low energy environment indicated by a lack of storm generated 

sedimentary structures within the Nothe Grit Formation, may indicate that there was no 

effective mechanism for removing sand from the shoreface environment into the deeper 

water setting represented by the Oxford Clay Formation. If this is so, the relatively 

abrupt facies change would not need to represent a major offshore shift in facies or, a 

sequence boundary (a similar explanation has been used for the base of the Safarujo 

Member, Ericeira Group discussed in Section 4.2.2). 

I In a ramp setting (such as the depositional environment of the Corallian Group, a type-! sequence 
boundary forms as a result of a period of forced regression (refer to Section !.2.3a, page 17). 
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However, previous interpretations (e.g. Coe, 1995) have used this abrupt facies change 

as evidence for a sequence boundary. 

3. Analysis of regional data (Coe, 1992, fig.25) does not indicate any stratal or 

biostratigraphic gap associated with this surface. It is suggested that the basin-wide 

incursion of sand at this time (as indicated by Coe, 1992, fig.25) could have occurred 

during the latter period of the highstand systems tract, when rates of sedimentation 

would have begun to outpace rates of accommodation creation resulting in net 

progradation of the shoreline (Posamentier & Vail, 1988). This would ultimately result 

in the deposition of a coarsening-up facies trend as reported in the field descriptions and 

lithostratigraphic interpretations presented in Section 2.2.1. 

From the evidence and reasoning presented here the Nothe Grit Formation is more 

characteristic of deposition within a highstand systems tract. However, it should be noted 

that all interpretations (this, and previous research) are based on a limited number of 

exposures. Further field and analytical work is needed to unequivocally support any 

sequence stratigraphic interpretation of this unit. In Section 3.2.5, key diagenetic analyses 

of septarian concretions will be used to lend further support to the proposed sequence 

stratigraphic revision. 

2.3.2 Sequence 2 

Sequence 2 consists of the Preston Grit Member, the Nothe Clay Member and the lower 

1.8m of the BencHff Grit Member. 
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2.3.2a: Sequence 2: Sequence boundary 

The lithostratigraphic boundary separating the Preston Grit Member from the Nothe Grit 

Formation is interpreted as the sequence boundary of Sequence 2. It has already been 

described and discussed in detail in Section 2.2.2a. In this account, a sequence boundary 

corresponding to a surface of forced regression is the preferred interpretation (Fig.2.viiia). 

This is based on three important pieces of evidence: 

• Facies analysis (Section 2.2.2a) suggests that the Preston Grit Member was deposited 

in a shallower, higher energy depositional environment than the underlying Nothe Grit 

Formation, indicating that abrupt shallowing occurred across this boundary. The 

overlying Preston Grit Member (Section 2.3.2c) would then be classified as a lowstand 

deposit represented by a single shoreface or aggradational shoreface stack (sensu 

Ainsworth & Pattison, 1994). 

• The boundary is erosional, implying a period of shoreface erosion associated with 

sequence boundary formation or base level fall. 

• Wright (1986a) indicates that the boundary represents a stratallbiostratigraphic gap, 

although it is unclear from Wright whether this "gap" is based on evidence for stratal 

erosion or the absence of diagnostic ammonites. Again, this may indicate a period of 

shoreface erosion. 

Alternative interpretations for the lithostratigraphic boundary are a transgressive surface of 

erosion or ravinement surface (Fig.2.viiib) as indicated by Coe (1995). This interpretation 

would agree with the e'rosional evidence presented for this boundary because shoreface 

erosion is also a common feature of ravinement surface formation (Reinson, 1992). 
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However, a transgressive surface implies shoreface retreat and the overlying facies (Le. the 

Preston Grit Member) was deposited in deeper water than the underlying facies (Le. the 

Nothe Grit Formation). This is not consistent with the facies evidence presented here and 

could only have occurred if shallower facies were deposited in the progradational phase of 

the Nothe Grit Formation, but were totally removed by erosion during transgression (e.g. 

Reinson, 1992; fig. 17). 

Regional data (Coe, 1995) does not provide any additional evidence because in 

Oxfordshire strata immediately above the Lower Calcareous Grit (equivalent to the Nothe 

Grit Formation) is absent or unexposed. Therefore further evidence needs to be collected 

before this surface can be unequivocally interpreted. 

2.3.2b: Sequence 2: Parasequence identification 

The Preston Grit Member: 

The Preston Grit Member (as described in Section 2.2.2a) can be interpreted as a single 

shoreface stack (sensu Ainsworth & Pattison, 1994) representing one coarsening-up 

parasequence (between 11.8m and 12.9m on Fig.2.vi) which is clearly overlain by a 

marine flooding surface. The abundant and varied fauna which is more abundant towards 

the top of the Preston Grit Member (Section 2.2.2a) would relate to a period of non

deposition (allowing more time for colonization) and prolonged marine flooding 

associated with parasequence boundary formation. 
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The Nothe Clay Member and lower 1.8m of the Bencliff Grit Member.' 

Within the Nothe Clay Member two parasequences can be identified (between 12.9m-

17.3m and 22.4m-24.2m on Fig.2.vi). The lower parasequence coarsens-up from 

claystone to a bioturbated, bioclastic siltstone bed, the top of which is bored and is 

interpreted here as a marine hard-ground surface (Section 2.2.2b). This indicates 

shallowing above the level of wave winnowing and is consistent with an interpretation of a 

parasequence boundary. Hard-ground surfaces have been similarly used by Pope & Read 

(1997) to indicate parasequence boundaries in the Late Middle to Late Ordovician 

Foreland Basin Rocks of Kentucky and Virginia. The increase in faunal diversity towards 

the top of this parasequence is interpreted to be the result of either shallowing or a period 

of non-deposition that occurred during marine flooding at the parasequence boundary. 

The other laterally cemented siltstone beds that occur within this member cannot be 

interpreted as parasequence tops because they do not show any supporting evidence of 

shallowing. The interpretation of these beds has already been discussed in Section 2.2.2b. 

The upper parasequence (from 22.4m-24.2m on Fig.2.vi) corresponds to the top of the 

Nothe Clay Member and the lower 1.8m of the overlying BencHff Grit Member. It is a 

coarsening-up (from claystone to fine sandstone) and shallowing-up parasequence which 

contains a fauna typical of a reduced salinity environment (Whatley, 1965). The 

lithostratigraphic boundary between the Bencliff Grit Member and the underlying Nothe 

Clay Member (Section 2.2.2c) occurs within this parasequence. 
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2.3.2c: Sequence 2.' Systems tract identification 

The lowstand systems tract.' 

The Preston GritMember (between 11.8m and 12.9m on Fig.2.vi) is interpreted as the 

lowstand systems tract of Sequence 2. As it directly overlies shoreface deposits of the 

Nothe Grit Formation, it can be interpreted as representing an "attached" shoreface (sensu 

Ainsworth & Pattison, 1994). It consists of one coarsening-up parasequence, as described 

in Section 2.3.2b. 

Rioult et all (1991) & Coe (1992, 1995) indicate that the Preston Grit Member represents a 

transgressive systems tract. This interpretation is plausible if the underlying 

lithostratigraphic boundary is interpreted as a transgressive surface, but it does not take 

into account the apparent shallowing of the depositional environment above the Nothe Grit 

Formation. Wilson (1991) indicates that the Preston Grit Member represents an upper 

lowstand wedge deposit. 

The transgressive surface.' 

The upper bounding surface of the lowstand systems tract is defined by a surface of 

transgression (Ainsworth & Pattison, 1994). Thus, the lithostratigraphic surface 

separating the Nothe Clay Member from the underlying Preston Grit Member not only 

represents a parasequence boundary, but also a transgressive surface (at 12.9m on 

Fig.2.vi). It displays evidence of submarine erosion and reworking (associated with 
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periods of shoreface retreat) and marks the fIrst deepening event after the deposition of the 

lowstand shoreface deposits. It probably also represents a prolonged period of non

deposition/marine flooding hi-lighted by the presence of an abundant and varied fauna. 

Rioult et al. (1991) and Coe (1992, 1995) interpret this surface as a maximum flooding 

surface (MFS). By defInition, an MFS should separate facies deposited during a maximum 

rate of relative sea-level rise below, from a decelerating rate of relative sea-level rise 

above (Posamentier & James, 1993). This would correspond to a gradual shallowing of 

the depositional environment above the boundary. However, facies analysis suggests that 

the lower part of the Nothe Clay Member was deposited in deeper water than the 

underlying Preston Grit Member. 

The transgressive systems tract: 

The lowest 4.5m of the Nothe Clay Member represents the transgressive systems tract of 

Sequence 2 (between 12.9m and 717.3m on Fig.2.vi). It consists of one identifiable 

parasequence (Section 2.3.2b) and clearly represents a deeper marine depositional 

environment than the underlying Preston Grit Member; an interpretation that is supported 

by the ostracod data of Whatley (1965). 

The zone of maximum flooding: 

Due to a lack of parasequence identification in the remainder of the Nothe Clay Member, 

an MFS can not be clearly identified. However, a zone of maximum flooding (defined in 
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Section 1.2.3b) can be positioned within the Nothe Clay Member between ?17.3m and 

?22.4m on Figure 2.vi because this most probably represents the deepest water facies of 

this sequence. It separates' the transgressive systems tract below, from the highstand 

systems tract above. 

The highstand systems tract: 

The upper O.5m of the Nothe Clay Member and lower 1.8m of the BencHff Grit Member 

represent the highstand systems tract of Sequence 2 (between 22.4m-24.2m on Fig.2.vi). 

It consists of one coarsening-up and shallowing-up parasequence. Whatley (1965) 

suggests that any decrease of water depth (associated with a restricted, less saline 

environment) did not occur until the deposition of the upper Nothe Clay Member. This is 

likely to relate to highstand deposition when rates of relative sea-level rise begin to 

decelerate, resulting in shoreface progradation, a decrease in overall accommodation space 

and shallowing. 

2.3.3: Sequence 3 

Sequence 3 is composed of the upper 5m of the Bencliff Grit Member, the Upton Member 

and the lower two oolitic beds of the Shortlake Member (between 24.2m and 40.7m on 

Fig.2.vi, Bran Point outcrop). 
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2.3.3a: Sequence 3: Sequence boundary 

A conformable surface, equivalent to a type-2 sequence boundary, is positioned in relation 

to the marine flooding surface of the parasequence that occurs at the top of the highstand 

systems tract of Sequence 2 (Section 2.2.2b and at 24.2m on Fig.2.vi). It is clearly marked 

on Figure 2.ix as relating to the lowermost mudstone bed of the Bencliff Grit Member. 

This sequence boundary does not relate to the lithostratigraphic boundary between the 

Bencliff Grit Member and the underlying Nothe Clay Member which occurs 1.8m below it 

(see enlargement photograph in Fig.2.ix). At the sequence boundary, there is no 

sedimentological evidence to indicate a fall in relative sea-level, such as an abrupt change 

in lithofacies, evidence of sub-aerial exposure or a biostratigraphic gap, supporting the 

interpretation that it represents a type-2 sequence boundary. 

Regional data (Coe, 1992) indicate the presence of a stratallbiostratigraphic gap 

approximately correlatable to the base of the Bencliff Grit Member. This suggests that the 

conformable type-2 sequence boundary identified on the coast at this position, could be 

traced laterally into a correlative unconformity elsewhere in the basin (although evidence 

from North Dorset indicates that the Bencliff Gri t Member is absent; Wright, 1981). 

The positioning of this sequence boundary (based purely on field observations at the 

coastal sections) has been identified as the point at which there is a change in the style of 

parasequence stacking. The highstand systems tract of Sequence 2 consists of one 

coarsening-up parasequence (Section 2.3.2b), while the succeeding BencHff Grit Member 

is composed of an aggradational stack of three fining-up parasequences (Sections 2.3.3b 
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and 2.2.3c). The positioning of the sequence boundary does not therefore correspond 

exactly to the lithostratigraphic boundary between the Nothe Clay Member and the 

BencHff Grit Member (which would be positioned at 22.8m on Fig.2.vi and is no longer 

exposed at Osmington Mills). 

Both Rioult et ai. (1991) and Coe (1995) state that the sequence boundary is the 

lithostratigraphic surface separating the Bencliff Grit Member from the underlying Nothe 

Clay Member. These interpretations do not however, explain the change in parasequence 

stacking patterns that clearly occurs at the sequence boundary positioned at 24.2m on 

Figure 2. vi. 

2.3.3b: Sequence 3: Parasequence identification 

The Ben cliff Grit Member: 

The Bencliff Grit Member consists of three parasequences, each equivalent to one of the 

uniformly thick, sharp-based, fining-up facies association described in Section 2.2.2c (e.g. 

one occurs between 25.7m-27.4m on Fig.2.vi). 

Parasequence boundaries (e.g. at 25.7m on Fig.2.vi) occur immediately above the finer 

heterolithic beds of each parasequence. These are sharp, probably due to current erosion 

during marine transgression prior to the deposition of the succeeding parasequence. 

Desiccation cracks identified by Talbot (1973) at the top of an heterolithic bed could 

represent shallowing and subaerial exposure associated with parasequence progradation. 
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The Upton Member (lower 5m): 

The Upton Member is composed of two main coarsening-up parasequences (between 30m 

and 33.5m on Fig.2.vi) and a transgressive lag deposit (between 29.2m and 30m, Section 

2.3.3c). The two parasequences are equivalent to the two coarsening-up facies 

associations described and identified in Section 2.2.3a. Both record an upward increase in 

faunal diversity, including an increasing abundance of bivalves such as Chlamys 

qualicosta and Nanogyra (Talbot, 1973; Wright, 1986a and Sun, 1989). Both are highly 

bioturbat~d, with Diplocraterion, Arenicolites, Thalassinoides and Rhizocorallium 

concentrated on and towards the upper surfaces. The upper surfaces of the parasequences 

are also bored, suggesting that early cementation occurred followed by winnowing and 

exposure of the hardened surface. This led to the formation of marine hard-grounds. Both 

the increase in faunal diversity and formation of hard-grounds provide clear evidence for 

the shallowing and drowning occurring during parasequence formation. 

The Upton Member (upper 5.5m): 

No parasequences were identified within the upper 5.5m of the Upton Member (equivalent 

to the Thalassinoides beds) due to a lack of clear evidence for shallowing-up. 
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The Shortlake Member: 

The Shortlake Member consists of at least six coarsening·up parasequences, the lower two 

of which occur within Sequence 3. The remaining four parasequences will be described in 

their relevant sequence. 

Both parasequences are equivalent to the lower two coarsening·up facies successions 

described in Section 2.2.3b. At the Bran Point outcrop, parasequences are generally thin 

(up to 1m thick) and coarsen·up/shallow·up from sandy/silty calcareous claystones 

(representing a low energy shelf depositional environment) to medium grained oolitic and 

sparsely bioclastic packs tones and grainstones (representing higher energy shoreface 

sands, Section 2.2.3b). 

At the Black Head outcrop, parasequences thicken laterally (e.g. between 35.6m·38.6m on 

column 3 of Fig.2.vi) and are associated with down·cutting into the underlying silty 

claystones. The oolitic grainstones are thicker and contain trough cross·bedding indicating 

a dominant flow towards the southwest and a subordinate flow towards the west-northwest 

(also noted by Wilson, 1968b, 1975; Wright, 1986a; Sun, 1989; Fig.2.xiii & Fig.2.xiv). 

Intraclasts, mud·draped wave ripple laminations indicating a southwest·northeast wave 

oscillation direction and mud.draped foreset laminae are also common within these 

parasequences. As noted earlier, these parasequences are interpreted to be deposited in 

tidal inlets (Section 2.2.3b). 
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2.3.3c: Sequence 3: Systems tract identification 

The shelf-margin systems tract2: 

The shelf-margin systems tract of Sequence 3 is represented by the upper 5m of the 

BencHff Grit Member (between 24.2m-29.2m on Fig.2. vi) and is composed of the three, 

uniformly thick, fining-up parasequences. These stack to form a dominantly aggradational 

parasequence set. 

The dominance of Rhizocorallium irregulare at the top of the BencHff Grit Member 

(29.2m on Fig. 2.vi) indicates the onset of a more tranquil depositional environment 

(Section 2.3.2c). This would be expected to occur towards the end of a shelf-margin 

systems tract (or lowstand systems tract) when rates of relative sea-level are beginning to 

rise at an increasing! y rapid rate. 

Returning to the second question which I posed in Section 2.2.2c, that is - why are storm 

dominated sedimentary structures only prevalent in the BencHff Grit Member of the 

Corallian Group? - the answer may be connected with changes in basin hydro-dynamics 

controlled by relative sea-level changes. 

2 The term shelf-margin systems tract is applicable because rather than relating to platform geometry, it 
relates to a particular rate of relative sea-level rise distinguishing it from a lowstand systems tract. 
Posamentier & James (1993) state that; "at a type-2 unconformity, no relative sea-level fall occurs to 
punctuate the succession. Rather the manifestation of a deceleration and then acceleration of relative sea
level rise will be a change from an increasingly to decreasingly progradational and subsequently 
aggradational stacking pattern" 
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Changes in relative sea-level can alter shelf bathymetry, shelf physiography and also basin 

hydro-dynamics, such that the effects of large storm events become prevalent at certain 

periods within the history of the basin (Pickering, 1995). Relative sea-level rises may then 

preserve the storm generated bed forms, as discussed previously in Section 2.2.2c. 

Changes in relative sea-level have been interpreted as being responsible for large scale 

storm events within the Jurassic period (e.g. the Middle Jurassic Bridport Sands, 

Pickering, 1995). Changes in relative sea-level may be the key as to why storm beds are 

not prevalent in other shoreface successions of the Corallian Group (e.g. the Nothe Grit 

Formation, the Shortlake Member). 

The transgressive surface: 

The surface that separates the Benc1iff Grit Member from the overlying Upton Member 

has already been interpreted as a transgressive surface (Section 2.2.3a and at 29.2m on Fig. 

2. vi & Fig.2.ix). The overlying Upton Member represents a more open marine 

depositional environment than that of the underlying BencHff Grit Member and, as a 

result, this surface marks the first major deepening event o~ Sequence 3. Due to this 

important observation, this surface can not represent a surface of forced regression, which 

would imply a basinward shift in facies associated with a fall in relative sea-level and 

abrupt shallowing. 

105 



Chapter 2 

The transgressive systems tract: 

The overlying 5m of the lower part of the Upton Member (between 29.2m-?35.9m on 

Fig.2.vi) represents the transgressive systems tract of Sequence 3 and was deposited within 

a shoreface environment during a period of rapid relative sea-level rise. The transgressive 

systems tract is composed of a transgressive lag deposit and at least two shallowing-up 

parasequences (described in Section 2.3.3b). 

The transgressive lag deposit is represented by the lowest oolitic and bioclastic bed of the 

Upton Member (at 29.5m on Fig.2.vi). It contains reworked lithoclasts, ooids and whole 

or fragmented bioclastic material. Similar transgressive lags are common on marine 

flooding surfaces that occur due to a relative sea-level rise (Van Wagoner et al., 1990). 

The upper part of the transgressive systems tract is composed of the nodular micritic 

limestone of the lower Thalassinoides beds (between 33.4m-35.9m on Fig.2.vi). This 

represents a deeper water environment than that of the underlying parasequences 

indicating continued gradual relative sea-level rise. 

The zone of maximum flooding: 

The zone of maximum flooding has been positioned between 35.9m-38.9m on Figure 2.vi 

and is composed of the same nodular micritic limestones that are present at the top of the 

underlying transgressive systems tract. It separates the dominantly retrogradational 

transgressive systems tract below from the progradational highstand systems tract above 
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and probably represents the deepest depositional environment of Sequence 3 (see Section 

2.2.3a). Identifying parasequences within this zone is difficult due to a lack of clear water 

depth criteria and the positioning of a maximum flooding surface based on parasequence 

stacking patterns within this zone is not possible. 

Rioult et al. (1991) has suggested that a maximum flooding surface should correspond to 

the top of the C. qualicosta bed, while Coe (1992, 1995) has suggested the top of the 

pisolite bed. However, neither suggestion takes into account changes in the depositional 

environment. By definition, a maximum flooding surface should separate a deepening 

succession below, from an increasingly shallower one above. There is no 

sedimentological evidence to suggest that the Thalassinoides beds were deposited in 

increasingly shallower water than the underlying pisolite bed. The clear evidence for 

deepening, is the presence of Thalassinoides burrows indicating a subtidal environment 

(FUrsich, 1973). 

The highstand systems tract: 

The overlying highstand systems tract of Sequence 3 is composed of the lower two 

parasequences of the Shortlake Member and thickens laterally towards the west, a feature 

also observed by Wright (1986a), Sun (1989) and Coe (1995). 
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2.3.4: Sequence 4 

Sequence 4 consists of the middle to upper 4.5m of the Shortlake Member and the Nodular 

Rubble Member. 

2.3.4a: Sequence 4: Sequence boundary 

A type-2 sequence boundary is thought to separate Sequence 3 from Sequence 4. Its 

location corresponds to the flooding surface of the upper parasequence of Sequence 3 

marked by large blue arrows on Figure 2.xi. Lithostratigraphically it occurs within a thin 

mudstone layer, beneath the "middle white oolite bed" of Arkell (1947a). 

The lithostratigraphic base of the Shortlake Member (as defined by Wright, 1986a; white 

arrows on Fig.2.xi) is not thought to represent a sequence boundary even though it 

represents an abrupt shift of facies. This surface represents a surface of tidal inlet 

accretion and downcutting associated with progradation during the development of a 

parasequence within the underlying highstand systems tract (refer to Section 2.2.3b). 

Regional data (Coe, 1992) identify an important strata1lbiostratigraphic gap approximately 

equivalent to the Upton MemberlShortlake Member lithostratigraphic boundary on the 

Dorset Coast (refer to Coe, 1992, fig.25). Within the Oxfordshire area, Coe (1995) 

provides evidence for erosion associated with this surface. This would suggest that it 

represents a type-1 sequence boundary (although Coe, 1995 does not use sequence 

stratigraphic terminology). However, at the coastal exposures there is no evidence for a 
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biostratigraphic gap or a period of sub-aerial exposure. Coe (1995) interprets her 

conformable/erosive surface (green arrows, Fig.2.xi) in south Dorset as an equivalent of a 

surface identified in Oxfordshire. Coe's (1995) overlying lowstand deposits are carbonate 

dominated, although several workers (e.g. Cant, 1995 and Emery & Myers, 1996), suggest 

that deposition after a relative sea-level fall in a carbonate depositional environment is 

generally dominated by siliciclastic deposition. A good example of this type of "facies 

partitioning" can be found within the Ericeira Group of west central Portugal (refer to 

Section 4.2.3). 

Based on field evidence alone~ my interpretation that a type-2 sequence boundary is the 

coastal equivalent of the type-! sequence boundary observed by Coe (1995) in 

Oxfords hire, is plausible. Many workers (e.g. Emery & Myers, 1996) now believe that 

type-l and type-2 sequence boundaries can pass laterally into one another (depending on 

basinal processes). Clearly more analytical work is needed at the coastal exposures in 

order to resolve this problem and this is taken further in Section 3.3.3, where results from 

early diagenetic studies are used to provide support for this model. 

2.3.4b: Sequence 4: Parasequence identification 

The middle to upper Shortlake Member: 

The middle to upper Shortlake Member consists of at least four coarsening-up 

parasequences. The lower of these parasequences is similar in characteristics to the upper 

two parasequences of the underlying highstand systems tract. This parasequence relates to 
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the "middle white oolite bed" (Arkell, 1936). However, the upper three parasequences 

display very different geometries, primarily related to a change in the depositional setting 

from tidal inlet channels below to a deeper marine shoal environment above (refer back to 

Section 2.2.3b). Each of the three parasequences has a sheet-like geometry (as inferred by 

Wilson, 1968b, 1975) with no evidence of lateral thickening and, relate to the three 

coarsening-up facies associations described in Section 2.2.3b (e.g. one such parasequence 

is positioned between 41.6m-44.1m on Fig.2.vi and can be viewed in Fig.2.xv). The 

higher density and diversity in marine fauna (Exogyra, Ostrea and Placunopsis) within 

the coarser grained beds of each parasequence (refer back to Section 2.2.3b) is interpreted 

to be related to periods of non-deposition associated with marine flooding and 

parasequence boundary formation. The associated cut-off of sediment supply would 

provide favourable conditions for such epifaunal growth. 

The Nodular Rubble Member: 

Parasequences could not be identified within this member due to a lack of clear 

shallowing-up indicators. 
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2.3.4c: Sequence 4: Systems tracts identification 

The shelf-margin systems tracr: 

A thin shelf-margin systems tract of Sequence 4 is interpreted to correspond to the 

shallowing-up tidal inlet parasequence of the "middle white oolite bed" (sensu Arkell, 

1947a, between 38.6m-41.6m on column 3 of Fig.2.vi). This parasequence represents a 

similar depositional environment to those of the highstand systems tract of Sequence 3. 

Coe (1992) has also identified a thin lowstand deposit which is approximately equivalent 

to this bed. 

The transgressive surface.' 

A transgressive surface is positioned immediately above the "middle white oolite bed" 

(Arkell, 1947a) and is identified by red arrows on Fig.2.xi. The location of this surface is 

in agreement with Rioult et al, (1991) and Coe (1992). It marks a distinct deepening of 

the depositional environment from shallow water tidal inlets below (e.g. as in Fig.2.xiii) to 

a deeper marine shoal environment above (e.g. as in Fig.2.xv). This observation is in 

agreement with Wright (1986a) and is clearly observed at the Black Head outcrop. 

3 refer to footnote in Section 2.3.3c 
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The transgressive systems tract: 

The transgressive systems tract of Sequence 4 corresponds to at least the three coarsening

up and sheet-like parasequences of the upper part of the Shortlake Member (above the 

"middle white oolite bed" of Arkell, 1947a) and, probably extends into the lower part of 

the Nodular Rubble Member (between 41.6m and 150m on Fig.2.vi). 

The change in sedimentation patterns and bed geometries, from tidal inlets of the shelf

margin systems tract to a nearshore, deepening shoal environment of the transgressive 

systems tract, is a consequence of deepening associated with the commencement of 

transgression. This interpretation is also supported by Wright (1986a). Further deepening 

occurred towards the top of the transgressive systems tract corresponding to the deposition 

of the lower Nodular Rubble Member. This represented a return to a low energy, 

oxygenated shelf environment, deeper than the upper Shortlake Member and similar to that 

of the deepest water environment of Sequence 3 (Le. the Thalassinoides Beds). 

The zone of maximum flooding: 

The zone of maximum flooding must be contained within the Nodular Rubble Member 

which represents the deepest water facies of Sequence 4. Within the Nodular Rubble 

Member, a thin claystone occurs at 51.2m on Figure 2.vi which could indicate a period of 

condensation associated with a maximum flooding surface. However, without the aid of 

parasequence identification a maximum flooding surface can not be positively identified. 
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Rioult et al. (1991) and Coe (1995) have interpreted the lithostratigraphic boundary 

between the Shortlake Member and the overlying Nodular Rubble Member as representing 

a maximum flooding surface. If this was so then, by definition, it should separate 

deepening facies from overlying shallowing facies. There is no sedimentological evidence 

to suggest that the Nodular Rubble Member was deposited in shallower water than the 

underlying Shortlake Member. 

The highstand systems tract: 

There is very little sedimentological evidence for the highstand systems tract of Sequence 

4. By definition, the facies above the maximum flooding surface marks the 

commencement of progradation and thus the highstand systems tract. Therefore, the upper 

Nodular Rubble Member above the ?MFS (between ?51.3m and 52.1m on Fig.2.vi) would 

be equivalent to at least the basal expression of a highstand systems tract. However, this 

cannot be substantiated by facies analysis alone. The top of the Nodular Rubble Member 

is characterised by an irregular and undulatory surface that also represents a major hiatus. 

Wright (1986a) states that the whole of the overlying nunningtonense subzone is missing, 

implying that a major period of erosion, non-deposition or winnowing occurred. This 

surface is likely to represent the overlying sequence boundary (Section 2.3.5a). Clearly, 

further analytical work is necessary before a highstand systems tract can be unequivocally 

identified within this sequence at this location. However, regional data (Coe, 1995) 

indicates that the equivalent strata in Oxfordshire is the Coral Rag Member which was 

likely to have been deposited during a period of regression associated with a highstand 

systems tract. 
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2.3.5 Sequence 5 

Sequence 5 consists of the Trigonia Clavellata Formation and the overlying Sandsfoot 

Clay Member of the Sandsfoot Formation (between 52.1m & 66.6m on Fig.2.vi). 

2.3.5a: Sequence 5: Sequence boundary 

A type-1 sequence boundary is positioned beneath the Trigonia Clavellata Formation, 

equivalent to the lithostratigraphic boundary that separates this formation from the 

underlying Nodular Rubble Member (Fig.2.xvi and at 52.1m on Fig.2.vi). The field 

characteristics of this surface, along with oxygen and carbon isotope analysis (Coe, 1995), 

has already been discussed in Section 2.2.4a. All evidence is consistent with a period of 

subaerial exposure during the formation of this sequence boundary. Further assessment of 

regional data (Coe, 1992, fig.25) indicate a large stratallbiostratigraphic gap associated 

with this surface, extending across the Wessex Basin. 

A shallowing of facies above this sequence boundary (Section 2.2.4a), together with 

evidence of fresh water cementation, winnowing and a large biostratigraphic gap indicate 

that the sequence boundary formed in response to an abrupt fall in relative sea-level 

resulting in an abrupt basinward shift in facies. Subsequent deposition of shoreface 

deposits (the Sandy Block Member, refer to Section 2.2.4a) indicates that the sequence 

boundary formed as a result of forced regression. In a ramp setting (which the Corallian 

Group may represent) it is now believed that forced regressions are generally the result of 

abrupt falls in relative sea-level (Emery & Myers, 1996). 
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This sequence boundary cannot represent a type-2 sequence boundary as indicated by 

Rioult et al. (1991). The abrupt shallowing of the depositional environment, coupled with 

the identification of a large biostratigraphic gap and bulk rock stable isotope data of Coe 

(1995), indicate that an abrupt fall in relative sea-level and subsequent subaerial 

exposure/erosion must have occurred. 

2.3.5b: Sequence 5: Parasequence identification 

The Trigonia Clavellata Formation: 

As a result of a lack of shallowing-up indicators, it is difficult to identify parasequences 

within this formation. In North Sea cores, the presence of Thalassinoides seuvica in has 

been used to locate the position of firm grounds, associated with periods of marine 

flooding (R. Goldring, pers. comm.). The presence of similar burrows within the Sandy 

Block Member (refer back to Section 2.2.4a) could therefore indicate similar flooding 

surfaces associated with parasequence boundary formation. 

The Sandsfoot Clay Member: 

No parasequences have been identified within this member due to a lack of facies and 

sedimentary structures which would help determine water depths. 
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2.3.5c: Sequence 5: Systems tracts identification 

The lowstand systems tract: 

The Sandy Block Member is interpreted to represent the lowstand systems tract of 

Sequence 5 (between 52.lm and 54m on Fig.2.vi and Fig.2.xvi). The characteristics of 

this member have already been discussed in Section 2.2.4a. It was deposited during a 

period of relative sea-level fall and slow subsequent relative sea-level rise, in a distinctly 

shallower depositional environment than the underlying Nodular Rubble Member. 

The transgressive surface: 

A transgressive surface is positioned at the lithostratigraphic boundary between the Sandy 

Block Member and the overlying Chief Shell Beds Member (at 54m on Fig.2.vi and 

Fig.2.xv). As previously discussed in Section 2.2.4b, it marks the first abundance of the 

bivalve Myophorella clavellata which can be associated with a return to a more open 

marine environment. Overlying this (the lowest bed of the Chief Shell Beds Member) is a 

classic transgressive lag deposit, the features of which have been described in Section 

2.2.4b. 

Abundant Myophorella were also noted towards the top of the Preston Grit Member (refer 

back to Section 2.2.2b) which was not interpreted as a transgressive lag deposit. This is 

because the abundance occurs immediately beneath a transgressive surface, rather than 

above it. However, the abundance of the bivalve still indicates prolonged marine flooding 
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associated with a period of marine transgression. 

Coe (1992) suggests that the transgressive surface should be amalgamated with the 

sequence boundary, indicating that the lowstand systems tract is completely missing. Her 

reasoning for this appears to be the presence of a demonstrable biostratigraphic gap at this 

surface (Trigonia Clavellata Formation lithostratigraphic boundary) and that the overlying 

Trigonia Clavellata Formation represents a transgressive succession. This is a plausible 

explanation, although it does not explain the sudden profusion of the bivalve M. clavellata 

at the Sandy Block Member and Chief Shell Beds Member lithostratigraphic boundary. 

The transgressive systems tract: 

The Chief Shell Beds Member, Red Beds Member and at least the lower 1.8m of the 

Sandsfoot Clay Member, are interpreted to represent the transgressive systems tract of 

Sequence 5 (between 54m and 160m on Fig.2.vi and Fig.2.xv). The upwards change in 

facies from the relatively shallow water Chief Shell Beds to the deeper water Sandsfoot 

Clay Member, represents a continual deepening associated with a rapid rise in relative sea

level and marine transgression. 

The zone of maximum flooding: 

The zone of maximum flooding occurs within the Sandsfoot Clay Member and has been 

positioned between 160m and 165m on Figure 2.vi as this probably represents the deepest 

water facies of this sequence. As parasequences could not be identified within this 
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member, it would be unjustifiable to attempt to locate a maximum flooding surface. 

Coe (1995) indicates that the maximum flooding surface should be positioned at the 

lithostratigraphic boundary between the Red Beds Member and the overlying Sandsfoot 

Clay Member. The positioning of a maximum flooding surface at this stratigraphic 

horizon implies that the overlying succession represents the onset of progradation. There 

is no sedimentological evidence to indicate that the Sandsfoot Clay Member was deposited 

within shallower water than the underlying Red Beds Member. 

The highstand systems tract: 

Due to an absence of parasequences, the sedimentological identification of the highstand 

systems tract of Sequence 5 is again unjustifiable (based on facies analysis alone). 

Regional data (Coe, 1992) does not give any indication of a highstand systems tract that 

could relate to the top part of the Sandsfoot Clay Member. 

2.3.6: Sequence 6 

Sequence 6 consists of the Sandsfoot Grit Member, the Ringstead Waxy Clay Member and 

the Osmington Mills Ironstone Member (between 66.6m & 74.8m on Fig.2.vi). 
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2.3.6a Sequence 6: Sequence boundary 

A type-} sequence boundary, that formed as a result of a period of forced regression, is 

positioned at the lithostratigraphic boundary between the Sandsfoot Grit Member and the 

underlying Sandsfoot Clay Member (at 66.6m on Fig.2.vi). Its erosional characteristics 

have been described in Section 2.2.5b. The field and biostratigraphic evidence clearly 

indicate an abrupt fall in relative sea-level and a subsequent basin ward shift in facies belts. 

Deposition during a fall in relative sea-level and subsequent lowstand has resulted in the 

deposition of a "detached" lowstand systems tract (Section 2.3.6c). This lowstand systems 

tract (Sandsfoot Grit Member) could represent the "detached" lowstand equivalent of the 

Preston Grit Member (which was identified as an attached lowstand systems tract; refer 

back to Section 2.3.2c and Ainsworth & Pattison, 1994). 

2.3.6b: Sequence 6: Parasequence identification 

The Sandsfoot Grit Member: 

At least one parasequence has been identified within the Sandsfoot Grit Member, relating 

\. 

to the coarsening-up facies succession identified in Section 2.2.5b. It is capped by a thin 

clay layer, which represents a period of non-sedimentation and marine flooding associated 

with parasequence boundary formation. Small sideritic, phosphatic and hollow, tube-like 

iron-oxide concretions are concentrated towards the top of this parasequence (at 69m on 

Fig.2.vi). An analysis of the early diagenetic phases associated with these concretions is 

used to provide further evidence to support the identification of this parasequence (Section 
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3.3.6). A second parasequence may be present above the thin clay layer, but could not be 

clearly identified (e.g. between 69.7m-71.2m on Fig.2.vi). 

The Ringstead Formation: 

The Ringstead Waxy Clay Member and the Osmington Mills Ironstone Member together 

correspond to one shallowing-up parasequence (between 71.2m-74.8m on Fig.2.vi). The 

base of the parasequence is characterised by calcareous clays containing sparse 

ferruginous ooids, sand grains and an impoverished macrofauna (Brookfield, 1978; Coe, 

1995). In contrast, the top consists of sandy, iron-rich, calcareous clays and a diverse, 

shallow marine fauna (Talbot, 1973, 1974; Brookfield, 1978; Wright, 1986a and Coe, 

1995). The upper surface of the parasequence contains abundant marine fauna (refer to 

Section 2.2.6b for details) and is interpreted to represent a period of non-deposition and 

marine flooding associated with parasequence boundary formation. 

2.3.6b: Sequence 6: Systems tract identification 

The lowstand systems tract: 

The Sandsfoot Grit Member is interpreted to represent the lowstand systems tract of 

Sequence 6. This interpretation is based on two key points: 

1. The shoreface succession was deposited after a period of forced regressions as a result 

of an abrupt basinward shift in facies and a fall in relative sea-level. Examples of 
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shoreface sequences prograding over surfaces of forced regression are well documented 

(e.g. sharp-based shoreface sandbodies of the Cardium Formation, Walker & Plint, 

1992). This interpretation is different to that offered for the boundary between the 

Nothe Grit/Oxford Clay Formations (refer back to Section 2.3.2a) because at the lower 

boundary of the Sandsfoot Grit Member, there is clear sedimentological and 

biostratigraphic evidence for an unconformity. 

2. The upper bounding surface of the Sandsfoot Grit Member marks a distinct deepening 

of the depositional environment from shoreface sandstones to deeper water mudstones, 

representing transgression. 

Coe (1995) has interpreted the Sandsfoot Grit Member as representing a transgressive 

systems tract and its lower bounding surface to be an amalgamated sequence boundary and 

transgressive surface. Her evidence for this is based on the large biostratigraphic gap 

(Fig.2.iv) and erosional evidence that occurs at the Sandsfoot Grit Member, Sandsfoot 

Clay Member lithostratigraphic boundary. Based on the limited outcrop, her interpretation 

is equally plausible. 

The transgressive sUrface: 

The transgressive surface of Sequence 6 is positioned at the lithostratigraphic boundary 

between the Sandsfoot Grit Member and the overlying Ringstead Waxy Clay Member (at 

71.2m on Fig.2.vi). The positioning of this surface is based on an abrupt change in facies 

from shallow marine shoreface sediments of the lowstand systems tract to deeper marine 

facies of the overlying transgressive systems tract. Wright (1986a) also indicates that this 
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boundary corresponds to a short lived, poorly developed, stratal/biostratigraphic gap 

(Fig.2.iv) which could indicate a period of sub-marine erosion and non-deposition 

associated with a marine transgression. 

The transgressive systems tract: 

At least the lower beds of the transgressive systems tract occur within the Corallian Group 

sediments. The transgressive systems tract corresponds to the coarsening-up parasequence 

that is equivalent to the Ringstead Waxy Clay Member and the overlying Osmington Mills 

Ironstone Member (between 71.2m-74.8m on Fig.2.vi). 

2.4: Discussion 

Within Section 2.3, the Corallian Group of south Dorset has been divided into six 

sequences with each sequence being further divided into systems tracts and, where 

possible, parasequences. Within this section, the overall significance of the succession is 

discussed in terms of sequence frequency, sea-level falls during a "green-house" period 

and siliciclastic/carbonate partitioning within sequences. 
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2.4.1: Sequence frequency, "green-house" period & facies partitioning 

2.4.1a: Sequence frequency 

The concept of sequence frequency reflecting a eustatic signal has been well documented 

by Van Wagoner et al. (1990) and Mitchum & Van Wagoner (1991). The eustatic signal 

can consist of the addition of sea-level curves of different frequencies and amplitudes 

superimposed onto a curve of average sedimentation rate for a particular basin or different 

parts of a basin. Within the context of this work, sequences are the product of third-order 

relative sea-level changes, on the time scale of 1-10 million years. These sequences are 

divisible into systems tracts and shallowing-up parasequences. Parasequences are thought 

to be the product of smaller scale fourth and fifth order relative sea-level changes on the 

time scale of 10,000-100,000 years, but maybe due to autocyclic processes too, 

particularly in deltaic settings where local cut-off of sediment supply can be dramatic. 

Figure 2.xvii has been modified from Van Wagoner et at. (1990) to illustrate the sequence 

frequency within the Corallian Group succession of south Dorset. Simple sedimentary 

logs illustrating typical systems tracts, have been positioned to show their relationship to a 

relative sea-level curve. An enlargement of this curve is also displayed showing it to be 

made up of periods of parasequence progradation and parasequence drowning. 

Parasequence drowning is associated with a period of non-deposition and the formation of 

a parasequence boundary. The length of time of parasequence progradation and drowning, 

is dependent on its location within a parasequence set and the type of systems tract. 

Generally, the Corallian Group in this field area was deposited during a long term 

sinusoidal relative sea-level rise, that has been punctuated by three periods of shallowing 

(Sequence Boundaries 1, 4 and 5). None of these periods of shallowing resulted in 

prolonged (if any) sub-aerial exposure or were associated by deep fluvial incision. 
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Sequence Boundaries 2 and 3 do not represent a relative sea-level fall, but rather the 

change from a decelerating to accelerating rate of relative sea-level rise. Overall however, 

it is clear that sedimentation rates were in balance with rates of relative sea-level change. 

2.4.1 b: If Green-house" periods 

The amplitude of the different orders of relative sea-level change has varied through 

geological time, with the presence or absence of polar ice caps controlling the higher 

orders of sea-level change (Tucker, 1993). The Phanerozoic has been divided into various 

"ice-house" and "green-house" periods, based on the Earth's glacial record (Veevers, 

1990). : During "green-house" periods, such as the Oxfordian, a lack of polar ice caps 

resulted in small scale relative sea-level changes most likely of the order of, 1 to 10 metres 

amplitude (Tucker, 1993). This contrasts sharply with relative sea-level changes of 10 to 

100 metres during an "ice-house" period (Tucker, 1993). The small scale changes in 

relative sea-level during a "green-house" period could still result in forced regressions 

(Sequence Boundaries 1,4 and 5 on my model) but the degree of offlap would be limited. 

Similarly the duration of sub-aerial exposure associated with a fall in relative sea-level 

would be short and this had obvious consequences for the degree of surface related 

diagenesis (discussed further in Chapter 3 and Chapter 6). 

The lack of periods of prolonged sub-aerial exposure at sequence boundaries within the 

Corallian Group is interpreted as a reflection of a lack of polar glaciation during the Upper 

Jurassic. 

2.4.1c: Facies partitioning 

Facies partitioning within mixed siliciclastic/carbonate sequences has been well 

documented (e.g. Mack & James, 1986; Garcia-Mondejar & Fernandez-Mendiola, 1993; 
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and Osleger & Montanez, 1996). 

During periods of falling sea-level, the landward portion of a carbonate ramp may become 

exposed. Any subsequent siliciclastic sediment supply may overwhelm carbonate 

production and a siliciclastic lowstand systems tract may be established across the old 

carbonate ramp surface (Emery & Myers, 1996). 

Within the Corallian Group succession, facies partitioning is especially apparent within 

Sequence 3 and 5. In Sequence 3, the siliciclastic shelf-margin systems tract is associated 

with a major period of siliciclastic deposition which began within the early Oxfordian. 

The subsequent transgressive and highstand systems tracts were then dominated by 

carbonate deposition. In Sequence 5, the siliciclastic lowstand systems tract is associated 

with a type-l sequence boundary which resulted in a small fall in relative sea-level. 

However, facies partitioning is not apparent in some of the sequences of the Corallian 

Group. In Sequence 4, all systems tracts are pre-dominantly carbonate rocks. This is 

because there was no fall in relative sea-level at Sequence Boundary 3 and thus the 

underlying carbonate beds were not subaerially exposed. Alternatively for this sequence, 

if the transgressive surface had amalgamated with the sequence boundary due to 

wave/tidal ravinement, the lowstand systems tract would have been removed. 

2.5: COllcluding Remarks 

The sequence stratigraphic framework that has been constructed in this chapter, identifies 

high frequency sea-level changes within a succession, by relating depositional 

environments to parasequences, systems tracts and key stratal surfaces. Listed below arc 
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the key points of this chapter: 

1. Field work and facies analysis of the coastal sections around Osmington Mills has 

divided the Corallian Group into six sequences. 

2. Facies and grain-size analyses have identified coarsening-up and fining-up 

parasequences (e.g. within the Upton Member and Bencliff Grit Member, respectively). 

3. Parasequence boundaries have been identified on the basis of, abrupt changes in 

lithology, truncation, hard-ground or ravinement surface development, an increase in 

the abundance of burrowing organisms and fauna and, an abrupt deepening of the 

depositional environment (e.g. hard-ground development at the top of parasequences 

within the Upton Member). 

4. Major transgressive surfaces have been interpreted as representing the first major 

deepening event in each sequence (e.g. the BencHff Grit Member/Upton Member 

lithostratigraphic boundary). 

5. Using only facies analysis, maximum flooding surfaces were unidentifiable, due to a 

lack of clear water depth indicators which made parasequence identification 

unjustifiable. Instead, Maximum flooding zones were defined for each sequence. 

These zones always corresponded to the deepest water depositional environment of the 

sequence (e.g. the Thalassinoides beds of Sequence 3). 

6. Type-! sequence boundaries were identified where there was clear evidence for a 

period of forced regression. All such boundaries were associated with a 

stratallbiostratigraphic gap and were capped by a shoreface facies (e.g. the Sandsfoot 

Clay MemberlSandsfoot Grit Member lithostratigraphic boundary). However, at some 

horizons containing similar features, not enough data was available to unequivocally 

support a facies based, sequence stratigraphic interpretation (see below). 
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7. Type-2 sequence boundaries were identified on the basis of a change in the style of 

parasequences/parasequence stacking patterns and/or where there was no evidence of an 

abrupt offshore shift in facies. This has led to a slight re-positioning of some sequence 

boundaries when compared to previous interpretations (e.g. at the first mudstone bed 

within the Bencliff Grit Member). However, further diagenetic evidence is needed to 

unequivocally support these facies based interpretations. 

Finally, although this is a new, higher resolution interpretation of the Corallian Group 

succession, it is recognised that within the limitations of the work and the current coastal 

exposures, only a relatively small amount of section was analysed. Therefore throughout 

this Chapter frequent reference to previous interpretations (and regional data) has occurred 

and, where necessary, more than one explanation has been offered (e.g. the Nothe 

GritJPreston Grit boundary). This research has attempted to provide a high resolution 

sequence stratigraphic model for the Corallian Group of south Dorset, using a similar 

approach to that established by Van Wagoner el al. (1990). There is no doubt however, 

that this approach can not be applied as easily as in the examples from Van Wagoner et al. 

(1990). The main reasons for this are: 

• difficulty in clearly defining parasequences due to a lack of clear relative water depth 

indicators. This is probably due to the relatively protected nature of the shoreface 

sediments; 

• a difficulty in clearly defining some stratal surfaces (for the same reasons as stated 

above); and, 

• relatively poor quality, non-continuous exposure. 
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Clearly, the identification of some stratal surfaces and units requires further work and in 

Chapter 3, an analysis of early diagenetic phases is used to help resolve sequence 

stratigraphic arguments. Listed below are some of the key areas where early diagenesis 

will be used to help resolve these arguments and following each point, is a brief 

description as to why and how early diagenetic analysis will be utilised; 

• parasequence identification within the Nothe Grit Formation. It is clear that the small 

scale cycles (?parasequences) that are present within this Formation are controlling the 

distribution of septarian concretions. A diagenetic analysis of these concretions may 

help to support a parasequence based model; 

• systems tract identification of the Nothe Grit Formation. Similarly a comparison of the 

volumes of key authigenic phases within the septarian concretions, may help to resolve 

whether relative sea-level was rising or falling and thus what systems tract the 

formation is likely to represent; 

• parasequence identification within the Nothe Clay Member. A similar investigation to 

the Nothe Grit Formation will be implemented; 

• identification and positioning of the sequence boundary at the base of the BencHff Grit 

Member. Changes in the volume of key early diagenetic cements may be linked to 

changes in sedimentation rates and the amount of available accommodation space, both 

of which should vary around sequence boundaries ; 

• identification of parasequences within the BencHff Grit Member. Early diagenetic 

concretions appear to be controlled by small scale cycles (?parasequenccs). A 

diagenetic analysis of these concretions may help to support a parasequence based 

model; 

• identification of parasequences within the Upton and Shortlake Member. Early 
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diagenetic cements appear to be controlled by small scale cycles (?parasequences); 

• identification and location of the sequence boundary within the basal beds of the 

Shortlake Member. An analysis of the volumes of key early diagenetic cements may 

help to resolve this; and, 

• identification of parasequences within the Trigonia Clavellata Formation and Sandsfoot 

Grit Member. Early diagenetic cements/concretions appear to be controlled by small 

scale cycles (?parasequences). 

These points are discussed further in the following chapter. 
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Fig. 2';: The location of Osmington Mills (also enlarged). Sands foot Castle & Ringstead Bay 
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Fig.2.vi: Sedimentary togs and suggested equence tratigraphy interpretation of the Corallian Group of south Dorset (lithostratigraphy & field locations of logs 
as for Fi .2.v) 
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F ig. 2. vii: The Nothe Grit Formation (NG), Preston Grit Member (pG) & the Nothe Clay Member (NC) 
White arrows indicate the tops of coarsening-up parasequences (p.S) within the Nothe Grit Fm. 
In this interpretation, the Nothe Grit Fonnation represents a HST. Red arrows indicate position of a 
sequence boundary interpreted to have fonn ed as a result ofa period of forced regression. 
Alternative explanations indicate that it represents a transgressive surface. 

The overlying Preston Grit Mb. represents a LST (or TST ?) & a shallow upper shoreface 
environment. Blue arrows indicate position of a well developed transgressive surface. 
The lower Nothe Clay Mb. represents a deeper water depositional environment and the 
basaJ beds of a transgressive systems tract. 
(see Sections 2.2.1, 2.2.2, 2.3 .1 & 2.3.2 for further and alternative explanations). 

Location: Red Cliff S. Y. 7 J 58 J 4 (For scale, cliff section is approx. J 5m in height 
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A: Forced regression (after Walker & Plint, 1992) 
Sharp base interpreted to be the result of progradation 
due to a relative sea-level fall. This would cause wave 
scouring of the inner shelf, resulting in shoreface 
progradation over an erosive surface 
(e.g. the Cardium Formation of Alberta) 
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B: Ravinement surface (after Reinson, 1992) 
As an upper shoreface zone moves landwardand upward 
during continued transgression, it will erode barrier wash
over and lagoon facies to form a planar erosive surface 
(ravinement surface) upon which the redistributed lower 
shoreface-inner shelf sands are deposited. 

Fig.2.viii: Two alternative interpretations for the Nothe Grit/Preston 
Grit lithostratigraphic boundary 



Fig. 2.i:'(: Bencliff Grit Member (BG), Upton Member (UM) & Shortlake 
Member (SM). Black arrows indicate parasequence tops, blue 
arrows indicate position of transgressive surfaces & red arrows 
indicate position oftype-2 sequence boundaries. White arrows 
indicate the position of a confonnable and laterally erosive 
surface that has been attributed to lateral accretion of tidal 
inlets or tidaUwave ravinement. 
Bencliff Grit Member represents a shelf-margin systems tract, 
the lower Upton Member represents a transgressive systems 
tract and the upper Upton Member & lower Shortlake Member 
(up to the type-2 sequence boundary) represents a highstand 
systems tract. The overlying beds of the Shortlake Member 
represent a shelf-margin systems tract of Sequence 4. 
(see Sections 2.2.3, 2.2.4, 2.3.3 & 2.3.4 for further explanation) 

Location: Frenchman's Ledge 
s.Y. 739814 (For scale, the cliffsection is approx. 15m in 
height 
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surface 

Fig. 2.x: Top heterolithic bed of Bencliff Grit Member. 

CR 

Note current ripples (CR), wave ripples (WR) & 
Rhizocorallium irregulare (R). Note that in this 
example Rhizocorallium burrows are foreign to the 
Bencliff Grit Member, & penetrate down from the 
overlying Upton Member. A transgressive surface i 
positioned immediately above thjs bed, as located by 
the bl ue arrow. 

The BencliffGrit Member represents the shelf-margin 
systems tract of Sequence 3 

(see Section 2.2.3 & 2.3 .3 for further explanation) 

Location: Bran Ledge . Y. 743 13 (For s at . th 
com pas Iclinometer i 1 Omm in len th) 
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Fig. 2.x;: The lower beds of the Shortlake Member at Bran Point. White arrows indicate lithostratigraphic boundary/lower conformable surface 
which relates to lateral accretion of tidal inlets/tidal or wave ravinement. Blue arrows indicate the position of the type-2 sequence boundary 
that separates Sequences 3 and 4. Red arrows indicate position of the transgressive surface of Sequence 4. Black arrows 
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An annotated sketcb log of the field-slide is also displayed on the rigbt, indicating the positions of the key stratal surfaces. 

(see Sections 2.2.3, 2.2.4, 2.3.3 & 2.3.4 for further and alternative explanations) 

Location: Bran Pomt S. Y. 1-1 (For scale, the c1i!fseclion is approx. 5m in height 



Fig. 2.x;;: Lateral variations within the lower Shortlake Mb. (SM). 
Black arrows indicate position of a conformable (middle-ground ) & 
erosive (back-ground) surface, which represents a surface of tidal inlet 
lateral accretion or wave/tidal ravinment. Blue arrows indicate the position 
of the transgressive surface of Sequence 4, which is also visable in the 
fore-ground. Note the location of a normal fault in the middle-ground of the 
phorograph. Photograph taken looking west. 

(see Section 2.2.4 & 2.3.4 for further explanation) 

Location: Bran Point S. Y 74-181 
25-30m in height, . 

I iff sect ion in background is approx. 
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F ig. l.xiii: Lower Shortlake Member at Black Head. Note mud drapes (MD) & large scale trough cross
laminae (eL) that indicate a north-westerly current flow direction 

MD 

This bed represents the top of one parasequence and is the lateral equivalent of parasequences within 
the lower Shortlake Member at Bran Point (F ig. 2.x). 
For scale, trowel is O.25m in length. See Section 2.2.4 & 2.3.4 for further explanation. 

Location: Black Head S. Y. 728819 



ig. l.xiv: Cartoon to show lateral variations within the lower part of the Shortlake Member. Erosional surface could relate to 
either tidal inlet accretion or tidaVwave ravinement. (Not to scaJe) 
(Black Head, Osmington Mills & Bran Point relate to coastal locations where different facies types are found) 
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Fig.2.xv: Sheet carbonate bed within the upper Shortlake Member. These beds 
represent a marine shoal, equivalent to a middle shoreface environment. 
Note wave ripples (R) which indicate a NW-N/SE-S flow direction & low angled 
planar cross-beds (P) which indicate a dominant accretion direction towards the N-NW. 
(see Section 2.2.4 & 2.3.4 for further explanation). This bed is equivalent 
to Arkell's (1947a) "upper white oolite bed" , 

Location: Black Head S. Y 728819 (Thickness between P & R is a.5m,. 



Red Bed Member 
r pre enting the mid- j 

upper beds of the 
tran gressive 

terns tract of 
equence 5 

mef hell Beds 
Member 

repre enting the 
b al beds of the 

tran gressive 
terns tract of 
equence 5 

andy Block 
Member 

repre enting the 
I w tand systems 
tract of Sequence 

5 

Fig.2.xvi: Nodular Rubble Member (N) & Trigonia Clavellata Formation 
(consisting of the Sandy Block Member (S) Chief She)) Bed M mb r 
(C) and the Red Beds Member (R)). A type-] equence boundary that 
formed during a period of forced regression (blue arrow) parate 
the Nodular Rubble Member of Sequence 4 form the overlying 
Sandy Block Member of Sequence 5. Note the irregular natur ofthi 
surface. Within Sequence 5, a transgressive surface eparate th 
lowstand systems tract (Sandy Block Member) from th ba al bed of 
the transgressive systems tract (Chief Shell Beds Member . 

(See Section 2.2.5 & 2.3.5 for further explanation) 

L cation: Black Head . Y 72 19 (I liff Ii n in ba k-gr und i ' 
approx. j Om in height). 



P.S. _ 
boundary 

Sequence 2 
composed of:-
Preston Grit Formation 
Nothe Clay Member 
lower 1 m of Bencliff Grit Member 

type-2 sequence 
boundary -1-0-:-"0-0 7 .... 

transgressive 
surface ___ J---:i=~ 

sequence ____ r~~~~ 
boundary 
(forced regressive 

HST 

TST 

LST 

surface) 

~ 

Sequence 
1 

I 
I 
I 
I 
I 
I 
I 
I 
I 

P.S. _ I & x_' HST 
(or LST ?) boundary 

Sequence 1 (pars) 
composed of:-
Nothe Grit Formation 

Sequence 4 
composed of:-
Shortlake Member (mid - upper) 
Nodular Rubble Member 

sequence 
boundary_~ 
(forc~ 

regressIve 
surface) 

transgressive 
surface - I\:. !', !',o!/ 

HST 

TST 

SMW 

'
:i:i:i~" 

type-2 sequence ·i;:;!l·,t7 

bounda~ ~~~~ 
Ll5\ 
f' ~I 

I 
I 

forced 
regressive 

relative sea-level 
curve (not to scale) 

forced 
regressive 

surface ~ 

\,"\5\ 

\.,.S-1\ 

average 
sedimentation 
rate 

surface :\ I \-'0 

sequence ~. ~I 
boundary l- - ~ 

(forced regressrve---·-
surface) 

transgressive 

(LST) 

HST 

TST 
surface - I. I '1) L S T 

sequence 
boundary Sequence S 
(forc~ composed of:- . 

regressIon) Trigonia Clavellata Formatron 
Sands foot Clay Member 

drowning i 

progradation 

1 , , 
~-~ 
, 1 

--""1- 1 , , 
1--~ , 
1 , 

drowning --..,:~ : , , 
,--- ------{ 

progradation I : 
blOW-Up of relative 
sea-level curve 
showing progradation 
and drowning of 
individual parasequences 

_oJ 
drowning , I 

~pe-2 ~I--.-. ~~~ 
sequence 
boundary 

transgressive 
surface ---

~pe-2 --
sequence L-~ 
boundary 

Sequence 3 
composed of:-

HST 

TST 

SMW 

Bencliff Grit Member (upper Sm) 
Upton Member 
lower Shortlake Member 

Fig. 2. xvii: The interaction of relative sea-level & average sedimentation rate within the Corallian Group of south Dorset 
Each sequence is represented by a mini-log 
Also shown is a blow-up of the relative sea-level curve to show parasequence progradation & drowning 

(see Section 2.3.1 a for further explanation) 



Sequence lithostratigraphic range 

6 a.-s-.t.6dOd .......... ~~ .... ., .. o...ow----
5 -5-'1-_ ...... -aor-
4 .... --_bodC"'_~ ...... 

................. -
.... al __ bodol ___ C_ 

3 
1 .. _ .. _ ....... -" .. __ --..... ("' .. _-

1 -"'--_ ...... "'-_ ..... .. _--
1 ~ JaIl .... ., .. "....011 ...... 

- ---

Sequence boundary Systel1l5 tracts & stratal surfaces 

LSTISMW .epth 
Appns. Tn·sveatw Appres. 

TST.epth Appro .. Dthootnt. MrLdeptio 
A,pnx. MI'S 

Type EvI'eBce Deptlo* lItheltnt. .. If..,. .eptlo Dtheltnt. lItheltnt. 
n.ge(.) 

... _Iewt (BI) .... IYaIe .. 
n.ge(BI) eq.IYaIeBt nage( .. ) 

e«.lYalellt 
preteIIt! 

_lid ... ,...-
l7PH 

...--.01 ............ -<-1<- ,,-a..n...z. --- n.- ~w.., 
7l.2a-(~"'" 74.~ 

.._ .. _"' .. .. .,.... ... .. -....-.. -.p) aor- ~p--
"'--..., ..... -,. 

CIooof ___ 

.... 6-" ...... ll.la<-l<_ 5-'1--- IledBedl: ................ --aor .,..., --....-. .. 6_-... 51_ 5-'1-- .... --- ,..- -- • ........ ) -'._"'-a.y -...,. (Ceo, 1995) -..., ..... -" --
--"' ...... -..... --- ~ .. n.-I .,...1 ....... ..... Noc:lllatF ... 

lI.6oI <-1<- :IUIHl_ 
__ .... bodC'" 

41_ ..,"' .. _- 41'-?:lOIo c-.. _-- ~'I!Il"'" ---...---.. -) "--.oj ......... bodj .... _-.... --
--"' .... --.. -- --~-.,...1 ............ -.......... 24.2a ~19'-

~,.rtI. .. a-:Itf 
19'- -- a..Je.m,.. -- ... .--- .-........ ..,.."'..- -- CUP'-_ ...... -_ .... -..., ... -,. 

--.,..., __ 01_-, 
11 .... ll .... n. --- lZ300 aor- U.9la-ft7~ -"-"'-aor ft7..:t.-m.._ 

_aor_ .---.. -....- --...... -,. 
... ..--.. ... ..--.. -..--" -..--.. ... ..--... ... .. ... ... ...,.... .. ... 
~"'- ~"'- ~"'- ~"'- "'-

• UnJess otherwise stated. the &pth of the sequence boundary relates to the Bran Point outcrop. All depths connected with a particular sequence (unless otherwise stated) refer to the same 
outcrop. 
N.B. For simplicity, the starting depth (Om) for the whole succession is based on the lowest occurrence of the Nothe Grit Formation, at the Bowleaze Cove outcrop. 1be starting depth at the 
Bta;;k Head outcrop is estimated at 34.6m of the Bran Point outcrop (which accounts for the do~g seen at the base of the Shortlake Member. 
1 Denotes where the actual depth of a stratal surface or the boundaries of a stratal unit are undefmed. 

TABLE 2.; Summary of sequence stratigraphic model for the Corallian Group of south Donet (based on facies analysis) Page 1 of 2 



MqDftKe UthostratiEraphic ranEe Parasequences Comments 

"ST •• ,t .. AppAL N •• toer 
nagr< .. ) Uthectnt. 

.... UIW 
Typn ldeaUfIH Deptll nBKft 

.... ha ... t 

6 .... ~Od: ................. ., .. ... ,.--.. n 2,,-.,,S .---.. 66. ..... ,. .. ~, ....... 

~ ... -- ~o.-. 
I 

...-.,-- ......... 011 .....,. _ .. ....,,-
5 -....,,-_ ..... -ao,- -- -(.-<-.1) n n 

... __ bo_ .. .-"._-, 
ao,- ___ 1DOCWId ... ~~ 

4 
1op ___ ..... <01_~ ..... -- ...-.,-- 4 .- 31._ ...... I.-.lm,44.t-I'/.loI,.., .lao 

__ -""'01 __ ---- -- e.1& _ .. _-
... 01 __ ..... "' ___ <_ 

?lUIa (!!no- ---_ .. ' ....... ('SMWl.. 31~~:::::~ ---""''''---J 1 ... _ ... _ ....... -" .. -- _)---t-* --- 7 
__ (T5Ta 

p. .. II: m.:t s..I.,...35-'-) a ........ .,. 
~ .. m.m .... 

--..... /fII .. -~ -_I 1IS'l) \WIO....-p. .... _-.l>.-
3I.doo). 

Coo(l~_ .... _ ....... -, 

-01_--..... 01-_ ...... __ ..,.oI_ao, _ .. __ ._a __ 

2 .. _-- m._zu. ....,.. ...... L .... S .---..., 11 ... u..,.,.12. ... 17."..22.~~ _....-.TS_ .. -,,_ --- .. _ ..... _ao,_-MPS. 

Coo (1""""_" •. (19911_"" 
1 .. _"_01 .. __ .- "'11." _o.a._ 

2 ---... ~a..-.... _ 
Jic6e~P ___ "'- _LST .... -........ .-,.--". 

TABLE 2.i Summary of sequence stratigraphic model for the Corallian Group of south Donet (based on facies analysb) Page 2 of 2 



Chapter 3 

3: Early Diagenesis & Its Relationship To Sequence Stratigraphy In 

The Corallian Group 

3.1: Introduction 

Aims & principles: 

This chapter aims to evaluate the application of early diagenetic analyses in the 

construction of a high resolution sequence stratigraphic model for the Corallian Group. 

Field samples collected around key stratal surfaces and within key lithological horizons (as 

defined in the Methodology, Section 1.3) along with a range of analytical techniques have 

been used to create a petrographic dataset. It should be noted that sampling was not 

carried out within the clay-rich facies (which constitute approximately 32% of the 

Corallian Group) due to the high probability of later diagenetic over-printing by clay 

authigenesis and organic reactions. 

Within the chapter, the early diagenesis of the Corallian Group will be broadly discussed, 

followed by an interpretation of the relationship of early diagenetic fabrics in an attempt to 

resolve, or provide further evidence in support of the facies related sequence stratigraphic 

framework outlined in Chapter 2. Hence, diagenetic sampling was concentrated within 

key stratal units and at key stratal surfaces. 
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Berner (1981) has defined the factors which control early diagenesis. Of particular 

importance, is the depositional environment, the organic content of the sediment and the 

sedimentation rate (Curtis, 1987) as well as the composition of the depositional pore

water, especially its sulphur, oxygen (Berner, 1981) and iron content (Curtis, 1987). The 

effect of changes in relative sea-level is of particular importance because this ultimately 

controls the basinward or landward movement of early diagenetic zones (Tucker, 1993; 

Taylor et ai., 1994; McKay et ai., 1995). Changes in relative sea-level are also responsible 

for the sequence stratigraphic architecture of nearshore sedimentary successions. 

Previous interpretations: 

Various aspects of the diagenesis of the Corallian Group across southern England have 

been studied by Wilson (1966, 1967); Talbot (1971); Fiirsich (1973); Chowdhury (1982); 

Milodowski & Wilmot (1984); De Wet (1987) and Sun (1990). 

Wilson (1966) was the rust to report the presence of early diagenetic cements (especially 

calcite) within the Corallian Group. In his regional study of silica diagenesis in Upper 

Jurassic limestones (Corallian Group and Portland Group), he notes a distinct lack of 

silicification within the Corallian Group (despite their high sponge spicule content). This, 

he suggests is due to early calcite cements effectively reducing porosity prior to the phase 

of silica authigenesis. 

In a later paper, Wilson (1967) classifies fossil shell fabrics within Jurassic limestones of 
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southern England. Wilson provides a model in which he identifies three types of fossil 

shell fabric (Type I - Type III). Type I fabrics show inclusion rich aragonite replacement 

calcite; Type II, inclusion free aragonite replacement calcite; and Type III, aragonite 

dissolution. Within the Corallian Group coastal successions, Wilson identifies a 

relationship between these and their host sediment. Type I fabrics are associated with 

large quantities of siderite (Wilson cites the Red Beds Member as an example - refer to 

Chapter 2, Fig.2.v for lithostratigraphic location); Type II fabrics are found in severely 

recrystallised limestone with very little or no siderite (Wilson cites the Chief Shell Beds 

Member as an example - refer to Chapter 2, Fig.2.v); and Type III fabrics are associated 

with pure limestone (Wilson cites the lower beds of the Upton Member as an example -

refer to Chapter 2, Fig.2.v). Wilson suggests that within the Corallian Group especially, 

variations in the fabrics are due partly to "an unusual mineralogy" and are also related to 

"earth movements" or folding of beds at Bran Point where similar diagenetic fabrics have 

been identified within deformed veins.· 

Talbot (1971) presents a general study of calcite cements within the Corallian Group 

outcrops from the coastal successions of Dorset to inland exposures of Oxfordshire. This 

is one of the earliest papers to relate diagenetic products to changing diagenetic 

environments. In his paper, he identifies three generations of "sparry calcite" which are 

distinguishable by variations in cement fabrics, and differences in artificial staining 

colours. 

According to Talbot (1971), non·ferroan calcite is the first generation cement and is 
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interpreted as having precipitated as a result of subaerial exposure of unconsolidated 

carbonate'sediments. The next generation of cement is fibrous ferroan calcite. Talbot 

suggests four possible origins for this cement fabric: (i) a result of subaerial exposure; (ii) 

sea·floor precipitation; (iii) as a pseudomorph after fibrous aragonite, and (iv) precipitation 

within the shallow burial environment after the sediment had become sufficiently buried to 

isolate it from the subaerial and submarine depositional environments. The final 

generation of cement is granular ferroan calcite, which Talbot has reported to be the result 

of later burial diagenesis. Talbot shows that the ferroan cements have a widespread areal 

distribution, while the non·ferroan cements are more restricted. 

Fiirsich (1973) provides an interpretation of the origin of the nodular limestones that occur 

within the upper Upton Member (refer to Chapter 2, Fig. 2.v for lithostratigraphical 

location). Fiirsich suggests that during early diagenesis, organic material (or mucus) lining 

Thalassinoides burrows acted as a nucleus for calcium carbonate precipitation - a theory 

that is now well accepted for the formation of similar concretionary beds (see Fleming, 

1993). 

The next three studies by Chowdhury (1982), Milodowski & Wilmot (1984) and De Wet 

(1987) have all used outcrop and subsurface data from the Corallian Group around the 

Oxfordshire and Berkshire area. 

Chowdhury (1982) documents the variation in diagenetic environments of the Osmington 

Oolite Formation of the Oxfordshire·Berkshire area (refer to Chowdhury, 1982· figs.l & 
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2 for geographical and stratigraphical locations). Using petrographic and geochemical 

analysis, Chowdhury shows that the diagenetic environment changed from a dominantly 

marine phreatic, through a fresh-water phreatic to a dominantly vadose environment. 

Chowdury suggests that the changes in diagenetic environments are a consequence of 

tectonic uplift following the deposition of the Coral Rag Member (refer to Chowdhury, 

1982 - figs. 1 & 2 for stratigraphical location). 

Milodowski & Wilmot (1984) investigate bore-hole material from the Horwell Research 

Site of south Oxfordshire and use this to determine how diagenesis influenced porosity 

and permeability evolution within the Corallian Group in the subsurface. They identify 

several phases of cementation, including calcite, pyrite, dolomite and silica, as well as 

phases of dissolution and compaction. In their model, they divide the Corallian Group into 

the upper calcareous sandstones and limestones and basal siliceous muddy sandstones 

(refer to Milodowski & Wilmot, 1984 - fig.1 for their lithological division). 

Each of Milodowski & Wilmot's (1984) units underwent a different diagenetic history. 

The lower unit under-went early precipitation of iron sulphides. This was followed by 

precipitation of ferroan dolomite once sulphate diffusion had declined. Prior to 

compaction, opal, zeolite and smectite were precipitated and after compaction, minor late 

stage feldspar overgrowths formed. In contrast, the upper unit under-went early skeletal 

aragonite dissolution resulting in the creation of mouldic porosity. This porosity was 

subsequently infilled by non-ferro an or mildly ferroan calcite and micritic precipitates. 

This was followed by early precipitation of bladed ferroan calcite and pyrite precipitation. 
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Later, deeper burial diagenesis then followed in the form of compaction, stylotisation and 

the precipitation of authigenic clays. 

Unfortunately, Milodowski and Wilmot (1984) do not interpret these products in terms of 

changing diagenetic environments (although they do make reference to the marine 

diagenetic environment when describing the diagenesis of the non-ferroan to mildly 

ferroan calcite). However, they do make the point that the paragenetic histories of both 

units had marked effects on the porosity and permeability of the different lithologies. 

De Wet (1987) uses Chadwick's (1986) tectonic interpretation for the Wessex Basin as a 

framework for a petrographic and analytical study of the Corallian Group around the 

Oxford area (summarised in Table 3.i). In her model, De Wet identifies three phases of 

cementation - an early pre-burial, a shallow burial and a deep burial, which are influenced 

by depositional trends. 

The first phase includes marine precipitates and non-ferroan, neomorphic and drusy spars. 

The secqnd phase includes equant granular ferroan calcite spar and syntaxial overgrowths, 

with marine oxygen isotopic signatures similar to those of phase one. During burial of 

these two phases, pore-waters moved along conduits created by coarser grained sandstones 

and grains tones in a fresh-water phreatic system. Geochemical evidence led De Wet to 

suggest that the meteoric input may not have been isotopically very different from sea

water. Finally, early Cretaceous regional uplift exposed the Corallian strata to 

undersaturated meteoric water, initiating the final phase of vuggy dissolution followed by 
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later blocky poikilotopic calcite. 

In the most recent paper on Corallian Group diagenesis, Sun (1990) describes the 

relationship between facies and diagenesis in the Osmington Oolite Formation of south 

Dorset (refer to Chapter 2, Fig.2.v for lithostratigraphical location). He accounts for his 

results within the context of one transgressive-regressive cycle of his sea-level model 

(Table 3.ii) (refer to Section 2.1.3 for a review of Sun's sea-level model). 

The dominant cements within Sun's transgressive sequence (equivalent to the Upton 

Member) are early columnar isopachous ferroan calcite and pervasive strongly ferroan 

equant calcite, both of which have a dominantly non-zoned dull luminescence. Sun 

suggests that this represents a change from a marine phreatic diagenetic environment into a 

low-oxygen, deeper burial connate zone. 

Within his regressive sequence (equivalent to the Shortlake Member and Nodular Rubble 

Member) Sun identifies early columnar isopachous calcite cement fringes as well as 

extensive leaching of formerly aragonitic grains, collapsed micrite envelopes and a 

pervasive, zoned, brightly luminescent mildly ferroan to non-ferroan calcite cement. Sun 

interprets this paragenesis as representing replacement of marine phreatic pore-water 

(precipitation of early columnar isopachous calcite) by meteoric pore-water, which 

dissolved unstable grains and precipitated non-ferroan carbonate cements in a sub-oxic 

environment. 

136 



Chapter 3 

The descriptions and interpretation presented in this chapter differ from previous studies 

because:-

• they provide an integrated study of the whole succession (siliciclastic and carbonate 

units); 

• the emphasis (particularly in Section 3.2) is on establishing a link between the 

processes and products of early diagenesis specifically within a high resolution 

sequence stratigraphic framework, rather than simply investigating the causes of 

diagenesis within the Corallian Group. 

Organisation: 

In Section 3.2, I provide a detailed petrographical and analytical description of all early 

diagenetic products within the lithostratigraphic nomenclature of the Corallian Group, 

which broadly fall into the categories: glauconite, phosphate (apatite), pyrite, calcite, 

dolomite and siderite. Within this section, additional published data is also highlighted. 

Following this (in Section 3.3) early diagenetic products are interpreted and used to 

support (or refute) the facies based sequence stratigraphic model proposed in Chapter 2. 

Therefore each early diagenetic product will be interpreted as a factor of:-

• the depositional environment; 

• the composition of the depositional pore-water; 

• the sedimentation rate; 

• the iron and organic content of the sediment; 

• changes in relative sea-level; and, 
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• providing support or rebuttal of facies based sequence stratigraphic interpretations 

offered in Chapter 2. 

Where possible, comparisons with previous work (especially the analytical data of De 

Wet, 1986 and Sun,1990) will also be assessed. 

3.1.1: Detrital mineralogy 

Within the context of this chapter, only a brief qualitative outline of the detrital mineralogy 

will be discussed here (with reference to the inferred depositional environments as defined 

in Fig.2.v & Fig.2.vi of Chapter 2). 

3.1.la: Shoreface sandstones 

Detrital grains within the siliciclastic shoreface sandstones of the Nothe Grit Formation, 

Preston Grit Member and Sandsfoot Grit Member (between Om-12.7m & 67.7m-7l.lm on 

Fig.2.v) are dominated by very fine to medium grained subrounded quartz, rare feldspar 

and matrix, classifying them as dominantly sub-arkosic arenites. The matrix within the 

shoreface sandstones of the Sandsfoot Grit Member was revealed by preliminary XRD 

studies as being iron-rich (results not included within thesis). Bioclastic debris (the 

majority of which has been neomorphosed or replaced) is also present. 
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3.1.1b: Siliciclastic shelfal deposits: 

The siliciclastic shelf deposits of the Nothe Clay Member and Sandsfoot Clay Member 

(between 12.8m-23m & 58.2m-66.5m on Fig.2.v) are dominated by silt sized quartz grains 

and fine grained replaced or neomorphosed bioclastic debris. 

3.1.1c: Tidal flat shoreline sandstones: 

These sandstones of the Bencliff Grit Member (between 24.2m-29.2m on Fig.2.v and 

Fig.2.vi) are texturally and compositionally sub-mature and dominated by fine grained 

subrounded quartz, classifying this rock as a quartz arenite. Feldspar and detrital clay are 

rare within these sandstones which still retain excellent primary porosity and permeability 

and are oil stained. Bioclastic debris (the majority of which has been neomorphosed or 

replaced) is rare, and concentrated within large (up to 1m in diameter) spherical and oblate 

carbonate concretions. The finer grained heterolithic layers which separate each 

sandstone, are dominated by silt sized quartz grains and detrital clay. 

3.1.1d: Shallow marine and shelf carbonates: 

The detrital mineralogy within the shallow marine and shelf mudstone to grainstone 

carbonate units of the Upton Member, Shortlake Member and Trigonia Ciavellata 

Formation (between 29.2m-33.4m, 39.4m-49.1m & 52.2m-58.3m on Fig.2.v) is dominated 

by bivalve, gastropod and echinoderm debris, along with rare occurrences of foraminifera 
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and corals. The bivalve and gastropod debris may be either unaltered and/or replaced; this 

being dependant on the original mineralogy - calcitic material generally remaining 

unaltered. Other allochems identified are peloids, intraclasts and ooids. The 

Thalassinoides Beds and Nodular Rubble Member (between 33.4m-39.4m & 49.lm-52.2m 

on Fig.2.v) also contain a patchy micritic matrix. 

Well developed micrite envelopes that have been precipitated around bioclastic allochems, 

are a common feature within all of the shallow marine carbonate sands. However, where 

these occur around aragonite bioclasts which have subsequently dissolved, the micrite 

envelopes have often collapsed and broken. Features associated with aragonite dissolution 

are common within all of the carbonate facies analysed in this research and will be 

discussed further in Section 3.2 and Section 3.3. However, it is important to stress that 

collapsed micrite envelopes are found within all carbonate beds and not just the Upton 

Member as previously stated by Sun (1990). 

3.2: Description of early diagenetic products 

3.2.1: Procedure 

The criteria, sampling procedure and methodology for each of the analytical methods used 

in this thesis are described in detail in the appendices (Appendix 1 describes the methods 

used in the petrographic analysis; Appendix 2 describes the methods used in the X-ray 
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diffraction analysis; Appendix 3 describes the methods used in the stable isotope analysis; 

and Appendix 4 describes the cathodoluminescence study). Initially, samples were also 

viewed with the aid of a scanning electron microscope, but it was decided that this type of 

analysis was not relevant to the proposed study and so was discontinued. 

Petrographic analyses: 

Detailed petrographic analyses (transmitted light and scanning electron microscopy) was 

performed on seventy samples extracted from cemented beds, non-cemented beds and 

concretionary bodies throughout the vertical (and lateral) extent of the studied Corallian 

Group with specific emphasis on key stratal surfaces and units (Fig.3.i). Fifty-eight thin

sections were stained for carbonate using Dickson's staining technique (1966), point 

counted using' a "Swift Model F" electronic counter, assessed for early diagenetic phases 

and photographed. The results are plotted in Figure 3.ii. 

Cathodoluminescence: 

Cathodoluminescence (using equipment at Camborne School of Mines) was performed on 

seventeen polished thin-sections cut from hand-specimens that contained examples of all 

early diagenetic products (Fig.3.i & Table 3.m): This was used to confirm (i) the 

singularity of the cement phases that was to be analysed isotopically and (ii) to assess each 

phase in terms of its luminescence. Cement types are described as either non-luminescent, 

dull luminescent, moderately luminescent, brightly luminescent or a combination of these. 
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The presence or absence of zoning is also noted. 

Stable isotopes: 

Examples of all concretionary calcite, ferroan fringing calcite, ferroan equant calcite, non

ferroan equant calcite, concretionary siderite and siderite cement were isolated and 

extracted from 15 samples (Fig.3.i) using a scalpel and micro-drill, and were further 

analysed by X-ray diffraction to detect singular or multiple precipitates (x-ray diffraction 

plots are included within Appendix 2). The extracted cement phases (between 90 - 100% 

pure) were analysed at the Postgraduate Research Institute for Sedimentology Isotope 

Laboratory at Rea~ing University, where oxygen and carbon isotopes were extracted and 

measured (Table 3.m & Fig.3.iii). All carbon and oxygen isotopic data are reported in the 

standard o-notation relative to the belemnite Belemnitella americana from the PeeDee 

Formation (PDB, Craig, 1957). The reproducibility of 013C and 0180 values for a random 

calcite sample within each batch of samples was ± 0.05%0 and ± 0.07%0 respectively. 

X-ray diffraction: 

Finally, it should be noted that the XRD results support the identification of all carbonate 

cements discussed in this section. XRD results will not be discussed in detail here because 

they are only qualitative. However as mentioned above, the results can be found within 

Appendix 2. 
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3.2.2: Glauconite 

Minor, (up to 6.6% total pore filling volume1
) small, (average size is between 0.25mm and 

0.5mm) peloidal and pore filling glauconite is present throughout the Corallian Group 

successions (although in many of samples, the resolution of the point counting technique 

was unable to distinguish its presence). Glauconite is more common within the higher 

energy siliciclastic facies, such as the tidal flat shoreface sands of the BencHff Grit 

Member (sample numbers 30, 32, 34 and 36 on Fig.3.ii) and the prograding shoreface 

sands of the Sandsfoot Grit Member (sample numbers 111-120 on Fig.3.ii). 

3.2.3: Phosphate (apatite) 

Minor apatite (up to 5% total pore filling volume) is only present within the siliciclastic 

prograding shoreface sands of the Sandsfoot Grit Member (sample numbers 111-120 on 

Fig.3.ii). It occurs as small spheroidal and oblate pellets, as laminae within ooids and as a 

pore filling cement. Individual pellets range in size from 0.1 to O.Smm. 

I Through-out this chapter, each diagenetic phase is expressed as a percentage of the total pore filling 
volume of the sediment. The percentage pore-filling volume of each diagenetic phase is a calculation of the 
arithmetic mean of all occurrences of that phase - as shown in Appendix I, Table 1. The pore filling volume 
takes into account other pore filling diagenetic phases, pore filling matrix and any porosity/permeability. It 
is independent of the detrital mineralogy. 
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3.2.4: Pyrite 

Pyrite, (average 12.6% of the total pore filling volume) is present throughout the Corallian 

Group successions. However within the prograding shoreface sandstones of the Nothe 

Grit Formation, the abundance of pyrite increases to between 30-40% of the total pore 

filling volume (sample numbers B4 & Bl on Fig.3.ii and sample numbers A4 & AS on 

Fig.3.vi}. Within this formation, pyrite occurs preferentially within septarian concretions 

(see Section 3.2.5). 

Pyrite commonly occurs as disseminated, small (average crystal size is O.OSmm) 

framboidal to euhedral crystals (Fig.3.iv) although framboidal pyrite is generally more 

common than euhedral pyrite. It is always associated with ferroan and non-ferroan calcite, 

ferroan dolomite and siderite, both of which it pre-dates (see Fig.3.xviii). Pyrite is also 

strongly associated with concentrations of organic matter either within pore spaces, or as 

membranes within bioclastic shell debris and ooid cortices Concretions of the Nothe Grit 

Formation contain some evidence of preserved organic matter (in the form of plant debris). 

3.2.5: Authigenic calcite 

Evidence of early authigenic calcite is present throughout the Corallian Group succession. 

However, the abundance, habit, texture and composition of the calcite varies considerably. 

Four general groups can be recognised:-
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• non-ferroan calcite within zoned septarian concretions of the Nothe Grit Fonnation (at 

6.3m and lO.1m on Fig.3.i and 3.ii); 

• ferroan poikilotopic calcite within non-zoned concretions of the BencHff Grit Member 

(at 26.7m and 28.8m on Fig.3.i and 3.ii); 

• non-ferro an calcite within concretionary burrows of the Thalassinoides beds and 

Nodular Rubble Member (between 33.6m-39.4m & 48.5m-52.1m respectively, on 

Fig.3.i and 3.ii); and 

• pore-filling ferroan to non-ferroan calcite within the lower Upton Member, Shortlake 

Member, Trigonia Clavellata Formation, Sandsfoot Grit Member and Ringstead 

Formation (between 29.1m-33.5m, 39.4m-49.1m, 52.1m-58.2m & 66.6m-74.8m on 

Fig.3.i and 3.ii). I 

Each group is discussed separately incorporating petrographic, stable isotope, CL data and 

published elemental data from the work of De Wet (1987) and Sun (1990). 

3.2.Sa: Non-Ferroan septarian concretionary calcite 

Occurrence: 

Septarian concretions (Fig.3.v) only occur within the two coarser, shelly cemented units of 

the Nothe Grit Formation (at 6.2m and 9.6m on Fig.3.i & Fig.3.ii). Detailed analyses were 

perfonned on one septarian concretion (at 6.2m on Fig.3.i, Fig.3.ii & Fig.3.vi). Individual 

concretions are oblate to ellipsoidal, approximately O.3m in diameter and concentrically 
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zoned (Fig.3.v & Fig.3.vi). The presence of septarian cracks suggests a very early 

diagenetic origin for these concretions (Raiswell, 1971; Astin, 1986; Scotchman, 1991 and 

McKay et ai., 1995). 

Petrographical description: 

The interior of the septarian concretion (zone 1, Fig.3.vi) contains 60-70% non-ferroan 

fine grained sparry calcite and 30-40% framboidal and euhedral pyrite (Fig.3.iv). The 

exterior zone (zone 2, Fig.3.vi) contains a similar volume of non-ferroan calcite, but less 

pyrite (approximately <15%) and a small volume of siderite cement (8.3%). 

Stable isotope analysis: 

Zone 1 calcite has highly depleted 8l3e values of -31.10%0 PDB and 8180 values of 

-0.83%0 PDB, while zone 2 calcite has less depleted 81le values of -26.60%0 PDB and 

slightly heavier 8180 values of -1.75%0 PDB (Table 3.iv, Fig.3.m & Fig.3.vi). This is 

insufficient for accurate palaeotemperature determination, but may be used for a working 

estimate. Shackleton & Kennett (1975) have produced a modified version of the 

palaeotemperature equation of Epstein et a1. (1953): 

where 8c is the average measured isotope value of CO2 (-0.46%0 PDB) and 8w is the 
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isotopic composition of Jurassic sea-water, assumed to be approximately -1.2 %0 p,o,n, 

(Shackleton & Kennett, 1975), Using the above data, Equation 1 suggests an average 

palaeotemperature estimation of 13,7°e at the time of concretion formation, which is 

consistent with Hudson's (1978) palaeotemperature estimations of 13°e obtained from 

similar concretions of the Oxford Clay Formation which immediately underlies the Nothe 

Grit Formation. 

The principal cement of the septarian cracks within these concretions is ferroan equant 

sparry calcite. 013C isotope values are +2.23%0 PDB (slightly heavier than Hudson's 

average results of 1.66%oPOB) and 0180 values are -3.52%0 POB (also less depleted than 

Hudson's average results of -7.37%0 PDB). Thus the 0180 and 013e trends from 

concretionary fill to septarian fracture fill follow a trend to heavier carbon and lighter 

oxygen, agreeing with Hudson's data. 

Cathodoluminescence analysis,' 

Zone 1 calcite is moderately to brightly luminescent and non-zoned (Fig.3,vii), while zone 

2 calcite is also moderately to brightly luminescent but reveals very slight zoning (Table 

3.iii), Septarian cracks are well zoned and reveal dull centres and bright outer zones. 

147 



Chapter 3 

3.2.Sb: Ferroan poikilotopic concretionary calcite 

Occurrence: 

Ferroan poikilotopic calcite concretions (Fig.3.viii) only occur within the sandstone facies 

of the BencHff Grit Member (at 26m and 28.8m on Fig.3.i, Fig. 3.ii & Fig.3.ix). Detailed 

analyses were performed on three concretions collected from within the Bencliff Grit 

Member, lkm to the east of Osmington Mills (refer to Fig.2.i of Chapter 2 for location). 

The concretions are generally oblate to spherical and approximately 1m in diameter 

(Fig.3.viii & Fig.3.ix), although at the top of the member, concretions have amalgamated 

to form a laterally extensive carbonate cementeCt horizon (Fig.3.viii). 

Petrographic description: 

Sample numbers 32a and 36a on Figure 3.ii, and EI-E4 on Fig.3.ix reveal that the 

concretions are composed of large (O.S-1.Smm in size) ferroan poikilotopic calcite 

crystals, (up to 98% pore-filling volume) each enclosing a number of smaller detrital 

quartz grains and bioclastic debris as well as preserving a depositional open grain fabric 

(Fig.3.x). Rare small (O.OI-0.0Smm in size) ferroan dolomite rhombs also occur within 

the concretions, concentrated within detrital clay laminae, along with rare pyrite and 

glauconite. 
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Stable isotope analysis: 

Due to the scope and logistics of the work, only a limited number of samples were 

obtained for stable isotope analysis. Clearly further work is needed before any 

interpretation can be substantiated, however the available data reveals two increasingly 

heavy 0180 trends (Table 3.iii, Fig.3.iii and Fig.3.ix). The nrst trend is within individual 

concretions which have an 0180 trend from -6.30%0 POB to -5.77%0 POB (± 0.07%0) from 

the centre to the perimeter. The second trend is an upwards one within the BencHff Grit 

Member, where 0180 values increase from -9.23%0 POB to -5.60%0 POB. The oDe values 

also display a "heavying" trend from centre to perimeter within individual concretions 

(+1.64%0 POB to +1.86%0 POB) and vertically upwards through the member (-0.34%0 

PDB to -0.24%0 PDB, Fig.3.ix). 

Cathodoluminescence analysis: 

Cathodoluminescence analysis performed on sample numbers 32a, E2 and E4 (Table 3.iii) 

indicates that the ferroan poikilotopic calcite is dull to non-luminescent with very subtle 

patches of zoning (Fig.3.xi). 

Other occurrences offerroan poikilotopic calcite: 

Ferroan poikilotopic calcite has also been identified within the three coarser grained 

sandstone and siltstone beds of the Nothe Grit Formation and the Nothe Clay Member 

149 



Chapter 3 

(e.g. sample numbers B9, B3 and B 12 on Fig.3.ii). Within the Nothe Grit Formation, the 

poikilotopic calcite surrounds the septarian concretions described in Section 3.2.5a, 

suggesting that here, it clearly post·dates septarian concretionary growth. 

3.2.5c: Non·ferroan concretionary (burrow) calcite 

Occurrence: 

Early diagenetic concretions that developed around Thalassinoides burrows are only 

common within the Thalassinoides beds (upper Upton Member) and lower Nodular 

Rubble Member (between 33.5m-39.2m & 49.lm-52.lm on Fig.3.i & Fig.3.ii). 

Petrographic description: 

Concretionary burrows are composed of abundant (approximately 80-90%) very fine 

grained non-ferroan sparry calcite «O.Olmm in size) and rare to vertically increasing 

volumes of ferroan dolomite and framboidal and euhedral pyrite (10-20% increasing in 

abundance upwards). 

Cathodoluminescence analysis: 

Cathodoluminescence analysis performed on sample numbers 50 and 78 of Figure 3.i and 

3.ii reveals two different responses. The pore filling cement of sample number 50 has a 
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dull luminescence, while in sample number 78, it is brightly luminescent and zoned. 

3.2.5d: Pore filling non-concretionary ferroan to non-ferroan calcite 

These phases incorporate ferroan isopachous fringing calcite, ferroan equant sparry calcite, 

ferroan calcite overgrowths and non-ferroan equant sparry calcite, which all occur within 

coarser grained carbonate beds of the lower Upton Member, Shortlake Member, Trigonia 

Clavellata Formation, Sandsfoot Formation and Ringstead Formation (between 29.1m-

33.5m, 39.4m-49.1m, 52.1m-58.2m & 66.6m-74.8m on Fig.3.i and 3.ii). Some, of these 

coarser grained beds show evidence for marine hard-ground development (e.g. at 29.5m, 

31.5m, 33m, 44m, 47m and 48.7m on Fig.3.i & Fig.3.ii - as noted in Section 2.2). 

Ferroanfringing calcite: 

Well developed ferroan isopachous fringing calcite is the dominant cement type (up to 

60% total pore filling volume) within the coarser grained beds of the lower Upton Member 

and rare to common (20 - 40% total pore filling volume) within the Shortlake Member 

(e.g. sample numbers 40,61, C8, C9 and C15 on Fig 3.ii). 

Petrographic description: 

The most abundant form of ferroan fringing calcite is the columnar variety, in which 

crystals have length to width ratios of more than 6:1 (Tucker & Wright, 1990). These 
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cements are seen to grow from grain boundaries and micrite envelopes (broken and intact) 

into both primary pore space and secondary pore space (mouldic porosity created from 

aragonite dissolution) (Fig.3.xiia). The most common fabric is fascicular-optic fibrous 

calcite where crystals display an undulose extinction pattern that is caused by convergent 

fast vibration directions (Kendall, 1985). Within crystals, sub-crystal boundaries and 

inclusions are common. Crystals also show well developed polygonal compromise 

boundaries and point terminations between fringe sets (Fig.3.xiia). Where the cement is 

particularly well developed (Fig.3.xiia), individual crystal lengths can reach up to O.35mm 

and widths up to O.05mm; however, where it is poorly developed, (Fig.3.xiib) crystal 

dimensions can be an order of magnitude smaller and their shape can be described as 

acicular (see Fig.3.xvii). 

Well developed early fringing calcite has considerably reduced the effects of grain 

compaction within the lower Upton Member (Fig.3.xiia), while in the Shortlake Member 

where it is absent or poorly developed, early grain compaction is evident (Fig.3.xiii). 

Stable isotope analysis: 

Stable isotope analysis of ferroan fringing calcite extracted from sample number 40 on 

Figure 3.ii, reveals slightly depleted 0180 values of -2.19%0 PDB and slightly positive ol3C 

values of +0.73%0 PDB (Table 3.iv & Fig.3.iii). As noted before, such limited data is not 

sufficient for true palaeotemperature determination, but may be used for a working 

estimate. Using Shackleton & Kennett's (1975) modified palaeotemperature equation 
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[Eq.1], an average temperature of 20.9°C at the time of this cement formation is estimated. 

This is consistent with De Wet's (1987) estimation of 20.5°C for the equivalent cement 

type of the Corallian Group of Oxfordshire. 

Cathodoluminescence analysis: 

Cathodoluminescence analysis performed on samples 40, 61, Cll, C12 and 88 (Table 

3.iii) reveal some variability in the response of ferro an fringing calcite. In samples 40, 

Cll, C12 and 88, which occur within the Upton Member and Shortlake Member, ferroan 

fringing calcite is dominantly non-luminescent to dull or weakly luminescent with some 

zoning (Fig.3.xiv). In these samples the ferroan fringing calcite is generally associated 

with a later pore-filling ferroan equant calcite. However, within sample 61, of the 

Shortlake Member, poorly developed, acicular ferroan fringing calcite is brightly 

luminescent and zoned (Fig.3.xv). In this sample, it is also associated with non-ferroan 

fringing calcite (see below). These results indicate that the CL response is controlled by 

the type of fringing calcite and its association with ferroan or non-ferroan equant calcite. 

Previously published analytical data: 

Sun (1990) measured the manganese and iron content of ferroan fringing calcite cements 

from within the Osmington Oolite Formation. He found these to be between 0.08 - 0.17 

wt % and up to 1.8 wt % respectively (Table 3.H). In contrast to my results, Sun notes that 

these cements do not luminesce under CL and he does not report any variation throughout 
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the Formation (Table 3.ii). This is clearly not the case. 

Isopachous fibrous calcite cements are also found within the Corallian Group successions 

of the Oxford area (De Wet, 1987). These cements have similar isotope values to my 

results from the coastal successions, but their CL response and iron content are different 

(Table 3.i). De Wet has reported that these cements are distinctly non-ferro an with a non

luminescent to brightly luminescent CL response (Table 3.i). 

Ferroan equant calcite: 

Ferroan equant calcite (and ferroan calcite overgrowths) are common (up to 60% of the 

total pore filling volume) within (i) tops of coarser grained beds of the lower Upton 

Member (between 29.1m-33.5m on Fig.3.i & Fig.3.ii) (ii) coarser grained beds of the 

Trigonia Clavellata Formation (between 52.1m-58.2m on Fig.3.i & Fig.3.ii) and (iii), the 

bioclastic rich Ringstead Coral Bed (at 74.5m on Fig.3.i & Fig.3.ii). However, the cement 

type is very abundant (up to 80% of the total pore filling volume) within the coarser 

grained beds of the Shortlake Member (between 39.4m-49.1m on Fig.3.i & Fig.3.ii). In 

the field, most of the coarser grained beds in these lithostratigraphic units show clear 

evidence of hard-ground formation (see Section 2.2). 

Petrographic description: 

Ferroan equant calcite occurs as a pore filling mosaic of small crystals (average crystal 
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size is between 0.05 and O.lmm) which are strongly to mildly ferroan in composition 

(Figs.3.xii, 3.xiii & 3.xvi). Where the cement is the dominant type (as in sample numbers 

C9·C15), crystals are seen to grow directly from detrital grain boundaries (Fig.3.xiii & 

3.xvi). However, if fibrous ferroan calcite is the dominant cement (as in sample number 

40), then ferroan equant calcite preferentially grows from fibrous calcite crystal 

terminations (Fig.3.xiia). Within some samples of the Shortlake Member, ferroan equant 

calcite post·dates early grain compaction, which has resulted due to an absence/poor 

development of ferro an fringing calcite (Fig.3.xiii). 

Stable isotope analysis: 

Stable isotope analysis of ferroan equant calcite extracted from the intergranular pore

spaces of sample number C12 (Shortlake Member) reveal slightly depleted 0180 values of 

-3.07%0 PDB and slightly negative OBC values of -0.35%0 PDB (Table 3.iv & Fig.3.iii). 

The 0180 values are, however, very similar to the values reported by Marshall & Ashton 

(1980) which were obtained from oyster samples within Jurassic hard.grounds of the 

Lincolnshire Limestone Formation, eastern England. Thus, using the palaeotemperature 

equation defined earlier [Eq.1], a working palaeotemperature estimate of 25.4°C at the 

time of cementation is obtained, which is consistent with other estimates of 

palaeotemperatures for the British Jurassic (e.g. Irwin et al., 1977 and Marshall & Ashton, 

1980). It is however, approximately 4°C higher than the estimates obtained from the 

ferroan fibrous calcite of the Upton Member (described earlier). This could be a factor of 

sample contamination by later 160 enriched pore-waters (Marshall & Ashton, 1980) but, 
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0180 isotope values measured from ooids within the same sample, were found to be similar 

(-3.29%0 PDB) suggesting that sample contamination was not a factor. The implications 

of this will be discussed further in Section 3.3. 

Cathodoluminescence analysis: 

Cathodoluminescence analysis of ferroan equant calcite from samples 40, 42, CIO, Cl2 

and C13 (refer to Fig.3.i & Fig.3.ii) reveals a general non-luminescence to dull/moderate 

luminescence with well developed zoning (Table 3.iii & Fig.3.xiv). 

Published analytical data: 

Sun (1990) measured the manganese and iron content for ferroan equant calcite from the 

lower Osmington Oolite Formation as being between 0 - 0.2 wt % and 2.1 - 3.5 wt % 

respectively and stated that it did not luminesce (Table 3.ii). Sun's results generally agree 

with those presented in this thesis. 

Ferroan equant calcite cements are also found within the Corallian Group successions of 

the Oxford area (De Wet, 1987). These cements have similar CL responses and 0180 

values to the results from the coastal successions presented here, but are slightly more 

depleted in 013C (Table 3.i). 
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Non1erroan equant calcite.' 

Non-ferroan equant sparry calcite is restricted in lateral and vertical extent and is confined 

to three coarser grained oolitic beds within the lower Shortlake Member at the Bran Point 

outcrop (sample numbers 57-61 between 39.4m-41.2m on Fig.3.i & Fig.3.H). The 

equivalent beds at the Black Head outcrop (sample numbers C8-CI0 on Fig.3.i & Fig.3.ii) 

are cemented by ferroan to mildly ferroan equant calcite (see Fig.3.xiii). 

Petrographic characteristics: 

Non-ferroan equant sparry calcite, has similar petrographic characteristics to the ferroan 

equant sparry calcite described above, apart from its iron content (Fig.3.xvii). Within 

sample numbers 57-61 on Figure 3.ii, non-ferroan equant calcite accounts for between 30-

40% of the total pore-filling volume and always post-dates ferroan fringing calcite 

(Fig.3.xvii). 

Stable isotope analysis: 

Stable isotope analysis of non-ferroan equant sparry calcite extracted from sample number 

61 on Figure 3.ii, revealed more depleted 0180 values of -4.42%0 POB and heavier BI3e 

values of +2.60%0 POB when compared to its ferro an equivalent (Table 3.ii & Fig.3.iii). 
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Cathodoluminescence analysis: 

Cathodoluminescence analysis of non-ferroan equant calcite from samples 57 and 61 (refer 

to Fig.3.ii) revealed a generally non-to moderately luminescent and partially zoned 

response (Table 3.iii & Fig.3.xv). 

Published analytical data: 

Sun (1990) states that the manganese content of samples of non-ferroan equant calcite 

collected from the upper Osmington Oolite Fonnation, range from 0.08-0.15 wt %, while 

the iron content is less than 1.0 wt %. Sun also states that this cement reveals bright 

luminescence and zoning (Table 3.ii). These results contradict those presented in this 

thesis, both in terms of the CL response and the distribution of non-ferroan calcite within 

the Osmington Oolite Formation. 

Non-ferroan equant calcite also occurs within the Corallian Group successions around 

Oxford (De Wet, 1987). De Wet's results reveal a zoned, dull to bright luminescence, 

along with similar al3c values, but heavier 0180 values, when compared to the results 

presented here (Table 3.i). 
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3.2.6: Authigenic ferroan dolomite 

Occurrence 

Authigenic ferro an dolomite occurs throughout the Corallian Group, except in the Nothe 

Grit Formation (between Om and 12.8m on Fig.3.i & 3.ii). It is most abundant (20-30% of 

the total pore filling volume) within the heterolithic beds of the Benc1iff Grit Member (at 

25.3m, 27.3m & 29.1m on Fig.3.i & Fig.3.ii); the upper beds of the Upton Member to 

lower beds of the Shortlake Member (at 39.1m on Fig.3.i & Fig.3.ii); and the Sandsfoot 

Grit Member (between 66.5m-71.2m on Fig.3.i & Fig.3.ii). Through-out the remainder of 

the Corallian Group, if ferroan dolomite is present, it occurs as traces (less than 10% of the 

total pore filling volume, refer to Fig.3.ii). 

Petrographic description: 

Euhedral to subhedral ferroan dolomite rhombs (average individual crystal size is between 

0.01 and 0.05mm, although occasionally 0.1 to O.3mm) are closely associated with pyrite, 

siderite and micro-porosity within detrital clays (Fig.3.xviii). Ferroan dolomite clearly 

post-dates pyrite and siderite formation (Fig.3.xviii). When abundant (on a micron scale) 

ferroan dolomite forms mildly pervasive, idiotopic mosaics (after Freidman, 1964). 
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Stable isotope analysis: 

The isotopic composition of ferroan dolomite could not be determined due to its fine 

grained nature. 

Cathodoluminescence analysis: 

Ferroan dolomite from samples 116 and 120 (refer to Fig.3.t & Fig.3.ii) was non

luminescent. 

3.2.7: Authigenic siderite 

Authigenic siderite is', present as traces within the Corallian Group succession, but is 

abundant within the Trigonia Clavellata Formation to the Ringstead Formation. Two 

types of siderite are recognised:-

• concretionary siderite; and, 

• pore filling siderite cement 
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3.2.7a: Concretionary siderite 

Occurrence: 

Siderite concretions only occur within the lower beds of the Sandsfoot Grit Member (at 

19.2m on Fig.3.i & 3.ii). These concretions range from 0.05-0.lm in size, are oblate to 

elongate in shape and composed entirely of siderite (Fig.3.xixa). Also seen within these 

sands are hollow/voidal iron-oxide concretions. Pettijohn (1975) suggests such features 

are due to oxidation of precursor siderite bodies [concretions]. The oxidation can be 

attributed to present day surface processes. 

Petrographic characteristics: 

In thin-sections of samples 115 and 116, siderite is brown to red in colour, has a high 

birefringence and is rhombic in cross-section. 

Stable isotope analysis: 

Stable isotope analysis was performed on one concretion from the lower beds of the 

Sandsfoot Grit Member (at 69m on Fig.3.i & Fig.3.ii). This concretion was collected from 

the Sandsfoot Grit Formation at Sandsfoot Castle. The results revealed strongly depleted 

ot3C values of -15.28%0 PDB and slightly negative 0180 values of -0.66%0 PDB (Table 

3.iv & Fig.3.iii). 
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Cathodoluminescence analysis: 

The CL response of concretionary siderite from within sample number 116 was non

luminescent. 

3.2.7b: Pore filling siderite cement 

Occurrence: 

Pore-filling siderite cement is only abundant within the Trigonia Clavellata Formation 

(between 52.1m-58.4m on Fig.3.i & Fig.3.ii) and the Sands foot Grit Member (between 

66.5m-71.2m on Fig.3.i & Fig.3.ii), where it constitutes between 10% and 50% of the total 

pore-filling volume. Within the Trigonia Clavellata Formation, the abundance of siderite 

cement increases upwards (between sample numbers 87 to C27 on Fig.3.ii) until it 

accounts for up to 50% of the total pore-filling volume (the remaining pore-space is 

occluded by ferroan equant calcite - refer to Section 3.2.5). 

Petrographic characteristics.' 

Siderite cement is brown to red in colour, has a high birefringence and is rhombic in cross

section. It is closely associated with ferroan equant calcite which it post-dates and ferroan 

dolomite which it pre-dates (Fig.3.xixb). 
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Stable isotope analysis: 

Stable isotope analysis of siderite cement extracted from sample C27 of the Red Beds 

Member (Trigonia Clavellata Formation, refer to Fig.3.iii) revealed slightly depleted a13e 

values of -0.54%0 PDB and strongly depleted 0180 values of -5.91%0 PDB. However, 

analysis of similar cements extracted from sample 113 of the Sandsfoot Grit Member 

yielded depleted 013C values of -14.84%0 PDB which are similar to the siderite concretions 

described in Section 3.2.7b, and 0180 values of -5.87%0 PDB, which are similar to the 

siderite cements of the Trigonia Clavellata Formation of Sequence 5. 

Cathodoluminescence analysis: 

The CL response of siderite cement from within sample numbers 88 and 120 was non

luminescent. 

3.2.8: Summary of the distribution of early diagenetic products within the Corallian 

Group 

Figures 3.i, 3.ii and Table 3.v summarise the early diagenetic products and processes 

within each lithostratigraphic unit of the Corallian Group succession. Early diagenetic 

products are broadly contained within either concretions or cemented beds. 
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3.2.8a: Concretions 

Concretions of the Nothe Grit Formation and BencHff Grit Formation are contained within 

coarser grained sandstone facies. During the deposition of the Nothe Grit Formation, two 

episodes of concretion growth occurred. Within the BencHff Grit Member, at least two 

phases of concretion growth occurred, implying that in both cases their origin is related to 

periods of cyclic deposition. The early diagenetic interpretation of these concretions will 

be discussed in Section 3.3.1 and 3.3.3. Within the Sandsfoot Grit Member, only one 

episode of concretion growth occurred corresponding to the layer of small siderite 

concretions beneath the thin clay layer that occurs at 70m on Figure 3.ii. These concretion 

will also be interpreted within Section 3.3.6. 

Nodular concretion~y beds or concretionary burrows occur in two main episodes 

throughout the Corallian Group relating to a shallow shelfal depositional environment. 

These correspond to the Thalassinoides Beds (upper Upton Member) and the Nodular 

Rubble Member and will be discussed in Sections 3.3.3 and 3.3.4. 

3.2.8b: Cemented beds 

Carbonate cemented beds are seen to occur throughout the Corallian Group and are 

especially common within the Nothe Clay Member, Osmington Oolite Formation and 

Trigonia Clavellata Formation. These beds are composed dominantly of fringing and 

equant ferro an calcite and rarely poikilotopic ferroan calcite and non-ferroan calcite. 
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Traces of pyrite, ferroan dolomite and siderite are also present. Ferroan dolomite is seen 

to increase upwards within the Nothe Clay Member and UptonlShortlake Member. Within 

the Osmington Oolite Member, carbonate cemented beds generally cap small metre thick 

coarsening-up carbonate cycles emphasising the cyclic repetition of these early diagenetic 

phases. 

3.3: Discussion· interpretation of early diagenetic products 

Introduction: 

This section interprets the diagenetic phases described in Section 3.2 and discusses the 

validity of each phase in terms of supporting (or refuting) the facies based sequence 

stratigraphic model proposed in Chapter 2. Figure 3.xx and Table 3.vi provide graphical 

and tabulated summaries of the early diagenetic products and processes with relation to the 

sequence stratigraphic model outlined in Chapter 2. 

Background: 

Within the context of this study, early diagenesis is considered to include those processes 

occurring at or just after sediment deposition, at relatively low temperatures and within a 

shallow burial environment (Friedman, 1964; McKay et al., 1995). 
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Early diagenetic processes are strongly influenced by depositional pore-water chemistry 

and microbial activity which are ultimately controlled by the depositional environment. 

Early diagenesis occurs in four main depth related zones, from the sediment-water 

interface downwards (Curtis, 1978, 1980, 1987; Irwin et al., 1977; Berner, 1981 and 

Curtis & Coleman, 1986). These zones can be broadly described as the oxic zone, the sub

oxic Ipost-oxic zone, the zone of sulphate reduction and the zone of methanogenesis. In 

these zones, degradation of organic matter (primarily by bacteria) is controlled by the 

oxygen and sUlphate content, the amount of available organic matter, iron and temperature 

(refer to Section 1.3 for an introduction to organic early diagenesis). 

Stable isotope values of early diagenetic cements, reflect the composition of the pore

water at the time of cementation and are controlled by the method of organic degradation -

each revealing specific S13C and 0180 signatures (McKay et al., 1995). For example, 

CO;- produced within the zone ~f sulphate reduction, will commonly yield depleted 013e 

values of approximately -25%0 PDB (Irwin et al., 1977), whereas low positive s13e values 

may suggest a methanogenic source (Coleman et al., 1993 and McKay et al., 1995). 

Generally, 'only during early diagenesis will the 013C value of the depositional water be a 

significant factor (McKay et al., 1995). 

Similarly, the S180 value of a cement is controlled by the composition of the depositional 

pore-water, which is ultimately controlled by the depositional and diagenetic environments 

(refer to Section 1.3 for an introduction to diagenetic environments). Thus within the 

Corallian Group, 0180 values of cements that are similar to those of Jurassic sea-water 
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(inferred to be approximately -1.2%0 POB sensu Marshall & Ashton, 1980) suggest a 

marine diagenetic environment, while depleted 8180 values could relate to a mixed 

marine/meteoric diagenetic environment and strongly depleted 8180 values could relate to 

a fresh-water (or burial) diagenetic environment. However, as will be discussed in the 

relevant sub-sections, a number of other possibilities exist to explain depleted oxygen 

values. 

The degree of luminescence in carbonate cements [rocks] is controlled by the Fe/Mn ratio 

(not by the absolute concentration of either cation, Frank et al., 1982) which itself can be 

controlled by the chemical composition of the pore-water. Meyers (1974) states that 

cathodoluminescence is derived from the incorporation of manganese into the calcite 

lattice (acting as an activator), while the reduction of iron, commonly acts as a luminescent 

quencher. Frank et al. (1982) state that there is no critical amount of Fi+ in a calcite 

lattice, above which there is no luminescence, and regardless of the amount of Fe2
+ 

present, calcite will luminesce if sufficient Mn2
+ is present. 

The CL intensity is a useful expression of the possible iron and manganese content of a 

calcite crystal and may be a guide to deciding whether the sedimentary carbonate was 

formed under oxidising or reducing conditions (Marshall, 1988). Various authors have 

suggested that the CL intensity reflects the pH, redox potential and total sulphur content of 

the pore-water (Carpenter & Oglesby, 1976; Frank et al., 1982; Coleman, 1985 and Miller, 

1988). Generally speaking, in an oxidising environment (where Mn3
+ and Fe3

+ are not 

reduced) both cations are excluded from the calcite crystal lattice and CL is not produced. 
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During sub-oxic conditions, Mn3
+ is reduced to Mn2

+ and is incorporated into the calcite 

lattice. However Fe3
+ is not reduced and is not incorporated as a quencher. Thus the 

corresponding CL response is bright. In a strongly reducing environment, both Mn and Fe 

are reduced, which would lead to a dull CL response. But in all situations, it must be re

emphasised that the overall controlling factor on luminescence is the FelMn ratio (Frank et 

al., 1982). 

3.3.1: The Nothe Grit Formation 

Analysis of septarian concretions: 

Further evidence to support the facies based identification of parasequences within the 

Nothe Grit Formation (refer back to Section 2.3.1) may be found by analysing the early 

diagenetic products of the septarian concretions that are located directly below the 

proposed marine flooding surfaces of each parasequence. This analysis is summarised as 

Stages 1-3 of Figure 3.xxi. 

Sedimentological evidence (e.g. bioturbation) indicates that the shoreface sandstone facies 

of the Nothe Grit Formation was deposited under normal marine conditions (i.e. aerobic 

bottom waters, Section 2.2.1). Within this progradational shoreface, sedimentation rates 

would have been fairly high, and accordingly, any reactive iron and organic matter would 

have been rapidly buried into the deeper diagenetic zones, beyond the influence of the 
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zone of respiration (the oxic zone). Here, it would have been made available for intense 

sulphate reduction and/or microbial methanogenesis. 

Pyrite jonnation: 

The abundance of pyrite within the septarian concretions is consistent with reactions 

within the zone of sulphate reduction (Stage 1, Fig.3.xxi). Authigenic pyrite is a product 

of simultaneous reduction of organic matter, Fe(lll) compounds and SO;-, which yield 

Fe2+ and HS- (Curtis, 1987). The balanced reaction responsible for pyrite formation is:-

As stated in Section 1.3, this reaction is limited by the concentration and reactivity of 

organic matter, and the rates of sediment accumulation - an increase in either, resulting in 

an increase in pyrite abundance (Berner, 1984; Curtis, 1987). From Equation 2, it is also 

clear that intense sulphate reduction and pyrite formation will result in the production of 

large quantities of bicarbonate which, when combined with calcium, from the dissolution 

of unstable bioclastic material, will result in the precipitation of calcite:-
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Concretionary growth: 

Fleming (1993) has produced a model to explain the geometry and growth of carbonate 

concretions. In this model, calcite nucleation occurs preferentially upon aragonitic shell 

material due to a low activation energy (this process will occur during Stage 1 on 

Fig.3.xxi). This causes a reduction of the dissolved carbonate content in the surrounding 

pore fluids. As a result, a diffusion gradient of cement forming components develops 

around the nucleus which initially increases rapidly in response to rapid calcite 

precipitation, but over time increases at a slower rate in response to concretion growth. 

The very low ol3C values (-31.10%0 PDB) of zone 1 non-ferroan calcite (Stage 1, 

Fig.3.xxi) indicate that oxidation of organic matter during sulphate reduction was the 

major source of carbonate (e.g. Irwin et al., 1977; Curtis & Coleman, 1986; Curtis, 1987; 

Raiswell, 1987; Mozley & Bums, 1993; Hendry, 1993b and McKay et al., 1995). 

Similarly, the moderate to bright luminescence of zone 1 calcite is consistent with the 

generation of calcite during organic matter diagenesis within a dominantly sub-oxic 

environment (Carpenter & Oglesby, 1976; Frank et al., 1982; Coleman, 1985; and Miller, 

1988) assuming a low FelMn ratio. The absence of zoning within zone 1 calcite suggests 

that small fluctuations in pore-water chemistry were minimal at the time of precipitation. 

Oxygen isotope results obtained from zone 1 calcite (-0.83%0 PDB) should closely 

approximate to the isotope composition of the depositional pore-water. The 5180 results 

suggest that (i) the original calcite source was from normal marine 180 pore-water and (ii) 
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that the palaeotemperature of the depositional pore-water was between 13°C and 14°C. 

Zone 2 calcite of these concretions (Stage 2, Fig.3.xxi) also has very low al3c values 

(-26.60%0 POB), although slightly less depleted than in zone 1. This, coupled with the 

decreasing volume of pyrite and the introduction of traces of siderite and slight zoning as 

revealed by eL, may suggest that zone 2 calcite was forming close to the lower boundary 

of the sulphate reduction zone. Zoning suggests that small fluctuations in pore fluid 

chemistry occurred, which would be expected close to the boundary of the Sr and Me 

zones. Also, the crystallization of siderite would have begun once iron was no longer 

being fixed by pyrite formation (McKay et al., 1995). 

Siderite precipitation within the zone of sulphate reduction requires pore-waters with very 

low dissolved sulphide (Pearson, 1979) as well as bicarbonate and Fe l +, the principal 

products of sulphate reduction. The extensive removal of iron during the early formation 

of pyrite within zone 1 of the concretions, may explain the very low siderite content of 

zone 2. Similarly, as both calcite cements of zone 1 and zone 2 are non-ferroan, this 

suggests that rates of Fe(l/I) reduction were less than the rate of sulphate reduction - an 

observation that is supported by the moderate to bright luminescence response. This could 

have occurred due to a low iron content in the host sediment (Coleman, 1985; Curtis, 

1987). Thus, limited Fe 2
+ would have been available for siderite crystallisation. 

The formation of septarian fractures within similar concretions elsewhere, has been 

attributed to:- (i) chemical dehydration and shrinkage (Raiswell, 1971; Pettijohn, 1975); or 
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(ii) tensile stress relating to overpressure development during shallow burial (Astin, 1986; 

Astin & Scotchman, 1988). All authors agree however that their formation is synonymous 

with early growth prior to any significant compaction and dewatering (McKay et ai., 

1995). Dl3C values for calcite within the septarian fractures are slightly positive (+2.23%0 

PDB). Mozley & Burns (1993) suggest that calcite with low positive St3C values can be 

explained by low rates of organic-carbon oxidation which will either extend the zone of 

sulphate reduction deeper into the sediment, or result in very slow rates of methanogenesis 

(Stage 3, Fig.3.xxi). 

Sequence stratigraphic interpretation: 

The analytical results presented in this sub-section suggest that early diagenesis was 

controlled by parasequence formation. During parasequence progradation, sedimentation 

rates were high enough to allow for the rapid burial of organic material into the zone of 

sulphate reduction (Stage 1, Fig.3.xxi). During the development of the parasequence 

boundary (an example of one such boundary is at 6.4m on Fig.3.xx) the parasequence 

would have effectively "drowned" as the amount of accommodation space exceeded the 

sedimentation rate and a cut-off in sediment supply would have occurred. This phase of 

"drowning" must have been long enough for sediment to remain in the Sr zone for a 

sufficient length of time to allow the septarian concretions to grow (Stages 1-3 of 

Fig.3.xxi). The carbon isotope, CL and cement types all suggest that zone 1 and 2 

diagenesis occurred within the zone of sulphate reduction, although zone 2 calcite must 

have precipitated closer to the SrlMe boundary. 
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Parasequence progradation and drowning provides a plausible interpretation to account for 

the rapid burial, followed by prolonged residence times within early diagenetic zones • 

conditions which were necessary for concretion growth. 

The proposed interpretation of the septarian concretions is in agreement with those of 

Hudson (1978) for similar concretions within the Oxford Clay Formation underlying the 

Nothe Grit Formation. Hudson also suggests that organic/sulphate reduction was the 

source for the carbon and the concretions formation at sea·water temperatures of 13-16°C. 

Hudson's ol3C and 0180 values reveal the same trends as described here (refer to Sections 

3.2.5). The similarity between my results and those of Hudson suggests a strong similarity 

in the composition of early diagenetic pore-fluids within the Nothe Grit Formation and 

underlying Oxford Clay Formation even though they are composed of distinctly different 

lithologies. This is further evidence that these two formations are part of the same 

sequence and not separated by an abrupt basinward shift in facies (refer to Section 2.3.1 

for sequence stratigraphic model). Such a shift in facies would undoubtedly evoke a 

change in pore-water fluids. Thus it is still conceivable to suggest that the Nothe Grit 

Formation could represent the upper highstand systems tract of Sequence 1 at a time when 

sedimentation rates were increasingly outpacing rates of accommodation creation. 

There is no evidence of meteoric diagenesis associated with the period of forced regression 

that caps Sequence 1 and is responsible for the formation of Sequence Boundary 1 (at 

11.2m on Fig.3.xx). This suggests that the period of forced regression did not result in any 

sub·aerial exposure at this location, an interpretation in keeping with the facies analysis 
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(see Section 2.2). Alternatively, this could also support the interpretation of a ravinement 

surface at this boundary where the presence of meteoric cements would also be highly 

unlikely. 

Other cements within the Nothe Grit Fonnation: 

The laterally extensive ferroan poikilotopic calcite cements of the coarsest sandstone 

facies at the top of each parasequence, formed after the septarian concretions and so were 

unrelated to relative sea-level changes at a parasequence or intracyclic scale. However, 

this cement is preferentially found within the coarser grained sandstone facies, suggesting 

that pore fluids responsible for its formation required a porous and permeable medium for 

movement. This can be termed facies related diagenesis, which would have been 

ultimately controlled by the type and development of the individual parasequences and 

their depositional environment. It is therefore quite possible that cements of this type (that 

are clearly not formed during the deposition of the parasequence) can still be predicted 

within a sequence stratigraphic framework. 

3.3.2: Preston Grit Member & Nothe Clay Member 

Pore filling pyrite, ferroan dolomite and rare siderite cement, along with rare non-ferroan 

concretionary calcite and common ferroan poikilotopic calcite, are present within the 

coarser grained beds of the Preston Grit and Nothe Clay Member (at 12m, 14.Sm, 17m and 
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22.4m on Fig.3.xx). From Figure 3.xx, it is clear that the volume of pore-filling ferroan 

dolomite increases upwards through the Nothe Clay Member into the lower one metre of 

the BencHff Grit Member, while the relative abundances of the other authigenic phases 

remains level. 

Ferroan dolomite: 

The data presented in Figure 3.xx (sample numbers B12 to B18) indicates that the upwards 

increase in ferroan dolomite occurs within the proposed highstand systems tract of 

Sequence 2. As such, this would support the interpretation of a highstand systems tract 

and the positioning of a sequence boundary corresponding to the first mudstone bed of the 

BencHff Grit Member, both of which were originally based on facies analysis, as described 

in Sections 2.3.2 and 2.3.3. Van Wagoner et al. (1990) state that sedimentation rates are 

greater than the rates of accommodation creation within a highstand systems tract. One 

response to this net increase in sedimentation rates is a rapid burial of sediment to the zone 

of sulphate reduction. The precipitation of ferroan dolomite [and siderite] in association 

with pyrite, requires rapidly depleted sulphate levels, which can be effectively reduced to 

zero by the action of microbial sulphate reduction (Curtis & Coleman, 1986). Unstable 

primary carbonates (e.g. aragonitic shell debris) and pore-water solutes can then react with 

the products of organic degradation (Equation 2 of Section 3.3.1) to produce the 

authigenic phases. The overall low volumes of ferroan dolomite (up to a maximum of 

30% pore-filling volume within sample number B18 on Fig.3.xx) is a factor of low iron 

and organic content, both of which would have been extensively removed during the 
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formation of pyrite. 

Non{erroan concretionary calcite: 

Within the lower beds of the Nothe Clay Member, one coarser grained siltstone bed (at 

17m on Fig.3.xx) contains fine grained non-ferro an calcite (sample number B13 on 

Fig.3.ii). The presence of borings (refer back to Section 2.2) indicates that the top surface 

of this bed is a hard-ground suggesting that these cements are a marine precipitate. In 

Section 2.3.2, this bed was identified as the top of a proposed parasequence, based on 

facies analysis. The early diagenetic evidence indicates a sea-floor marine environment, 

thus supporting this interpretation. This is the only bed within the Nothe Clay Member 

that contains such cements. 

Ferroan poikilotopic calcite: 

As in the Nothe Grit Formation, ferroan poikilotopic calcite is confined to coarser 

sandstone and siltstone beds and is of a similar form and habit to that described in sub

section 3.3.1. This cement is interpreted to be unrelated to parasequence formation. This 

cement is therefore a facies related diagenetic product which required a porous and 

permeable medium for pore fluid movement - hence its preferential growth within coarser 

sandstone and siltstone beds. 

176 



Chapter 3 

3.3.3: Bencliff Grit Member to Shortlake Member 

Early diagenetic analyses can be used as further evidence to support the proposed 

sequence stratigraphic framework (primarily based on facies analysis) of Sequence 3 

(BencHff Grit Member to second oolitic bed of the Shortlake Member). They can be 

divided into two groups:- (i) glauconite, large ferroan poikilotopic calcite concretions and 

ferroan dolomite cement within fining-up facies sequences of the Bencliff Grit Member 

and (ii) pyrite, calcite, ferroan dolomite and concretionary burrows within coarser grained 

carbonate beds and nodular horizons of the Upton Member and lower two oolitic beds of 

the Shortlake Member. 

3.3.3a: The Bencliff Grit Member 

Early diagenesis within the BencHff Grit Member was controlled within cyclic facies 

sequences. It is characterised by (i) large calcite concretions within what is otherwise a 

relatively uncemented fine grained sand facies (refer to Section 2.2.3 for lithological 

description) and (ii) the precipitation of authigenic dolomite within laterally extensive 

heterolithic units (refer to Section 2.2.3 for lithological description). Due to this cyclicity, 

early diagenesis can be convincingly related to parasequence formation. Figure 3.xxii 

(Stages 1-4) summarises the early diagenetic reactions within one such parasequence. 
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Stage 1, Figure 3.xxii: 

Interpretation of sedimentological data indicates that these sediments were deposited in an 

aerobic environment (see Section 2.2.3). The presence of diffuse glauconite within the 

fine grained sandstone facies of each parasequence (sample numbers 30, 32, 34 and 36 on 

Figure 3.xx) is interpreted to be related to condensation during periods of prolonged 

flooding at the time of parasequence boundary formation (Fig.3.xxii). Glauconite is 

indicative of reworking, slow sedimentation rates or sediment starvation within mildly 

reducing conditions (pettijohn, 1975; Desrochers & AI-Aassm, 1993 and McKay et al., 

1995). Interestingly, samples 30 to 36 (see Fig. 3.xx) show an upward decreasing volume 

of glauconite. The fact that the largest volumes of glauconite are found towards the base 

of the BencHff Grit Member can be related to greater amounts of winnowing, sediment 

transportation and turbulence which would be associated with sequence boundary 

formation and a change in depositional environments from dominantly muddy shelfal to 

dominantly tidal flat shoreline (refer back to Section 2.2.3 and 2.3.3). 

Stage 2, Figure 3.xxii: 

Due to the low sedimentation rates associated with prolonged flooding at parasequence 

boundaries, organic degradation may occur in the oxic and post-oxic zones if present. The 

inevitable result is that less organic matter is likely to reach the sulphate reduction zone 

and there will be lower amounts of sulphide supersaturation (Berner, 1978; Raiswell, 1982 

and Curtis 1987). This is reflected in the low volumes of pyrite (Section 3.3.1). 
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Stage 3, Figure 3.xxii: 

A combination of excellent poroperm properties and low sedimentation rates resulted in 

the formation of large poikilotopic calcite crystals and the growth of large oblate and 

spherical concretions (refer back to Section 3.2.5). The shape of each concretion is 

defined by the concentration and location of shell debris (refer back to Section 3.1.1c) 

within the sandstone facies (sensu Fleming, 1993). 

The 013C values of the ferroan poikilotopic calcite within the concretions range from -

0.24%0 PDB to +1.86%0 PDB. This suggests a combination of marine carbonate and 

carbonate sourced from low rates of organic-carbon oxidation deep within the zone of 

sulphate reduction (Mozley & Bums, 1993). The fact that the carbon values are not 

strongly depleted supports my interpretation that levels of sulphate reduction were low. 

This interpretation is also supported by the CL data which shows a dominantly dull to non

luminescence for the ferroan poikilotopic calcite. The dull luminescence coupled with the 

ferroan nature of the calcite indicates the presence of a strongly reducing environment, in 

which iron reduction was common. 

D 180 values for calcite within the concretions are increasingly depleted (ranging from -

9.23 to -5.60) from the core to perimeter (Fig.3.ix). These values are consistent with a 

pore-water chemistry of mixed marine/meteoric composition. According to Mozley & 

Bums (1993) this is the most common explanation in the literature for anomalously 

depleted oxygen values during early diagenesis. Bearing-in-mind the depositional 
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environment of these sediments (tidal flat shoreline), it seems logical that pore-waters of 

mixed marine/meteoric chemistry would have percolated through the sediment. This 

explanation is supported by palynological work of Goldring et al. (in press) who report the 

presence of terrestrial organic matter within the muddy horizons of the Bencliff Grit 

Member. All this evidence strongly points to an input of meteoric water. 

A second explanation for low 0180 values can also be offered, but due to the limited 

amount of data, this can not be substantiated and further samples need to be analysed. 

This explanation states that the effect of carbonate precipitation on the 0180 composition 

of the pore-water is dependant upon the rate at which the concretion fonns (Mozley & 

Burns, 1993). Carbonate precipitation rates will lead to a greater depletion in the 0180 

composition of the pore-waters. The difference in oxygen isotope values between normal 

Jurassic sea-water (approximately -1.2%0 PDB) and the core of the concretions described 

here (-6.30%0 PDB) is 5.1%0, whereas the difference between the core and outer zone of 

the concretion is only 0.53%0. This suggests that the initial growth of the concretion 

occurred at a very rapid rate. As discussed previously (Section 3.3.1), Fleming's (1993) 

model for concretion growth includes an initial period of very high growth rate, where 

volumes of calcite precipitation are substantially greater than aragonite dissolution. The 

growth rate subsequently declines until calcite precipitation and aragonite dissolution rates 

equilibrate. 
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Discussion: 

The ferroan poikilotopic calcite found within the concretions cannot be a late generation 

cement because it preserves an open grain framework and has an unlikely carbonate source 

for a burial phase. De Wet (1987) interprets similar calcite within the Oxfordshire 

outcrops of the Corallian Group (although their form and habit in terms of concretionary 

bodies or cemented beds, was not discussed) as having formed during burial. However, 

De Wet's measured 0180 values averaged at -3%0 PDB, which is not too dissimilar to 

Marshall & Ashton's (1980) results that were extracted from bivalve shells. In Saigal & 

Bj~r1ykke's (1987) study of North Sea Jurassic sandstone reservoirs, 0180 values of less 

than -10%0 PDB are interpreted to indicate later burial cements. 

The 0180 depletion is also unlikely to have been caused by recrystalisation of the calcite 

during later burial. Assuming that the calcite was originally low-magnesium, the norm. 

for Jurassic marine precipitates (Sandberg, 1983; Wilkinson et ai., 1985), it should have 

been relatively stable and unsusceptible to recrystalisation (Mozley & Bums, 1993). 

The 0180 values increase with younging within the Bencliff Grit Member (Fig.3.ix). This 

is interpreted to indicate an overall decrease in the meteoric influence during the 

deposition of this member. This pattern might be expected at the top of a shelf-margin 

systems tract, where rates of relative sea-level are rising increasingly quickly (although it 

should be noted that this explanation is based on a limited amount of data). Further 

analytical data is needed to unequivocally support this statement. 
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In conclusion, the two distinct 0180 trends observed within the concretions, are interpreted 

to be the result of an overall change from a mixed marine/meteoric to dominantly marine 

pore-water chemistry, associated with a slow and gradual change to a more open marine 

depositional environment. 

Stage 4, Figure 3.xxii: 

Precipitation of ferroan dolomite would have followed once sulphate levels had effectively 

been reduced to zero. Ferroan dolomite (refer back to Section 3.2.6) occurs in organic rich 

zones, such as clay laminae within the sands, burrows and the laterally extensive 

heterolithic layers, again suggesting that sulphate supersaturation was very low. 

Sequence stratigraphic interpretation: 

Analysis of analytical data obtained from concretions and heterolithic beds, supports the 

proposed facies based identification of parasequences and provides further, limited 

evidence that the Bencliff Grit Member represents a shelf-margin systems tract. The 

upward decreasing volume of glauconite also provides further support for the positioning 

of the sequence boundary at the first mudstone bed of the BencHff Grit Member, rather 

than at the lithostratigraphic boundary (as suggested by previous workers, e.g. Coe, 1995). 
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3.3.3b: Upton Member to second oolitic bed of the Shortlake Member 

Early diagenesis within these two lithostratigraphic units (between 29.2m and 40.7m on 

Fig.3.xxiii) was dominated by sea-floor cementation within shallow water depositional 

environments (Le. the proposed early transgressive and late highstand systems tracts 

between 29.2m-33.5m & 39m-40.7m respectively on Fig.3.xxiii). Concretionary burrow 

formation dominates the deeper water depositional environment corresponding to the 

proposed zone of maximum flooding (between 33.5m-39m on Fig.3.xxiii). 

The Upton Member: 

The principal cements are ferroan grain fringing calcite and ferroan equant sparry calcite, 

both of which totally occlude pore space and mouldic porosity (Fig.3.xii) and both of 

which reveal dull to moderate luminescence and well developed zoning (Fig.3.xiv). 

Characteristically, these cements occur at the top of small scale coarsening-up carbonate 

cycles which have been identified as parasequences (at 29.8m, 31.6m and 33.3m on 

Fig.3.xxiii). The top of each parasequence has been interpreted as a marine hard-ground 

(refer back to Section 2.3.3) and the early diagenetic and analytical evidence supports this 

(see below). 

Early growth of well developed fringing calcite significantly reduced the degree of grain 

repacking during burial. Contrary to Sun (1990), both intact and collapsed micrite 

envelopes are present within these sediments. Collapsed micrite envelopes are the result 
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of dissolution of unstable aragonite bioc1asts forming large solution pores, poorly 

developed fringing calcite cements and subsequent compaction/collapse. The stable 

isotope values of the fringing calcite cements are consistent with a normal marine 

carbonate source (o13C values of +0.73%0 POB) precipitating within normal marine pore

waters (0180 values of -2.190%0 POB suggesting pore-water temperatures of 20.9°C at the 

time of cementation). Stable isotope values of similar ferroan equant sparry calcite are 

also consistent with a normal marine carbonate source (o13C values of -0.35%0 POB) 

precipitating within normal marine pore-waters (0180 values of -3.07%0 PDB). As well as 

the calcite cements, pyrite is present, within the organic rich zones of bioclastic shell 

debris and ooid laminae and rarely as a pore filling precipitate. Siderite is also present in 

trace quantities. 

Similar observations have been made by Wilkinson et al. (1985) who note the presence of 

dull to bright luminescent, equant sparry calcite and acicular isopachous calcite within 

Upper Jurassic hard-grounds of southeastern Wyoming. Purser (1969) describes abundant 

early equant, to slightly elongate, calcite cement in oolitic Jurassic hard-grounds from the 

Paris Basin. Both interpret these cements as being the products of sea-floor precipitation. 

Sun (1990) suggests that the fringing cements precipitated either as low magnesium 

calcite, or from neomorphism of high magnesium calcite in anoxic marine or meteoric 

phreatic water; while the ferroan equant sparry calcite owes its origin to an oxygen 

depleted, deep burial environment. Oe Wet (1987) suggests a marine to oxidising 

meteoric phreatic origin for the equivalent non-ferroan fringing cements of the Corallian 
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of dissolution of unstable aragonite bioclasts forming large solution pores, poorly 

developed fringing calcite cements and subsequent compaction/collapse. The stable 

isotope values of the fringing calcite cements are consistent with a normal marine 

carbonate source (ol3C values of +0.73%0 PDB) precipitating within normal marine pore-

waters (0180 values of -2.190%0 PDB suggesting pore-water temperatures of 20.9°C at the 

time of cementation). Stable isotope values of similar ferroan equant sparry calcite are 

also consistent with a normal marine carbonate source (ol3C values of -0.35%0 PDB) 

precipitating within normal marine pore-waters (0180 values of -3.07%0 PDB). As well as 

the calcite cements, pyrite is present, within the organic rich zones of bioclastic shell 

debris and ooid laminae and rarely as a pore filling precipitate. Siderite is also present in 

trace quantities. 

Similar observations have been made by Wilkinson et al. (1985) who note the presence of 

dull to bright luminescent, equant sparry calcite and acicular isopachous calcite within 

Upper Jurassic hard-grounds of southeastern Wyoming. Purser (1969) describes abundant 

early equant, to slightly elongate, calcite cement in oolitic Jurassic hard-grounds from the 

Paris Basin. Both interpret these cements as being the products of sea-floor precipitation. 

Sun (1990) suggests that the fringing cements precipitated either as low magnesium 

calcite, or from neomorphism of high magnesium calcite in anoxic marine or meteoric 

phreatic water; while the ferroan equant sparry calcite owes its origin to an oxygen 

depleted, deep burial environment. De Wet (1987) suggests a marine to oxidising 

meteoric phreatic origin for the equivalent non-ferroan fringing cements of the Corallian 
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Group in the Oxford area, and a reduced meteoric and shallow burial environment for the 

ferroan equant calcite phase. However, in her analysis, both phases of cement have similar 

0180 values, averaging -2.0 to -2.5 %0 PDB, instead of an expected stronger depleted value 

for the meteoric phase. She explains this by suggesting that the isotopic composition of 

the meteoric water was not greatly different from the sea-water. Talbot (1971) suggests 

that the early fibrous cements, which are widespread across southern England, appear to 

have formed as low magnesium calcite in a shallow burial reducing environment. 

The isotopic and sedimentological results presented in this thesis suggest that the 

formation of the fringing and equant calcite could not have occurred within a reducing 

environment. Stable isotope, CL and petrographic results indicate that both cements are 

sea-floor precipitates, and the presence of bioturbation indicates that the sea-floor was 

oxygenated. Therefore the dull to moderate luminescence must be controlled by the 

Fe/Mn ratio of the calcite (Frank et ai., 1982) suggesting that the luminescence is a 

primary attribute - a suggestion also made by Wilkinson et al. (1985). Wilkinson et ai. 

(1985) also infer that if luminescence was acquired during initial marine cement 

precipitation, then initial cement compositions must have been low-magnesium calcites. It 

is unlikely that the luminescence was a late diagenetic attribute (e.g. if the original cement 

was of high-magnesium composition and was then stabilised to low-magnesium calcite) 

because this would have resulted in depleted 0180 values, which clearly are not the case. 

The variation in crystal morphologies within the documented hard-grounds, may result 

from differing Mg/Ca ratios or surface/active cation ratios (Wilkinson et al., 1985). 
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According to Wilkinson et al, (1985) such a variation in Jurassic marine cement 

morphologies must be related to a factor [kinetic?] which influences crystal growth during 

hardground lithification. 

The occurrence of low volumes of pyrite and siderite emphasises that very low rates of 

sulphide supersaturation occurred, and only then within organic rich micro-environments 

(e.g. ooid cortices, bioclastic shell debris, burrows or clay rich laminae). Similar 

observations have been made by Milodowski & Wilmot (1984) and Sun (1990). 

Sequence stratigraphic interpretation: 

Interpretation of isotopic, diagenetic, CL and sedimentological evidence indicates that the 

dominant calcite cements were precipitated within agitated marine pore-waters during the 

phase of parasequence progradation, and were then exposed to the sub-marine 

environment by winnowing during the phase of parasequence boundary formation. This 

exposure resulted in the development of marine hard-grounds. These analyses provide 

unequivocal evidence for parasequence identification. Similarly, the dominance of marine 

cements and lack of sub-aerial exposure indicates precipitation within a transgressive 

systems tract (sensu Tucker, 1993). 

Thalassinoides Beds: 

The deeper water facies (between 33.5m-39.3m on Fig.3.xxiii) are characterised by 
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concretionary diagenesis within Thalassinoides burrows. The dominant cement type is 

fine grained non-ferroan calcite, although quantities of ferroan dolomite increase upwards 
; 

towards the top of this unit (Fig.3.xxiii). Cementation of these, and similar burrow 

networks, has been well documented by Fiirsich (1973) and Fleming (1993); my Section 

3.1. Cementation of these burrows must have been early, as there is no evidence of 

burrow collapse or compaction. The increase in the volume of ferroan dolomite towards 

the top of this unit must be related to a net increase in sedimentation rates associated with 

the commencement of progradation. This would ensure rapid burial of organic matter into 

organic reducing zones, which would then be available for sulphate reduction (as depicted 

in Equation 2 of Section 3.3.1). Thus a similar scenario to that described within the 

highstand systems tract of Sequence 2 is envisaged (refer back to Section 3.3.2). 

The Shortlake Member: 

Within the coarser grained beds of the Shortlake Member, ferroan fringing calcite is 

poorly developed (Fig.3.xii), cross-cutting fractures filled with a late generation ferroan 

drusy calcite spar are present and locally (at the Bran Point outcrop) pore-filling and non-

luminescent non-ferroan calcite is present (Fig.3.xvii & Fig.3.xxiii). The lack of fringing 

calcite has already been interpreted to be the main contributing factor of grain compaction 

within these highstand sediments (Fig.3.xiii & refer back to Section 3.2.5). 

Stable isotope results obtained from ferroan equant sparry calcite are consistent with a 

normal marine carbonate source (ot3C values of -0.35%0 PDB) precipitating within normal 
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marine pore-waters (0180 values of -3.07%0 PDB suggesting pore-water temperatures of 

25.4°C at the time of cementation2
). 

However, stable isotope results obtained from non-ferroan equant calcite extracted from 

the Bran Point outcrop are consistent with a normal marine carbonate source (013C values 

of -0.35%0 PDB) precipitating within mixed marine/meteoric porewaters (0180 values of -

4.42%0 PDB). The 0180 values of the non-ferroan cements are more depleted than their 

ferroan equivalent. This observation supports Sun (1990) who interpreted them as 

representing cementation during an incursion of mixed marine/meteoric water that 

originated from a subaerially exposed area of the basin. However, these cement types are 

not as extensive as Sun has reported. In his work, he infers that non-ferroan equant calcite 

is common through-out the whole of the overlying Shortlake Member. This is clearly not 

the case (see sub-section 3.3.4). The only evidence of non-ferroan equant calcite is within 

the lower three oolitic beds of the Shortlake Member at the Bran Point outcrop. The most 

abundant cement in the laterally equivalent beds at the Black Head outcrop is ferroan 

equant calcite. 

The CL response of the non-ferroan calcite would suggest an oxidising environment. Its 

characteristic dull to non-luminescence must be related to limited Mn3+ and FeJ+ 

reduction. However, Sun (1990) states that non-ferroan equant calcite from the Shortlakc 

2 Interestingly, the palaeotemperature estimation of these cements is marginally higher than that estimated 
for the fringing calcites of the transgressive systems tract and indeed significantly higher than that obtained 
from concretionary calcite within sequence 1. Of course this could be a factor of experimental error and 
small sample size, but it is worth pointing out that Hallam (1994) using a range of data (floral, faunal, 
sediment, isotope and computer generated models) infers that the palaeoclimate of the late Jurassic was 
warmer than the that of the early Jurassic. Clearly. further evaluation and work is required to link pore
water palaeotemperatures to Jurassic palaeoclimates. 
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Member has a bright luminescence which suggests a sub-oxic diagenetic environment. 

The isotopic data presented in this thesis does not agree with Sun's (1990) diagenetic 

environment for these particular cements. 

Sequence stratigraphic interpretation: 

The presence of localised non-ferroan calcite is interpreted to indicate an incursion of 

meteoric derived pore-water. Within the context of the sequence stratigraphic framework 

defined in Chapter 2, this could be associated with the development of the sequence 

boundary positioned above the second oolitic bed of the Shortlake Member (at 40.7m on 

Fig.3.xxiii). However in the coastal successions, there is no field evidence for subaerial 

erosion associated with this sequence boundary. Thus any influx of meteoric water must 

have been in the form of an hydraulically driven fresh-water lens that originated from a 

subaerial exposed area of the basin during this time of sequence boundary formation. 

Coe (1995) suggests that within the Oxfordshire area, a sequence boundary associated 

with a period of erosion can be positioned between the Highworth Grit Member and the 

Third Trigonia Bed (refer to Coe, 1995, fig.11 for stratigraphic location). Coe (1995) has 

correlated this surface in Oxfords hire to a conformable/erosive surface positioned 0.5m 

above the base of the Shortlake Member in the coastal exposures (Fig.3.xxiii & refer to 

Section 2.2.3f for detailed description). However the presence of meteoric cements within 

the lower beds of the Shortlake Member supports my interpretation of the positioning of a 

sequence boundary at the top of the second oolitic bed of the Shortlake Member 
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(Fig.3.xxiii). The fact this cement is of a limited extent and formed as a result of a fresh

water lens, further supports the interpretation that the sequence boundary was a type-2 

boundary and thus did not result in any sub-aerial exposure. 

Immediately above the sequence boundary, (sample number 61 on Fig.3.xx) there is also 

evidence of meteoric cementation within the overlying shelf-margin systems tract 

(equivalent to the "middle white oolite bed" Arkell, 1947a). This would not necessarily 

have to result in further re-positioning of this sequence boundary, because sample number 

61 was collected directly above the surface separating the second oolitic bed of the 

Shortlake Member from the overlying "middle white oolite bed" (Arkell, 1947a) when the 

effects of meteoric infiltration would still have been evident. 

3.3.4: Shortlake Member to the Nodular Rubble Member 

Early diagenetic processes can be used as further evidence to support the proposed 

sequence stratigraphic framework of Sequence 4 ("middle white oolite bed" to top of 

Nodular Rubble Member). They are similar to those of the underlying Upton and 

Shortlake Members, except that there is little evidence of a meteoric influence. Only 

sample 61 on Figure 3.xx, shows any evidence of non-ferroan pore filling calcite that 

could be related to a period of meteoric diagenesis and this has been discussed in Section 

3.3.3. As indicated in Section 3.3.3, this observation is inconsistent with Sun's (1990) 

findings that the upper Osmington Oolite Formation (approximately equivalent to 
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Sequence 4) is dominated by pervasive mildly ferroan to non·ferroan meteoric calcite 

cements. 

Poorly developed dull luminescent to moderately luminescent marine ferroan fringing 

calcite and marine ferro an equant calcite within the "middle white oolite bed" (samples 61, 

C9 & CI0 on Fig.3.xx) are replaced upwards by marine ferroan equant sparry calcite 

within the remainder of the Shortlake Member (sample numbers Cll·CI5 on Fig.3.xx). 

The Nodular Rubble Member (samples 78·84 on Fig.3.xx) is dominated by concretionary 

burrows, brightly luminescent calcite and upwardly increasing volumes of pyrite. The 

pyrite is contained within ooid cortices and bioclastic shell debris, although the upwards 

increase in volume may represent a net increase in sedimentation rates associated with 

progradation, as has been documented in the highstand systems tracts of Sequence 2 

(Section 3.3.2) and Sequence 3 (Section 3.3.3). The dominantly bright luminescence of 

the concretionary calcite must be related to either (i) early diagenesis within a sub·oxic 

environment (i.e. the Sr zone) andlor (ii) a low FelMn ratio. 

Interestingly, early diagenetic analysis provided no evidence of dissolution or meteoric 

cementation associated with the top of the Nodular Rubble Member which has been 

interpreted as a sequence boundary. This would indicate that any period of sub·aerial 

exposure was of very limited duration. However, Coe (1995) measured bulk rock 0180 

and 013C isotopes of samples collected from the top of the Nodular Rubble Member. 

Although her data is variable (·2.3 to ·6.1%0 POB 0180 and -2.3 - +2.2%0 POB ol3C) and 

not an exact measurement of early diagenetic cements, it does appear to indicate a phase of 
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meteoric porewater at the top of the Nodular Rubble Member. This is further evidence to 

indicate a fall in relative sea-level associated with this surface, thus supporting the facies 

based sequence stratigraphic interpretation. 

3.3.5: Trigonia Clavellata Formation to Sandsfoot Clay Member 

Sedimentological analysis (refer back to Section 2.2.5) suggests that the bioturbated 

shoreface sediments (Trigonia Clavellata Formation) were deposited in an aerobic 

environment and therefore organic degradation in the oxic and post-oxic zones probably 

occurred (depending on relative rates of sedimentation). This would explain the low pore 

filling volume of pyrite (apart from in sample number 86, on Fig.3.xx which must have 

been rich in organic matter) which is a by-product of reactions within the zone of sulphate 

reduction (refer back to Equation 2 of Section 3.3.1). Thus less organic matter reached the 

sulphate reduction zone, resulting in lower levels of sulphide supersaturation (Berner, 

1978; Raiswell, 1982; Curtis, 1987). 

The early diagenetic reactions are dominated by upward decreasing amounts of fine 

grained ferro an equant calcite (Fig.3.xxiv) and upward increasing amounts of siderite and 

ferroan dolomite (Fig.3.xxiv). Within the Red Beds Member at 56.7m-58.3m on 

Fig.3.xxiv) the pore filling cements comprise approximately 50% ferroan calcite and 50% 

siderite. 
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The fine grained ferroan sparry calcite that is dominant within the Sandy Block Member, 

and less so within the Red Beds Member, is very similar in form and habit (although finer 

grained) and has a similar dull luminescent response to that seen within the Shortlake 

Member. It is therefore assumed to be of an early marine origin. Due to the fine grained 

nature of the sediments, it was not possible to extract the cement by scalpel or micro-drill 

for isotope analysis. 

In contrast to earlier lithostratigraphic units, the Trigonia Clavellata Formation is 

characterised by abundant volumes of siderite cement (Fig.3.xviii & Fig.3.xxiv). This 

high abundance could be related to (i) low volumes of pyrite, which would have resulted 

in more iron being made available for siderite formation during ferric iron reduction 

(McKay et al., 1995); or (ii) precipitation of siderite as a by-product of chemical reactions 

that involve sulphate reducing bacteria (Coleman et al., 1993). Coleman et al. (1993) state 

that this type of reaction utilises an enzymatic mechanism which reduces H1S compounds 

rather than reducing Fe(/I/) (siderite being unstable in the presence of H1S). 

An alternative explanation by Canfield (1989) is that siderite may have a bacterial origin 

from the microbial reduction of iron oxides. Distinct micro-environments may exist in 

marine sediments where in one, sulphides react with iron oxides locally producing pyrite 

whilst in another, iron reduced by micro-organisms migrates freely into solution to be 

combined with bicarbonate to produce siderite. 

Within the Red Beds Member, the calculated a13c value for the pore filling siderite 
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(-0.54%0 PDB) is consistent with crystallisation as a result of ferric iron reduction in a sub

oxic environment during or immediately after sulphate reduction (Mozley & Wcrsin, 

1992), although a contribution from marine carbonate cannot be ruled out. Sub-oxic 

conditions are favoured in marine environments that display relatively low concentrations 

of organic matter and low sedimentation rates (Berner, 1981; Coleman, 1985). Siderite 

crystallising under sub-oxic conditions has been well documented by numerous workers 

(e.g. Li et al., 1969; Lynn & Bonatti, 1965; Maynard, 1982; Walker, 1984; Coleman, 

1985; Mozley & Carothers, 1992 and Taylor & Curtis, 1995). 

From Equation 2 (Section 3.3.1) it is clear that due to the action of sulphate reducing 

bacteria, carbonate production is inevitable. If the rate of Fe(l/l) reduction is greater 

than the rate of sulphate reduction, then iron rich carbonates (e.g. siderite) will precipitate 

(Curtis, 1987). As noted in Section 3.3.1, siderite precipitation requires pore-waters with 

very low dissolved sulphide levels (Pearson, 1979), high bicarbonate levels and high Fe2
+ 

levels (associated with Fe(IIl) reduction). Therefore from Equation 2, any free Fe2
+ 

may combine with RCO; to produce siderite:-

Measured a180 isotope values for the siderite cements are light (-5.91%0 PDB). Mozley & 

Bums (1993) suggest that anomalously low oxygen values could be due to water-mineral 

interactions. At low temperatures during early diagenesis, authigenic minerals are 

considerably enriched in 180 relative to the pore-waters from which they precipitate 
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(Lohman & Walker, 1989). If significant volumes are precipitated, then authigenic 

minerals, such as carbonates, may lower the pore-water oxygen values by selectively 

removing ISO. 

These pore-filling siderite cements post-date the earliest marine calcite cements, which 

could have selectively removed ISO from the pore-waters. It is unlikely that the depleted 

oxygen values are the result of an input of meteoric pore-water, because there is no other 

evidence (depositional, sedimentological or other) to support this. Similarly, the depleted 

values are unlikely to have been the result of recrystalisation, because siderite is a 

relatively stable mineral, that is unsusceptible to recrystalisation (Mozley & Bums, 1993). 

Similar explanations have been used to explain anomalously low OISO values for early 

carbonate cements within the Upper Jurassic Kimmeridge Clay Formation of Dorset (Irwin 

et at., 1977) and OISO depleted siderite concretions within the Kuparuk Formation of 

Alaska (Mozley & Carothers, 1992). Ferroan dolomite which would have been a product 

of sulphate reduction, can be seen to post-date the siderite (Fig.3.xviii). 

Sequence stratigraphic Implications: 

The early diagenetic phases of the Sandy Block Member and Chief Shell Beds Member 

are consistent with an initial phase of marine cementation and would thus support the 

positioning of the proposed lowstand and transgressive systems tracts of Sequence 5 

(Fig.3.xxiv). The increase in siderite precipitation within the Red Beds Member would 

also support continued transgression, at a time when sedimentation rates would have been 
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low and sediment ponding in the zone of sulphate reduction was dominant. However no 

further evidence was found for the identification of parasequences. 

3.3.6: Sandsfoot Grit Member to Ringstead Coral Bed 

Early diagenetic products are dominated by upward decreasing volumes of glauconite, 

apatite and pyrite within the Sandsfoot Grit Member (Fig.3.xxv) as well as large volumes 

of siderite cement, concretionary siderite and ferroan dolomite within both 

lithostratigraphic units (Fig.3.xxv). Within the Ringstead Coral Bed, equant ferroan 

calcite is also present (Fig.3.xxv). 

Glauconite & apatite: 

The presence of glauconite and apatite within the Sands foot Grit Member is associated 

with slow rates of sedimentation or even sediment starvation, during slightly reducing 

conditions within the post-oxic zone (Pettijohn, 1975; Desrochers & AI-Aassm. 1993 and 

McKay et al., 1995) or at the oxic/suboxic boundary (Taylor & Curtis, 1995). 

Sequence stratigraphic interpretation.' 

The presence of glauconite and apatite may help to identify the lower parasequence 

boundary of the Sandsfoot Grit Member (at 69.8m on Fig.3.xxv). Apatite in particular, is 
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associated with marine flooding surfaces and periods of sediment starvation or slow net 

sediment accumulation, in settings where there is a rapid increase in accommodation space 

and very little input from detrital sediment (Macquaker et al., 1996). This would therefore 

suggest that parasequence flooding surfaces within the Sands foot Grit Member represent a 

prolonged period of sediment starved time. 

Siderite: 

Two phases of siderite precipitation occur within the Sandsfoot Grit Member:- (i) small 

early forming siderite concretions, and (ii) a dominant later pore-filling siderite cement 

(Fig.3.xix & 3.xxv). 

The calculated 013C isotope values of both siderite phases (-15.28%0 PDB & -14.84%0 

PDB respectively) are consistent with crystallisation as a result of ferric iron reduction in 

sub-oxic conditions during or immediately after sulphate reduction (Mozley & Wersin, 

1992) although carbonate sources from other diagenetic environments (e.g. sulphate 

reduction, high temperature abiotic reactions or even soil derived meteoric water) cannot 

be ruled out. Thus the growth of siderite concretions must be related to prolonged 

residence time within the sub-oxic zone. As for interpretations of other concretions within 

the Corallian Group, this indicates a period of non-deposition associated with the 

formation of a parasequence boundary and provides further evidence for the identification 

of a parasequence at the base of the Sandsfoot Grit Member. 
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The 0180 values of each type of siderite are distinctly different. The early formed 

concretions have values of ·0.66%0 POB which is consistent with a normal marine 

carbonate source, while the pore· filling cements have a value of -5.87%0 PDB. Again, a 

number of explanations can be offered to explain this depletion, such as, water-mineral 

interactions, meteoric water input, and recrystalisation. However, within the Sands foot 

Grit Member, pore filling siderite is the dominant cement type. The situation is therefore 

different from the transgressive systems tract of Sequence 5 where siderite and ferroan 

carbonate were seen to occur in approximately equal proportions. It is unlikely therefore 

that earlier water-mineral interactions were significant enough to reduce the 180 value of 

the pore-water. 

Mixing' of marine and meteoric water could significantly lower the oxygen value of a 

cement precipitating from its pore-waters (Mozley & Bums, 1993). Further evidence 

which could support this is the dissolution and etching of rare calcite crystal faces, which 

could have occurred during a period of meteoric input. The positioning of a sequence 

boundary that is related to a period of forced regression beneath these sediments, would 

imply a period of sub-aerial exposure, and thus a meteorically driven water input could 

have been likely. This would refute Coe's (1995) sequence stratigraphic interpretation 

(transgressive systems tract) of this member. 

Sequence stratigraphic interpretation of the overlying Ringstead Formation: 

Within the overlying Ringstead Formation (transgressive systems tract) one parasequence 
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has been identified (Fig.3.xxv). This parasequence is composed of dominantly dysaerobic 

muddy shelfal sediments which shallow-up to a thin faunally rich bioclastic bcd. The 

early diagenetic cements of the bioclastic bed are dominated by fine grained ferroan 

equant sparite and rare ferroan dolomite and siderite, with pyrite abundant in locally 

organic rich micro-environments. These cements are similar in habit and form to those 

occurring within the transgressive systems tracts of Sequences 3 and 4 (Sections 3.3.3 and 

3.3.4) and thus relate to similar diagenetic environments. The top of the mudstone unit is 

very iron rich containing abundant siderite and apatite, which have precipitated into 

localised small nodules. As in the Sandsfoot Grit Member, the growth of these 

concretions must relate to slow sediment accumulation within a sub-oxic/reducing 

environment beneath the parasequence flooding surface (Macquaker et al., 1996) which 

has been positioned on top of the bioclastic rich bed (Fig.3.xxv). 

3.4: Concluding Remarks 

• A range of analytical and petrographical techniques have identified twelve early 

diagenetic phases within the Corallian Group succession. These include glauconite, 

phosphate (apatite), pyrite, six forms of calcite concretion and cement, ferroan dolomite 

cement and two forms of siderite concretion and cement. 

• The study has indicated that an analysis of early diagenetic products has helped to 

identify, or provide further evidence for the identification of, parasequences, systems 

tracts and sequence boundaries thus providing support for the facies based sequence 
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stratigraphic framework outlined in Chapter 2. 

• Within the Nothe Grit Formation, the interpretation of concretion growth strongly 

supports the proposed facies identification of parasequences and may provide further 

evidence to support a highstand systems tract interpretation. Interpretation of the 

growth phases of concretions has indicated an initial period of rapid burial followed by 

a prolonged period of stillstand, which relate to parasequence progradation and 

drowning/non-deposition respectively. 

• There is no evidence for surface related diagenetic processes at Sequence Boundary 1. 

This may indicate that periods of forced regression during the deposition of the 

Corallian Group did not result in any significant duration of sub-aerial exposure, which 

would be expected during a global "green-house" period such as the late Jurassic 

(Veevers, 1990). This is because a fall in relative sea-level would not be a prolonged 

event and thus the amount of time of sub-aerial exposure and surface related diagenetic 

processes would be of a limited duration. Alternatively, this observation could also be 

in keeping with a ravinement surface interpretation at this boundary, as suggested by 

some workers. 

• In the Benc1iff Grit Member and Sands foot Grit Member, a similar interpretation of 

concretion growth has also provided strong support for parasequence identification. 

• Parasequences are easily identifiable within the Upton Member and Shortlake Member 

and analyses of early diagenetic marine cements strongly supports this. One 

parasequence was identified within the Nothe Clay Member, agreeing with the 

interpretation offered in Chapter 2. 

• However no further evidence could be found to identify parasequences within the 
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remainder of the Nothe Clay Member, the Thalassinoides Beds, the Nodular Rubble 

Member and the Trigonia Clavellata Formation. 

• Upward increasing volumes of ferroan dolomite support the proposed identification of 

highstand systems tracts at the top of the Nothe Clay Membernower sandstone bed of 

the Bencliff Grit Member (up to the first mudstone bed) and the Thalassilloides 

bedsflower two oolitic beds of the Shortlake Member. However no ferroan dolomite 

was identified within the proposed highstand systems tract of the Nothe Grit Formation 

or the upper beds of the Nodular Rubble Member. 

• Analysis of upward increasing volumes of ferroan dolomite in conjunction with 

highstand systems tract identification also supports the positioning of a sequence 

boundary at the first mudstone bed of the BencHff Grit Member (rather than the 

alternative position at the lithostratigraphic contact between this and the underlying 

Nothe Clay Member). 

• Identification of meteoric cements within the first two oolite beds of the Shortlake 

Member supports the positioning of a type-2 sequence boundary above the second of 

these beds. No evidence of exposure occurs at this sequence boundary and the meteoric 

cement is deemed to be the result of a small scale meteoric lens, originating from an up

dip/exposed area of the basin. An analysis of regional data indicates a correlatable sub

aerial erosion surface in the Oxfordshire area. 

• Finally, the emphasis of this chapter was to utilise the analyses of early diagenetic 

cements to support a facies based sequence stratigraphic model. This theme is 

continued in Chapter 6, where generalised models are produced that combine facies 

analysis with analyses of early diagenetic fabrics and are related to differing scales of 
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relative sea-level change. 
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Sample no s., locations & types of analysi . B4 (etc.) - sa ~ple no., CB - cemented bed, NCB,.. non-cemented bed & C - concretion i = thin Sect'lon 
petrography, ii - XRD, iii - table i otope & iv = CL. Sedimentology & sequence stratigraphy as for Figs.2.v & 2.vi. . 
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Fig.3.iii: Oxygen versus carbon isotope compositions of sampled early diagenetic phases. (see text for details) 
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frarnboidal 
pyrite 

euhedral 
pyrite 

neomorphosed 
sponge spicules 

Fig. 3. iv. 

0.7mm 

fine grai ned 
non-fi rroan 

equant calcite 
8 I - -30%0 PDB 

Thin-section photomicrograph of sample number A5, from zone I of a 
septarian concretion of the Nothe Grit Fm .. Note the abundance offramboidal and 
euhedral pyrite, which pre-dates the precipitation of fine grained non-ferroan calcite. 
Sponge spicule replacement must have occurred prior to calcite precipitation. 

Both the pyrite and non-ferroan calcite are products of precipitation within the 
zone of sulphate reduction. 

See Sections 3.2.4 and 3.2.5 for further discussion. 

coar er grained 
----shelly material 

septarian 
fracture 

cemented and tone faci 
repre enting top of 

paraseq uence. 
Cementation i dominantly b 

septarian concretion cemented 
by dominantly non-ferroan 

calcite and pyrite 

a later pha of poikilotopic 
calcite 

Fig.3.v. Field slide of a septarian concretion within the Nothe Grit Formation at Red lifT 
Point (S.Y713817). The septarian concretion grew within the coar er grained 
sandstone facies close to the parasequence boundary. It is compo ed 
predominantly of non-ferroan calcite, pyrite and a mall amount of id rit . 
Zoning within this particular concretion i not apparent. The concreti n gr w in 
response to sedimentation rates during the formation of the para equ nee. The 
host sandstone is cem~~ted by a later phase of poikilotopic calcite which i 
unrelated to the depOSitIOn of the parasequence. See ection 3.2.5 for further 
explanation. 

For scale, camera lens cap is approximately O.05m in diameter. 
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2.5mm 

B Sample number A4 
CL light 

Fig. 3. vii: Two photomicrographs of ample number A4, fr m z n 
septarian concretion of the Nothe rit Fm. - A in PP 
in CL light. (B) reveals a dominantly mod rat to bright 
luminescence for the non-ferroan fine grain d 

id rit rh m ? 

n n-fi rr an fin 
grained calcite with 
a moderate t 
bright lurnin en 

id rit rh m 
n n-lumin nt 

dull lumin nt 
n om rph. d 
p ng pI ule 

calcite. This suggests a low FelMn ratio, which ma b indicati 
of a ub-oxic reducing environment. tab I i t P data at 
suggests a reducing environment for thi calcit ( cti n 3.2. 
for further explanation). 



poorly developed laterally 
continuous carbonate 

concretions formed due to the 
lateral amalgamation of 

originally oblate concretions 

non-zoned ferroan 
poikilotopic concretions 
contained within coarser 

sandstone facies of a fining-up 
parasequence 

transgressive surface at the 
top of tbis shelf-margin 

systems tract 
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Fig.3. viii. Field slide to show two non-zoned, ferroan poikilotopic calcite concretions witbin the 
coarser grained facies of a parasequence of the BenclifI Grit Member at Osrnington Mills 
(SY 738815). 

These concretions are thought to have formed as a result of very low rates of organic-carbon 
oxidation, deep within the sulphate reduction zone 

Trends within the stable isotope analysis of concretions, suggest that their growth is controlled by 
parasequence formation as well as overall systems tract formation. 
See Section 3.2.5 for further explanation. 

F or scale, the concretion on the right-handside of the photograph is approximately 1 m in diameter 
(All sequence stratigraphic interpretations are as defined in Chapter 2). 
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Log of the Bencliff Grit Member, and a typical concretion. The concretion is dominated by 
ferroan poikilotopic calcite. Stable isotopes suggest dominant source of carbonate was marine, although within 
a mix.ed marine/ meteoric environment that became more marine. Labels indicate positions of samples, which 
relate to data in table (right-hand side of diagram). Also note isotope values for the systems tract , \\ hich 
indicate a vertically waning meteoric influence. 



A Sample number 32a:
stained section XPL 

mauvelbl ue stained 
ferroan poikiJotopic 

a ingl 
fi IT an p ikil t pi 

calcite cry tal 
that ha g n int 

e, tincti n 

calcite 

B Sample number E2:
non-stained section XPL 

2mm 

O.86mm 

a ingl 
ferroan poikil topic 

calcite cry tal 
that has gone into 

extinction 

Fig.3.x. Two photomicrographs (A & B) offerroan poikilot pic calcite tra t d 
from two non-zoned concretion of the Bencliff rit Member .. 

Stable isotope results suggest that this cement cry taHi d a a r ult f 
very low rates of organic-carbon oxidation d ep within the ulphate 
reduction zone. The large size of individual cry tal i attribut d t 
excellent poroperm properties of the ho t sand tone. Thi c m nt typ 
must be early, because it has pre erved the depo iti nal op n grain fabric 
of the host sediment. 

(see Section 3.2.5 for further information) 



Sample number E2 
PPL 

1.6mm 

B Sample number E2 
CL 

ferr an p ikilotoplc calcite 
that i d minantJy dull to 
non-]umine cent with ubtle 
bright zoning. 

Fig.3.xi. 

1.6mm 

bright! zon d 
rep lac d bi cIa tic 
fragments ? 

Two photomicrograph of ample number 2, fr m a 
concretion of the Benclitf rit Memb r - (A) in PP and ( ) 
in CL light. The CL photomicrograph clearly h w 
that the ferroan poikilotopic calcite whi h fonn th 
concretions is duJl to non-luminescent (with me zoning). 
Thi uggests a very high F elMn ratio whIch rna b 
indicative of a strongly reducing environment ( e ection 
3.2.5 for further e planation). (A) & (B) are n t actly 
coincident view . 



fascicular-optic 
fibrous calcite. A Sample number 40 

non-stained XPL 
Length to width 
ratios are more 

than 6:1 

well devel ped 
polyg n~1 

comproml e 
b undarie & 

point termination 
b tween fring 

et 

(all blue arrows) 

microbial 
micrite 

envelope 

replaced 
bioclastic 
fragment 

Fig.3.xii. 

2.4mm 

B Sample number C15 
non-stained XPL 

l.3mm 

(aJl red arrow ) 

equant 
ferroan 
calcite 

acicular fibrous 
calcite 

(with poorly 
develo~d 

comproml e 
boundarie ) 

Photomicrographs of two different types offerroan fringing calcite, A i f 
sample number 40 extracted from the top of a parasequenc of the lower 
Upton Member, (B) is of sample number C 15 extracted from the top of a 
parasequence of the upper part of the Shortlake Member). 

(A) shows well developed columnar, fascicular optic fibrous calcite that have 
well developed compromise boundaries; (B) show poorly developed acicular 
fringing calcite. However, in both examples the fringing calcite is clearly an 
early cement phase. Stable isotope results have confirmed a marine origin for 
these cements. 

(see Section 3.2.5 for further information) 



broken micrite 
envelope 

replaced bioclast 
forced into an ooid 

Sample number CIO:
A stained section PPL 

O.86mm 

Sample number ClO:
B stained section PPL 

id 

gram 
c mpacti n 

F;g3.xiii~ 

O.86mm 

pore-filling 
ferroan quant 

calcit 

Photomicrographs from sample number CIO (lower b d fth hortlak 
Member at the Black Head outcrop) to show the effect of arly 
grain compaction. Note the pre ence of grain c ntact , collap ed micrit 
envelopes and splayed ooid cortices A & B). AI n te that bi cIa tic 
material that has been replaced by ferroan equant calcite, ha b en ~ rc d 
into an ooid (B). 

The equant ferroan calcite cement i an early pore-filling 
crystallising during and after the minor compaction phas . he compaction 
phase occurred due .to. an a? ~nce of fringing calcit . tabl i otop data 
from samples contammg snrular equant ferroan calcit , ugge that it i 
clearly a marine precipitate (see ection 3.2.5 for further d tail . 



A Sample number 40 
PPL icrite envel pe 

ferroan equant 
;.;:..;;-----calcite 

ferroan i opach u 
=~~~~ .... ~~~~~~~~~~r-- frlnglng calcit 

bivalve fragment 
r hlam quali 0 La) 

4mm 

B 
Sample number 40 
CL micrite env lope: 

brightly zoned 

Fig.3.xiv. 

4mm 

ferroan equant 
calcit : dull to mod. 
lumlnescence -
orne zontng 

ferroan i opachou 
fringing calcite: 
dull to mod.lumin
e cence, well zon d 

bivalve fragm nt 
r hlam qual i La) 
bright and non-Ium
ine c nt 

Two photomicrographs (A & B) of sample number 40 from a 
parasequence top of the TST of Sequence 3 (lower Upton Member. Th 
photomjcrograph (B) clearly shows that both the ferroan fringing calcite and 
the ferroan equant calcite have a dull to moderate lumine c nee. Th ferr an 
fringing calcite is also well zoned. These results sugge t that both 
cements have a low FelMn ratio, but due to cement fabrics and tab I 
isotope data, these cements are unlikely to have precipitat d in a 
reducing environment. It is suggested that the low FelMn ratio i due t 
a primary low-magnesium composition of both cement pha e 
Section 3.2.5 for further explanation). 



A Sample number 61 
PPL 

2.4mm 

secondary coar er 
non-ferroan calcite 

fine grained & acicular 
ferroan calcite (primary 
phase) 

B Sample number 61 
CL 

Fig.3.xv. 

2.4mm 

secondary coarser 
non-ferroan calcite: 
revealing an initial 
phase ofnon-Iumine -
cence followed by a 
phase of dull 
lum i nescence 

fine grained & acicular 
ferroan calcite (primary 
phase): brightly lumjne -
ci ng and zoned. 

Two photomicrographs (A & B) of sample number 61 from the middle 
white oolite bed of the Shortlake Member. Thi ample 

contains fine grained acicular and pore filling ferroan calcite 
which is a marine precipitate and is brightly luminescent and 
zoned. Similar to sample number 40, (B) sugge t a low FelMn 
ratio for these cements. The remaining pore space is infilled 
with coarser, non-ferroan equant calcite which is non-Iumine ce-
nt to mod. luminescent. This would suggest an initial period of 
oxidation where neither Fe or Mn were reduced followed by a 
period of reduction, where Fe would have beg~ to reduce. 



partially collapsed 
micrite envelope 

Sample number C12:
stained section PPL 

• 2.4mm • 

early pore-filling 
ferroan equant 

calcite 

ferroan equant 
calcite infilling 

dissolved bioclastic 
material 

Fig.3.xvi. Thin section photomicrograph to show early pore-filling ferroan equant calcite within the Sbortlake Member. Note that due to a 
lack of fringing calcite, this cement grows directly from grain boundaries. Stable isotope data taken from this sample, clearly 
suggests that this cement is a marine precipitate. The cement is also seen to clearly infill mouldic porosity that was fonned as a 
result of aragonite bioclast dissolution due to the action of calcite rich marine pore-waters (see Section 3.2.5 for further 

explanation ). 



Fig.3.xvii. 

Sample number 61 :
A stained section PPL 

1.43mm 

B Sample number 59:
stained section PPL 

O.86mm 

early ec ndary 
pore-filling n n
ferroan equant 

calcite, pr erving 
a depositional pen 

grain fabric 

- __ early ferroan 
fringing calcite 

pore-filling 
non-ferroan 

equant calcite 

sma] I, ferroan 
acicular fringing 
calcite cry tal 

Two photomicrographs to show early acicular ferroan fringing calcite and 
early pore-filling non-ferroan equant calcite. Both ample were c 11 t d 
from the Shortlake Member at the Bran Point outcrop (please refer to ig.3.ii 
for exact location). 

Stable isotope data suggests that the non-ferroan equant calcite wa pre ip
itated from meteoric pore-waters. This cement i not laterally or erticaJIy 
extensive and is assumed to have formed a a re ult of a mall met onc 
lens (see Section 3.2.5 for further explanation . 



A Sample number 112:
stained section PPL rhombic iderit 

ry tal pr -dating 
ferroan dol mite 

0.43mm 

",--,..::r-~ 

rhombic, euhedral 
ferroan dolomite 
cry tal po t-dating 
pyrite growth 

detrital matrix 

euhedral and framboidal 
m:=====_.p rite crystal pr -dating 

dolomite 
crystal isation 

spac 

B Sample number 31 :
stained section PPL 

Fig.3.xviii. 

2.2mm 

ferroan dolomite 
E:::=-_rhomb growing 

within micro-poro ity 
of clay/detrital matrix 

silt- ized 
. 'tal quartz 

grams 

Photomicrographs to show the relationship between pyrite, ferroan 
dolomite and siderite within two samples. ampJe number 3] wa 
collected from a heterolithic bed of the Bencliff Grit Member). ample numb r 
112 (A) was collected from the lower beds of the and foot Grit Memb r. 
Pyrite, siderite and ferroan dol?mite are all primary phases and have 
precipitated as a result of reactIOns that took place withjn the zone f ulphate 
reduction. Withjn sample number 112, pyrite was the fir t diag netic pha , 

followed by siderite and ferroan dolomite once sulphate I vel had fli ctiv Iy 
been reduced to zero (see Sections 3.2.6 & 3.2.7 for further explanation). 



Fig.3xixa. 

mall blate 
iderite c ncreti n 

Small oblate siderite concretions from the andsfo t Grit 
Formation. Stable isotope data from siderite 
crystals within these concretions, suggest that they grew 
within the zone of sulphate reduction (see ection 3.2.7 
for further explanation). 

Photograph taken at Sandsfoot Castle (S .Y 675774). For cale, 
the camera lens cover is approximately 50mm in diameter. 

Sample number 112:
stained section PPL 

Fig.3.xixh. 

O.6mrn 

euhedral iderite 
crystal 

__ detrital 
matrix 

detrital laminae 
wrapping 
around id rite 
cry tal 

euhedral 
ferroan dolomite 
crystal 

Photomicrograph of sample number 112 xtracted from 
the lower beds of the Sandsfoot Grit Formation. N t the 
abundance of pyrite, preferentially growing within 
rnicro-poros.ity of the detrital matrix and note that laminae 
wrap around siderite crystals implying that cry tal growtb 
occurred before any significant compaction. tab I 
isotope da~ s~ggests that this siderite grew a a re ult of 
reactIOns W1thm the zone of uJphate reduction 
Section 3.2.7 for further explanation). 



Fig.3.n: Graphical representation of 
diagenelic results. Sample numbers relate to 
point counted Ihin-seclions. Individual column 
width represenls % of pore-filling abundance. 
The delail of sampled concrelions wilhin 
sequence I and 3 can be found in Figs.3.vi & 
vii respeclively. Please note log overlap & Ihe 
different symbols used for each. Point counl 
number for each sample - 500. (see Appendix I 
for tabulated results) . Sequence straligraphic 
framework as for Chapler 2 
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normal marine 
olea water - -1 %0 POB 

~ 
~--~'--------'i - sea-bed 

normal marine 
&"0 watel-1o/00 POB 

i 

normal marine 
&''0 water -10/00 PDB 

oxic/post-oxic 1-1 ---------i 
- parasequence boundary- ,r----------, 

oxic/post-oxic 
zone zone 

sulphate 
reduction 

zone 
(SR) 

methanogenesis 
zone 
(Me) 

Fig.3.xxi: 

• • • 
• • • 

• 

STAGE ONE 
parasequence 
progradation 

pyrite 

zone 1 
13 o C - -31%0 POB 
18 o 0 - -0.8%0 POB 

(mod.-bright lum., 
non-zoned) 

• • • 
• • • 

1 
• 

• 
• 

STAGE TWO 
parasequence 
progradationl 

drowning 

J: . • • 
• • • 

pyrite • 
• 

septarian 
fractures 

zone 1 

zone 2 ~ 
013C - -26%0 POB 
0180 - -1.7%0 POB 1-1 -----=---~ 
(mod.-bright lum., 

some zoning) 
STAGE THREE 
parasequence 

drowning 

Early diagenesis within a parasequence of the Nathe Grit Fm. (Sequence I). During stage I, pyrite and zone I 

sulphate 
reduction 

zone 
(SR) 

methanogenesis 
zone 
(Me) 

calcite are precipitated in the sulphate reduction zone (Sr). Due to high sedimentation rates, sediment quickly b} -pas!)es the ox ic. post-oxic 
zone, thus preserving organic material. With development of parasequence boundary, burial continued at a !)lower rate, and zone 2 calcite, 
siderite and less pyrite began to precipitate closer to the lower boundary of the Sr zone. Finally t during stage 3, continued gro\\ th of zone 
2 calcite occurred, along with development of septarian fractures, which were intilled with calcite that cry~tallised, ver) deep into the Sr 
zone, or just within the zone of methanogenesis (Me). The dominance of calcite with Sr isotope values, suggests lhal after initially high 
sedimentation rates. sedimentation became "stagnant" dur~ng the formation of the parasequence boundary. 



mixed marine/meteoric 
01SC) water 

~ 
mixed marine/meteoric 

01SC) water 

~ 
mixed marine/meteoric 

0180 water 

sea-bed. ~ 
mixed marine/meteoric 

0180 water 

oxic/post-oxic 
zone 

sulphate 
reduction 

zone 
(Sr) 

methano
genesis 

zone 
(Me) 

Fig.3.xxii: 

glauconite 

STAGE ONE 
parasequence 
progradation 

sea-bed 

pyrite 
• • 

• 
• 

• 

STAGE TWO 
parasequence 
progradation 

parasequence I oxic/post-oxic 
boundary I. _H' ___ H .. H._ ... H .. HHH'_'" zone 

• 
• 

• 
pyrite 

• 

. .. +-----+- concretion 
,:-...J 1,,13 

STAGE THREE 
parasequence 
progradationl 

drowning 

o C - + 10/00 PDS 18 o 0 - -9 to-5 
0/00 PDS 

• 

x • 

x 

STAGE FOUR 
parasequence 

drowning 

deep 
sulphate 
reduction 

zone 
(Sr) 

methano
genesis 

zone 
(Me) 

Early diagenesis within a parasequence of the aerobic tidal nat sands, BcndilT Grit Member (Sequence 3). During Stage I, 
rare glauconite crystallises within the post-oxic zone. During Stage 2, low sedimentation rates have resulted in a reduction in the amount 
of organic matter entering into the sulphate reduction zone. Thus, only a limited amount of pyrite crystallises. During Stage 3, ver] loy. 
rates of organic-carbon oxidation deep within the sulphate reduction zone, result in the growth of large calcite concretIOns. Finally, dunng 
stage 4, ferroan dolomite is precipitated within organic rich facies of the heterolithic beds, and clay laminae (see text for further details). 



Fig 3.xxiii: Vertical (& lateral) variations in the abundance of the main early diagenetic 
phases present within the lower to middle Osmington Oolite Fm. 
(TST & HST of Sequence 3). Note symbols for logs A & B as in Figure 3.ii. 
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(Sequence 5) 
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Cement Phase CL Staining Description Trace Element oUC (%II) 0180 ("-) Environment 
(a pproximates) 

Phase I (a) non-luminescent to brown micritic peloids, Mg 2.5ppm xl 03 

bright grapestone, intraclast Fe 2.Sppm x 103 0.5 - 2.5 -1.0 - "3.0 Marine phreatic 
Mn 3ppmx Iff (marine) (marine) 
Sr 4ppmx 102 

Phase I (b) non-luminescent to non-ferroan isopachous fibrous Mg 2.5ppm xl03 

bright Fe 2.5ppm x 103 0.5 - 2.5 -1.0 - "3.0 Marine phreatic 
Mn3ppmx 102 (marine) (marine) 
Sr 4ppmx Iff 

Phase 1 (e) zoned dull to bright non-ferroan isopachous dogtooth, Mg 2.5ppm xl 0" Oxidising meteoric phreatic near 
equant, microspar Fe 2.5ppm x 103 0.5 - 2.5 -1.0 - "3.0 surface I 

Mn3ppmx Iff (marine) (marine) 
Sr 4pprnx Iff 

Phase 2 (a) complex zoning ferroan syntaxial overgrowths, Mg 1.5ppm xl 0" Mildly reducing meteoric phreatic 
equant Fe9ppmx 103 -1.0 - "2.0 -1.0 - "3.0 

Mn6ppmx Iff (meteoric) (marine?) 
Sr 3 ppm x Iff 

Phase 2 (b) non-luminescent to dull ferroan equant, granular Mg 1.5ppmxl0" Reducing meteoric connate 
luminescent Fe9ppmx 103 -1.0 - "2.0 -1.0 - "3.0 

Mn6ppmx Iff (meteoric) (marine?) 
Sr 3ppm x Iff 

Phase 3 dull with dark patches variable blocky. poikilotopic Mg 1 ppm xl OJ Cretaceous meteoric connate deep 
Fe 5ppmx 103 -0.5 - -4.0 "3.5 - -5.0 burial 

Mn 2-7ppm x Iff (meteoric) (connate) 

- - - - - -- .- .-
___ _ _ __ ,--Sr 3.Sppm x 1 ff 

TabI1!3.i: Corallian Group calcium carbonate cement summary as classified by De Wet (1987) 



Sequence Diagenetic Phase CL Description Trace element (wt 810) Environment 

Transgressive 1 luminescent Neomorphism of skeletal Fe <1.2 Marine phreatic 
aragonite and ooids Mn 0.08 - 0.17 

Transgressive 2 non-zoned dull Early columnar isopachous Fe 1.8 Anoxic marine phreatic 
cement fringes Mn 0.08 - 0.17 

Transgressive 3 non-zoned dull ferroan calcite Fe 2.1 - 3.5 Anoxic deep burial I 

Mn 0.01 - 0.17 
Regressive 1 luminescent ooids Fe < 1.2 Marine phreatic 

Mn 0.08 - 0.17 
Regressive 2 non-zoned dull Early columnar isopachous Fe 1.8 Anoxic marine phreatic 

cement fringes Mn 0.05 - 0.18 
Regressive 3 zoned bright Blocky calcite non-ferroan to Fe <1.0 shallow buriaIlsub-oxic meteoric 

mildly ferroan Mn 0.08 - 0.15 
Regressive -~---- dull ferroan fracture calcite (no data) Anoxic deep burial 

-------- -- ---

Table3.;i: Osmington Oolite Fonnation calcium carbonate cement summary as classified by Sun (1990) 



-

Sample No. 

A4,A6 

AS 

E2, E4, 32A 

40 

42 

SO 

S7 

61 

CIO 

Cl2 

Cl3 

78 

88 

116, 120 

Table J./I/: 

~- -- .-~~----.-------

Sample Authigenic Depositional Llthostrat. 
Type Phase Environment unit CI. rr,pon't 

interior zone non-ferroan prograding Nothe Grit moderate to bright 
of septarian calcite shoreface Fonnation luminescence, non-
concretion J'§eudospar zoned 

exterior zone non-ferroan prograding Nothe Grit moderate to bright 
of septarian calcite shoreface Fonnation luminescence, 
concretion pseudospar subtle zoninR 
interior & ferroan tidal flat DenclifTGrit dull to non-
exterior of poikilotopic shoreline Member luminescence, 
concretion calcite subtle toning 

ferroan lower dull to moderate 
pore filling fibrous & shoreface Upton Member luminescence, 

equant subtle loning 
calcite 
ferro:m lower moderate 

pore filling fibrous & shoreface Upton Member luminescence. 
equant loned 
calcite 

concretion- non-ferroan shallow dominantly dull 
aryburrow calcite shelfal Upton Member luminescence 

microspar 
non-ferroan tidal inlet and Shonlake very dull to non-

pore filling equant accretionary Member luminescent 
spit 

fringing calcite is 
ferroan tidal inlet and Shonlake brightly 

pore filling fringing & accretionary Member luminescent and 
non-ferroan spit zoned, non-ferroan 

equant calcite is non to 
mod. luminescent 

ferroan tidal inlet and Shonlakc non-luminescent to 
pore filling equant accretionary Member dull luminescent 

calcite spit 
ferro an tidal inlet and Shonlakc dull to brightly 

pore filling equant accretionary Member luminescent with 
calcite spit rare zoning 
ferroan tidal inlet and Shonlakc moderate 

pore filling equant accretionary Member luminescent with 
spit some zoning 

concretion- mildly shallow Nodular brightly 
ary burrow ferroan shelfal Rubble luminescent and 

microsp~r Member zoned 
ferroan lower T. Clavellata dull luminescent 

pore filling equant shorefacclshal Formation and non-zoned 
calcite low shelfal 

siderite & prograding Sands foot Grit 
pore filling ferroan shoreface Fonnation non-luminescent 

dolomite 

Cathodoluminescence (eL) results for selected cement samples of the Corallian Group 
succession of south Dorset. CL response described as either non-luminescent, dull 
luminescent, moderately luminescent or brightly luminescent &. either zoned or non-zoned 



Sample No. 

A5 

A6 

A8 

32A 

E3 

E4 

39A 

40 

61 

Cl2 

Cl2 (c) 

C27 

115 

113 

Table J.iv: 

Sample Authigenic Depositional Lithostratigraphic 
Type Phase Environment lInit aUo%. 

PDD 

interior zone non-ferroan prograding 
of septarian calcite shoreface Nothe Grit Fm. ·0.83 
concretion pseudospar 
fracture of ferroan 
septarian drusy calcite ? Nothe Grit Fm. -3.52 

concretion 
exterior zone non-ferroan prograding 
of septarian calcite shoreface Nothe Grit Fm. -1.75 
concretion pseudospar 

exterior zone ferroan tidal flat Dencliff Grit 
of concretion poikilotopic shoreline Member -9.23 

calcite 
interior of ferroan tidal flat Dencliff Grit 
concretion poikilotopic shoreline Member ·6.30 

calcite 
exterior of ferroan tidal flat Dencliff Grit 
concretion poikilotopic shoreline Member -5.77 

calcite 
exterior of ferroan tidal flat Bencliff Grit 
concretion poikilotopic shoreline Member -5.60 

calcite 
pore filling ferroan lower Upton 

fibrous shoreface Member -2.19 
calcite 

pore filling non-ferroan tidal inlet and 
sparry accretionary Shortlake Member -4.42 
calcite spit 

pore filling ferroan tidal inlet and 
sparry accretionary Shortlake Member -3.07 
calcite spit 

control ooid tidal inlet and 
accretionary Shortlake Member -3.29 

spit 
pore filling siderite lower Red Deds 

shoreface/shal Member -5.91 
low shelfal 

concretion siderite prograding Sands foot Grit 
shoreface Member -0.66 

pore filling siderite prograding Sands foot Grit 
shoreface Member -5.87 

al80 & a\3c (%0 POB) results for selected cement samples of the Corallian Group 
succession of south Dorset 

al106t 
PDD 

·31.10 

+2.23 

-26.60 

·0.34 

+1.64 

+1.86 

·0.24 

+0.73 

+2.60 

·0.35 

+1.14 

·0.54 

-15.28 

-14.84 



, 

Paragenetic 
Lithostratigraphy Depositional Cement form Sulphides Early Carbonates sequence (early 

environment diagenesis only) 
FormatioolMember Dolomite Calcite Siderite 

Nothe Grit Fm. prograding septarian abundant pyrite non-ferroan pyrite - calcite-
shoreface concretions absent concretionary calcite rare siderite siderite 

Preston Grit Mh. prograding cemented bed pyrite ferroan dolomite absent absent 
shoreface 

Nothe Clay Mh. muddy offshore cemented beds as above as above rare non-ferroan rare siderite pyrite - calcite -
shelf calcite siderite - dolomite 

shallowing shelf as above as above as above absent rare siderite 
BencliffGrit Mh. tidal flat concretions and common ferroan ferroan pyrite - calcite -

shoreline cemented beds pY!ite dolomite concretionary calcite absent dolomite 
UptonMb. transgressing cemented beds & fringing - equant rare pore-filling calcite - pyrite -

shoreface concretionary as above rare ferroan ferroan calcite siderite siderite/dolomite 
burrows dolomite 

fringing - equant calcite (ferroan)-
tidal inlets and cemented beds ferroan calcite & rare pore-filling pyrite - siderite -

Shortlake Mh' accretionary spits as above as above non-ferroan calcite siderite dolomite - calcite 
(non-ferroan) 

tidal inlets and cemented beds fringing - equant rare pore-filling calcite - pyrite -
accretionary spits pyrite rare ferroan ferroan calcite siderite siderite - dolomite 

dolomite 
Nodular Rubble Mh. shallow shelf concretionary as above as above non-ferroan conc. rare pore-filling as above 

burrows burrow calcite siderite 
Sandy Block Mb. shoreface cemented beds pyrite rare ferroan equant ferroan rare pore-filling as above 

Chief Shell Beds Mb dolomite calcite siderite 
transgressing cemented beds common ferroan rare equant ferroan abundant pore- as above 

Red Beds ~1b. shoreface to as above dolomite calcite filling siderite 
restricted shelf 

cemented beds & rare equant ferroan abundant calcite (7) -
Sandsfoot Grit Mb. prograding siderite concretions as above rare ferroan calcite concretionary & dissolution - pyrite 

shoreface dolomite pore filling siderite - siderite - dolomite I 
Ringstead Coral restricted shelf to cemented beds rare pyrite rare ferroan ferroan calcite pore-filling siderite pyrite - calcite -

Bed shallow coral bed dolomite siderite 

Table J.v: A SUIllIIlaI)' of early diagenetic products within the Corallian Group succession (excluding glauconite & phosphate) 
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Paragenetic 
Lithostratigraphy Depositional Cement form Sulphides Early Carbonates sequence (early 

environment diagenesis only) 
FormationlMember Dolomite Calcite Siderite 

Nothe Grit Fm. prograding septarian abundant pyrite non-ferroan pyrite - calcite -
shoreface concretions absent concretionary calcite rare siderite siderite 

Preston Grit Mh. prograding cemented bed pyrite ferroan dolomite absent absent 
shoreface 

Nothe Clay Mh. muddy offshore cemented beds as above as above rare non-ferroan rare siderite pyrite - calcite -
shelf calcite siderite - dolomite 

shallowing shelf as above as above as above absent rare siderite 
BencliffGrit Mh. tidal flat concretions and common ferroan ferroan pyrite - calcite -

shoreline cemented beds pyrite dolomite concretionary calcite absent dolomite 
UptonMb. transgressing cemented beds & fringing - equant rare pore-filling calcite - pyrite-

shoreface concretionary as above rare ferroan ferroan calcite siderite siderite/dolomite 
burrows dolomite 

fringing - equant calcite (ferroan) -
tidal inlets and cemented beds ferroan calcite & rare pore-filling pyrite - siderite -

Shortlake Mh. accretionary spits as above as above non-ferroan calcite siderite dolomite - calcite 
(non-ferroan) 

tidal inlets and cemented beds fringing - equant rare pore-filling calcite - pyrite -
accretionary spits pyrite rare ferroan ferroan calcite siderite siderite - dolomite 

dolomite 
Nodular Rubble Mh. shallow shelf concretionary as above as above non-ferroan conc. rare pore-filling as above 

burrows burrow calcite siderite 
Sandy Block Mh. shoreface cemented beds pyrite rare ferroan equant ferroan rare pore-filling as above 

Chief Shell Beds Mh dolomite calcite siderite 
transgressing cemented beds common ferroan rare equant ferroan abundant pore- as above 

RedBedsMh. shoreface to as above dolomite calcite filling siderite 
restricted shelf 

cemented beds & rare equant ferroan abundant calcite (1) -
Sands foot Grit Mb. prograding siderite concretions as above rare ferroan calcite concretionary & dissolution - pyrite 

shoreface dolomite pore filling siderite - siderite - dolomite 
Ringstead Coral restricted shelf to cemented beds rare pyrite rare ferroan ferroan calcite pore-filling siderite pyrite - calcite -

Bed shallow coral bed dolomite siderite 
-- -- --- ------ - - -

Table 3. v: A summary of early diagenetic products within the Corallian Group succession (excluding glauconite & phosphate) 



I 
Paragenetic 

Sequence Systems Depositional Sulphides Early Carbonates sequence (early 
I tract environment diagenesis only) 

Dolomite Calcite Siderite 
non-ferroan pyrite - calcite -

Sequence 1 HST prograding abundant pyrite absent concretionruy calcite rare siderite siderite 
shoreface 

LST prograding pyrite ferroan dolomite absent absent 
shoreface 

Sequence 2 TST muddy offshore as above as above rare non-ferroan rare siderite pyrite - calcite -
shelf calcite ~ siderite - dolomite 

HST shallowing shelf as above as above absent rare siderite 
tidal flat common ferroan ferroan pyrite - calcite-

SMW shoreline pyrite dolomite concretionruy calcite absent dolomite , 

transgressing fringing - equant rare pore-filling calcite - pyrite -
Sequence 3 TST shoreface as above rare ferroan ferroan calcite siderite siderite/dolomite 

dolomite 
calcite (ferroan) -

tidal inlets and fringing - equant rare pore-filling pyrite - siderite -
HST accretionaty spits as above as above ferroan calcite & siderite dolomite - calcite 

non-ferroan calcite (non-ferroan) 
tidal inlets and fringing - equant rare pore-filling calcite - pyrite -

SMW accretionaty spits pyrite rare ferroan ferroan calcite siderite siderite - dolomite 
dolomite 

Sequence 4 marine shoal to as above & non- rare pore-filling 
TST shallow shelf as above as above ferroan conc. burrow siderite as above 

calcite 
LST shoreface pyrite rare ferroan equant ferroan rare pore-filling as above 

dolomite calcite siderite 
transgressing common ferroan rare equant ferroan abundant pore- as above 

Sequence 5 TST shoreface to as above dolomite calcite filling siderite 
restricted shelf 

rare equant ferroan abundant calcite (1) -
LST prograding as above rare ferroan calcite concretionruy & dissolution - pyrite 

Sequence 6 shoreface dolomite pore filling siderite - siderite - dolomite 
TST restricted shelf to rare pyrite rare ferroan ferroan calcite pore-filling siderite pyrite - calcite -

shallow coral bed dolomite siderite 
~- - --- - .- - -

Table l.vi: Corallian Group sequences, depositional environments and associated early diagenesis (excluding glauconite & phosphate) 

l 



Chapter 4 

4: A High Resolution Sequence Stratigraphic Model For The Lower 

Cretaceous Ericeira Group Of West Central Portugal 

4.1: Introduction 

4.1.1: Aims 

The aim of this chapter is to present a high resolution sequence stratigraphic framework 

for the lower to middle part of the Ericeira Group through the analysis of depositional 

environment, facies changes and the identification of key stratal surfaces and sequence 

stratigraphic units. A consideration of published data on basin-wide facies changes and 

biostratigraphy is not yet possible for this succession, although unpublished regional data 

provided by Dr M. Watkinson (pers comm. 1996) is presented where available. 

The interpretation presented here is that of the author but draws on unpublished material 

provided by Dr M. Watkinson (pers comm. 1996). It differs from previous interpretations 

because it employs high resolution sequence stratigraphic principles (parasequence 

stacking patterns - where parasequences can be identified - and systems tracts) to 

depositional environments, much in the same way that the Corallian Group was interpreted 

in Chapter 2. In this way, the interpretation relates individual stratal packages and key 

surfaces to high frequency sea-level changes. 
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Organisation: 

In Section 4.2 of this chapter, I provide a detailed description and interpretation of the 

Ericeira Group succession and develop a high resolution sequence stratigraphic model. 

Where applicable, a number of sequence stratigraphic interpretations are offered. In 

Section 4.3 this interpretation is compared to previous work and highlights similarities and 

differences with the Corallian Group succession discussed in Chapter 2. 

4.1.2: A general introduction to the regional geology of the Lusitanian Basin (Upper 

Jurassic to Lower Cretaceous) 

The Lusitanian Basin of west central Portugal extends more than 250km to the north of the 

city of Lisbon, and its onshore area totals 23000km2 (Wilson et ai., 1990). To the east, it 

is bounded by Hercynian basement rocks of the Iberian massif. Offshore, to the west, the 

boundary is less clearly defined (Wilson et at., 1990). The majority of the structures 

which formed within the basin since the initial phase of late Triassic extension, can be 

attributed to the reactivation of Hercynian basement faults (Wilson et al., 1990). 

The middle Oxfordian to Berriasian interval was characterised by rapid basement 

subsidence rates (Wilson et ai., 1990). The resulting sub-basins that developed during this 

syn-rift interval, were primarily due to salt withdrawal and/or NE-SW extension (Wilson 

et al., 1990). Freshwater and brackish limestones and/or shales were deposited in the 

north of the basin during the late Oxfordian. These were the first sediments to be 
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deposited in the basin since the development of the preceding early Oxfordian hiatus 

(Hiscott et ai., 1990b). Following this, a rapid marine transgression occurred during the 

late Oxfordian and Kimmeridgian, which resulted in the deposition of slope marls, deep 

sea sands and conglomerates (Hiscott et al., 1990b). 

The Tithonian period was characterised by a series of marine transgressions and 

regressions, which deposited alternations of carbonates and siliciclastic strata within the 

south of the basin, and marine limestones around the Ericeira region (Hiscott et ai., 

1990b). 

Uppermost Tithonian to lower Berriasian deltaic environments resulted in the deposition 

of coarsening-up successions which were subsequently exposed and eroded, leading to the 

development of a major upper Berriasian unconformity (Hiscott et al., 1990a). 

During the latest Berriasian to Valanginian, coarse fluvial sandstones were deposited . 
unconfonnably on top of older strata (Hiscott et al., 1990b). A later transgressive episode 

produced a change from continental to marine depositional environments during the 

Valanginian to Hauterivian time interval, during which the deposition of marine shales and 

carbonates occurred within the basin (Whiteman, 1990). 

Table 4.i (after Hiscott et ai., 1990b) provides a summary of the main stratigraphic 

elements of the Lusitanian Basin from Lower Oxfordian to Hauterivian. The inset map of 

Figure 4.i depicts the palaeogeography and distribution of the major facies types during 

the Hauterivian. 
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4.1.3: Previous work 

Over the last twenty five years, the lower Cretaceous coastal sections to the north of the 

town of Ericeira, west central Portugal (Fig.4.i) have been the focus of sedimentological, 

stratigraphical and palaeontological study (Rey, 1972, 1979; Hiscott et al., 1990a; 

Whiteman, 1990). 

Rey (1972) recognises four distinct stratigraphic units and assigned informal names to 

them (Fig.4.ii). The lowermost unit is named "dolomies, argilles et gres a foraminiferes", 

followed by "marnes et gres de Santa Susana", "calcaires a rudist de praia dos coxos" and 

finally "gres a trigonies". 

Hiscott et ai. (1990a) subdivide the outcrop into six lithostratigraphical members assigned 

to geological formations (FigA.ii). The lowermost member is named the Calada Member, 

which is equivalent to Rey's (1972) basal unit. This is succeeded by the Sao Louren~o 

Mudstone Member and Safarujo Member, both equivalent to Rey's (1972) second unit. 

Succeeding these are the Cabo Raso Limestone Member and Dois Innaos Member which 

are broadly equivalent to the upper two units of Rey (1972). In their work, Hiscott et ai. 

(1990a) conclude that the lower Cretaceous sediments of the Lusitanian Basin were 

deposited in an open marine setting characterised by low wave energy. Within the Ericeira 

Group they recognise at least one marine transgression which is separated from the 

underlying regression by a submarine hard-ground surface. 
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Finally, Whiteman (1990) performs a micropalaeontological study of the Kimmeridgian to 

Barremian deposits of Portugal, which encompassed the Ericeira sections (Fig.4.ii). In his 

work, h~ adopts Hiscott et ai. 's lithostratigraphy, and uses this to locate sample sites 

(generally mudstone horizons) for micropalaeontological investigation. His 

palaeoecological interpretations suggest that the succession represents one major 

regression (Calada Member and Sao Louren~o Member) succeeded by a marine 

transgression (Safarujo Member to Dois Irmaos Member). 

4.2: Descriptions & Interpretations 

As in Chapter 2, the sequence stratigraphic approach and definitions follow those outlined 

in Chapter 1. The part of the Ericeira Group studied has been subdivided into four 

proposed sequences. For each sequence I will outline the lithostratigraphic formations it 

incorporates (using Hiscott et ai., 1990a lithostratigraphy), followed by a detailed 

description and palaeoenvironmental interpretation. This is then followed by a detailed 

sequence stratigraphic interpretation incorporating stratal packages and key sequence 

stratigraphic surfaces. The interpretation incorporates the sequence stratigraphic hierarchy 

that was outlined in Chapter 1 (parasequence, parasequence set/systems tract and 

sequence). However, as will be demonstrated, the identification of parasequences is not 

always possible, particularly in some transgressive and highstand systems tracts where 

evidence of shallowing-up does not exist. 
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Throughout Section 4.2, I will refer to Figure 4.iii (sedimentary logs and suggested 

. 
depositional environments of the Ericeira Group) and Figure 4.iv (sedimentary logs and 

suggested sequence stratigraphy interpretation of the Ericeira Group) frequently. Table 

4.ii provides a tabulated summary of sequence, systems tract and stratal surface depth. 

4.2.1: Sequence 1 

Sequence 1 is located in the cliff sections to the north of Praia de Sao Louren~o & the 

Ribeira do Safarujo (FigA.i). Within this study, only the upper third of Sequence 1 is 

described and this is composed of 13m of the Calada Member (FigA.iii & FigA.v). The 

base of Sequence 1 is no longer accessible in the position identified by Hiscott et al. 

(1990a). 

4.2.1a: Lithological description 

The succession begins with 6.5m of fine to coarse trough cross-bedded carbonate 

cemented sandstones and pebbly sandstones which are interbedded with thin carbonaceous 

siltstones (up to 6.5m on Fig.4.iii). Palaeocurrent directions taken from trough cross-

bedding (average 0.15 - O.20m thick) indicate current flow was to the south (at 190°). The 

trough cross-bedded sandstones often grade upwards into low angle planar cross-bedding 

and wave ripple laminations. The coarser grained beds commonly display concave-up 

erosional bases, rip-up clasts in lag deposits and have lensoid geometries. Towards the top 

of these sandstone beds, large pieces of fossil wood are seen which are oriented in an east-
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west direction (at 5.9m on FigA.iii). Skolithos and Cruziana ichnofacies assemblages 

characterise these beds. 

Succeeding the sandstones are 6.2m of interbedded fine to very fine sandy, vuggy ferro an 

dolomitic limestones and silty claystones (between 6.5m-12.7m on FigA.iii and FigA.v). 

The coarser grained beds contain a number of small septarian concretions of 

approximately O.lm in diameter (FigA.v). The septarian concretions increase in 

abundance towards the top of each bed and are composed of non-ferroan dolomite. The 

upper bed of this succession contains abundant vugs but no septarian concretions. 

Whiteman (1990) has reported the presence of the ostracod Fabanella and the foraminifera 

Trochammina and Ammobaculites in the sandy dolomitic limestones of this succession. 

4.2.1 b: Palaeoenvironmental interpretation 

The coarse grained trough cross-bedded sands represent a series of channels within a low 

to moderate energy nearshore shallow marine environment. The trace fossils and fossil 

wood further indicate a distributary channeVdelta mouth environment (sensu Bhattacharya 

& Walker, 1992). These are replaced upwards by a restricted lagoonal or estuarine bay 

environment as indicated by the palaeontology and a lack of marine reworking. 

Previous palaeoenvironmental interpretations: 

The lower sandstone beds have previously been interpreted as representing river mouth 

estuaries or low energy sand flat deposits flanking river mouths, but showing a lack of 
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marine reworking (Hiscott et al., 199Gb), while the upper fine grained sandstones and 

silty claystones have been interpreted as lower marsh, lagoonal deposits (Whiteman, 

1990). 

4.2.1 c: Sequence stratigraphic interpretation 

The lower 6.5m of the succession described above represents at least three fining-up 

parasequences which are each capped by a marine flooding surface/parasequence 

boundary (e.g. at 5m on FigA.iv). Each parasequence boundary is marked by an abrupt 

change in lithology from silty mudstone below, to sandstone above the boundary and an 

abrupt increase in bed thickness relating to a deepening of the depositional environment. 

The clearest flooding surface of the three is the uppermost one (at 6.5m on Fig.4.iv) which 

contains carbonaceous material and separates the channelised sandstone facies, below from 

the restricted lagoonal deposits above. This surface also marks a change in depositional 

environment, resulting from a rise in relative sea-level and therefore corresponds to a 

transgressive surface. The upper 7m of Sequence 1 (between 6.5m and 12.7m on Fig.4.iv) 

is interpreted to represent the transgressive and highstand systems tracts (Fig.4.v). 

Positioning of a maximum flooding surface based on parasequence identification within 

this sequence is problematic. However the presence of septarian concretions towards the 

top of some coarse beds, may suggest a prolonged residence within a particular diagenetic 

zone (see Chapter 5 Section 5.3.1). Their growth could be directly related to succeeding 

marine flooding surfaces/parasequence boundaries. The presence of septarian concretions 

within the lower 3.5m of the lagoonal facies, indicates that this may represent the 
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transgressive systems tract, where prolonged periods of flooding at parascqucnce 

boundaries would be expected. 

Succeeding the restricted lagoonal deposits, are another series of channel fill facies. (see 

Sub-section 4.2.2). The surface that separates the two distinctly different depositional 

environments must therefore represent a period of abrupt shallowing which indicates the 

presence of a type-1 sequence boundary. 

4.2.2: Sequence 2 

Sequence 2 is located in the cliff sections to the north and south of Praia de Sao Louren~o 

and beneath the Forte de Sao Louren~o (Fig.4.i). It is composed of the upper 4m of the 

Cal ada Member, the succeeding Sao Louren~o Mudstone Member and the lower 14m of 

the Safarujo Member. The total thickness of this sequence at the Ericeira outcrops is 

27.7m (between 12.7m-40.4m on Fig.4.iii). 

4.2.2a: Lithological description (Calada Member & Sao Lourenco Mudstone Member) 

The Calada Member sediments within this sequence are similar to the distributary channel 

deposits described in Sequence 1. Thus they are coarse grained sandstones often with 

granular bases that fine upwards and display well developed lensoid geometries. They can 

clearly be seen down-cutting into muddy flood-plain deposits (Fig.4.vi). As in Sequence 

1, the trough cross bedding indicates flow in a dominant southerly direction. 
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The overlying Sao Louren~o Mudstone Member is composed of approximately 10m of 

interbedded silty mudstones and coarser grained fossiliferous beds (between 16.5m-25.8m 

on Fig.4.iii and FigA.vii). The silty mudstones are absent of macrofossils, but the coarser 

grained fossiliferous beds contain gastropods, (e.g. Natica) bivalves, (e.g. Exogyra 

tuberculifera and Neithea sp.) and fish teeth (Rey, 1972). An epifaunal solitary coral was 

observed within one of these beds (at 24m on Fig.4.iii) (Watkinson pers comm.). 

Whiteman (1990) notes the presence of the foraminifera Trochammina and 

Ammobaculites within the silty mudstones, but an absence of ostracod species. 

4.2.2h: Palaeoenvironmental interpretation (Slio Louren£o Mudstone Member) 

The sedimentological and palaeontological evidence indicates that the Sao Louren~o 

Mudstone Member may represent a shallow outer to inner shelf marine environment, 

accumulating below fair-weather wave base, with probable periodic incursions of storms 

depositing beds of bioclastic debris. This interpretation is similar to Hiscott et al. (1990a). 

Alternatively, the lower part of this member could represent a similar restricted lagoonal 

environment to that seen within the Calada Member (because it shows similar facies 

characteristics) and only the top few metres could represent a true marine environment 

(based on the discovery of the solitary coral at 25m on Fig.4.iii). 

Previous palaeoenvironmental interpretations: 

This member has previously been interpreted as representing open marine shelfal deposits 

(Hiscott et al., 1990a) and fluctuating high and low marsh environments which vertically 
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grade into a lower mudflat estuarine environment (Whiteman, 1990). 

4.2.2c: Lithological description (lower part ofSafaru;o Member) 

The basal 14m of the Safarujo Member is dominated by three thick bedded medium 

grained, moderately cemented sandstones, interbedded with two thin silty mudstone units 

(between 26.8m-40.4m on Fig.4.viii). Both of the silty mudstone units are well 

bioturbated with abundant well cemented Thalassinoides burrows, (some having 

amalgamated) that often extend into the surrounding sandstones. The two sandstone beds 

that' occur within the lower 4.5m of the member contain sparse physical sedimentary 

structures apart from rare, relict parallel laminations and rarely preserved current ripple 

cross-laminations (Watkinson pers comm.). The third sandstone bed is 7.5m thick, has a 

coarse granular base and contains abundant, large (-D.S-1.0m diameter) elongate and 

oblate to spherical carbonate concretions (Fig.4.viii). Sedimentary structures within this 

sandstone bed are dominated by trough cross-bedding vertically grading into low angled, 

planar cross-bedding towards the top. Palaeocurrent directions from the trough-cross 

bedding indicate a southerly flow direction. The top of the unit is heavily bioturbated. 

Whiteman (1990) notes a mono specific assemblage of the foraminifera Ammobaculiles 

within the silty mudstone layers. 
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4.2.2d: Palaeoenvironmental interpretation (Safarnjo Member) 

The bioturbated sands of the lower Safarujo Member (between 25.8m·31.5m on Fig.4.iii) 

containing relic sedimentary structures which would indicate a lower shoreface 

environment (sensu McCubbin, 1982; Elliot, 1986 and Walker & Plint, 1992). The lack of 

sedimentary structures (most of which would have been destroyed by bioturbation) and a 

dominance of browsing burrowers indicates a low energy environment, although the lack 

of clay indicates deposition above fair-weather wave-base. 

Sedimentary structures within the sand unit occurring above this (31.5m-40.4m on 

Fig.4.iii) indicate a change to upper shoreface (trough cross·bedding) and foreshorelbeach 

(low angled planar cross-bedding) depositional environments (Fig.4.viii). Thus the lower 

part of the Safarujo Member provides an excellent example of a prograding shoreface 

environment (sensu McCubbin, 1982; Elliot, 1986 and Walker & Plint, 1992). 

The surface separating the Sao Louren~o Mudstone Member and Safarujo Member 

appears sharp in the field, but on close examination shows no evidence of erosion or 

down· cutting (i.e. gutter casts, erosional surface or mudstone intraclasts). This sharp base 

is not thought to be related to an abrupt fall in relative sea-level, but is interpreted to be the 

result of an inefficient mechanism of sand removal from the shoreface environment. For 

example, there is no sedimentary evidence for storm driven offshore directed currents. A 

similar interpretation was offered for the Nothe Grit Formation of the Corallian Group 

(refer to Section 2.2.1). 
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An alternative explanation offered by Hiscott et al. (1990a) indicates that the planar 

surface separating the two members represents a basinward movement of the shoreline 

caused by a relative sea·level fall (sensu Posamentier et al., 1992). The Safarujo Member 

would then represent an "attached shoreface" (sensu Ainsworth & Pattison, 1994). A lack 

of erosional or down· cutting evidence at this surface (e.g. gutter casts, down·cutting or 

mudstone intraclasts) indicates that the first explanation is more preferable. However, 

with a lack of biostratigraphic control or regional data, an unequivocal 

palaeoenvironmental interpretation is not possible. 

Previous palaeoenvironmental interpretations: 

The Safarujo Member has previously been interpreted as representing a low energy, 

micro·tidal beach deposit/foreshore environment with migrating tidal inlets (Hiscott et al., 

1990a). In their interpretation, low angled planar laminations are thought to represent 

beach deposits; the trough cross beds represent megaripples migrating onshore or 

alongshore under the influence of wave generated currents and the granule layers represent 

lag deposits formed due to reworking in the swash zone. The lower 4.5m of massive 

sandstones have been interpreted as representing middlellower shoreface deposits, where 

burrowing organisms would have been relatively active. Finally, the contact between the 

sandstones and the underlying Sao Louren~o Mudstone Member is interpreted as 

representing an erosional surface formed at the level of the lower shoreface due to 

longshore migration of tidal inlets. However Whiteman (1990), using foraminiferal data, 

suggests that the silty mudstone layers of the Safarujo Member represent a 

mudflat/estuarine environment. 
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4.2.2e: Sequence stratigraphic interpretation 

The boundary between Sequence 1 and Sequence 2 (at 12.7m on FigA.iv) has already 

been interpreted as the equivalent of a type-! sequence boundary which formed as a result 

of an abrupt shallowing of water depth from a deeper water lagoonal environment, to a 

shallow water, dominantly nearshore distributary channel environment. Thus the lower 

4m of Sequence 2 represents a lowstand systems tract forming within a distributary 

channel environment, that is composed of three fining-up parasequences, similar in 

character to the fining-up parasequences of Sequence 1 (between 12.7m-16.5m on 

FigA.iv). 

The overlying Sao Louren~o Mudstone Member and lower 14m of the Safarujo Member 

are interpreted as representing the transgressive and highstand systems tracts of Sequence 

2 (between 16.5m-40.4m on Fig.4.iv). This would therefore suggest that the surface 

separating the underlying Calada Member from the offshore mudstones represents a 

transgressive surface relating to an abrupt deepening of the depositional environment 

(FigA.vii). The immediately overlying coarser grained shelly bed (17m, Fig.4.iv) 

represents a transgressive lag deposit that formed as a result of shoreface erosion during 

the commencement of a marine transgression (Fig.4.vii). However, not all of the features 

commonly associated with basal transgressive lags (e.g. rip-up clasts, gravels or pebbles) 

are present. 

The depositional environment of the upper Sao Louren~o Mudstone Member and lower 

Safarujo Member has been interpreted as representing a prograding shoreface 
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beachlstrand·plain environment. Therefore, a zone of maximum flooding would have to 

occur within the Sao Louren~o Mudstone Member (suggested to occur between 124m· 

125.8m on Fig.4.iv). Its exact stratigraphical location is indeterminable as parasequences 

are not present, however the limited palaeontological evidence suggests that conditions 

were increasingly marine towards the top of this member. Their is no field evidence 

(shallowing and subsequent hard· ground formation) to suggest that the coarser grained 

bioclastic beds (e.g. at 18.3m and 20.3m on Fig.4.iv) represent shallowing associated with 

parasequence formation, however diagenetic analysis supports the interpretation of 

parasequences (see Section 5.3.2). 

Unpublished regional data (Watkinson pers comm.) indicates that the Sao Louren~o 

Mudstone Member represents an extensive transgressive unit. At Cabo Espichel 

(approximately 70km to the south of the town of Ericeira) the Sao Louren~o Mudstone 

Member is also interpreted to contain a period of maximum flooding, followed by 

highstand progradation above (Watkinsonpers comm.). 

The lower part of the Safarujo Member (between 25.8m and 40.4m on Fig.4.iv and 

Fig.4.viii) is composed of three well defined shallowing·up parasequences. Each 

parasequence is composed of a basal silty mudstone unit and a coarser grained sand unit. 

Basal lag deposits at the base of each sand unit are likely to have been deposited as a result 

of shoreface erosion that occurred during the preceding marine flooding event. The zone 

of bioturbation at the top of each parasequence is related to the formation of the 

succeeding marine flooding surface, enabling colonisation by a burrowing fauna as current 

energy dropped. Facies analysis indicates that this set of three parasequences represents a 
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prograding parasequence set, equivalent to a highstand systems tract. 

A conformable boundary, equivalent to a type-2 sequence boundary is positioned 

immediately above the third parasequence of the Safarujo Member (at 40.4m on Fig.4.iv 

and FigA.viii). The surface shows no evidence of either subaerial exposure or an abrupt 

fall in relative sea-level. Its positioning also corresponds more or less to the change from 

dominant progradation (below) to dominant aggradation (above, see Section 4.2.3) 

indicating that the Safarujo Member (as a whole) represents two parasequence sets (pers 

comm. Watkinson). If a sequence boundary was positioned at the top of the other 

sandstone units (e.g. at 27.9m or 31.9m on Fig.4.iv) it would not correspond to the 

maximum amount of progradation or, the change from dominant progradation to dominant 

aggradation. 

Unpublished regional data (Watkinson pers comm.) indicates that at Cabo Espichel, a 

progradational muddy deltaic unit representing a highstand systems tract, can be correlated 

to the lower part of the Safarujo Member, thus supporting this sequence stratigraphic 

interpretation. 

4.2.3: Sequence 3 

Sequence 3 is located beneath, and to the south of the Forte de Sao Louren~o and cliff 

sections to the north and south of Praia dos Coxos (FigA.i). It is composed of the upper 

10m of the Safarujo Member and the succeeding Cabo Raso Limestone Member. The 

218 



CIzaptcr4 

total thickness of this sequence at the Ericeira outcrops is 17m (Fig.4'.iii). 

4.2.3a: Lithological description & palaeoenvironmental intemretation (upper Safanl;o 

Member) 

The sedimentology and depositional environment of the upper 10m of the Safarujo 

Member is very similar to that described in Sequence 2. Thus it represents a series of 

three small mixed upper shoreface/foreshore prograding units, each being capped by a 

pronounced ravinement surface (e.g. 44.5m and 47m on Fig.4.iii). These units contain 

elongate, spherical and oblate carbonate cemented concretions, trough cross bedding 

(indicating a bi-directional current flow to the SW and N) and horizontal to low angled 

planar cross-lamination. 

4.2.3b: Lithological description (Cabo Raso Limestone Member) 

The succeeding Cabo Raso Limestone Member is a 7.5m succession of carbonate deposits. 

These are composed of basal sandy, bioclastic grainstones, grading up into sparsely 

bioclastic wackstones and mudstones (Fig.4.ix). Locally, especially within the coarser 

grained carbonate beds, marine fossils are present including oyster fragments, large 

nerineid and naticid gastropods, rare rudists and scleractinian corals (see also Rey, 1972). 

One in situ coralline red algae was also noted (Watkinson pcrs comm.). Whiteman (1990) 

mentions "large colonial corals", but these are more likely to be solitary coralline algae 

(Watkinson pers comm.). Thin section analysis of the finer grained upper beds reveals the 

presence of Dasyc1adacea green algae fragments and stromatoporids. Abundant bioclastic 
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material has been dissolved out of these sediments to create secondary vuggy and mouldic 

porosity. 

The tops of some of the lower carbonate beds and the uppermost surface of the member 

have a distinct undulatory and rubbly appearance (e.g. at 55.lm and 58.7m on Fig.4.iii and 

Fig.4.ix). Finally, within the coarser grained beds, small (approximately 20mm diameter) 

spherical carbonate concretions are also present. 

4.2.3c: Palaeoenvironmental intemretation (Cabo Raso Limestone MemlJer) 

The lower, coarser grained carbonate beds of the Cabo Raso Limestone Member represent 

a series of shallow water, open marine carbonate deposits, rather than "reef build-ups". A 

reef build-up implies an element of topography. Although Whiteman (1990) suggests that 

the beds thin laterally, there was no evidence for this along the studied outcrops. The 

upper finer grained carbonates containing green algae and macro-fossils, suggest that the 

depositional environment changed to a less agitated, probably slightly deeper, stenohaline 

lagoon. 

The undulatory upper surfaces of the lower limestone beds can be clearly interpreted as 

representing ravinement surfaces relating to erosion associated with shoreface 

transgression. The top surface of the member has previously been interpreted by Hiscott 

et a1. (l990a) to represent a marine hard-ground or omission surface (Fig.4.ix). Due to its 

undulatory appearance and associated surface related diagenetic products (Section 5.3.3), 

it is interpreted as representing a small (poorly developed) karst surface that developed as 
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a result of subaerial exposure to a humid climate (Fig.4.ix). 

Previous palaeoenvironmental interpretations: 

Rey (1979) indicates that the depositional environment of these carbonate beds relates to 

"reefal build·ups, which formed during a regressive phase that followed on from a marine 

transgression." However, at the Ericeira outcrop, this interpretation is undoubtedly 

incorrect because coral specimens are very rare. 

4.2.3d: Sequence stratigraphic interpretation 

The surface that separates Sequence 2 from Sequence 3 (at 40.4m on Fig.4.iv) is 

interpreted as representing a type·2 sequence boundary because it displays no evidence of 

exposure or an abrupt fall in relative sea· level and separates a dominantly progradational 

parasequence set below, from a dominantly aggradational parasequence set above. The 

succeeding upper 10m of the Safarujo Member represents a series of three coarsening-up 

parasequences (e.g. one occurs between 40Am44.5m on FigA.iv) which stack to form the 

aggradational shelf-margin systems tract1 of Sequence 3. Each parasequence is separated 

from the next by a well developed ravinement surface and capped by a small lag deposit -

both representing elements of short-lived marine transgressions associated with 

parasequence boundary formation. Within this parasequence set, the depositional 

environment fluctuated between an upper shoreface and foreshore environment. 

I refer to Section 2.3.3 for definition of terminology 
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The change from clastic shoreface deposits to shallow water open marine carbonates, is 

indicative of a transgression. The transgressive surface (Fig.4.ix) is situated at 51.8m on 

Figure 4.iv. The depositional environment of the Cabo Raso Limestone Member 

represents transgression from a shallow water open marine environment to a less agitated 

marly lagoonal environment, followed by a very abrupt shallowing, and the creation of a 

distinct karstic surface. Very abrupt shallowing at the top of the member represents a 

small poorly developed highstand systems tract. 

Three parasequences can be identified within the Cabo Raso Limestone Member • two 

within the lower open marine facies (between SlAm-SSm on FigA.iv) and one at the very 

top within the less agitated marly facies (between S8.1m-59.2m on Fig.4.iv). It is likely 

that the zone of maximum flooding could be positioned between these sets of 

parasequences, within the less agitated marly facies (between 155m and 158.1m on 

FigA.iv). However, accurate positioning of a maximum flooding surface within this zone 

is not possible using currently available data. The lower two parasequences are capped by 

well developed and pronounced ravinement surfaces which must have developed as a 

result of submarine transgression associated with marine flooding periods and 

parasequence boundary formation (FigA.ix). The third parasequence is positioned at the 

top of the member and is capped by a sub-aerial erosive surface that displays evidence of 

karstification and records a period of emergence (Fig.4.ix). 

The top surface of the upper parasequence is also equivalent to the sequence boundary at 

the base of Sequence 4 (at 59.2m on Fig.4.iv and Fig.4.ix). As noted earlier, it displays 

evidence of karstification which indicates a period of sub-aerial exposure. Above this 
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surface, rests a well sorted approximately 2m thick, lensoid sand-body which, in 

agreement with Hiscott et al. (1990a) is interpreted as representing a spit (see Sub-section 

4.2.4). As this surface is the only one within the member that clearly records a prolonged 

period of emergence/sub-aerial exposure it is therefore interpreted to represent a type·l 

sequence boundary. 

Unpublished regional data (Watkinson pers comm.) indicates that, in the south of the 

basin, a transgressive period occurred above the laterally equivalent typc-2 sequence 

boundary leading to the development of a 20m thick reef-like biostrome. Present data 

indicate that this maybe correlatable with the upper part of the Safarujo Member. 

However there is no evidence for a fall in relative sea-level at this time (Watkinson pers 

comm.). This supports the positioning and identification of a type-2 sequence boundary 

within the Safarujo Member. 

4.2.4: Sequence 4 

Sequence 4 is exposed above the modern day foreshore and cliff sections around Dois 

Irmaos (Fig.4.i). It is composed of the Dois Irmaos Member and is l1.3m thick at this 

location (between 59.2m-70m on Fig.4.iii). 
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4.2.4a: Lithological description 

The basal 2m of the Dois Irmaos Member is composed of a fine grained well sortcd 

sandstone that contains trough cross-beds up to 2m thick dipping in a northerly direction 

(59.2m to 60.3m on Fig.4.iii & Fig.4.x). Its upper surface is dominated by Thalassinoides 

burrows, mud clasts, wood fragments and polygonal desiccation cracks (Hiscott et al., 

1990a). Smaller scale structures are also present including current ripplcs, parting 

lineation, small scale trough cross bedding (oriented SW) and reactivation surfaces. This 

sandstone unit grades laterally into a thin marly limestone bed and is draped by mudstones 

and wackstones (FigA.x). 

The remainder of the Dois Irmaos Member fines upwards and is composed of 10m of 

interbedded silty calcareous mudstones and fine to coarse grained carbonate cemented 

sandstones (60.3m to 70m on Fig.4.iii) with evidence of marine fossils (brachiopods and 

echinoids). One such bed, (69m on Fig.4.iii) is approximately 1m in thickness, coarsens

up, contains low angled laminations and common vertical burrows from the Skolithos 

ichnofacies assemblage. Laterally, the bed can be seen to down-cut into the underlying 

mudstones (Fig.4.xi). 

The mudstone/wackstone units contain abundant examples of the foraminifera Choffatella 

decipiens and sparse examples of trachyleberid ostracods (Whiteman, 1990). 
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4.2.4b: Palaeoenvironmental interpretation 

The basal sandstone bed of the member represents a small prograding spit, which is in 

agreement with the interpretation offered by Hiscott et al, (1990a). Spit accretion relates 

to foreset dip direction (Le. northerly). Sedimentological and palaeontological evidence 

indicates that the remaining 8m of the member, represents a quiet water marine or lagoonal 

environment (as indicated by the presence of Choffatella decipiens) that was barred by 

small regressive sand barriers containing marine fossils (of which the uppermost 1m thick, 

coarsening-up sandstone bed containing Skolithos burrows, is a good example). 

Previous palaeoenvironmental interpretations: 

Hiscott et aZ. (1990a) have interpreted the basal sandstone bed to represent a thin spit 

building out across the hard-ground surface that relates to the sequence boundary at the top 

of Sequence 3. The main direction of spit growth relates to the large foreset dip direction 

(i.e. northerly) with the small scale features relating to seaward flow across the spit (i.e. 

south-westerly). This is such a well exposed feature that there is little doubt that this 

interpretation is correct. Whiteman (1990) interprets the Dois Irmaos Member as a 

shallow marine intertidal environment. 

4.2.4c: Sequence stratigraphic interpretation 

The basal 2m thick sandstone bed that has been interpreted as a spit, represents a shoreface 

equivalent of a lowstand systems tract, that prograded over the highstand sediments of 
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Sequence 3. The top of the spit represents a transgressive surface, separating it from the 

quieter and deeper water facies of the interbedded silty mudstones and sandstones (Fig.4.x 

and Fig.4.xii). This is further evidence to indicate that the spit could represent a lowstand 

deposit. Alternatively, the spit could represent a transgressive systems tract which would 

imply that the sequence boundary and transgressive surface have amalgamated. Spits (and 

barriers) are commonly deposited during a rising relative sea·level, which would occur 

during both a lowstand and transgressive systems tract (Reinson, 1992). Without regional 

data or additional outcrop, either interpretation is valid. 

The succeeding 8m of the Dois Irmaos Member represent both the transgressive and 

highstand systems tracts of Sequence 4. Parasequences are difficult to identify, although 

the presence of marine fossils on the upper surface of the coarser grained carbonate 

cemented sandstones, would suggest periods of non· deposition relating to marine flooding 

and parasequence boundary formation. A clear coarsening·up parasequence does occur 

around 69m on Figure 4.iv. Its upper surface contains evidence of trace fossils indicative 

of a high energy environment, which would indicate an element of shallowing also 

associated with parasequence progradation. 

As is the case for Sequences 1-3, there is insufficient evidence to accurately identify a 

maximum flooding surface. On Figure 4.iv, a zone of maximum flooding has been 

positioned between probable stacked parasequences at ?63.9m and ?6S.7m. This zone 

would thus contain the maximum flooding surface. 
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There are two candidate surfaces for the sequence boundary above Sequence 4. The first 

is at the top of the upper parasequence (62.9m on Fig.4.iv). It is capped by silty 

mudstones and sandstones similar in character to those of the underlying facies. This 

would suggest that the depositional environment and thus relative sea-level, did not alter 

significantly across the sequence boundary - corresponding to the definition of a type-2 

sequence boundary. The parasequence would then represent the uppermost parasequence 

of Sequence 4. Its lower surface (which is clearly erosive - 68.1m on Fig.4.iv) could be 

interpreted as representing a ravinement surface. 

An alternative explanation would position a sequence boundary to correspond with this 

erosive surface (68.1m on Fig.4.iv). The erosion and down-cutting would then relate to 

the development of a type-! sequence boundary that would have fonned in response to a 

relative sea-level fall/period of forced regression. The succeeding parasequence would 

then become the basal unit of the subsequent lowstand systems tract of the succeeding 

sequence (Sequence 5). 

In the present study, not enough field evidence exists to accurately determine the location 

of this sequence boundary, however petrographic evidence (Section 5.3.4) indicates that 

early diagenetic cements within all of the carbonate cemented sandstone beds of the Dois 

Innaos Member, are similar. This would indicate that pore-water chemistry was similar 

and that all of these parasequences are of the same sequence (refer to Section 5.3.4a). 
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4.3: Summary, discussion and comparison with the Corallian GrOllI' 

succession 

4.3.1: Summary & discussion 

Figure 4.xiii summarises the proposed sequence stratigraphic model in terms of sequence 

frequency, and is based on the concept defined in Figure 2.xvi of Chapter 2. Simplified 

logs illustrating typical sequences have been positioned to show their relationship to a 

relative sea-level curve. A blow-up of this curve is also displayed showing it to be made 

up of periods of parasequence progradation and parasequence drowning. The length of 

time of parasequence progradation and drowning is controlled by the position of the 

parasequence within a parasequence set, and the type of parasequence set (either 

aggradational, retrogradational or progradational). 

Two periods of abrupt shallowing, relating to the formation of type-l sequence 

boundaries, separate Sequences 1 and 2 and Sequences 3 and 4. The latter of these is in 

agreement with Hiscott et al. (l990a) who identify a major shallowing phase, succeeded 

by spit development across older highstand deposits. Sequence boundary numbers 2 and 4 

are both interpreted as type-2 sequence boundaries, indicating no fall in relative sea-level. 

Similar to the Corallian Group succession that was described and interpreted in Chapter 2, 

the Ericeira Group succession was also deposited during a global "green-house" period 
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(Veevers, 1990). The implications of this, are that relative sea-level falls at sequence 

boundaries are unlikely to be large and of a long duration. Consequently, any periods of 

sub-aerial exposure associated with type-l sequence boundary formation would have been 

relatively short-lived (when compared to global "ice-house" periods). 

Hiscott et 01. (1990a) and Whiteman (1990) both suggest (or imply) that the 

lithostratigraphic boundary separating the Sao Louren~o Mudstone Member from the 

Safarujo Member relates to a period of erosion, succeeding a major progradational phase. 

As already stated, this differs from the interpretation offered in this thesis, which suggests 

that the succession from the Sao Louren~o Mudstone Member to Safarujo Member relates 

to continued shoreface progradation. 

4.3.2: Comparison of the Corallian and Ericeira Groups 

A comparison of the sequence stratigraphic frameworks of the two studied successions 

reveals a number of similarities and some differences. 

Similarities: 

• Both of the studied successions contain clear evidence for parasequence fonnation, 

although the identification of parasequences within late TST and early HST arc 

problematic. 

• Parasequence boundaries in both successions show clear evidence of shallowing 
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(associated with parasequence progradation) and subsequent drowning/non-deposition 

(associated with marine transgression and parasequence boundary formation). Within 

the Corallian Group, parasequence boundaries are collectively represented by abrupt 

changes in lithology, changes in bed thickness, increases in the intensity of 

bioturbation, small transgressive surfaces, formation of marine hard-grounds and a 

deepening of the depositional environment across the boundary. The Ericeira Group 

succession contains all of these features, as well as clear ravinement formation 

associated with periods of sub-marine transgressive erosion. 

• Both successions contain evidence of fining-up parasequences (occurring in similar 

nearshore depositional environments) and coarsening-up parasequences often 

associated with shorefacelbeach-strandplain progradation. 

• Both successions contain examples of highstand, lowstand, transgressive and shelf

margin systems tract which relate to particular depositional environments. 

• Both successions contain examples of major marine transgressive surfaces which 

clearly represent changes in the depositional environment (i.e. a change from shallow to 

deeper water environments across the transgressive surface). 

• Both successions provide clear evidence of type-l and typc-2 sequence boundary 

development. 

• Both successions show facies partitioning above type-l sequence boundaries (e.g. 

Sequence 5 in the Corallian Group succession and Sequence 4 in the Ericeira Group 

succession). 
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Differences: 

• The main difference between the two successions is that the Ericeira Group succession 

contains evidence of karstification and sub-aerial exposure indicating a potentially 

humid palaeoclimate. This feature is also reflected in the early diagenetic processes and 

products that are related to this surface (see Section 5.3.3). By comparison, little 

evidence of karstification occurs within the Corallian Group succession (even though it 

contains a number of sub-aerial erosion surfaces), which may indicate that the climate 

was less humid. 

4.3.3: Concluding remarks 

• The Ericeira Group succession of west central Portugal comprises a series of mixed 

clastic/carbonate nearshore depositional environments that are the result of high 

resolution changes in relative sea-level. 

• The sequence stratigraphic model identifies high frequency sea-level changes by 

relating depositional environments to parasequence and systems tract development. 

• Within this model, the Ericeira Group is interpreted to be composed of four sequences 

which are each composed of systems tracts and parasequences (where evidence of 

shallowing-up is available). 

• Facies analysis identifies coarsening-up and fining-up parasequences within these 

sequences. 

• Parasequence boundaries can be identified by abrupt changes in lithology, changes in 
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bed thickness, truncation or ravinement surface development, transgressive lag 

development and abrupt deepening of depositional environments. 

• Sequences 1 and 3 (the Calada Member and middle to upper Safarujo Member to Cabo 

Raso Limestone Member, respectively) are both capped by type-I sequence boundaries, 

suggesting an abrupt lowering of relative sea-level. The top of Sequence 3 also 

displays evidence of karstification, suggesting an element of sub-aerial exposure. 

• Sequence 2 (the Cal ada Member to lower part of the Safarujo Member) is capped by a 

type-2 sequence boundary which has been positioned more-or-Iess at the change from a 

progradational parasequence set below to an aggradational parasequence set above. 

• Major transgressive surfaces are well developed in all sequences and relate to an abrupt 

deepening of the depositional environment manifested as a change in the facies 

associations. 

• Unpublished regional data are used to support this sequence stratigraphic model, 

although it is recognised that further regional and biostratigraphic data are required. 

Facies analysis of the Ericeira Group of west central Portugal has resulted in the 

construction of a high resolution sequence stratigraphic model (using the approach 

established by Van Wagoner et al., 1990). There is no doubt that this approach has been 

more successful on this succession, than the south Dorset Corallian Group succession. 

One of the main reasons for this, is parasequence and stratal surface identification are a lot 

clearer in the Ericeira Group succession, due to the probable unprotected nature of the 

shoreface sediments and, clearer water-depth indicators. Accepting the lack of regional 

and biostratigraphic control, this has led to the development of a plausible facies based 

high resolution sequence stratigraphic model on which an early diagenetic framework can 
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be based (Chapter 5). 

The early diagenetic evidence presented in Chapter 5 will be used to lend further support 

for this model and, to aid in the identification of certain stratal surfaces and stratal 

packages, where facies evidence alone was not conclusive (Le. parasequence identification 

within the Calada Member; positioning of a sequence boundary within or at the base of the 

Safarujo Member; identification of a sequence boundary at the base of the Dois Irmaos 

Member and positioning of a sequence boundary within the Dois Irmaos Member). 

>1i '. 
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Fig.4.i: (A): The location of Ericeira & the Ericeira ections of we t central P rtug I 
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P.B. 

P.B. 

P.B. 

P.B. 
Septarian concretion 

FigA. v. The restricted lagoonal deposits of the Calada Member. Red arrows point to the tops of coarsening-up successions 
which may represent parasequence boundaries (p.B .). Sequence stratigraphically, this unit represents the 
transgressive systems tract of Sequence 1. Hammer is O.4m in length. 

The photograph on the right is a blow-up of the top of a coarsening-up succession to show septarian concretionary 
growth. Scale bar on blow-up photograph is 1 m. 

Photograph taken at the cliff section to the north of Praia de S. Lourenco (see Fig.4.i for location). 

P.B. 



flood-plain 
facies 

T.S. 

P.S. 

P.S. .. : 

Fig. 4. vi. 

channel facies 

channel 
down-cutting 

surface 

Upper beds of the Calada Member, to show fining-up successions which are marked by parasequence tops 
(PS. ) and/or a transgressive surface (T.S.). A clear channel facies can be seen downcutting into flood-plain 
or over-bank deposits. 

Sequence stratigraphically, this succession represents the lowstand systems tract of Sequence 2. 

For scale. hammer is O.4m in length. 

Photograph taken to the north of Praia de S. Lourenco (see Fig.4.i for location). 



Fig. 4. vii. 

~ 
rZJ 
::r: 

MFZ 

T S. -~ 

......:l 

Safarujo 
Member 

Sao Lourenco 
Mudstone 
Member 

• Calada 
T Member 

Upper beds of the Calada Member, together with the overlying Sao Lourenco Mudstone Member and the lower Safarujo 
Member. 

Sequence stratigraprucally, the upper Calada Member represents the lowstand systems tract (LST) of Sequence 2 and is separated 
from the overlying transgressive systems tract (TST) by a transgressive surface (T.S. & red arrow). The unit that is interpreted to 
represent a thin transgressive lag has also been identified. Overlying this, the Sao Lourenco Mudstone Member 
represents a transgressive systems tract (TST) while the lower Safarujo Member represents the highstand systems tract (HST) of 
Sequence 2. Separating these is a zone of maximum flooding (MFZ) wruch represents the more open marine/inner shelfal 
depositional environment of the upper Sao Lourenco Mudstone Member. 

Photograph was taken looking apprmurnately north from Praia de S. Lourenco. Cliff section is approx. 20m in height. 
See Fig.4.i for location). 
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Minor lag deposit overlying 
parasequence boundary 

seC\uence bOundarY '2. 
(tyPe-2) 

Note the presence of oblate, spherical 
elongate and laterally extensive ~ 

carbonate concretions 

The Safarujo Member beneath the Forte de S. Lourenco (see Fig.4.i for location). 

Right-hand photograph shows a 7.5m thick sandstone bed (equivalent to the third sandstone bed of the Safarujo Member. Note the 
abundance of carbonate concretions as pointed out by the blue arrow. This is separated from the overlying sandstone bed (enlarged photo 
on left hand-side) by a thin silty mudstone layer which has been labell ed a thin transgressive lag. This sandstone bed also contains 
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carbonate concretions. Both sandstone beds are inferred to represent prograding shoreface deposits, due to the vertical change in sedimentary structures 
as shown bv the white lettering on the right-hand photo. 

Sequence stratigraphically, both sandstone beds represent coarsening-up (and shallowing-up) parasequences. The lower parasequence (right-hand 
photo) represents the top of the HST of Sequence 2, willie the upper parasequence (left-hand photo) represents the lower urut of the overlying SMW 
of sequence 3. A sequence boundary has been positioned between these two parasequences (red line) coinciding with the formation of the parasequence 
boundary. As there is no evidence of sub-aerial erosion or a hjatus at this horizon, the sequence boundary is inferred to represent a type-2 
sequence boundary. It has been positioned on the basis of a change in the style of parasequence stacking patterns. 

For scale. the hammer in the left-hand photo (enlarged) is OAm in length, and the cliff section in the right-hand photo is approx. 8m in height 



karstic 
surface 

~ __ p ra qu n 
b undary 

ravinement -"."2:! 
surface 

ravinement 
surface 

Fig. 4. ix. The upper beds of the Cabo Raso Lim ton M mb r t 
the south of Praia dos Coxos (see FigA.i for I cati n . 
These beds represent a shallow marin carbonat 
depositional environment. 

The lower photograph shows two well d fin d ra in m nt 
surfaces (marked by red arrows) which al 0 mark the t 
of two shallowing-up para equence . Note metr tic D r 
scale (lower left). 

The upper photograph shows the top of th ab Ra 
Limestone Member and the development of a mall kar ti 
surface (marked by blue arrows). Thi urface i al 
inferred to represent the type-l equence b undary f 
Sequence 3 because it must repre ent a prolong d p ri d 
of sub-aerial exposure. Cliff ection i approx. 3m in 
height. 
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lateral gradation 
into a thin 

marly limestone 

transgressive surface 
spit 
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upper beds of the 
Cabo Raso Limestone 

Member 

Fig.4.x. Two photographs to show the lower Dois Irmaos Member overlying the Cabo Raso Limestone Member at Dois Irmaos (see Fig.4.i for location) 

Both photographs show the fine grained, well sorted sandstone at the base of the Dois Irmaos Member which is inferred to represent a 
laterally prograding spit. Large scale northerly dipping foresets suggest that the accretion direction was to the north. The left-hand 
photograph also shows the northerly thinnjng of the spit and its lateral gradation into a thin marly limestone. Both photographs also 
show clearly that the spit has prograded across the karstic surface that developed at the top of the Cabo Raso Limestone Member (marked 
by blue arrows). 

Sequence stratigraphically, the karstic surface represents a type-l sequence boundary at the top of Sequence 3 (marked by blue arrows and 
blue line). Thus the underlying beds represent the highstand systems tract (HST) of Sequence 3, and the spit represents the lowstand 
systems tract (LST) of the overlying Sequence 4. A transgressive surface is positioned above the spit (marked by a red arrow). Alternatively 
the spit could represent a TST and then the blue arrows would represent both the sequence boundary and transgressive surface. 

For scale, the person in the left-hand photograph is approximately 1.8m tall , and the scale bar in the right-hand photograph is 1m in length. 



sequence boundary (?) 
at the t~p of a 
coarsenmg -up 
parasequence 

transgressive, zone of 
maximum flooding 

and highstand 
systems tracts of Sequence 4 

transgressive surface 
overlying the spitILST 

at the base of Sequence 4 
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spitILST at the base of the 
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II 

FigA.xL Photograph of the Dois Irmaos Member at Dois Irmaos (see Fig.4.i for location) to show the characteristics of Sequence 4. 

The photograph shows the southerly outcrop of the spitfLST of Sequence 4, which has prograded over the karstic surface which represents a 
type- l sequence boundary. Above the spitfLST is a transgressive surface, which is overlain by the TST, zone of maximum flooding and HST 
deposits. The coarser grained beds that can be picked out in the photograph probably do represent parasequence tops (see text for an eA'Planat
ion of the evidence). A probable sequence boundary has been positioned at the top of an obvious coarsening-up parasequence (marked by a 
blue arrow). The strata above tills bed were not studied within this thesis .. 

For scale, the cliff section is approximately 20m in height. 
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surface Upper highstand 

systems tract 

Summary diagram to show the depositional and sequence stratigraphic characteristics of the upper Cabo Raso 
LimestonesMember and the lower Dois lrmaos Member. Note the nonherly thinning and lateral gradation of the 
spitlLST (or TST?) into a thin marly limestone. (not to scale) 
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middle to upper Safarujo Member 
Cabo Raso Limestone Member 

blow-up of relative 
sea-level curve 
showing progradation 
and drowning of 
individual parasequences 

Fig. 4.xiii: The interaction of relative sea-level & average sedimentation rate within the lower to middle Ericeira Group of west central Portugal 

Each sequence is represented by a mini-log 
Also shown is a blow-up of the relative sea-level curve to show parasequence progradation & drowning 

(see Section 4.3.1 for further explanation) 
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PortugaJ from upper Jurassic to lower Cretaceous 
(after Hiscott et al., 1990a) 
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Chapter 5 

. 5: Early Diagenesis & Its Relationship To Sequence Stratigraphy In 

The Lower To Middle Ericeira Group 

S.1: Introduction 

Aims & principles: 

This chapter aims to evaluate the application of early diagenetic analyses in the 

construction of a high resolution sequence stratigraphic model for the Ericeira Group. 

Sample collection concentrated only around key stratal surfaces and within key 

lithological horizons (as stated in the Methodology, Section 1.3) along with a range of 

analytical techniques have been used to create a petrographic data·set. As with the 

Corallian Group succession, clay·rich facies (which constitute approximately 24% of the 

Ericeira Group section) have not been sampled. 

Within this chapter, the early diagenesis of the Ericeira Group will be broadly discussed. 

This is followed by an interpretation of the relationship of early diagenetic fabrics in an 

attempt to resolve, or provide further evidence for the facies based sequence stratigraphic 

framework outlined in Chapter 4. 

Early diagenetic processes are strongly influenced by the depositional environment 

(Berner, 1981; Curtis, 1987) the composition of depositional water relating to rises and 

234 
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falls of relative sea-level and influxes of meteoric water (Tucker, 1993; Taylor et al., 

1994; McKay et al., 1995), iron and organic content of the sediment (Curtis, 1987) and 

sedimentation rate (Curtis, 1987). 

Previous work: 

There are no published diagenetic studies of the lower Cretaceous Ericeira Group. Studies 

by both Rey (1972, 1979) and Hiscott et al. (1990a) make reference to some diagenetic 

features, but do not interpret them or relate them to high frequency fluctuating sea-levels. 

Rey (1972, 1979) notes the presence of sparite, microsparite and dolomitic beds within the 

"marnes et gres de Santa Susana" which is equivalent to Hiscott et ai's (1990b) Sao 

Louren~o Mudstone Member and Safarujo Member. Within the "Calcaires a Rudistes de 

Praia dos Coxos" (equivalent to the Cabo Raco Limestone Member) Rey (1972, 1979) 

mentions crystalline cements and nodules. Finally, within the "Gres a Trigonies" 

(equivalent to the Dois Irmaos Member) Rey (1972, 1979) notes the presence of 

cryptocrystalline cements and dolomitic beds. 

Hiscott et al. (1990a) make reference to a "firm or diagenetically hardened carbonate 

surface or marine hard-ground" at the top of the Cabo Raco Limestone Member. Their 

interpretation suggests that it represents the top of a shallowing-up cycle, which was 

succeeded by the progradation of a spit. 
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Organisation: 

The chapter begins with a detailed description of all early diagenetic products, which 

broadly fall into the categories, pyrite, dolomite, calcite, siderite and iron-oxide 

(haematite). Following this (in Section 5.3) early diagenetic products are interpreted and 

used to support (or refute) the facies based sequence stratigraphic model proposed in 

Chapter 4. In Section 5.3.5, I highlight the similarities and differences between the 

diagenesis of the Ericeira and Corallian Group successions. 

5.1.1: Detrital mineralogy 

5.1.Ia: Restricted lagoonal deposits & distributary channel sands 

Detrital mineralogy within the restricted lagoonal deposits and channel sands of the Calada 

Member is dominated by rare silt sized sub-rounded quartz and rare feldspar within a 

matrix of detrital clay, interbedded by angular to sub-angular fine to coarse quartz, 

feldspar and rock fragments within a detrital clay matrix. Bioclastic debris is rare to 

absent. 

5.1.Ib: Prograding shoreface sands 

Detrital mineralogy within the coarser silty layers of the outer to inner shelfal deposits of 

the Sao Louren~o Mudstone Member includes rare sub-rounded quartz grains, bioclastic 
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fragments and detrital clays within a sparse matrix. The prograding shoreface sands of the 

Safarujo Member are dominated by sub-rounded quartz grains, rare feldspar (plagioclase, 

potassium feldspar and microcline), rock fragments and muscovite mica contained within a 

detrital matrix. Texturally, these sediments possess a narrow range of grain-sizes from 

fine to fine-medium. There is very little evidence of bioclastic debris left within these 

sediments. The majority of quartz grains show evidence of etching while the majority of 

feldspars have been partially dissolved, often along cleavage planes which are now infilled 

by an intraparticle pore filling cement. 

5.1.1c: Shallow shelfal carbonates 

The detrital mineralogy within the carbonate dominated Cabo Raso Limestone Member is 

dominated by bivalve, gastropod, echinoderm and other bioclastic shell debris which is 

either unaltered, neomorphosed or replaced. Peloids and intraclasts are also present. The 

carbonate beds deposited in deeper marine environments contain a micritic matrix. Well 

developed micrite envelopes around bioclastic allochems are a common feature within the 

carbonate beds. 

5.1.1d: Laterally accreting spit 

Detrital mineralogy within the spit of the Dois Irmaos Member is dominated by sub

angular to sub-rounded detrital quartz grains (including finely crystallised vein quartz) 

feldspars, rock fragments and broken muscovite mica flakes, contained within a detrital 

matrix. 
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5.2: Early diagenetic results 

5.2.1: Procedure 

A detailed outline of the procedure used in this study can be found in Section 3.2.1. and 

within Appendices 1 to 4. Detailed petrographic analysis was performed on 76 stained 

thin-sections sampled from cemented beds, non-cemented beds and concretionary bodies 

(Fig.S.i). The results are plotted in Figure S.ii, and exact volumes can be found within 

tables of Appendix 1. Detailed cathodoluminescence (using equipment at Camborne 

School of Mines) was performed on seventeen polished thin-sections, the procedure of 

which has been outlined in Section 3.2.1 (Fig.S.i and Table S.H). Finally, nine samples of 

septarian concretion, elongated concretion and pore-filling cement from different 

sequences were selected for stable isotope analysis (Fig.S.i) the procedure of which has 

been discussed in Section 3.2.1. Table S.i and Figure S.iii plot the results of this analysis. 

5.2.2: Authigenic Pyrite 

Pyrite is most abundant (up to 30% of the total pore filling volumet
) within the restricted 

lagoonal facies of the Calada Member (sample numbers PI4·P17A, P26 and P28 on 

Fig.S.H) and the inner shelfal facies of the S50 Louren~o Mudstone Member (sample 

I see footnote 1 of Section 3.2.2 for definition 

238 



ChapterS 

numbers P19-P21 and P31-P38 on Fig.5.H) where it is commonly associated with both 

ferroan and non-ferroan dolomite (Fig.5.iv). In these samples, clusters of pore filling 

framboidal pyrite (average crystal size is between 0.01 and O.05mm) are more common 

than pore filling euhedral pyrite (average crystal size approximately 0.03mm). Both forms 

of pyrite pre-date the dolomite which they are associated with. 

Pore filling and euhedral pyrite is also present as traces (generally between 0% and 2% of 

total pore filling volume) within the remainder of the studied succession, although 

commonly within concretionary bodies (e.g. sample numbers P43B-P44A on Fig.5ii). It is 

also associated with small haematite concretions and hollow iron-oxide tubes (c.g. sample 

numbers P43B, P43A, P57 and P57 A on Fig.5.H). 

5.2.3: Authigenic dolomite 

Evidence of early authigenic dolomite is present throughout the whole succession. 

However, within the middle to upper units of the Safarujo Member upwards into the Dois 

Irmaos Member, all original early dolomite has been either replaced leaving behind only 

rhombic iron-oxide "ghost" structures within one or more calcite crystals, or 

dedolomitised leaving behind isolated or large volumes of rhombic calcite crystals. Both 

types of replaced dolomite will be described in Section 5.2.4. 

Within the remainder of the succession, the abundance, habit, texture and composition of 

individual dolomite varies considerably. Four distinct groups can be recognised:-
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• non·ferroan dolomite in septarian concretions present within the restricted brackish 

lagoonal facies of the Calada Member (between 7m-I0.4m on Fig.5.i & Fig.5.ii); 

• ferroan dolomite present within the restricted brackish lagoonal, channel sands and 

inner shallow shelfal facies of the Calada Member and Sao Louren~o Mudstone 

Member (between Om-6.9m & 16.5m·27.4m on Fig.5.i & Fig.5.ii); 

• zoned non·ferroan dolomite within prograding shoreface sands of the lower units of the 

Safarujo Member (between 26.5m·32.6m on Fig.5.i & Fig.5.H), and; 

• zoned non-ferroan dolomite in elongate/oblate concretions present within prograding 

shoreface sands of the Safarujo Member (between 27.9m-40.4m on Fig.5.i & Fig.5.H). 

All phases are common except for the non-concretionary zoned dolomite. Each group is 

described separately below, with isotopic and CL analyses where recorded. 

5.2.3a: Non-ferroan dolomite in septarian concretions 

Occurrence: 

Small (up to O.2m diameter) oblate to ellipsoidal septarian concretions (Fig.5.v) are only 

present within the coarser grained siltstone beds of the Calada Member (between 7m-9m 

on Fig.5.i & Fig.5.ii). Detailed analysis was performed on two such concretions (at 7.1m 

& 8.9m on Fig.5.vi) which were found to be composed of pervasive, isolated, non-ferroan 

dolomite rhombs (up to 70% total pore filling volume) with crystal sizes generally 

between 0.1 and 0.3mm (Fig.5. vii). The presence of septarian cracks suggests a very carly 

diagenetic origin for these concretions (Raiswell, 1971; Astin, 1986; Scotchman, 1991 and 
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McKay et al., 1995). 

Petrographical description: 

Individual dolomite crystals are generally inclusion free. Rarely they show petrographic 

evidence of etched outer surfaces. When pervasive, these cements form idiotopic and 

xenotopic mosaics (sensu Friedman, 1964) and are strongly associated with microporosity 

within detrital clays. By comparison, isolated non-ferroan dolomite (e.g. sample P19 at 

9.5m on Fig.5.ii) is associated with micrite, shows good textural preservation and is often 

smaller, with average crystal sizes of 0.05mm. 

Stable isotope analysis: 

Stable oxygen and carbon isotope values extracted from the non-ferroan dolomite of two 

septarian concretions revealed depleted 0180 values of approximately -4.18 %0 POB and 

slightly negative o13e values of -1.3 %0 PDB (Table 5.i & Figs.5.iii & vi), 

The septarian cracks that fracture these concretions contain a ferroan drusy calcite cement 

that has a more depleted 0180 value of -6.74 %0 POB and a more negative oDe value of 

-3.09 %0 PDB than the concretionary non-ferroan dolomite (Table 5.i, Figs.5.iii & vi). 
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Cathodoluminescence analysis: 

Cathodoluminescence analysis of sample numbers PI4 and PI7 reveals an abundant dull to 

occasionally non-luminescent response for all non-ferroan dolomite within these 

concretions. In comparison, the ferroan drusy calcite of the septarian fractures has a dull 

to bright luminescence and is well zoned. 

5.2.3b: Ferroan dolomite 

Occurrence: 

Pore filling and pervasive ferroan dolomite rhombs (up to 70% total pore filling volume) 

are present within the Calada Member (between Om-6.9m on Fig.S.ii), the Sao Louren~o 

Mudstone Member and the lower part of the Safarujo Member (between 16.Sm-27.4m on 

Fig.S.H). They commonly have crystal sizes of between 0.1-0.3mm, and arc associated 

with framboidal and euhedral pyrite (Fig.S.iv). 

Petrographical description: 

Individual ferroan dolomite rhombs are generally inclusion free, although occasionally 

contain a thin iron-oxide outer rim (possibly a result of recent surface oxidation) and some 

signs of etched outer surfaces. Pervasive ferroan dolomite cements form idiotopic and 

xenotopic mosaics (sensu Friedman, 1964) and are strongly associated with micro-porosity 

within detrital clays (Fig.5.iv). 
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Stable isotope analysis: 

Stable oxygen and carbon isotope values for the ferroan dolomite cements from sample 

number P21 of the Calada Member, reveal slightly depleted 0180 values of -3.78%0 PDB 

compared to normal Cretaceous sea-water (between -2.0 - 0 %0 PDB Veizer et al., 1980) 

and slightly negative ol3C values of -0.63 %0 PDB (Table 5.i & Figs.5.iii & vi). 

Cathodoluminescence analysis: 

Cathodoluminescence analysis of ferroan dolomite cement from sample numbers PI and 

P3 are non-luminescent. 

5.2.3c: Zoned ferroan to mildly ferroan dolomite 

Occurrence: 

Pore filling and zoned ferro an to mildly ferroan (based on qualitative artificial staining 

response) dolomite rhombs (up to 65% of the total pore filling volume) are present within 

the lower units of the Safarujo Member (between 26m-32.5m on Fig.5.ii). 

Petrographic description: 

Individual crystal sizes do not exceed more than O.1mm and commonly have highly etched 

crystal faces. Zoning typically consists of either an iron-oxide rich centre with three outer 
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zones, one of which is iron-oxide rich; or a clear centre and three outer zones, two of 

which are iron-oxide rich (Fig.5.viii). Both forms of zoned dolomite commonly occur in 

association with one another as well as with non-ferroan sparry or poikilotopic calcite 

which they pre-date. 

Stable isotope analysis: 

Stable isotope values reveal slightly less depleted 0180 values of -3.59 %0 PDB than the 

results obtained from the non-zoned dolomites, and similar negative ol3C values of -0.95 

%0 PDB (Table 5.i & Fig.5.iii). 

Cathodoluminescence analysis: 

Cathodoluminescence analysis of sample numbers P35 and P38H reveals zoned, non

luminescent to brightly luminescent dolomite (Fig.5.ix). Luminescence is controlled by 

the presence of iron-oxide rich centres and/or zones within individual dolomite crystals 

S.2.3d: Zoned ferroan to mildly ferroan concretionary dolomite 

Occurrence: 

Pore filling and zoned ferroan to mildly ferroan dolomite rhombs (up to 30% of the total 

pore filling volume) are present within oblate, spherical, elongated and burrow concretions 

of the prograding shoreface sands of the lower units of the Safarujo Member (at 33.3m, 
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36.4m and 39.8m on Fig.5.H). 

Petrographic description & stable isotope analysis: 

This dolomite is petrographically identical to that described in Section S.2.3c. However, 

stable isotope values extracted from zoned ferroan dolomites within elongated concretions 

(sample number P38G) reveal slightly more depleted 8180 values (-3.90%0 PDB), when 

compared to similar zoned dolomites of the cemented beds, and similar sDe values (-

0.71%0 PDB) (Table 5.i & Fig.5.iii). 

Cathodoluminescence analysis: 

Cathodoluminescence analysis of ferroan to mildly ferroan zoned dolomite cement from 

sample number P38G reveals a non-luminescent to dull luminescent response. Very 

rarely, isolated zoned dolomite crystals reveal brightly luminescent centres. 

5.2.4: Authigenic calcite 

Evidence of early authigenic calcite is present within the majority of the succession. 

However the abundance, habit, texture and composition of individual calcite types varies 

considerably. Five general groups can be recognised:-

• non-ferroan pore filling sparry calcite within prograding shoreface sands (rare) and 
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concretionary burrows (common) of the lower units of the Safarujo Member (between 

27.7m-34m on Fig.5.i & Fig.5.ii); 

• non-ferroan poikilotopic (concretionary and pore-filling) calcite within prograding 

shoreface sands of the lower units of the Safarujo Member (between 2S.7m-40.3m on 

Fig.5.i & Fig.5.ii); 

• non-ferroan calcite (sparry and poikilotopic) replacing originally zoned dolomite within 

the Safarujo Member (between 41m-51.3m on Fig.5.i & Fig.5.H); 

• non-ferroan to ferroan pore filling calcite within shallow marine carbonates of the Cabo 

Raso Limestone Member (between 51.3m-58.6m on Fig.5.i & Fig.5.ii); and 

• dedolomite (rhombic calcite), within the Cabo Raso Limestone Member and Dois 

Irmaos Member (between 55m-58.6m and 63.6m-69.9m respectively, on Fig.S.i & 

Fig.5.ii). 

Each group is discussed separately in terms of petrographic, isotopic and CL 

characteristics. 

5.2.4a: Non terroan sparry calcite 

Occurrence & petrographic description: 

Pore filling non-ferroan sparry calcite (up to 30% total pore filling volume) is present 

within the lower beds of the Safarujo Member (between 2S.Sm-34m on Fig.S.ii). 

Individual calcite crystal sizes are commonly between 0.1 and 0.2mm and arc always 

associated with, but do not replace, zoned non-ferroan dolomite (Fig.S.viii). Where they 

occur together, this group of calcite is observed to pre-date the growth of zoned non-
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ferro an dolomite. 

Cathodoluminescence analysis: 

Cathodoluminescence analysis of sample number P35 and P38G, reveals a dominantly 

non-luminescent response for the non-ferroan sparry calcite (Fig.5.ix). 

5.2.4b: Non-ferroan poikilotopic concretionary calcite 

Occurrence & petrographic distribution: 

Common, large (average crystal size is 0.3-0.Srrun) non-ferroan poikilotopic concretionary 

calcite crystals (up to 70% of total pore filling volume) are present within large (average 

O.S-lm diameter) spherical, oblate and elongated (greater than 4m long axis) concretions 

and host sands of the lower units of the Safarujo Member (between 32.6m-40.2m on 

Fig.S.H & refer back to Chapter 4, FigA.viii for field view). 

5.2.4c: Replacive non-ferroan calcite 

Occurrence & petrographic description: 

Poikilotopic and sparry calcite (up to 100% total pore filling volume), is similar in 

character to those described in Sections 5.2.4a and 5.2.4b. Both replace earlier zoned 

dolomite, commonly within elongated and oblate concretions (Fig.S.x) and less commonly 
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within host sediments of the middle to upper units of the Safarujo Member (between 

40.4m-52.5m on Fig.5.ii). Characteristic iron-oxide ghost structures can be clearly seen 

within large non-ferroan poikilotopic calcite crystals and across sparry and poikilotopic 

crystal boundaries. This is clear evidence that the calcite replaced early zoned dolomite 

crystals (Fig.5.xi). 

Stable isotope analysis: 

Stable oxygen and carbon isotope results extracted from replacive non-ferroan poikilotopic 

calcite of an elongated concretion of the Safarujo Member (sample number P43E on 

Fig.5.H) reveal depleted 0180 values of -3.32 %0 PDB and negative o13e values of -8.37%0 

PDB (sample number P43E on Table 5.i & Fig.5.iii). This is insufficient for accurate 

palaeotemperature determination, but may be used to provide a working estimate. Using 

Shackleton & Kennett's (1975) palaeotemperature equation (equation 1 as defined in 

Section 3.2.5) a palaeotemperature at the time of calcite crystallisation of between 27°e 

and 32°C is estimated. 

Stable oxygen and carbon isotope analyses were also performed on replacive non-ferroan 

poikilotopic calcite cements within the host sands of the Safarujo Member (e.g. sample 

number P44 on Fig.5.H). Results of these analyses reveal almost nonnal marine a180 

values of -2.84 %0 PDB (when compared to normal Cretaceous sea-water of between -2.0 -

0%0 PDB, Veizer et al., 1980) and strongly negative a13c values of -8.74 %0 PDB (sample 

number P44 on Table 5.i & Fig.5.iii). Again, using the palaeotemperature equation of 

Shackleton & Kennett (1975) a working palaeotemperature estimate of -26°e (range 
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between 20.64 and 35°C) is obtained, which is similar to that obtained from the 

concretionary calcite. 

Cathodoluminescence analysis: 

Cathodoluminescence analysis of sample numbers P45C and P45D (both from elongate 

concretions) reveal a strongly zoned dull to brightly luminescent response (Fig.5.xii). 

Zoning can be seen to pass through relic dolomite structures where it changes to a dull 

response. There is characteristically no luminescence associated with relic dolomite 

structures. 

5.2.4d: Non-ferroan to ferroan pore filling calcite (within carbonate sand bodies) 

Occurrence: 

Non-ferroan fringing prismatic calcite, non-ferroan calcite overgrowths and equant non

ferroan to ferroan sparry calcite (up to 90% of total pore filling volume) are present within 

the Cabo Raso Limestone Member. 

Petrographic description: 

Non-ferroan fringing prismatic calcite is particularly well developed in samples P50 to 

P53 on Figure S.H. Crystals are approximately O.Olmm in length and up to O.04mm in 

width and can be described as acicular (Fig.S.xiiia). Non-ferroan pore filling equant 
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sparry calcite, calcite overgrowths and microspar (Fig.S.xiiib-c) are common within 

sample numbers P48 to P56 on Figure S.H. Ferroan sparry calcite becomes more common 

upwards, especially within samples P52 to P53 (Fig.5.xiiid). Sparry calcite always post

dates the fringing prismatic calcite when they occur together (Fig.5.xiii). When the 

fringing calcite is absent then equant sparry calcite is seen to grow directly from grain 

boundaries (Fig.5.xiii). 

Non-ferroan sparry calcite is also found within very small (S-10mm in size.) concretions 

that occur within the lower beds of the Cabo Raso Limestone Member (between S2m-

54.5m on Fig.5.ii). The majority of these small concretions are composed entirely of non

ferroan sparry calcite, however some have a prismatic outer rim. Locally, concretions 

have amalgamated to form small scale laterally continuous cemented horizons. 

Stable isotope analysis: 

Carbon and oxygen stable isotope values were obtained from non-ferroan pore filling 

sparry calcite cements of sample number PS2C (Table 5.i & Fig.S.iii). Strongly depleted 

0180 values of -5.35%0 PDB are recorded, along with slightly negative ol3e values (-

2.95%0 PDB). 

Cathodoluminescence analysis: 

Cathodoluminescence analysis performed on sample numbers P52A, e, Band P53 on 

Figure S.ii reveal a variable non-luminescence to dull luminescence with rare zoning, for 
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the fringing and equant pore-filling calcite (Fig.5.xiv). Also evident on Figure 5.xiv is a 

patchy bright to moderate luminescence, which is infilling pore-spaces. This is clearly a 

different phase of cementation, which is not identifiable using standard petrographic 

techniques. Within sample number P53 pore filling ferroan equant calcite is generally dull 

to non-luminescent. 

5.2.4e: Dedolomite (rhombic calcite) 

Occurrence: 

Non-ferroan, often zoned rhombic calcite crystals (up to O.2mm in size) occur within the 

Cabo Raso Limestone Member (between 55m-58.7m on Fig.5.ii) and within the fine to 

coarse grained sandstone beds of the Dois Irmaos Member (at 63.8m, 69m and 69.9m on 

Fig.5.H). 

Petrographic description: 

This form of calcite is described as dedolomite because within the samples where it is 

abundant (sample numbers P61, P65 and P67 on Fig.5.ii) it has either replaced earlier 

dolomite, or has crystallised within rhombic pore spaces (Fig.5.xv). Its abundance ranges 

from less than 1 % within the Cabo Raso Limestone Member to greater than 95% within 

the fine to coarse sandstone beds of the Dois Irmaos Member (Fig.5.H). 
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Cathodoluminescence analysis: 

Cathodoluminescence analysis performed on pore filling dedolomite and rhombic calcite 

of sample numbers P63 and P65 reveals a generally dull to bright luminescence with good 

zoning (Fig.5.xvi). In sample number P63, rhombic calcite crystals generally have 

moderate to dull luminescent and bright luminescent outer zones. 

5.2.5: Authigenic siderite 

Occurrence: 

Authigenic siderite is present (up to 20% but generally <5% of the total pore filling 

volume) within the Safarujo Member and the Dois Irmaos Member (between 25.5m-70m 

on Fig.5.ii).' It is completely absent from the Calada Member and the Sao Louren~o 

Mudstone Member. 

Petrographic description: 

Within all samples, siderite occurs as isolated rhombs (average crystal sizc. O.Olmm) and 

is commonly associated with non-ferroan poikilotopic calcite, non-ferroan to ferroan 

sparry calcite and iron-oxide. Siderite stains a brown to red colour, has a high 

birefringence and is rhombic in cross-section. 
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5.2.6: Authigenic iron oxide 

Occurrence & petrographic description: 

Minor iron-oxide (haematite) occurs as small (up to 50mm) oblate concretions, burrow in 

fills, iron rich laminae and hollow tubes. These features arc only commonly seen within 

the Calada Member, the Safarujo Member and within the coarser grained beds of the Dois 

Irmaos Member. Within some concretions, haematite is associated with pyrite, but is the 

dominant cement type (over 50% total pore filling volume). Within certain laminae of 

host sediments, haematite is rare (accounting for up to 10% total pore filling volume). In 

thin-section, haematite is pervasive, and generally opaque, but occasionally a blood red 

colour. 

5.2.7: Summary of the distribution of early diagenetic products within the Ericcira 

Group 

Figure S.ii and Table 5.iii summarise the distribution of the early diagenetic products and 

processes within each lithostratigraphic unit of the Ericeira Group succession. Early 

diagenetic products are broadly contained within concretions and cemented beds. 
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5.2.7a: Concretions 

Septarian concretions of the Cal ada Member are contained within very fine grained 

sandy/silty beds. They are composed of non-ferroan dolomite. The interpretation of these 

concretions is discussed in Section 5.3.1. In contrast, large oblate, spherical and elongate 

concretions dominate the stacked, coarsening-up shoreface sands that comprise the 

Safarujo Member. Within the lower part of the Safarujo Member (between 26.5m and 

40m on Fig.5.ii) these concretions are composed of zoned ferroan to non-ferroan dolomite 

and non-ferroan calcite, while above this, in the middle to upper part of the Safarujo 

Member (between 40m and 51.5m on Fig.5.ii) they are composed dominantly of non

ferroan calcite. Relic dolomite rhombs can be seen within these calcite crystals. Thus 

there is a significant difference in the early diagenetic history of the lower and middle to 

upper Safarujo Member, which is discussed in Section 5.3.2 and 5.3.3. 

Other small iron-oxide concretions and minor concretionary burrows arc found to occur 

above and below well developed ravinement surfaces particularly within the Safarujo 

Member. 

5.2.7b: Cemented beds 

Cemented beds are common within the Calada Member, the Sao Louren~o Mudstone 

Member, the Cabo Raso Limestone Member and the Dois Irmaos Member (Figures 5.i and 

5.ii), Within the Calada Member and Sao Louren~o Mudstone Member, these beds arc 

composed of ferroan dolomite. Within the Cabo Raso Limestone Member they arc 
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dominantly composed of non-ferroan calcite with rare occurrences of marine fringing 

calcite and replaced dolomite. Finally within the Dois Irmaos Member, the cemented beds 

are dominantly composed of dedolomite. The significance of all of these cemented beds 

and their different early diagenetic histories will be discussed in Section 5.3. 

5.3: Discussion - interpretation of early diagenetic products 

This section interprets the diagenetic phases described in Section 5.2 and discusses the 

validity of each phase in terms of supporting (or refuting) the facies based sequence 

stratigraphic model proposed in Chapter 4. Figure S.H and Table S.iv provide graphical 

and tabulated summaries of the early diagenetic products and early diagenetic processes 

with relation to the sequence stratigraphic model outlined in Chapter 4. 

As noted in Section 3.3, early diagenetic processes are strongly influenced by depositional 

pore-water chemistry and microbial activity. (Refer to Sections 3.3 and 1.3 for a full 

introduction to early diagenesis and sequence stratigraphy, including the relevance of 

stable isotope and CL data). 
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5.3.1: The Calada Member 

5.3.1a: Distribution 

The early diagenesis of the Calada Member can be divided into those reactions that took 

place during/after the deposition of the distributary channels and those that took place 

during the deposition of the restricted lagoonal facies. To recap, the distributary channel 

facies is dominated by abundant ferroan dolomite and upwards decreasing volumes of 

pyrite, while the restricted lagoonal facies is dominated by vertically increasing volumes 

of pyrite, large volumes of non-ferro an dolomite within small septarian concretions and 

low to vertically increasing volumes of ferroan dolomite. 

Sedimentological evidence (Section 4.2.1) indicates that the fine to coarse distributary 

channel sandstones were deposited under high energy aerobic conditions, and the 

restricted lagoonal silty claystones, under more dysaerobic conditions (as indicated by a 

lack of bioturbation). A combination of generally stable to high sedimentation rates 

during the deposition of the distributary channels and a reduction (or absence) in the 

effectiveness of reactions in the oxic zone of the restricted lagoonal deposits, indicates that 

large amounts of organic matter and reactive iron survived into the sub-oxic and/or 

sulphate reducing zones. 

The early diagenetic reactions (especially those that occur within individual coarsening-up 

beds of the restricted lagoonal deposits) can be explained in three stages (Fig.5.xviii). 
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5.3.1b: Stage 1 

Pyrite: 

The large volumes of pyrite are consistent with reactions that occur within the zone of 

sulphate reduction (Stage 1, Fig.5.xviii). Authigenic pyrite is a product of simultaneous 

reduction of organic matter, Fe(lI/} compounds and SO;- , which yield Fe 2+ and HS

(Curtis, 1987). Equation 3 of Section 3.3.1 indicates the balanced reaction responsible for 

pyrite formation. 

The volume of pyrite decreases towards the top of the distributary channel facies 

suggesting that there was a reduction in the amount of organic matter reaching the sub

oxic or sulphate reducing zones. This can be explained by a reduction of sedimentation 

rates prior to the development of a transgressive surface resulting in prolonged residence 

of sediment within the oxic zone and subsequent degradation of organic maUer. A 

decrease in sedimentation rates could also be related to non-deposition/drowning at 

parasequence flooding surfaces, thus supporting the positioning of parasequences within 

the proposed sequence stratigraphic scheme. 
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5.3.1c: Stage 2 

Dolomite: 

Dolomite precipitation followed that of pyrite. Curtis & Coleman (1986) state that for 

dolomite to precipitate as an early authigenic mineral. sulphate must be rapidly depIcted 

prior to any significant compaction. Unstable primary carbonates nnd pore-water solutes 

will then react with organic degradation products to produce nuthisenic dolomite. 

Microbial sulphate reduction can reduce sulphate levels effecti't·cly to zero (Curtis & 

Coleman, 1986) within tens of centimetres of the sediment/water interface (e.g. 

Nissenbaum et al .• 1972). 

Coleman (1985) and Curtis (1987) suggest that if rates of Fe(1/1) reduction e~c«d rutes 

of sulphate reduction, iron-rich authigenic carbonate minerals can be c~pcctcd to co

precipitate with iron sulphide. Within the restricted lagoonal facics, the converse must 

have been the case resulting in the growth of non-ferroan dolomite concretions (S"Ise 2. 

Fig.S.xviii). As commented upon in Scction 3.3. Fleming (1993) shows how concretion 

shape is defined by the concentration and location of shell debris within the ,amblonc. 

These models would ultimately suggest that the source of individual concretions wns iron

poor bioclastic debris. 

Septarian concretions: 

The aile values of the non-ferroan dolomite within thc concretions rnnbc (mill ·1.03rx· ... 
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PDB to -1.63%0 PDB, indicating derivation from a combination of marine carbonate and 

carbonate sourced from low rates of organic-carbon oxidation, deep within the zone of 

sulphate reduction (Mozley & Bums, 1993). Hird et al. (1987) show that slightly negative 

8DC values obtained from peritidal dolomicrites within the Carboniferous of south Wales 

are also the result of an organic matter source. 

Cathodoluminescence within dolomite is considered to be controlled by the concentrations 

of Mn2+ as an activator and Fi+ as a quencher (Medlin, 1961b, 1968 - i.e. in a similar 

way to calcite, see Section 3.3). As a result, the common dull luminescent response of the 

dolomites within these septarian concretions suggests a high FelMn ratio which is 

characteristic of a diagenetic environment where Fe3+ is reduced to Fe2
+ (Carpenter & 

Oglesby, 1976; Frank et al., 1982; Coleman, 1985 and Miller, 1988). Such an 

environment can be associated with reduction deep within the zone of sulphate reduction. 

The depleted 8180 values of these concretions indicate a near-surface mixing zone origin, 

reflecting precipitation from mixed marine/meteoric or brackish pore-waters. This 

interpretation agrees with the inferred depositional environment of the host sediments. It 

is unlikely that these dolomites are the result of burial for two reasons:- (i) their obvious 

early concretionary nature, and (ii) dolomite of burial origin should have highly depleted 

8180 isotope values when compared to the composition of the depositional pore-water 

(Gawthorpe, 1987). An evaporation origin is also considered unlikely, because dolomites 

of this origin should result in heavier 8180 isotope values when compared to the 

composition of the depositional pore-water (Bechrens & Land, 1972) and no evaporites or 

evaporite pseudomorphs are present anywhere in these successions. 
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Septarian concretion growth was closely followed by the precipitation of pore filling 

ferroan dolomite which surrounds and has similar isotope values to individual concretions. 

This indicates that dolomite was sourced from similar carbonate (although more Fe-rich) 

within a similar pore-water environment. Thus the ferroan dolomite is interpreted to have 

formed in the sub-oxic/sulphate reducing zone within a dominantly mixed marine/meteoric 

pore-water environment. 

It is also clear that both types of dolomite are not of a replacive origin, but are dolomite 

cements that have displaced ?detrital clay minerals to form diagenetic beds. Tucker & 

Wright (1990) state that replacive dolomite typically have "cloudy" crystal centres, as a 

result of the presence of inclusions and mineral relics of a previous calcium carbonate 

precursor. The dolomite crystals identified here are dominantly inclusion free and have 

clear crystal centres. Similarly, if dolomite replaced a calcite precursor, then CL analysis 

would have revealed some evidence of an original crystal structure - which it did not. 

5.3.1d: Stage 3 

Septarian fractures: 

All concretions in the coarser grained beds of the restricted lagoonal facies contain 

septarian fractures. Formation of septarian fractures has been attributed to chemical 

dehydration and shrinkage (Raiswell, 1971; Pettijohn, 1975) or tensile stress related to 

overpressure development during shallow burial (Astin, 1986; Astin & Scotchman, 1988). 

All authors agree that their formation is synonymous with early growth prior to significant 
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compaction (and dewatering, McKay et al., 1995). However as these sediments show no 

evidence of rapid compaction it is unlikely that overpressure would have been a significant 

factor. Therefore, my interpretation supports the model presented by Raiswell (1971) and 

Pettijohn (1975). D1SO values for drusy calcite within the septarian fracture nrc strongly 

negative (-6.74 %0 PDB) indicating crystallisation occurred during shallow burial before 

significant compaction (Stage 3, Fig.5.xviii). Finally, the characteristic zoned moderate to 

dull luminescence that the septarian fractures reveal can be interpreted as representing 

crystallisation within a shallow to deep reducing environment. 

Sequence stratigraphic interpretation: 

The interpretation outlined above indicates that the early diagenetic precipitates (septarian 

concretions) grew as a result of prolonged residence time within the zone of sulphate 

reduction. This can be associated with periods of marine flooding and non-deposition at 

parasequence boundaries (Stages 1-3 on Fig.5.xviii). Therefore, although the field 

evidence for parasequences is inconclusive (particularly within the restricted lagoonal 

facies) the early diagenetic evidence for parasequence identification is more conclusive. 

261 



Chapter 5 

5.3.2: Upper Calada Member to lower Safarujo Member 

S.3.2a: Distribution 

Early diagenetic patterns within these lithostratigraphic units (up to 40m on Fig.S.H) are 

characterised by upward increasing volumes of ferroan dolomite and non-ferroan dolomite 

within the Sao Louren~o Mudstone Member (sample numbers P26-P34 on Fig.S.ii). 

Within the lower part of the Safarujo Member (sample numbers P36-P41D on Fig.S.ii) 

these authigenic phases are replaced upwards by zoned non-ferroan dolomite, non-ferroan 

sparry calcite, poikilotopic calcite and small volumes of siderite. Fluctuating trends in 

pyrite and small volumes of iron-oxide (haematite) are present throughout, especially 

within small concretions and concretionary burrows (between sample numbers P2S-P41D 

on Fig.S.ii). 

S.3.2b: Upper Calada Member 

Only small volumes of pyrite and haematite are present within the distributary channel 

facies. The absence of a carbonate phase suggests a lack of calcium carbonate ions 

available for carbonate cement crystallisation. The small volumes of pyrite suggest that 

reactions within the zone of sulphate reduction were limited, possibly due to low volumes 

of organic matter. The latter explanation would support the formation of small iron-oxide 

concretions which require low net sediment accumulation rates and long periods of 

residence within the zone of aerobic respiration (oxic and post-oxic zones, Taylor & 

Curtis, 1995). 
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Sequence stratigraphic interpretation: 

Iron-oxide concretion growth can be related to marine flooding/non-deposition at 

parasequence boundaries (Taylor & Curtis, 1995),· thus supporting the identification of 

parasequences in this facies. However no further evidence was obtained for the 

identification of a particular systems tract for this unit. 

5.3.2c: Silo Lourenfo Mudstone Member 

As in the Calada Member, the presence of pyrite indicates diagenesis within the zone of 

sulphate reduction. The presence of ferroan and small volumes of non·ferroan dolomite 

also indicate that prior to their crystallisation, levels of sulphate reduction had effectively 

been reduced to zero. As interpreted in Section 5.3.1c, this dolomite is not of a replacive 

origin, but is a cement. Therefore the beds that contain it are diagenetic, relating to 

precipitation during a period of increased residence time within an early diagenetic zone. 

Sequence stratigraphic interpretation: 

The laterally extensive dolomite beds are interpreted to have precipitated during periods of 

non-deposition. This therefore provides strong diagenetic evidence that these beds have 

formed below parasequence boundaries (parasequence boundary formation bcing related 

to periods of non-deposition and marine flooding). This is a good example of where an 

analysis of early diagenetic products can help to identify sequence stratigraphic units, 

when field evidence is poor. 
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5.3.2d: Lower beds ofthe Safaru;o Member 

The presence of bioturbation indicates that the prograding shoreface sands that 

characterise the lower part of the Safarujo Member, were deposited in an aerobic 

environment and therefore organic degradation in the oxic and post-oxic zones probably 

occurred. Small iron oxide concretions and cemented laminae are likely to have grown 

during a period of prolonged residence within the zones of aerobic respiration (Taylor & 

Curtis, 1995). 

Due to the effects of organic degradation in the oxic and post-oxic zones less organic 

matter reached the sulphate reduction zone resulting in lower sulphide supersaturation 

(Berner, 1978; Raiswell, 1982; Curtis 1987). This is reflected in the low volumes of pyrite 

which are only found within highly organic zones such as cemented rhalassinoides 

burrows. 

5.3.2e: Concretions 

The sandstone facies of the lower part of the Safarujo Member (between 32m-44m on 

Fig.5.ii) is characterised by the presence of large spherical, oblate, elongate and burrow 

concretions cemented by zoned non-ferroan dolomite, non-ferroan equant sparry calcite 

and poikilotopic spar. Similar patchy cements are also found within the more poorly 

cemented host sandstone. The zoning within individual dolomite rhombs that is revealed 

by artificial staining and CL is interpreted as resulting from slow, incomplete and periodic 

precipitation from an alternating iron-rich or iron-poor source. The CL response indicates 
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that non-luminescent dark zones have a high FelMn ratio, whereas the brightly 

luminescent zones have a low FelMn ratio. Similar observations and interpretations from 

zoned dolomites have been made by Smith & Stenstrom (1965). 

The calculated a13e value of zoned non-ferroan dolomite (·0.71%0 POB) within these 

concretions is consistent with crystallisation in a sub-oxic or slightly reducing 

environment, where incorporated CO;- is as a result of organic matter reduction, although 

a contribution of marine bicarbonate cannot be ruled out. The calculated 0180 values of· 

3.90%0 PDB suggests crystallisation from within mixed marine/meteoric depositional pore

waters. 

McBride et al. (1994) and McBride et al. (1995) look at oriented and elongated 

Pleistocene concretions along the Basilicata coast of the Ionian Sea, southern Italy and 

within the Tertiary sandstones of the northern Apennines, Italy. 0 180 isotope values for 

the carbonates that cement the Pleistocene concretions suggest a meteoric origin, resulting 

in the conclusion that the concretions were growing parallel to groundwater flow 

directions. 

A similar interpretation is indicated for the elongate concretions here. The concretions arc 

aligned NW eSE, while palaeocurrent readings taken from the low-angled planar 

laminations (variable between 1800 and 230°) suggest an east-west to northwest-southeast 

oriented palaeo-shoreline (Section 4.2.1). Thus it is conceivable to suggest that porewater 

lenses originating from subaerially exposed portions of the basin, flowed in an offshore 

direction along permeability pathways that were parallel to ground-water flow directions 
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(Fig.5.xix). Stable isotope data indicates that subsequent cementation of non·ferroan 

dolomite within these concretions, occurred within the mixed marine/meteoric diagenetic 

porewater zone. 

Cementation within the concretionary burrows, is interpreted to be due to the abundance of 

faecal/organic material, associated bacteria and the presence of an organic membrane 

lining, all of which must have survived (in sufficient quantities) the reactions within the 

oxic and post-oxic zones. Similar interpretations have been made for concretionary 

burrows found within the Corallian Group succession (Sections 3.3.3 and 3.3.4). 

Sequence stratigraphic interpretation: 

The work of Taylor & Curtis (1995) indicates that the presence of iron-oxide concretions 

suggests that periods of non-deposition associated with parasequence boundary fonnation 

are likely to have occurred. This diagenetic evidence supports the facies related sequence 

stratigraphic framework and identification of parasequences outlined in Chapter 4. 

Identification of mixed marine/meteoric cements within the elongate concretions would 

indicate a period of sub-aerial exposure, possible related to a sequence boundary. Based 

on facies analysis and changes in parasequence stacking patterns, a sequence boundary has 

been positioned at 40Am on Fig.5.H. However this has been related to a typc-2 sequence 

boundary, where exposure would not nonnally have occurred. It is therefore suggested 

that the pore-water source of the elongate concretions originated from an up-dip area of 

the basin, relating to a period of sub-aerial exposure and type-l boundary formation 
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(Fig.5.xix). However without regional data, this statement cannot be supported. 

Further support for the interpretation of a type-2 sequence boundary at 40.4m on Fig.5.H is 

that early diagenetic cements beneath this surface have been preserved. Formation of a 

type-2 sequence boundary is not related to a basinward movement of the shoreline and 

thus diagenetic pore-water zones would be static, preserving early diagenetic precipitates. 

5.3.3: Middle to upper Safarujo Member to Cabo Raso Limestone Member 

5.3.3a: Distribution 

Early diagenesis within these lithostratigraphic units is characterised by upward increasing 

volumes of replacive non-ferroan sparry and poikilotopic calcite within elongate 

concretions of the Safarujo Member (sample numbers P43-P45D on Fig.5.ii). Within the 

Cabo Raso Limestone Member (sample numbers P46-P54 on Fig.5.H) these phases arc 

replaced upwards by non-ferroan fringing and equant calcite, non-replacive poikilotopic 

calcite and traces of ferroan calcite and dedolomite. Low volumes of pyrite, siderite and 

iron-oxide (haematite) are seen through-out. 

5.3.3b: Safaru;o Member 

The most striking characteristic of the cements within the elongated concretions of the 

middle to upper Safarujo Member (sample numbers P43-P45D on Fig.5.ii) is that they 
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have replaced an earlier phase of zoned dolomite precipitation. This would have originally 

been similar to that preserved within the lower Safarujo Member described previously 

(Section 5.3.2). The only evidence of early dolomite in these concretions is in the form of 

iron oxide relics that would have formed the iron-rich zoning within individual crystals. 

These are characteristically found within single poikilotopic calcite crystals, or across a 

number of equant crystal boundaries (Fig.5.xi). There is also no response under CL of 

these early dolomites, which would indicate replacement. By comparison, a CL response 

was apparent within the dolomite crystals of the lower part of the Safarujo Member 

(Section 5.2.3d). 

Evamy (1967) and Pettijohn (1975) state that the process of calcitisation 

[dedolomitisation] requires solutions with a high Ca-Mg ratio, rapid flow and temperatures 

under 500C - restrictions which imply near-surface conditions. Tucker (1991) states that 

this process predominantly takes place through contact with meteoric waters. The overall 

reaction can be represented by the equation originally proposed by Morlot (1848) :-

C CO M CO + C 2+ tkdolo,";,. , 2CaC0
3 
+ Mg2+ [Eq.5] a 3' g 3 a 7 

The depleted 3180 values (-3.32%0 PDB) of the poikilotopic calcite from an elongated 

concretion suggests that crystallisation could have taken place within a meteoric pore

water environment. The 313C results (-8.37%0 PDB) suggest the incorporation of 

cot from the precursor dolomite which itself would have most probably had negative 

013e values (Section 5.3.2) although additional input of HeO;- from within the zone of 
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sulphate reduction or sub-oxic zone cannot be ruled out. 

5.3.3c: Cabo Raso Limestone Member 

A similar change from dominantly marine to dominantly meteoric cementation can be 

clearly identified within the cemented beds of these shallow water carbonates. Early 

fringing calcite and micrite precipitation (which has later been neomorphosed to 

microspar) with a dominant non-luminescent response, is typical of cementation within a 

marine environment (Tucker & Wright, 1990). However, pore-filling non-ferroan sparry 

calcite with strongly negative 0180 values (-5.35 %0 PDB), patchy bright to dull 

luminescence and dedolomitisation (although rare) are indicative of cementation within a 

meteoric environment. Also present in these deposits are rhombohedral pores, that have 

subsequently been infilled by non-ferroan calcite (probably of meteoric origin) suggesting 

selective leaching or replacement of original dolomite rhombs. 

S.3.3d: Sequence stratigraphic intemretation 

Stage 1: 

Figure S.xx is a model for the diagenetic processes that are interpreted to have affected the 

proposed Sequence 3. During Stage 1, which relates to the deposition of the shelf-margin 

systems tract, a similar situation to that already described for the development of the 

concretions in the highstand systems tract of Sequence 2 is envisaged. Early diagenesis 

would however, have been controlled by the progradation and subsequent drowning of 
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each parasequence. Relatively high net sedimentation rates during the progradation of 

each parasequence2 would have resulted in rapid burial of sediment into the sulphate 

reduction zone. However due to a lack of organic matter within the host sandstones, only 

small volumes of pyrite crystallised. This was followed by siderite and zoned dolomite as 

levels of sulphate reduction had effectively been reduced to zero. During the progradation 

of each parasequence, pore-water zones would have been moving in an offshore direction 

and, as in the highstand systems tract of Sequence 2, any dolomite preferentially 

crystallised along permeability pathways within a mixed marine/meteoric zone. Finally 

small iron-oxide concretions, which are concentrated beneath and within parasequence 

boundaries, grew as a result of prolonged residence within the zone of aerobic respiration. 

This suggests that parasequence boundaries represented prolonged periods of drowning 

and non-deposition. 

Stage 2: 

During Stage 2, which equates to the deposition of the transgressive and highstand systems 

tracts (Fig.5.xx) carbonate sediments were deposited above the siliciclastic shoreface 

sandstones. Initial cementation was dominated by non-luminescent marine fringing calcite 

cements and rare dolomite growth within vuggy/mouldic porosity. 

2 sedimentation rates within parasequences of the shelf-margin wedge systems tract are deemed not to be too 
dissimilar from those that occurred within the preceding highstand systems tract. bearing in mind that both 
systems tracts represent the same depositional environment. 
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Stage 3: 

During Stage 3, which equates to the development of the type-I sequence boundary, a 

sharp fall in sea-level occurred, resulting in the basinward movement of all pore-waler 

zones (Fig.5.xx). Thus the cements that formed within Stages 1 and 2 were now within 

the meteoric zone. Strongly meteoric pore-waters (0180 values from sparry and 

poikilotopic calcite range from -3.32 to -5.35 %0 PDB) flushed through the sedimenlli, 

partially dissolving and fully replacing original dolomite within concretions and host 

sediments and crystallising within open pore spaces. This process of dissolution and 

replacement of dolomite would have required solutions with a high Ca-Mg ratio, rapid 

flow and temperatures under 50°C (Pettijohn, 1975; Tucker, 1991). These conditions arc 

likely to have occurred through contact with meteoric waters (Pettijohn, 1975; Tucker, 

1991). A characteristic patchy bright to moderate luminescence within pore-spaces of the 

carbonate sediments could be attributed to growth within a dominantly reducing, meteoric 

pore-water environment. Patchy bright luminescence has been associated with calcrete 

formation during sub-aerial exposure (Miller, 1988, fig.6.4). If this is the case in these 

samples, then it must provide further evidence for the development of a karst surface 

which is associated with Sequence Boundary 3 (at 58.6m on Fig.S.H) and was originally 

identified by facies analysis and described within Section 4.2.3. 

This interpretation provides unequivocal support for the facies based sequence 

stratigraphic interpretation of the Safarujo Member and Cabo Raso Limestone Member 

(Sequence 3). 
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5.3.4: Dois Irmaos Member 

5.3.4a: Distribution 

Early diagenetic products within the spit facies of the Dois Innaos Member arc 

characterised by upward increasing volumes of iron-oxide (haematitc) and upward 

decreasing volumes of siderite and pyrite (sample numbers P57 and P57 A on Fig.5.H). 

The remainder of the studied Dois Irmaos Member is characterised by upward increasing 

volumes of dedolomite (sample numbers P61-P67 on Fig.5.ii). Pyrite and siderite arc 

present in low volumes. Non-ferroan sparry calcite and microspar is also common. 

5.3.4b: Spit facies of the Dois Irmiios Member 

The presence of bioturbation, cross-bedding and cross-lamination suggests deposition in 

an aerobic environment (Section 4.2.5) and therefore organic degradation within the oxic 

and post-oxic zones probably occurred. Small iron oxide concretions and cemented 

laminae increase in volume towards the top of this facies succession. As discussed 

previously (Section 5.3.3), this indicates prolonged residence time within the zones of 

aerobic respiration (Taylor & Curtis, 1995). 

Due to the effects of organic degradation in the oxic and post-oxic zones a limited amount 

of organic matter would have reached the su1phate reduction zone resu1ting in lower 

sulphide supersaturation (Berner, 1978; Raiswell, 1982; Curtis, 1987). This is reflected in 

the upward decreasing volumes of pyrite. 
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Relatively abundant siderite is also found within this facies. The crystallisation of siderite 

would have begun once iron was no longer being fixed by pyrite formation (McKay et al., 

1995). Siderite precipitation within the zone of sulphate reduction requircs pore-water 

with very low dissolved sulphide (Pearson, 1979) as well as bicarbonate and Fe2+ , which 

are the principal products of sulphate reduction. Alternatively, the siderite may have had a 

bacterial origin as a result of bacterial reduction of iron oxide (Canfield, 1989). Canfield 

(1989) suggests that two distinct microenvironments may exist in marine sediments. In the 

frrst, sulphides react with iron-oxides, locally producing iron sulphide. In the other 

environment, iron reduced by micro-organisms migrates freely into solution where it is 

combined with bicarbonate (produced by sulphate reduction reactions) to produce siderite. 

Sequence stratigraphic interpretation: 

The growth of iron-oxide concretions can be related to prolonged periods of marine 

flooding at parasequence boundaries (Taylor & Curtis, 1995). This implies that the spit 

facies can be interpreted as a single parasequence, which is in keeping with the proposed 

facies based sequence stratigraphic model of Chapter 4. However the diagenetic evidence 

does not provide any further support for the interpretation of either a lowstand or 

transgressive systems tract for this facies succession. 

5.3.4c: Dois Inniios Member 

Upwards increasing volumes of dedolomite characterise the coarser grained beds of the 

remainder of the Dois Irmaos Member. No isotope analysis was performed on these 
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cements, but the process of dedolomitisation has already been defined as requiring 

solutions with a high Ca-Mg ratio, rapid flow and temperatures under 50"C which 

predominantly take place through contact with meteoric waters (Pettijohn, 1975; Tucker, 

1991). As a result of these conditions, a similar interpretation to that for replaced dolomite 

of the Safarujo Member and Cabo Raso Limestone Member is envisaged (Section 5.3.3). 

Large volumes of pore-filling dolomite would have crystallised within the sulphate 

reduction zone once the levels of sulphate reduction had effectively been reduced to zero. 

Sequence stratigraphic interpretation: 

It is feasible to suggest that the original process of dolomite precipitation occurred during 

the formation of individual parasequences (much in the same way as those described in the 

Sao Louren~o Mudstone Member) implying that each coarser grained bed represents the 

top of an individual parasequence. Subsequently, during the formation of Sequence 

Boundary 4 (at 69.2m on Fig.5.H) the original dolomite cements would then have been 

flushed by meteoric pore-waters, calcitising the dolomite. Positioning a sequence 

boundary above the coarse grained bed at 69m on Figure 5.H (as has been suggested in the 

facies based sequence stratigraphic proposal) implies that all of the coarser grained beds 

were affected by similar meteoric pore-waters. Therefore the early diagenetic evidence 

supports the sequence stratigraphic proposal outlined in Chapter 4. However it is still not 

clear whether the sequence boundary relates to a type-lor a typc-2 boundary and further 

analysis needs to be performed. 

274 



Chapter 5 

5.3.5: Comparison of the early diagenesis of the Corallian and Erlcclra Groups 

General remarks: . 

Early diagenesis within the two successions studied for this thesis was dominated by the 

growth of concretions within the siliciclastic dominated facies; and marine/meteoric 

cementation, dissolution and replacement within the carbonate dominated facies. 

Septarian concretions: 

Septarian concretions are present within both successions, but occur within different 

depositional environments. Within the Corallian Group, septarian concretions arc found 

within prograding shoreface highstandllowstand systems tracts (refer to Section 2.2.1 b). 

Within the Ericeira Group, similar concretions are found within restricted lagoonal 

siltstones that are likely to represent a transgressive systems tract. 

Stable isotope values taken from both sets of concretions indicate that their growth is 

related to prolonged residence within the suboxiclsulphate reducing lone. An 

interpretation that could substantiate this evidence is that their growth is related to 

progradation and subsequent drowning of parasequences. 

Therefore, although septarian concretions occur in a range of environments, lithologies 

and sequence stratigraphic units, the available data indicates that they arc likely to occur 

within porous and penneable mediums, at or below parasequence boundaries. 
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Other carbonate concretions: 

Oblate and spherical non-septarian concretions that are present within siliciclastic facies 

are also common within both successions. Within the Corallian Group, carbonate 

concretions are found within tidal flat shoreline sandstones. Within the Ericeira Group, 

oblate and elongate concretions are found within prograding shoreface sandstones. In both 

successions, stable isotope evidence indicates that their growth is also related to prolonged 

residence time within sub-oxic/sulphate reducing zones of a mixed marinclmeteoric 

diagenetic environment. 

As is the case with septarian concretions, the available data indicates that these carbonate 

concretions must have grown in response to parasequence progradation and drowning. 

They are similarly located below parasequence boundaries, along permeability pathways 

within parasequences or within more porous and permeable lithologies. 

Pore-filling calcite cements: 

Within the carbonate dominated facies of both successions, common early marine cements 

are seen to be replaced in time by phases of meteoric diagenesis during major 

progradational periods (interpreted as highstand systems tracts). 

Within the Corallian Group Shortlake Member, evidence of meteoric cementation is 

sparse. By comparison, in the Cabo Raso Limestone Member of the Ericeira Group, 

evidence of meteoric diagenesis is widespread. This is because this succession ha.~ been 
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proven to be capped by a type-! sequence boundary (based on early diagenetic and facies 

data), which resulted in subaerial exposure and a large scale basinward shift in pore-water 

zones. Consequently the affects of meteoric dissolution, replacement and cementation 

resulted in poor preservation of subsequent early precipitated phases. 

Sequence 3 of the Corallian Group succession was interpreted to be capped by a typc-2 

sequence boundary which did not result in a significant fall in relative sea-level, sub-aerial 

exposure or a basinward shift of pore-water zones. Any meteoric cementation probably 

occurred as a result of hydrostatically driven, small scale fresh-water lenses that would 

have originated from an updip, subaerially exposed area of the basin. Early diagenetic 

phases of the earlier precipitates within the lower Shortlake Member and Upton Member 

were thus preserved. 

Therefore the amount of meteoric dissolution (on the one-hand) and early cement 

preservation (on the other) is controlled by the degree of relative sea-level fall at the time 

of sequence boundary formation. 

5.4: Concluding Remarks 

• A range of analytical and petrographical techniques have identified fourteen early 

diagenetic phases within the Ericeira Group succession. These include pyrite, four 

forms of dolomite cement and concretionary growth, six forms of calcite (occurring as 

concretions, cements and replacement cements), dissolution associated with sub-aerial 

277 



Chapter 5 

exposure, siderite and iron-oxide (haematite). Petrographic and isotope evidence 

indicates that both the ferroan and non-ferroan dolomite is a primary precipitate/cement 

rather than a product of replacement of an original calcium carbonate precursor. 

• As for Chapter 3, this study has indicated that an analysis of early diagenetic products 

had helped to identify, or provide further evidence for the identification of 

parasequences, systems tracts and sequence boundaries thus providing additional 

support for the facies based sequence stratigraphic framework outlined in Chapter 4. 

• Within the Calada Member, the interpretation of concretion growth has provided further 

support for the identification of parasequences. Analysis of the cements within 

individual concretions (carbonate and iron-oxide) has indicated that their growth is 

related to prolonged periods of residence within early diagenetic zones. This 

observation can be related to marine flooding and non-deposition at parasequence 

boundaries. 

• However, analysis of early diagenetic phases has not helped to further identify systems 

tracts within the distributary channel facies of the Calada Member. 

• Within the Sao Louren~o Mudstone Member, analysis of laterally cemented dolomitic 

beds provides evidence for the identification of parasequences. As for concretionary 

interpretation, cements within these beds are related to prolonged residence within an 

early diagenetic zone which can be related to non-deposition/marine flooding at 

parasequence boundaries. 

• Within the Safarujo Member, the habit and stable isotope values of dolomite within 

elongate concretions indicate that it crystallised as a result of a general offshore 

movement of marine/meteoric pore-water along permeability pathways during 

progradational periods. Generally; 
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• within the lower beds of the Safarujo Member, these cements have been 

preserved, lending further early diagenetic support for the positioning of a type-

2 sequence boundary at 40Am on Figure S.iL Generation of a typc-2 sequence 

boundary would not have resulted in any further movement of pore-water zones; 

and, 

• within the middle to upper beds of the Safarujo Member, early diagenetic 

dolomite within concretions has been replaced by a phase of meteoric calcite. 

This is related to a period of sub-aerial exposure at the top of the overlying 

Cabo Raso Limestone Member. This strongly supports the positioning of a 

type-l sequence boundary at the top of the Cabo Raso Limestone Member. 

• Within the Cabo Raso Limestone Member, analytical and petrographic data indicates a 

phase of meteoric cementation. This strongly supports the facies based sequence 

stratigraphic model for the positioning of a karst/sequence boundary at the top of this 

member. 

• Within the spit facies of the Dois Innaos Member, iron oxide concretions provide 

support for the identification of a parasequence, but not for the type of systems tract. 

Further analysis/regional data needs to be acquired before unequivocal systems tract 

identification can be made. The presence of abundant dedolomite within the remainder 

of this member, indicates a phase of meteoric diagenesis which may provide further 

support for the positioning of a sequence boundary at 68.9m on Figure S.ii. 

• Finally, as in Chapter 3, the emphasis of this chapter was to utilise the analyses of early 

diagenetic cements to support a facies based sequence stratigraphic model. This theme 

is continued in Chapter 6, where generalised models arc produced that combine facies 

analysis with analyses of early diagenetic fabrics and are related to differing scales of 
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relative sea-level change. 
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Fig.S.i: Sample no s., locations & types of analysi . B4 (etc.) - amp le no. , CB .. cemented bed, NCB - non - ement d bed & - oncreti n . i-thin s tion 
petrography, ii = XRD, iii ... table isotope & iv - CL. Sedimentology & equence tratigraphy as for Figs.4.iii & 4.iv. 
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Fig.5.i;;: Oxygen versus carbon isotope compositions of sampled early diagenetic phases. (see text for details) 
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Sample number P3 :
stained section PPL 

ferroan dolomite ~., . ~. ;.:'._, .. }j 
rhombs ~ ~ . ... . . "' \:: 

_Y'I""'LJ,.' . , ' l .. .. ' t~ ~1.." '. "r J ' .. ... 

detrital matrix 

euhedral pyrite ~ ',;p!! ;t! 

O.6mm 

clusters of framboidal 
:l.~) ~ H pyrite pre-dating 

ferroan dolomite 

clusters of framboidal 
pyrite 

. ~ 

Fig.5.iv. Thin-section photomicrograph of sample number P3 from a parasequence within the lowstand 
systems tract of Sequence 1 (the Calada Member). 

Photograph shows the abundance of framboidal and euhedral pyrite, and its association with 
ferroan dolomite. The abundance of pyrite and the depleted carbon isotope values for the 
ferroan dolomite indicate that they are both products of reactions within the zone of sulphate 
reduction. These reactions have been interpreted to be controlled by sea-level changes at a 
parasequence scale - parasequence progradation resulting in rapid burial of sediment deep into 
the Sr zone. followed bv prolonged residence associated with parasequence flooding. 



P.D. 

P.D. 

P.D. 

P.B. 
Septarian concretion 

Fig. 5. v. The restricted lagoonal deposits of the Calada Member. Red arrows point to the tops of coarsening-up successions 
which may represent parasequence boundaries (p.B.). Sequence stratigraphically, this unit represents the 
transgressive systems tract of Sequence 1. (For scale, the hammer is O.4m in length) 

The photograph on the right is a blow-up of the top of a coarsening-up succession to show septarian concretionary 
growth. Septarian concretions are composed of dominantly non-ferroan dolomite, pyrite and ferroan calcite septarian 
cracks. Stable isotope and CL data all suggest that concretion growth was deep within the zone of sulphate reduction. 

Scale bar on blow-up photograph is 1 m. 

Photograph taken at the cliff section to the north of Praia de S. Lourenco (see Fig.4.i for location .. 

P.D. 
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Illustration of the restricted lagoonal deposi ts of the Calada Member (Sequence I). The sy~tel1ls tracts are 
dominated by pore-filling ferroan dolomite, pyrite and small non-ferroan dolomite septarian concretions. 
Stable isotope data implies dolomite precipitation occurred within a sub-oxic/sulphate reduction zone 
of a mixed marine/meteoric pore-waler environment. Data points relate to sample numbers as In 

Figs.5.i & 5.ii. 



detrital matrix and/or 
pore space 

Sample number P14:
stained section PPL 

~ 
O.96mm ~ 

anhedral to euhedral 
non-ferroan dolomite 
rhombs 

Fig. 5. vii Thin-section photomicrograph of sample number P 14 from a septarian concretion within the 
transgressive systems tract of Sequence 1 (Calada Member). Dolomite within these concretions 
forms a xenotopic to iruotopic mosaic. 

Stable isotope and CL data from these dolomites suggests that they were precipitated during a 
period of prolonged residence within the zone of sulphate reduction as a result of marine 
floorung at parasequence boundaries. 



A Sample number P35:
stained section XPL 

B Sample number P35 :
stained section PPL 
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C Sample number P38H:
stained section XPL 

O.86mm 

Fig. 5. viii. 
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A Sample number P35 
PPL 

-.....t::;-"~-- z n d mild] 

non-ferro an 
poikilotopic/ 
equant calcite 

generally non
luminescent pore 
filling calcite 

1.6mm 

B Sample number P35 
CL 

1.6mm 

Fig.5.ix. Two photomicrographs of ampl number P35 fr m th 
highstand systems tract of Sequen 2 1 w r d [th 
Safarujo Member) - (A) in PPL, (B) und r 

err n d I mile 

re-

dull lumin nt d I mit 
pI ing th t ry t I w 

F -ri h 

brightl lumine nt 
1 mit , impl ing th t 

cry tal r 



hammer _--------l 

Transgressive surface 
separating the shelf-margin 
systems tract of Sequence 3 
(below), from the TST of 
Sequence 3 (above) (scale) 

poorly cemented .., 
host sandstones 

elongated carbonate 
concretion composed 
of non-ferroan, 
replacive poikilotopic 
calcite. 

Fig.S.x. Field slide to show the habit and orientation of the elongate concretions that are common 
within the parasequences of the shelf-margin systems tract of Sequence 3 (Safarujo Member). 
These concretions grew as a result of off-shore movement of pore-waters along permeability 
pathways during periods of parasequence progradation. Cementation at this stage was a patch 
oned dolomite cement. However, at a later stage, during the development of Sequence 

Boundary 3 (which caps this sequence) a rapid fall in relative sea-level resulted in a basinward 
shift in pore-water zones

j 
which resulted in the replacement of the original dolomite by 

isotopically depleted (a· ) poikilotopic caJcite. 

For scale, the hammer in the mid-ground of the photograph is D.4m in length. 

Photograph taken to the south of the Forte de S. Lourenco (see Fig.4.i for location .. 



A Sample number P45C 
PPL 

1ron- ide "gh t" tru tU[ 
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ikil t 
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B Sample number P45C 
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Fig.5.xL 
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___ ,",r.",·nction cl arl 

r placing riginal 
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dolomit r Ii an 
n t ur within 
p ikil t pi 

calcit cry tal 

Thin-section photomicrograph of sampl number P4 
from within an elongated concretion ofth h If-margin 
systems tract of Sequence 3 (upper afaruj M mb r . N 
especially, the relic dolomite cry tal that can pick d ut 
iron-oxide ghost structure (A) and the r placi natur th 
poikiiotopic calcite (B). Dolomite relic can a] be n 
occur within two calcite crystal ). XRD analy i pr 
that the dominant pore-filling compon nt in th ampl 
is calcite. Stable isotope analysi of thi calcit impli 
that it was precipitated from m teoric pore-wat r . 
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A Sample number P45C 
PPL 

pore-filling 
poikil topic cal it 

iron-oxide gb t 
structur marking 

~I$~~~rm~--the location fa 
relic dolornit cry tal 

1.8mm 

B Sample number P45C 
CL zoned bright-dull L 

Fig.S.x;;. 

1.8mrn 

........ ---: spon e ofth p r -filling 
poikilotopic calcit 

zoning n within th 
calcit pa thr ugh 

====~rhe r lic d lomit but 
b come di tin tl 
quench d 

Two photomicrographs of sample numb r P45 fr m an 
elongate concretion within the h If-margin 
systems tract of Sequence 3 (upper afaru j M m r - A in P P 
(B) in CL light. 

(B) clearly shows the common bright lumin c n 
of the poikilotopic calcite, with zoning originating fr m 
detrital grain boundaries. Thi re pon impli ry tal 
growth within a dominantly meteoric, r ducing 
environment. The relic dolomit re eal n lumin c n 
(unlike dolomite crystals within concr tion f qu nc 2 
apart from dull zoning that originate fr m within th al it 
crystals - dull zoning is due to the high F c nt nt. 



compromIse 
boundariesbeDNeen 
crystal fringes 

fringing 
prismatic 
calcite 

prismatic 
fringing 
calcite 

syntaxial overgrowth 
cement around an 
echinoid plate 

A 
Sample number P52C 

: unstained PPL 

O.86mm 
~ . 

Sample number P52A 
C: stained XPL 

... O.64mm • 

B Sample number P52B 
: stained PPL 

2mm 
~ . 

Sample number P53 
D: stained PPL 

non-ferroan 
1---- pore-filling 

equant calcite 

fringing 
• calcite 

filling 
a ferroan/mildly 

ferroan calcite 

~ 
O.68mm ~ .... 

Fig.5.xiii Four examples of calcite cement fabrics from within the transgressive and highstand systems tracts of 
Sequence 3 (the Cabo Raso Limestone Member). The fringing calcite and syntaxial overgrowth cements 
of A and C are marine precipitates, while stable isotope and CL results suggest that the non-ferroan equant 
calcite is a meteoric precipitate. The pore filling ferroan/mildJy ferroan calcite is not vertically extensive 
and could be related to a later phase of shallow burial cementation. (see Section 5.2.4d for further 
explanation ). 
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Fig.5.xiv. 
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A Sample number P63 
stained PPL 

O.68mm 

B Sample number P65 
stained PPL 

Fig.S.xv. 

_f 

O.77mm 

pink tain d rh mbi al it 
d dolomite 

Photomicrographs of two ample fr m qu n 
Member) to show common pink tained rh mbi mit 
This form of calcite is a product of r plac m nt f prim 
dolomite by calcite precipitat d from m t oric wat r . ark 
centres within individual calcite cry tal are du t ir n- id n h 
cores of primary dolomite. (e ection 5.2.4 ~ r furth r 
explanation). 
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Fig.5.x viii: Early diagenesis wi thin a paraseq uence of the dysaerobic, iagoonal depos its of the Calada Member (Sequence I). During stage I, pyrite 
crys tallises within the sulphate reduction zone (Sr). A lack of oxic/pos t-ox ic zones suggests a lo t of organic material is preserved and available 
for sulphate reduction. With marine flooding & the development of a parasequence boundary, burial may have continued at a slower rate 
while levels of sulphate reduction would have effectively been reduced to zero allowing:- (i), the growth of small concretions around Fe-poor 
bioclastic debris and (ii ), the crystallisation of pore-filling ferroan dolomite. Finally, during stage 3, the development o f ~eptarian fractures 
wi thin the concretions occu rred. which were infilled with a drusy calcite thal suggests crystalli sation during shallow burial. 
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Fig.5.xix: Model to show the forma tion of e longale concretio ns within. the Safurujo Member of Sequence 2. Prograding shoreface parasequences stu 

to form a progradational parasequence se t. Within the shoreface depositional environment, a mixed marine/meteoric pore-water zone develops 
result ing in patchy carbonate cementation. During HST/sequence boundary formation, pore-water lenses thut originated within subaeriall 
e>.posed pans of (he basin, flow along permeability pathways in an offshore direction, parallel 10 ground-water flow. Based on stable 
isotope data, cemenra tion of no n-ferroan dolomi te occurred within the mixed marine/meteoric pore-water zone. The rype-2 sequence 
boundary that developed resulted in no net rel a tive fall in sea- level & no subsequent basinward shift in diagenetic pore-warer zone .... 
Thus all cements were initially preserved, & no subsequent meteoric dissolution/rep lacement occurred. 
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Fig.5.xx: Model for sequence development & diagene is - Sequenc . N l in r 
this and the interpretation offered for the HST of Sequence 2 (Fig.5.x i ). e clion 
5.3.3d for further explanation. 



Sample No. 

Pl4 

Pl7 

P19 

P21 

P38 

P38G 

P43E 

P44 

P52C 

Table S.l: 

Sample Authigenic Depositional Lithostrat- atlo~ aile%. 
Type Phase Environment Igraphy ron I'on 

septarian non-ferroan restricted Calada Member -4.10 -1.63 
concretion dolomite lagoonal 

septarian non-ferroan restricted Calada Member -4.28 -1.03 
concretion dolomite lagoonal 

fracture of 
septarian ferroan restricted Calada Member -6.74 ·3.09 

concretion drusy calcite lagoonal 
pore filling ferroan restricted Calada Member -3.78 -0.62 

dolomite lagoonal 
non-ferroan prograding Safarujo 

pore filling zoned shoreface Member ·3.59 -0.95 
dolomite 

elongated non-ferroan prograding Safarujo 
concretion zoned shoreface Member -3.90 -0.71 

dolomite 
non-ferroan Safarujo 

elongated poikilotopic prograding Member ·3.32 -8.37 
concretion calcite shoreface 

non-ferroan Safarujo 
pore filling poikilotopic prograding Member -2.84 -8.74 

calcite shoreface 
non-ferroan shallow CaboRaso ·S.35 -2.95 

pore filling sparry marine Limestone 
calcite carbonates Member 

8180 & 813C (%0 PDB) results for selected cement samples of the lower to middle Ericeira 
Group successions of west central Portugal 



Sample No. 

PI, P3 

P14,P17 

P35 

P38G 

P45C,P45D 

P52A-P52C, 
P53 

P63.P65 

Table S.il: 

Sample Authigenic Del}Ositional Llthostrat- CL 
Type Phase Environ ment ~ra~hy re~on!e 

ferroan channel sands Calada 
pore-filling dolomite (delta mouth?) Member Non-luminescent 

septarian non-ferroan restricted Calada dull to non-
concretion dolomite lagoonal Member luminescent 

dolomite is non 
zoned dolomite inner shelf Safarujo to brightly 

pore filling & pore filling Member luminescent; 
calcite calcite is non-

luminescent 
dolomite is non 

zoned dolomite prograding Safarujo to dull 
concretion & pore filling shoreface Member luminescent; 

calcite calcite is non-
luminescent 

poikilotopic prograding Safarujo zoned, dull to 
concretion calcite shoreface Member bright 

luminescence 
fringing & variable non-
equant non- shallow CaboRaso luminescent to 

pore filling ferroan to marine Limestone patchy bright to 
mildly ferroan carbonates Member moderate 

calcite luminescent 
dedolomite Dois Irmlios zoned, dull to 

pore filling (rhombic regressive Member bright 
calcite) sand bars luminescence 

Cathodoluminescence (CL) results for selected cement samples of the lower to middle 
Ericeira Group succession to the north ofthe town ofEriceira. CL response described as 
either non-luminescent, dull luminescent, moderately luminescent or brightly luminescent 
& either zoned or non-zoned 



Paragenetic 
Lithostrat- Cement Depositional Sulphides Carbonates Iron-oxide sequence 

igrapby 
type environment Dolomite Calcite Siderite (heamatite) (early diagenesis 

only) 
delta mouth! Dolomite 

Calada Member concretions distributary Absent Common ferroan Absent Absent Rare heamatite ! 

channels dolomite 
Abundant pore- Common ferroan Pyrite 

restricted filling framboidal dolomite. Rare non-ferroan Absent ferroan dolomite 
Calada Member cemented beds lagoonal pyrite & pyrite Common septarian microspar non-ferroan dolomite 

within dolomite concretionary non- non-ferroan 
lattice ferroan dolomite microspar 

Abundant pore-
Sao Louren~o cemented restricted filling framboidal Common ferroan Pyrite 

Mudstone beds lagoonal! inner pyrite & pyrite dolomite Absent Absent dolomite 
Member shelf within dolomite 

lattice 

Common Non-ferroan pore-filing Pyrite 
"Bonnalt)'" concretionary zoned sparry calcite. dolomite/sparry 

Safarujo concretions prograding Rare pore-filling non-ferroan Non-ferroan poikilotopic calcite 
Member shoreface sands euhedral pyrite dolomite. concretionary calcite. Rare Rare poikilotopic calcite 

Rare zoned non- Non-ferroan poikilotopic siderite 
ferroan dolomite calcite heamatite . 

Rare pore-filling All dolomite Non-ferroan to ferroan Pyrite ! 

CaboRaso cemented beds Shallow marine euhedral pyrite calcitisedldissolved pore filling calcite Rare dolomite 
Limestone carbonates ca1ci tel calcitisation 
Member siderite 

Spi~ Pyrite 
, 

Dais lrmaos cemented beds regressive sand Rare pore-filling All dolomite Non-f.:rroan poikilotopic Rare Rare dolomite 
Member bars and euhedraJ pyrite cal citi sed! dissolved calcite poikilotopic calcite 

marine muds siderite 
hC3IIl3tite I - -

TQb[~ S.iii: Lower to middle Ericeira Group, depositional environments and associated early diagenetic phases 



Paragenetic 
Sequence Systems Depositional Sulphides Carbonates Iron-oxide sequence 

tract environment Dolomite Calcite Siderite (heamatite) (early diagenesis 
only) 

Dolomite 
Sequence I & 2 LST delta Absent Common ferroan Absent Absent Rare heamatite 

mouth/distributary dolomite 
channels 

Abundant pore- Common ferroan Pyrite 
TST restricted filling framboidal dolomite. Rare non-ferroan Absent ferroan dolomite 

Sequence I HST lagoonal pyrite & pyrite Common septarian microspar non-ferroan dolomite 
within dolomite concretionary non- non-ferroan 

lattice ferroan dolomite microspar 

Abundant pore-
Pyrite Sequence 2 TST restricted lagoonall filling framboidal Common ferroan 

lower inner shelf pyrite & pyrite dolomite Absent Absent dolomite 
HST within dolomite 

lattice 
Common Non-ferroan pore-filing Pyrite 

concretionary zoned sparry calcite. dolomite/sparry 
Sequence 2 upper '"nonnally" prograding Rare pore-filling non-ferroan Non-ferroan poikilotopic calcite 
Sequence 3 HST shoreface sands euhedral pyrite dolomite. concretionary calcite. Rare Rare poikilotopic calcite 

SMW Rare zoned 000- Non-ferroan poikilotopic siderite 
ferroan dolomite calcite heamatite 

Rare pore-filling All dolomite Non-ferroan to ferroan Pyrite 
Sequence 3 TST Shallow marine euhedral pyrite calcitisedldissolved pore filling calcite Rare dolomite 

HST carbonates calcite/calci tisatioo 
siderite 
Pyrite 

LST Spits, regressive sand Rare pore-filling All dolomite Non-ferroan poililotopic Rare Rare dolomite 
Sequence 4 TST bars and marine muds euhedral pyrite calci tised! dissol ved calcite poilitotopic calcite 

HST siderite 
he3m:rtite 

---- --- --- --- -

Table 5';,': Lower to middle Ericeira Group, d~positional environments and associated early diagenetic phases 
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Chapter 6: Early Diagenesis & High Resolution Sequence Strntlgrnphy 

For Mixed Carbonate/Siliciclastic Nearshore Successions 

6.1: Aims 

The previous chapters have demonstrated that the application of diagenetic analyses can be 

used to support a facies-based identification of key sequence stratigraphic units and 

surfaces. The principal aim of this chapter is to synthesise these results and combine with 

other examples from the literature. Recognising the limitations and scope of the data, 

generalised models are fonnulated which account for the relationship between early 

diagenesis and high resolution sequence stratigraphy in nearshore successions. The 

objectives of these models are to facilitate the: (i) distribution of diagenetic products; (ii) 

correct identification of sequence stratigraphic units; and, (iii) identification of key 

correlative stratal surfaces at a variety of scales. 

Although the available data-set is limited, the models fonnulated will provide building

blocks on which more detailed modelling can be produced. The approach taken in this 

research is demonstrated to be of great value in refining high resolution sequence 

stratigraphic interpretations and in the prediction of the distribution of diagenetic 

heterogeneities within reservoir units. At all scales, examples from the two studied 

sections and, relevant examples from the literature will be used to illustrate key features. 
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6.2: Early diagenesis & sequence stratigraphy 

In the two case studies described in this thesis, products of early diagenesis are related to 

facies-based high resolution sequence stratigraphic models to identify parasequences, 

systems tracts and sequences. Therefore, early diagenesis was controlled by changes in 

relative sea-level on three time scales:- (i) the parasequence scale 002-104 year duration, 

refer back to Table l.ii): (ii) the systems tract scale (104-105 year duration, refer back to 

Table l.ii): and, (iii) the sequence scale (1 OS _106 year duration, refer back to Table l.ii). 

Both successions studied in this research were deposited during "greenhouse" periods 

(Veevers, 1990) indicating that prolonged duration, high amplitude falls in relative sea

level were rare. Relative sea-level falls were generally of relatively low amplitUde and 

therefore of a short time duration. The majority of sequence boundaries in both 

successions described in this study have been interpreted as representing no, or relatively 

minor, falls in relative sea-level. As a direct consequence of this, meteoric diagenesis 

associated with sub-aerial exposure at sequence boundaries is confined to the relatively 

shallow sub-surface. 

6.2.1: The parasequence scale 

Within both the Corallian Group and Ericeira Group successions, there is strong evidence 

to indicate that early diagenetic processes are controlled by high frequency sea-level 

changes (102_104 year duration) on a parasequence scale. This section describes the types 
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of diagenetic processes and products which can be demonstrated to have formed as a result 

of sea-level changes at this frequency. 

6.2.1a: Siliciclastic parasequences containing oblate/spherical concretions 

Analysis of concretions within coarser grained sand facies (e.g. the Nothe Grit Fonnation, 

BencHff Grit Member, Sandsfoot Grit Member- all of the Corallian Group succession; and 

the Calada Member of the Ericeira Group succession) indicates that growth was related to 

parasequence formation. The preservation of original depositional fabric along with 

bioclastic material within carbonate concretions, indicates that cementation was 

predominantly early. 

Carbonate concretions: 

The presence of pyrite and carbonate with depleted SUC isotope values within the 

concretions, indicates that growth occurred principally within the sub-oxic/sulphate 

reducing zone. Early diagenetic reactions occurring within this zone were the result of 

either: (i) dsyaerobic bottom water conditions with no oxidation zone in the upper 

sediment layers; or, (ii) high sedimentation rates leading to rapid burial of sediment into 

the zone of sulphate reduction and reduced residence time within the oxidation zone. 

Sedimentological and palaeontological evidence from most of the siliciclastic 

parasequences in both successions indicates that bottom waters were normally oxygenated. 

This implies that high sedimentation rates associated with parasequence progradation 
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rapidly buried sediment through the early diagenetic zones (Fig.6.i). Concretions 

subsequently grew during a period of marine flooding associated with the formation of a 

parasequence boundary (Fig.6.i). During marine flooding an increase in the rate of 

accommodation creation and a decrease in the rate of sedimentation results in a period of 

depositional hiatus (Taylor et al., 1994). As a result, sediments have a longer residence 

time within early diagenetic zones (i.e. the sub-oxic/sulphate reduction zone) and, as a 

consequence, a greater amount of early diagenetic precipitation occurs. The presence of 

well-developed concretions (some up to 1m in size) indicates that periods of low sediment 

accumulation, associated with marine flooding surfaces, were of sufficient duration to 

allow the significant build-up of early diagenetic products. 

Iron-oxide concretions.' 

Small iron-oxide concretions are present in some identified siliciclastic parasequences. 

These formed as the result of slow net sediment accumulation rates during slightly 

reducing periods within the zone of aerobic respiration (for iron-oxide concretions, after 

Taylor & Curtis, 1995), the post-oxic zone (Pettijohn, 1975; Desrochers & AI-Aassm, 

1993 and McKay et al., 1995), or at the oxic/suboxic boundary (Taylor & Curtis, 1995). 

A reduction in sedimentation rate occurs in association with marine flooding at 

parasequence boundaries, due to an increase in the rate of accommodation creation and a 

cut-off in sediment supply (Fig.6.i). Thus, the common occurrence of these diagenetic 

products, particularly towards the top of parasequences, suggests that periods of low 

sediment accumulation associated with marine flooding surfaces were of sufficient 

duration to allow a significant build-up of diagenetic solutes. 
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Implications to reservoir geology: 

Early diagenesis, controlled by high frequency sea·level changes on n pnrnsequence scale, 

may lead to the formation of laterally cemented layers beneath parasequence boundaries. 

This would inevitably result in highly compartmentalised and layered reservoir units, with 

each lateral heterogeneity (laterally cemented layer) acting as a barrier to vertical fluid 

flow (Fig.6.i). 

Similarly, when free iron is abundant in sediments, this could lead to extensive laterally 

cemented layers occurring beneath marine flooding surfaces. Consequently, this would 

result in highly compartmentalised reservoir units and a decrease in vertical permeability 

flow. The occurrence of these concretions can be used to identify parasequence 

boundaries and, therefore, aid in interwell and across·field reservoir prediction, reducing 

the necessity of stochastic modelling techniques. 

Field examples.' 

• Parasequences in the Nothe Grit Formation (Corallian Group): Facies and 

diagenetic analyses indicate that parasequences were deposited within a prograding 

shoreface environment. Within each parasequence septarian concretions, that grew 

within the zone of sulphate reduction, occur below marine flooding surfaces in the 

coarser grained shelly beds. The formation of septarian fractures within such 

concretions have been attributed to either chemical dehydration and shrinkage 

(Raiswell, 1971; Pettijohn, 1975), or tensile stress relating to overpressure development 
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during shallow burial (Astin, 1986; Astin & Scotchman, 1988). As overpressure is 

unlikely to have occurred in shallow buried sandstones, the hypothesis offered by 

Raiswell (1971) and Pettijohn (1975) seems to be the more likely mechanism for the 

concretions described here (see Sections 2.3.1, 3.2.5a and 3.3.1). 

• Parasequences of the Bencliff Grit Member (Corallian Group): Facies and 

diagenetic analyses have identified parasequences within this tidal flat environment. 

The coarser grained beds at the bottom of each parasequence contain large carbonate 

concretions that grew within a reducing environment. Carbonate concretion growth has 

been attributed to preferential calcite nucleation upon aragonitic shell material due to a 

low activation energy (Fleming, 1993) (see Sections 2.3.3, 3.2.5b and 3.3.3a). 

• Parasequences of the Sandsfoot Grit Member (Corallian Group): Facies and 

diagenetic analyses have identified one parasequence within this shallowing shoreface 

environment. The coarser grained beds at the top of the parascquence contain siderite 

concretions with depleted a13e values indicating growth within a sulphate reducing 

environment. Siderite concretions will grow within the zone of sulphate reduction 

when pore-waters have very low levels of dissolved sulphide (Pearson, 1979) as well as 

bicarbonate and Fi+ (see Sections 2.3.6, 3.2.7 and 3.3.6). 

• Parasequences of the middle Calada Member (Ericeira Group): Facies and 

diagenetic evidence indicate that parasequences were deposited within a restricted 

lagoonal environment. The coarser grained beds at the top of each parasequence 

contain septarian concretions that grew within a sub-oxic/sulphate reducing 

environment (see Sections 4.2.1, 5.2.3a and 5.3.1). 

• Parasequences within the siliciclastic beds of the Ericeira Group: Facies and 

diagenetic evidence have identified parasequences within a range of nearshore 
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depositional environments. These contain common iron-oxide (haematite) concretions 

which are associated with parasequence boundary fonnation. Iron-oxide concretions 

require low net sediment accumulation rates and prolonged residence time within the 

zone of aerobic respiration (Taylor & Curtis, 1995) (see Sections 5.2.6 and 5.3.2). 

All of the above examples indicate that concretion growth occurs within the coarser 

grained sandstone facies (which possess greater porosity and permeability values) of each 

coarsening-up or fining-up parasequence. As parasequence growth is controlled by the 

depositional setting (i.e. fining-up parasequences are typically found in tidal flat 

environments), then the position of the sand-body and thus the location of the concretions 

will vary. 

The analysis of early diagenetic processes and products in all of the above examples have 

aided in the interpretation and identification of parasequences and parnsequence 

boundaries and have highlighted the importance of the marine flooding surface. The 

importance of the "parasequence model" is that, without the prolonged period of non

deposition associated with parasequence boundary formation, concretion growth would 

not have been contained within single diagenetic zones. 

Other examples from the literature: 

• Taylor et al. (1994) indicate the presence of early carbonate concretions and laterally 

extensive carbonate sheets below marine flooding surfaces within lowstand deposits of 

the Blackhawk Formation, Book Cliffs, Utah. During periods of non-sedimentation 
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associated with parasequence boundary formation, sediment has a longer residence time 

within early diagenetic zones. However, evidence obtained from this work indicates 

that such concretions are not restricted to parasequences in lowstand systems tracts, but 

are also present in all other systems tracts. This indicates that it is the duration of 

marine flooding associated with parasequence boundary formation that influences 

concretion growth and this may be similar in a range of systems tracts depending on the 

balance between longer term accommodation creation and sedimentation rates. This is 

an important conclusion in that these concretions are not diagnostic of any specific 

systems tract, as inferred by Taylor et al.(1994) . 

• Taylor & Curtis (1995) indicate that ironstones of the Lower Lias (Frodingham and 

Pecten Ironstones) of eastern England have formed under low net sediment 

accumulation rates during the formation of parasequence-bounding disconformities. 

These findings are consistent with the interpretations of iron-oxide concretions offered 

in this thesis. 

6.2.1b: Siliciclastic parasequences containing elongate concretions 

Analysis of carbonate concretions within coarser grained sand facies of the Safarujo 

Member (Ericeira Group) indicate that during the progradational phase of parasequence 

formation, pore-waters originating from an up-dip landward location, would flow in an 

offshore direction along permeability conduits (Fig.6.ii). During the marine flooding 

phase of parasequence formation, prolonged residence of sediment within the sub

oxic/reducing zone resulted in the growth of elongated concretions, parallel to the original 

offshore pore-water flow direction. 
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Implications to reservoir geology: 

The growth of elongate concretions on a parasequence scale is likely to lead to highly 

compartmentalised and layered reservoir units. Concretions will result in the formation of 

laterally extensive heterogeneities to vertical fluid flow and will also affect directional 

permeabili ty. 

Field examples: . 

• Parasequences of the Safarujo Member (Ericeira Group): Facies and diagenetic 

evidence indicate that these parasequences were deposited within a prograding 

shoreface environment and contain elongate non-ferroan dolomite concretions that grew 

within permeability conduits, parallel to ground-water flow directions (see Sections 

4.2.2 and 5.3.2). 

Other examples from the literature: 

McBride et ale (1994) and McBride et ale (1995) indicate the presence of oriented and 

elongated concretions within Tertiary and Pleistocene sandstones of northern and southern 

Italy. Although their work is unrelated to high resolution sequence stratigraphy, it does 

indicate that concretions may grow parallel to groundwater flow directions, which is in 

agreement with my interpretations. 
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6.2.1c: Parasequences within carbonate facies 

Parasequences within the carbonate facies of both successions (e.g. the Upton Member and 

Shortlake Member of the Corallian Group and the Cabo Raso Limestone Member of the 

Ericeira Group) contain evidence of both marine and meteoric cementation. The type of 

c<?mentation is dependant on the stratigraphic position of the parasequence within the 

overall sequence. Parasequences of transgressive systems tracts (e.g. within the Upton 

Member) are dominated by marine carbonate cements (Fig.6.iiia) and parasequence 

boundaries are commonly represented by marine hard·grounds. This indicates that periods 

of marine flooding, winnowing and sub· marine exposure occurred. 

Parasequences of highstand systems tracts (e.g. the Cabo Raso Limestone Member) reveal 

a range of cements that include an early marine phase that is replaced in time by a later 

meteoric phase (Fig.6.iiib). Meteoric diagenesis may include evidence of minor 

dissolution/leaching, replacement, cementation and calcrete formation, if the climate was 

humid or, evaporative dolomite and anhydrite precipitation if the climate was arid. 

Parasequence boundaries are represented by marine hard·grounds, ravinement or minor 

karstification surfaces. However the type of parasequence boundary is ultimately 

dependant on the rate of relative sea·level rise throughout the systems tract and the 

formation of either a type.1 or type-2 sequence boundary. 

Highstand systems tracts that are bounded by type-l sequence boundaries (c.g. the Cabo 

Raso Limestone Member) contain parasequences that show strong evidence of meteoric 

processes and products along with the possible formation of palaeosols at the 
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parasequence boundary. Highstand systems tracts that arc bounded by type-2 sequence 

boundaries (e.g. the lower beds of the ShortIake Member) contain less evidence of 

meteoric diagenesis and more evidence of marine diagenesis. The lack of sub-aerial 

exposure in the latter case means that pedogenic processes will not affect the parasequcncc 

boundary. 

Implications to reservoir geology: 

Parasequences of transgressive systems tracts are likely to contain a high amount of early 

marine fringing cement. This may prevent grain compaction on burial and so result in the 

preservation of primary porosity. If hydrocarbons are being generated in a basin, the 

coarser grained facies of carbonate parasequences in transgressive systems tracts would 

make desirable reservoir units, particularly as they arc likely to be capped by a relatively 

impermeable zone relating to the period of maximum flooding which would act as a 

reservoir seal. 

On the other hand, carbonate parasequences of highstand and early lowstand systems tracts 

are likely to contain less marine fringing calcite and so grain compaction and a reduction 

in the amount of primary porosity are likely to occur (refer back to Fig.3.xiii). However, 

subsequent meteoric diagenetic processes would lead to extensive dissolution and leaching 

of the original unstable mineralogy, particularly if the climatc was humid, resulting in tIle 

creation of secondary porosity. Subsequent meteoric calcite cementation would lead to 

localised occlusion of porosity and the development of permeability baffles. (NB it must 

be stressed that if hydrocarbon generation was latc in a particular basin, then later burial 
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diagenetic processes could destroy all porosity making both types of parascqucnce 

unsuitable as reservoir units). 

Field examples: 

• Parasequences of the lower Upton Member (Corallian Group): These 

parasequences were deposited within a shallow shelf environment that rcpresenlc; a 

transgressive systems tract. The coarser grained facies at the top of parasequences 

contain clear evidence of laterally extensive marine cementation (fringing calcite and 

marine stable isotope signatures) and parasequence boundaries arc represented by 

marine hard-grounds (see Sections 2.3.3, 3.2.Sd and 3.3.3b); 

• Parasequences of the lower Shortlake Member (Corallian Group): These 

parasequences were deposited within laterally accreting spit/tidal inlet environments 

that represent a highstand systems tract. This systems tract is situated below a typc·2 

sequence boundary (which ultimately overprinted the diagenesis on this scale, refer to 

Section 6.2.3). Locally, parasequence tops contain clear evidence of an early phase of 

marine cementation (fringing calcite cements which prevented early grain compaction) 

but little evidence of meteoric cementation. Where this docs occur, it is represented by 

non-ferroan pore-filling equant calcite. The parasequence boundaries are generally 

represented by marine hard-grounds (see Sections 2.3.3, 3.2.Sd and 3.3.3b); 

• Parasequences of the Cabo Raso Limestone Member (Ericcira Group): These 

parasequences were deposited within shallow shelfal carbonate environments that 

represent both a transgressive and highstand systems tract. This systems tract is 

situated below a type-l sequence boundary (which ultimately overprinted the 
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diagenesis on this scale, refer to Section 6.2.3). Parasequences contain clear evidence 

of an early phase of marine cementation (fringing calcite cement preventing early grain 

compaction) which is replaced in time by extensive replacement, dissolution and further 

meteoric calcite cementation. Parasequence boundaries arc generally represented by 

ravinement and minor karstic surfaces, indicating that the climate was likely to have 

been humid (see Sections 4.2.3, 5.2.4d, 5.2.4e, 5.3.3c and 5.3.3d). 

Other examples/rom the literature: 

• Read & Horbury (1993) indicate that carbonate parasequences tend to have a "layer 

cake" stacking pattern. In an arid climate, parasequence cycles ean be partly, to 

completely, dolornitised by pore fluids sourced from the tidaVsupratidal surface. 

Reservoir facies are likely to occur in parasequence tops, where intercrystalline porosity 

is preserved and porosity occlusion by calcite is rarely significant (apart from marine 

and beachrock cementation). Dissolution is also negligible. These features result in 

strongly stratified, layered reservoirs with multiple pay lones. Read & Horbury (1993) 

cite major producing fields such as the Uppcr Permian of the Permian Basin, Texas and 

the Upper Jurassic ArablHith of Arabia, as examples . 

• According to Read & Horbury (1993), parasequence tops developed in humid climates 

are planar to rnicrokarsted. Within parasequences, aragonite fossils arc commonly 
, 

leached out, although any secondary porosity is likely to be occluded by either fibrous 

marine or meteoric equant calcite. Such occlusion of porosity is likely to lead to 

layered reservoir units containing permeability baffles. These points arc in agreement 

with my findings (although examples of arid climate processes do not occur within 
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either of the successions studied in this research). However, I have sL1ted that 

carbonate parasequences of transgressive systems tracts arc likely to be more desirable 

reservoir units, due to the preservation of primary porosity and the stratigraphic 

location of parasequences beneath a relatively impermeable zone of maximum flooding. 

6.2.2: The systems tract scale 

The role of sea· level changes at this scale has already been touched on in Section 6.2.1. 

Ultimately the type of systems tract, and its position within a sequence. will control the 

early diagenetic products at this scale. Within both of the successions studied in this 

research, vertical changes in the abundance and type of early diagenetic products (over a 

time scale of 104-105 years; refer back to Table l.ii) indicate that sea·level changes 

controlled diagenetic processes at this scale. Taking into account the limitations of the 

data (low·resolution analysis) four generalised models can be formulated. Additional data 

would ultimately build on these proposals. 

6.2.2a: Upwards increasing values 0(a180 associated with a shel(..margjn sYs(fms tract 

The low resolution sampling scheme indicates a broad upward increase in the al80 value 

for carbonate cements (from depleted to normal marine signatures). This implies a change 

in pore-water composition from an earlier mixed marine/meteoric phase to a later marine 

phase, indicating a progressive increase in the rate of relative sea-level rise leading to a 

change from a brackish to a more marine pore-water environment. This can be associated 
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with the development of a shelf-margin systems tract (Fig.6.iv). 

Implications to reservoir geology: 

An upwards return to a deeper, more tranquil, marine depositional environment from a 

higher energy shallow marine or tidal flat environment, may lead to an upwards 

deterioration in the reservoir quality of the systems tract. 

Field example: 

• The Bencliff Grit Member (Corallian Group): This systems tract represents a 

dominantly tidal flat depositional environment and contains carbonate concretions that 

reveal a progressive upwards increase in 0180 values from an initial mixed 

marine/meteoric composition to a dominantly marine pore-water composition (sec 

Sections 2.3.3, 3.2.5b, 3.2.8a and 3.3.3a). 

6.2.2b: Typical marine diagenetic products associated with a trmJJ'1ressjve s),stem.r tract 

The main diagenetic process occurring within carbonate transgressive systems tracts was 

marine cementation (as well as the formation of marine hard-grounds in association with 

parasequence boundaries). Early diagenetic processes occurring within siliciclastic 

transgressive systems tracts are less clear. Again, due to the low resolution sampling 

scheme, this model is generalised and needs to be supported by further work. 
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Implications for reservoir geology: 

The implications for reservoir geology within transgressive systems tracts arc similar to 

those previously discussed in Section 6.2.1d. 

Field examples: 

• The lower Upton Member (Corallian Group): Marine diagenetic products that 

change upwards from common, well developed, fringing calcite to poorly developed 

fringing calcite and micrite, dominate this systems tract (see Sections 3.2.Sd and 

3.3.3b); 

• The lower Cabo Raso Limestone Member (Ericeira Group): Similarly, marine 

diagenetic products (fringing calcite cements and micrite) dominate this systems tract 

(see Sections 5.2.4 and 5.3.3). 

Other examples from the literature: 

• Loutit et al. (1988) report on condensed sections in continental margin sequences which 

are most extensive at the time of maximum transgression (i.e. during the deposition of 

the transgressive systems tract). In their model, they state that a decrease in terrigenous 

sedimentation rates produced by a sea-level rise, can be associated with a concentration 

of organic matter and authigenic minerals such as glauconite, phosphorite and siderite. 

Although their model does not include any detail on how these authigenic phases grow, 

it does state that concentration and preservation of organic matter in particular, is 
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dependant on bottom water conditions. 

• Tucker (1993) states that, as relative sea-level is rising throughout the duration of a 

transgressive systems tract, sediments will be buried with marine pore-fluids filling 

pore spaces. The consequence of this is that further diagenetic changes arc likely to bc 

reduced until the composition of the pore-waters changes (i.e. during a fall in relative 

sea-level) or, burial continues into the zone of compaction. Early marine fringing 

cementation will prevent any subsequent burial compaction, enhancing the reservoir 

potential of the rock. This is in agreement with the interpretations offered in this thesis. 

6.2.2c: Upward increasing volumes of early diagenetic products associated wit" a 

highstand systems tract 

Both of the successions described in this thesis show one to tcn mctre thick upward 

increasing trends in the volume of pore-filling authigenic products that were precipitatcd 

within the zone of sulphate reduction (Fig.6.v). These are contained within coarser 

grained beds of individual parasequences and the process of precipitation is that described 

in Section 6.2.1a. An upward increase in authigenic products indicates that the rate of 

sedimentation/sediment burial of each parasequence increases with time, a pattern which is 

consistent with a progradational period during a highstand systems tract. With an increase 

in the rate of progradation of each parasequencc, sediment will be rapidly buried thus 

spending less residence time within the zone of oxidation and morc residcncc time within 

the zone of sulphate reduction. As a consequcncc, during periods of marinc flooding 

associated with parasequence boundary formation, the intensification of large values of 

early diagenetic reactions within the zone of sulphate reduction would allow the build-up 
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of solutes within the sediment and the precipitation of large volumes of carly diagenetic 

products. 

Implications to reservoir geology: 

Highstand systems tract reservoir units would be expected to show an upward increase in 

the degree of cementation. This would lead to an upward increase in the size and extent of 

laterally extensive cemented horizons or reservoir heterogeneities (Fig.6.va). If the 

highstand systems tract is bounded above by a type-2 sequence boundary (e.g. the liST of 

Sequence 3, the Shortlake Member, Corallian Group), then tlle lack of sub-aerial exposure 

would render the effects of dissolution and subsequent secondary porosity creation as 

negligible. Reservoir heterogeneities would remain laterally extensive resulting in a "layer 

cake" geometry (after Weber & Geuns, 1990, my Fig.6.va(A». If the highstand systems 

tract is bounded above by a type-1 sequence boundary and the climate is humid (e.g. the 

HST of Sequence 3, the Cabo Raso Limestone Member, Ericcira Group), then reservoir 

heterogeneities would be partially to completely dissolved by meteoric processes. 

Reservoir heterogeneities would then be "broken" leading to vertical connectivity of 

reservoir pay-zones. This type of reservoir unit would result in a "jigsaw puzzle" 

geometry (after Weber & Geuns, 1990, my Fig.6.va(B». 

Field examples: 

• The upper Nothe Clay Membernower BencHfr Grit Member (Corallian Group): 

This contains patchy, upward increasing volumes of authigenic pyrite and fcrroan 
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dolomite, both products of bio-chemical reactions occurring within the zone of sulphate 

reduction. This systems tract is bounded above by a type-2 scqucncc boundary 

(Fig.6.va(A) and see Sections 2.3.2, 3.2.8 and 3.3.2). 

• The upper Upton Memberllower Shortlake Member (Corallian Group): This 

contains upwards increasing volumes of authigenic pyrite and ferroan dolomite that 

were precipitated within the zone of sulphate reduction. It is boundcd above by a type-

2 sequence boundary (Fig.6.va(A) and see Sections 2.3.3, 3.2.8 and 3.3.3) . 

• The lower Safarujo Member (Ericeira Group): Contains upward incrcasing 

volumes of pyrite and dolomite that were precipitated within a sub-oxic/sulphate 

reducing environment. Non-ferroan to ferroan dolomite cement forms latcrally 

extensive cemented beds which would act as permeability baffles to vertical fluid flow. 

The lower Safarujo Member is bounded above by a typc-2 sequence boundary 

(Fig.6.va(A) and see Section 5.3.2). 

6.2.2d: Upwards change from marine to meteoric early diagenetic products associated 

with a highstand systems tract 

The main diagenetic patterns of highstand systems tracts that developed during phases of 

carbonate deposition are an initial marine phase that is replaced upward by a meteoric 

phase. Carbonate cements also reveal a progressive upward decrease in Billa values. The 

meteoric processes that may occur, will be dependant on the amount of relative sea-level 

fall at the sequence boundary, and whether the climate is humid or arid. The prolonged 

duration of systems tract formation indicates that early diagenetic processes at this scale 

will be more pronounced than at the parasequence scale. 
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Field examples: 

• The upper Upton Memberllower Shortlake Member (Corallian Group): TIlis 

example is characterised by an initial phase of marine diagenesis represented by 

laterally extensive fringing calcite cements, that was replaced in time by meteoric 

cementation in the form of a locally extensive meteoric lens. This later phase was not 

associated with a relative sea-level fall or a period of sub-aerial exposure. Subsequent 

dissolution associated with surface related processes was therefore negligible. The 

lower Shortlake Member is bounded above by a type-2 sequence boundary (Fig.6.va(A) 

and see Sections 3.2.5d and 3.3.3b). 

• The Cabo Raso Limestone Member (Ericeira Group): This example is characterised 

by an initial phase of marine diagenesis (fringing calcite cement) that was replaced in 

time by the processes of meteoric diagenesis (laterally extensive cementation, 

dissolution and replacement of dolomite). This later phase was extensive because: (i) 

the systems tract was capped by a period of sub-aerial exposure; and (ii) the presence of 

a karstic surface indicates that the climate was humid. The Cabo Raso Limestone 

Member is bounded above by a type-! sequence. boundary (Fig.6.va(B) and see 

Sections 4.2.3 and 5.3.3). 

Other examples/rom the literature: 

• Tucker (1993) states that marine cementation will be initially important along carbonate 

ramp shorelines during highstand progradation. However, due to continued 

progradation, marine sediments soon come under the influence of the subaerial 
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diagenetic environment where supratidal diagenesis and evaporite dolomitisation may 

be dominant. 

• In a humid climate, Tucker (1993) states that initial marine diagenesis will be replaced 

by meteoric dissolution and cementation resulting in the fonnation of karstic surfaces 

and calcretes. The effect of these will be more pronounced towards the top of a 

highstand systems tract. This is in agreement with the interpretations offered in this 
, 

thesis. 

6.2.3: The sequence scale 

Diagenetic processes that occur on a time scale of 105.106 years, can be associated with a 

fall in relative sea-level and subsequent sub-aerial exposure, or no fall in relative sea-level 

and no period of sub-aerial exposure. Both successions studied in this research were 

deposited during global "green-house" periods when third order sea-level changes were 

not necessarily of a large enough amplitude to result in extensive sub-aerial exposure. 

Thus, sequences are not always bounded above by type-t boundaries. Even when a 

sequence boundary does represent a fall in relative sea-level, it may be of such a small 

duration that it results in only minor sub-aerial exposure. 

Two examples of early diagenesis controlled by sea-level changes at the sequence scale 

will be cited: (i) a sequence bounded above by a type-2 sequence boundary; and, (ii) a 

sequence bounded above by a type-l sequence boundary that fonned in a humid climate. 

Other examples from the literature, in particular the differences between "icc-house" and 
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"green-house" periods will be discussed at the end of this section. 

6.2.3a: Preservation of early diagenetic products during 'he (Qnnat;o1l of a typc-2 

sequence boundary 

With the formation of a type-2 sequence boundary, the rate of eustatic sea-Icvel fall is 

equivalent to the rate of subsidence, resulting in little or no basinward shift in coastal 

onlap and limited or no subaerial exposure (Posamentier & Vail, 1988). This implies that 

there will be no basinward shift in diagenetic environments and early diagenetic products 

of the underlying sequence would be preserved (Fig.6.vi). A small meteoric pore-water 

lens may develop, originating from an up-dip location in response to any sub-aerial 

exposure, which would flow in an offshore direction. Any dissolution or replacement of 

earlier diagenetic products will be rare. 

Implications for reservoir geology: 

The low rates of dissolution associated with a type-2 sequence boundary, would result in a 

reduction in the amount of secondary porosity, particularly in the highstand system-; tract. 

This would inevitably reduce reservoir qUality. However, low rates of further replacement 

and meteoric cementation, would result in less destruction of primary porosity, which 

would have been particularly well developed in the transgressive systems tract (refer back 

to Section 6.2.2b). Thus, reservoir units that are bounded above by a typc .. 2 sequence 

boundary may have small pay-zones, predominantly contained within the lower systcms 

tracts of the sequence. 
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Field example: 

• Sequence 3 of the Corallian Group (Bencliff Grit Member, Upton Member Dnd 

lower Shortlake Member): This sequence is bounded above by a typc-2 sequence 

boundary, which shows no evidence of an abrupt fall in relative sea-level. 

Consequently, the extensive early diagenetic cementation of the underlying systems 

tracts have been preserved, with no evidence of dissolution or replacement by meteoric 

pore-fluids. A small meteoric lens developed within the upper parasequences of the 

highstand systems tract as indicated by petrographic and analytical characteristics. This 

was not associated with phases of dissolution or replacement (see Sections 2.3.3 and 

3.3.3). 

6.2.3b: Dissolution & replacement of early diagenetic products durjng 'he (onnation Qfa 

type-1 sequence boundary 

With the formation of a type-l sequence boundary, the rate of eustatic sea-level fall is 

greater than the rate of subsidence, resulting in a basinward shift in coastal onlap and a 

period of prolonged subaerial exposure (Posarnentier & Vail, 1988; Hendry, 1993a). 

Associated with a fall in relative sea-level, a basinward shift in diagenetic environments 

would lead to extensive dissolution, replacement and further cementation of the old 

sequence (Fig.6.vii). Meteoric pore-waters would penetrate deep into the underlying 

sediments and karst surfaces would develop on the sequence boundary if the climate is 

humid. 
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Implications for reservoir geology: 

Depending on the level of relative sea-level fall, all systems tracts within the sequence 

may be effected by meteoric processes including dissolution. This would ultimately 

improve reservoir quality by creating secondary porosity, although replacement and 

further cementation may actually counteract the improvement. Laterally cemented layers 

within the highstand systems tract are likely to be partially dissolved, leading to a "jigsaw 

puzzle" geometry and mUltiple vertically and laterally connected pay-zones (Fig.6.va(D». 

Field example: 

Sequence 3 of the Ericeira Group (upper Safarujo Member and the Cabo Raso 

Limestone Member): This sequence is bounded above by a type-t sequence boundary, 

which shows evidence of karstification and sub-aerial exposure. Consequently, the early 

diagenetic cements within the underlying systems tracts were subjected to extensive 

replacement and dissolution, along with further meteoric cementation. Early formed 

dolomitic concretions within the siliciclastic shelf-margin systems tract have been replaced 

by a phase of meteoric calcite cement. Early forming marine cements and authigenic 

products of the sulphate reducing zone, found within the carbonate systems tracts have 

been partially dissolved while pore-space has been occluded by a phase of meteoric calcite 

that contains a patchy bright luminescence (as revealed by eL, see Sections 4.2.3 and 

5.3.3). 
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Other examples from the literature: 

• Tucker (1993) states that during "green-housen periods third order relative sea-level 

changes produce thick sequences that are bounded above and below by unconformities 

or correlative conformities. Such third order sequences dominate the two successions 

studied in this research. However, during "ice-housen periods, much thinner sequences 

are produced by high amplitude fourth/fifth order sea-level changes on a much greater 

scale than any third order sea-level change. Tucker (1993) cites the Quaternary 

carbonate sequences of Barbados and the Bahamas as representing fourth/fifth order 

sequences. 

• Tucker (1993) states that the type of sequence will also control the style and degree of 

diagenesis. Under a humid climate, sequences that formed during "ice-house" periods 

will have deep karsts developed on sequence bounding surfaces during lowstand 

periods. Tucker (1993) cites "the blue holes" of the Bahama platform as an example. 

However, during "green-house" periods, minor karst may develop at parasequence or 

sequence boundaries. Sequence 3 of the Ericeira Group cited above provides a good 

example of a similar "green-house" sequence. 

• Tucker (1993) also states that relative sea-level change~ during "icc-house" periods will 

lead to more rapid pore-fluid movements than during "green-house" periods. As a 

consequence, deep meteoric penetration will lead to extensive leaching and grain 

dissolution during "ice-house" periods, but will be confined to the ncar-surface during 

"green-house" periods. 

• Read & Horbury (1993) cite a number of examples of reservoir units that are associated 

with "ice-house" periods (high amplitude fourth/fifth order sea-level changes) and 
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"green-house" periods (long-term third order sea-level changes). Amongst these arc the 

Miocene carbonate reservoirs of Northeast Syria, Northwest Iraq and the Red Sea 

which were deposited during "ice-house" periods and, the Upper Jurassic Smackover 

Formation of the U.S. Gulf Coast which was deposited during n "grcen-house" period. 

6.3: Concluding remarks 

• The combination of facies and early diagenetic analyses within a high resolution 

sequence stratigraphic framework has led to the development of generalised models .. 
(taking into account the scope of the available data). These models are designed to help 

predict the distribution of heterogeneities (cemented beds/concretions) within petroleum 

geology reservoirs and simulation studies. 

• Early diagenesis can be modelled on the three main high resolution sequence 

stratigraphic scales:-

• the parasequence scale (102_104 year duration); 

• the systems tract scale (104-105 year duration); 

• and the sequence scale (105-106 year duration); 

Each scale is controlled by differing amplitudes and durations of relative sea-level 

change. As both successions described in this thesis occur within a "green-house" 

period, large scale falls in relative sea-level arc rarely associated with sequence 

boundary formation and no periods of deep fluvial incision occur during lowstands. 

However, in some sequences, the processes of surface related meteoric diagenesis arc 
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still evident. 

• Analysis of concretions not only supports a facies based identification of 

parasequences, but also allows for a generalised prediction of such reservoir 

heterogeneities within siliciclastic successions. The available data have indicated that 

such concretionary bodies are not restricted to lowstand systems tract, as previously 

stated. 

• Similarly, analysis of early diagenetic cements can be modelled at a systems tmct and 

sequence scale. This has led to the development of generalised models which predict 

the distribution of reservoir heterogeneities at these scales. An important factor in 

improving reservoir heterogeneity is the amplitude and duration of relative sea-level fall 

associated with sequence boundary formation, coupled with the duration of any sub

aerial exposure and the climate. 

• With no fall in relative sea-level (i.e. the formation of a typc-2 sequence boundary) 

preservation of earlier formed diagenetic products will occur. The lack of sub-aerial 

exposure will only provide a small elevation head for meteoric diagenetic processes and 

as a result, there will be little evidence of the effects of meteoric diagenesis. Due to a 

lack of grain dissolution, the reservoir quality of this sequence would not be high 

(although any primary porosity may be preserved by early marine fringing calcite). 

Based on facies and diagenetic evidence, Sequence 3 of the Corallian Group (Benclifr 

Grit Member to lower two oolitic beds of the Shortlake Member) provides a good 

example of this. 

• With an abrupt fall in relative sea-level (i.e. the formation of a type-! sequence 

boundary) a period of sub-aerial exposure will occur. This will provide a large 

elevation head for deep penetration by meteoric pore-waters, resulting in extensive 
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replacement, dissolution and cementation of the underlying systems tract. Any 

dissolution and creation of secondary porosity. may improve the reservoir quality of 

this type of sequence. Sequence 3 of the Ericeira Group succession (mid·uppcr 

Safarujo Member to Cabo Raso Limestone Member) provides an excellent example of 

this. 

• Finally, the proposed models have been formulated using a low resolution data·set. 

They will however form the foundations for further higher resolution analyses. 
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Chapter 7 

Chapter 7: Conclusions 

7.1: Introduction 

In this research, high resolution sequence stratigraphic frameworks have been established 

for two nearshore mixed carbonate/siliciclastic successions, using facies and early 

diagenetic analyses. These are the Upper Jurassic Corallian Group of south Dorset and the 

Lower Cretaceous, lower to middle Ericeira Group of west central Portugal. 

For each succession, a facies-based sequence stratigraphic model was constructed from 

field-work based on available exposures within a relatively small area and previously 

published biostratigraphy. Published data were incorporated where available to further 

constrain each model within a regional context. In each succession it was discovered that 

at certain key stratal surfaces or within key stratal units, the field evidence and published 

data were not sufficient to produce an unequivocal sequence stratigraphic interpretation. 

This was especially true for the Corallian Group succession and led to a change in the 

diagenetic objectives of the research. The new objectives were to see whether an analysis 

of the type and distribution of early diagenetic products would provide further evidence to 

support the facies-based sequence stratigraphic proposals. 

A relatively low resolution sampling scheme was implemented, with sample collection 

concentrated within concretions, cemented beds, at key stratal surfaces and within facies 

which would yield results. Clay-rich facies (which constitute approximately 32% of the 
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Corallian Group and 24% of the Ericeira Group) were not sampled due to the effects of 

clay authigenesis and organic reactions over-printing earlier diagenetic evidence. 

Petrographic, analyses were perfonned on a 142 samples, with further XRD, CL and stable 

isotope analyses on selected samples. The early diagenetic evidence from within the 

majority of these cemented bodies supported the proposed facies-based sequence 

stratigraphic interpretation of parasequences, systems tracts and sequences, although some 

uncertainties remain. 

Both of the successions studied during this research were deposited in the Mesozoic 

"green-house" period, when large scale falls in relative sea-level associated wilh sequence 

boundary formation were rare. Instead, relative sea-level falls were generally of a shorter 

duration and smaller scale and this has had an important input on the nalure of 

sedimentological and diagenetic processes. 

Once it had been established that early diagenesis could be used to support a facies based 

sequence stratigraphic interpretation, generalised were constructed with the view to 

predicting the distribution of early diagenetic products within the hierarchical range of 

high resolution sequence stratigraphy (the parasequence, systems tract and sequence). It is 

accepted that these are based on a relatively low resolution sampling procedure. It is 

hoped that these models may be expanded and utilised to help predict the distribution of 

early diagenetic products between well control points within reservoirs. This is of key 

importance when predicting the perfonnance of particular reservoir units in simulation 

studies. 
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7.1.1: Summary oCkey points 

The overall aims of the research were to:-

• assess whether the distribution of diagenetic features in nearshore successions could be 

explained within a sequence stratigraphic context; 

• to assess whether the identification and analysis of these features could be used to aid 

sequence stratigraphic interpretations; and, 

• to use sequence stratigraphy to predict the distribution of early diagenetic 

heterogeneities at the fieldlinterwell scale. 

The results of this thesis indicate that early diagenesis is a valuable tool when interpreting 

the high resolution sequence stratigraphy of nearshore successions, particularly when a 

field based high resolution sequence stratigraphic approach is not always possible, or does 

not yield equivocal results. A facies based high resolution analysis was found to be much 

more problematic when applied to the Corallian Group succession than the Ericeira Group. 

Some of the reasons for this have been stated in the concluding paragraphs of Chapters 2 

and 4, but can be summarised as:-

• the difficulty in clearly defining parasequences within much of the Corallian Group due 

to a lack of unequivocal relative water depth indicators. nlis is probably due to the 

relatively protected nature of the shoreface sediments, identified by an absence of storm 

generated bedforms. Conversely, in the Ericeira Group, the shoreface was probably 

less protected and relative water depth indicators were often more obvious; 

• difficulty in the interpretation of some stratal surfaces within the Corallian Group (for 

the same reasons as stated above); and, 
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• relatively poor quality, non-continuous exposure of the Comlllan Group. 

Despite these restrictions, the following conclusions have been made in support of the 

aims of the thesis. 

7.1.1a: The Parasequence Scale 

1. Early diagenetic analyses of carbonate and iron-oxide concretions supported a facies

based identification of parasequences within both successions (e.g. parasequences of 

the Nothe Grit Formation, Corallian Group and parasequences ofthe restricted lagoonal 

facies of the Calada Member, Ericeira Group). These analyses have indicated that 

concretionary growth is controlled by an initial phase of rapid burial, equating to the 

period of parasequence progradation, followed by a period of prolonged residence 

within a single diagenetic zone. This equates to a period of non-deposition/marine 

flooding at a parasequence boundary. 

2. Analysis of early diagenetic features in carbonate cemented beds supports facies-based 

identification of parasequences (e.g. the parasequences of the Upton Member, Cornllian 

Group). In the sao Louren~o Mudstone Member of the Ericeira Group, facies analysis 

gave no indication of parasequences. However, subsequent analysis of early diagenetic 

dolomite within coarser grained cemented beds successfully defines parasequences, 

because this diagenetic phase is related to a prolonged residence time within an early 

diagenetic zone, which is related to non-deposition/marine flooding at a parnsequence 

boundary. 
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7.1.1 b: The Systems Tract Scale 

3. A general upward increase in the volume of early diagenetic products (particularly 

dolomite) occurs within highstand systems tracts (e.g. the upper Nothe Clay 

Memberllower bed of the Bencliff Grit Member of the Corallian Group). 111is was 

attributed to an increase in residence time within early diagenetic zones as the rate of 

progradationlburial increased and the rate of non-deposition/marine flooding at 

parasequence boundaries remained constant. 

4. An upward increase in the 0180 isotope values of carbonate cements (to a more marine 

value) occurs within shelf-margin or lowstand systems tracts (e.g. the DenclifT Grit 

Member of the Corallian Group). This pattern would be expected towards the top of 

such systems tracts, where rates of relative sea-level arc rising increasingly quickly. 

5. A dominance of marine cements occurs within coarser grained beds of transgressive 

systems tracts (e.g. the lower part of the Upton Member, Corallian Group). 

7.1.1c: The Sequence Scale 

6. Within carbonate successions, early diagenesis arc particularly useful in discriminating 

between type-! and type-2 sequence boundaries (bearing in mind that both successions 

were deposited within the Mesozoic "green-house" period (Veevers, 1990». 

Associated with type-! sequence boundaries was evidence of cementation, dissolution 

and replacement of early phases by meteoric pore-water. A good example is the mid

upper part of the Safarujo Member and Cabo Raso Limestone Member (Sequence 3) of 

the Ericeira Group. In this example, field analysis suggested a possible knrstic surfnce 
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that capped this sequence. 

7. Type-2 sequence boundaries are associated with minor meteoric cementation which is 

confmed to localised areas immediately beneath the sequence boundary. An example 

here is the BencHff Grit Member to lower part of the Shortlake Member (Sequence 3) 

of the Corallian Group. In this example the identification of meteoric cements has 

resulted in a slight repositioning of the sequence boundary from existing sequence 

stratigraphic models (Coe, 1995). 

7.1.1d: Limitations 

Limitations to this method of study can be summarised as follows. 

1. The method failed to support a facies based sequence stratigraphic interpretation of 

parasequences where there was no early diagenetic cement control or where there was 

later diagenetic over-printing. 

2. The use of early diagenesis in the identification of some systems tracts (particularly in 

siliciclastic successions) is problematic. This may be a factor of the low resolution 

sampling scheme and/or poor exposure making sampling more difficult. More detailed 

analysis is needed to provide unequivocal interpretations. 

3. The method employed does not allow an unequivocal identification of maximum 

flooding surfaces. This again is probably a factor of the low resolution sampling 

scheme and the fact that all of the maximum flooding surfaces in the two successions 

would have occurred within unconsolidated, mud rich facies where sampling was 

extremely difficult. However, various workers (e.g. Pope & Read, 1997) have shown 

that maximum flooding surfaces cannot be identified in outcrop or core and the only 
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tool that can identify them is the Gamma Log. 

4. The use of early diagenesis to identify sequence boundaries (nod key stmlnl surfaces) In 

siliciclastic successions can be problematic. This is partly due to the low resolution 

sampling scheme, the limited exposure nod dominantly "green housc" geological timc 

period in which these successions were deposited (i.c. not relating to nny prolonged 

periods of sub-aerial exposure). Thus, within the scopc of this work. certain 

lithological units and stratal surfaces were given more tban onc sequence stratigrnphlc 

interpretation. Examples arc the Nothe Grit Fonnallon (interpreted as either a 

highstand or lowstand systems tract); and the lithological boundary between the Nothe 

Grit Formation and Preston Grit Member (interpreted as either a surface of forced 

regression or a ravinement surface), both of the Corallian Group. In these examples 

more detailed sampling, better biostratigraphic control and new outcroplbore-holc datn 

may help resolve the interpretation (see Section 7.2). 

To summarise, diagenetic analyses at this lcvcl of study. is n useful tool. when used in 

conjunction with other evidence. 

7.1.1e: Diagenetic Analvses as q Predictive TOQI 

The second and third aims of the research were to assess if carly dingenesls could bc used 

to predict a sequence stratigraphic framework and to usc sequencc strntigrnphy to predict 

the distribution of diagenetic heterogeneities at thc fieldlinterwell scale. In answer to these 

points, this thesis has demonstrated that early diagenesis can be used as n predictivc tool 

and, like-wise, sequence stratigraphy can be used to predict the distribution of early 
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diagenetic products. However, like any other tool, this is only possible when used in 

conjunction with all other knowledge and data. Key points in support of these statements 

can be summarised as follows 

1. The analysis of early diagenetic concretions can help to identify parasequences and 

parasequence boundaries/marine flooding surfaces (surfaces of non-deposition, e.g. 

septarian concretions within the Nothe Grit Fonnation have aided in the identification 

of parasequences). Similarly, the application of sequence stratigraphic theory in tenns 

of parasequence progradation and subsequent drowning can be used to predict the 

presence and location of early diagenetic concretions (e.g. within shoreface successions, 

it is possible to predict that concretions will develop within the coarser grained beds of 

individual parasequences). 

2. The analysis of laterally extensive carbonate cemented marine hard-grounds can also be 

associated with parasequence boundary formation, particularly in transgressive systems 

tracts. This is a common feature in both successions (e.g. parasequences of the Upton 

Member, Corallian Group and parasequences of the Cabo Raso Limestone Member, 

Ericeira Group). The available data indicate that it is possible to predict such features 

within systems tracts of similar successions. 

3. The available data indicated that an upward increase in early diagenetic products 

(particularly dolomite) is expected within highstand systems tracts. An upward 

increase in 8180 isotope values of carbonate cements is expected within shelf-margin or 

lowstand systems tracts. A dominance of marine cements is expected within 

transgressive systems tracts. 

4. An analysis of the early diagenetic products associated with exposure surfaces (i.e. 

karst surfaces), could help to locate and identify type-l sequence boundaries (e.g. 
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sequence boundary 3 of the Ericeira Group). Type-2 sequence boundaries arc more 

difficult to predict using this method, but there is some evidence to suggest that fresh

water lenses could develop beneath such boundaries. However, in such cases, a 

combination of early diagenetic analysis and facies analysis is still necessary (e.g. 

sequence boundary 3 of the Corallian Group). 

The approach taken in this research has demonstrated that early diagenesis is a useful tool 

in refming high resolution sequence stratigraphic interpretations and in the prediction of 

the distribution of early diagenetic heterogeneities within reservoir units. Dut it must be 

stressed that it should not be used in isolation from other analytical techniques. 

7.1.2: Implications for future high resolution sequence stratigraphic studies and 

reservoir geology 

The aims, objectives and methodology employed throughout this study can help towards 

creating more geologically realistic high resolution sequence stratigraphic frameworks of 

sedimentary successions and petroleum plays. In this respect, a number of important 

points have come to light while completing this research:-

1. Analysis of early diagenetic features and their relationship to changes in relative sea

level are a useful a tool when creating a high resolution sequence stratigraphic 

framework and it should not be disregarded. Carbonate sedimentologists have always 

used early diagenesis as an indicator of changes in the depositional environment and 

this has been carried into the sequence stratigraphic realm. Only recently has early 
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diagenesis been considered as a useful tool in siliciclastic sequence strntfgraphfc 

studies. Its use as a tool has implications in reservoir geology. For example, diagenetic 

samples extracted from a core could help in the identification of key stratal surfaces and 

stratal packages which would then be of use in well correlation and reservoir 

characterisation studies. 

2. Early diagenetic concretions that fonn due to a period of non-sedimentation at 

parasequence boundaries are not diagnostic of a particular systems tract, as previously 

indicated by other workers (e.g. Taylor et 01., 1994). 

3. The identification of eady diagenetic products within a high resolution sequence 

stratigraphic framework can lead to the prediction of the distribution of early diagenetic 

heterogeneities within reservoir units. Cementation below marine flooding surfaces 

associated with parasequence boundary fonnation, may lead to highly 

compartmentalised and layered reservoir units. Further metcoric dissolution associatcd 

with a fall in relative sea-level and subsequent sub-acrial exposure, would rcsult in 

partially dissolved heterogeneities leading to latcral and vertical conncctivity between 

pay-zones. 

4. The identification of early diagenetic bodies such as iron-oxide or carbonate 

concretions are of particular use in identifying parascquence boundaries in interwcll or 

across-field studies. These features may be identifiable in bore-hole core or on well 

logs during petrophysical analysis. 
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7.2: Recommendations/or /lIrther work 

Within both successions, more detailed sampling is recommended, along with nn Improved 

biostratigraphic control (e.g. the use of microfossils that can be linked to published 

ammonite biostratigraphy) and further facies analysis of new exposures and/or bore-hole 

data. Further early diagenetic and facies analyses at the regional scale would also improve 

the identification of major correlative surfaces. 

Within the Corallian Group, further sampling and biostratigraphic control at a local and 

regional scale would help to resolve the sequence stratigraphic interpretation of:-

1. the Nothe Grit Formation; 

2. the lithostratigraphic boundary between the Nothe Grit Fonnation and the Preston Grit 

Member; 

3. the BencliffGrit Member; 

4. the positioning of a sequence boundary within the lower part of the Shortlake Member; 

and, 

S. the Sandsfoot Grit Member. 

Similarly, within the Ericeira Group, further sampling and n biostratigraphic control at a 

local and regional scale would improve the sequence stratigraphic interpretation ofthe:-

1. the Calada Member; and, 

2. the Dois IrmiIos Member. 
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To complement this study it is recommended that additional successions representing 

different depositional environments are studied using a similar approach. Successions that 

are blessed with uninterrupted outcrop, or reservoir units that have a close well spacing 

would also be advantageous. 

It would be useful to approach the methodology with the aim of providing input for 

petroleum reservoir simulation models. In petroleum reservoirs with poor well control, the 

approach outlined in this thesis could lead to a more realistic, rather than stochastic 

geological input. 

Additional geochemical work would complement the analytical results already obtained. 

For example, micro-probe work would provide a quantitative analysis of the CL results 

particularly within the analysis of the concretions within the Bencliff Grit Member. 

Additional stable isotope data would also improve palaeoenvironmental interpretations, 

help to defme upward changes in pore-water composition and strengthen the proposed 

predictive models of Chapter 6. 

The use of ichnofabric analysis would be another useful tool, when attempting to identify 

stratal surfaces, especially if core was available. Sequence stratigraphic studies using 

ichnofabric analysis have been performed on a number of successions (e.g. Martin, 1993). 

Finally, it would be useful to conduct further studies from successions deposited during 

global "ice-house" periods and compare the results with those of this study. During "ice

house" periods, large scale (up to 100m) falls in relative sea-level should have a greater 
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impact on sedimentary and early diagenetic processes. 
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Appcntll:( I 

Appendix 1: Petrographic point counting technique & dctullcd 

results 

In standard petrographical studies of samples, point counting is n method used to establish 

the modal composition of a sediment - both detrital and authigenic. However. In this 

thesis the authigenic components of each sample were of particular interest, so the 

standard point counting procedure was modified slightly to compensate this. 

Point counting of individual thin sections was performed using a "Swift Model Ftt 

electronic counter. Thin sections obtained from representative samples were placed on a 

mechanical stage which was screwed to the rotating stage of the microscope, which was 
. .. 

then clamped. Under a moderate to high magnification. several traverses were made of 

each thin section and a total of 500 points per section were counted. Only components that 

were seen in pore spaces were counted. These were, individual authigenic phases (data of 

which is displayed in the following tables) porosity and matrix. Any detrital components 

were by-passed using the "stage only" button. Data was then displayed as a percentage of 
" 

>~.. the total pore filling components, Where a samples' components do not add up to 100% 

(see following tables) then the remainder is composed of either porosity, matrix or both. 





Table J (data expressed as a % of total pore filling components) 

50 
S2 
54 
57 
59 
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Table 2 (data expressed as a % of total pore filling components) Appendix 1 

(r) = calcite replacing original zoned dolomite. 



AppclUllx 2 

Appendix 2: The preparation & qualitative x-ray diffraction analysis of 

carbonate cement phases 

A2.1: Preparation & analysis 

The purpose of x-ray diffraction (XRD) within the context of this thesis was to provide nn 

estimation of the purity of samples that were selected for stable isotope analysis. 

Using a scalpel, micro-drill and binocular microscope, carbonate cement phases (ferroan 

dolomite, non-ferroan dolomite, siderite, ferroan fringing calcite, ferroan equant calcite 

and non-ferroan equant calcite) were cut out of stained sample off-cuts. At least tOmg of 

sample was obtained, which was gently ground down to a mean particle size of between S-

1 O~m. The sample was pushed through a sieve to test this. Ench sample was then smenr 

mounted onto an aluminium mounting stage and inserted into a diffractometer. Analysis 

was perfonned on a Philips PW 1729 x-ray generator. The Kv was set to 40 and the nmps 

was set to SOmA. The output device was a PW 1710 diffractometer control unit which 

records the results in both analogue and digital form. 

After the samples had been analysed, pure samples of calcite, dolomite and quartz were 

also tested so that quick comparisons could be made with actual samples. X-my 

diffraction charts were then analysed by identifying diffraction peaks (20 angles nnd c/ 

spacings) to obtain a qualitative analysis of each sample. Analysis of diffraction peak 
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height (x-ray intensity counts per second) allows for an estimation of the relative 

abundance of mineral types in impure samples. All samples were found to be between 90 

to 100% pure for the type of carbonate sampled. It should be notcd that the presence of 

quartz does not affect stable isotope analysis of carbonates. 

The results that follow are for each sample and are displayed in both tabular and grnphical 

format. In each sample listed below t the carbonate compound required for analysis is 

listed as the sample name. For every compound detectcd in each samplc, thc 20cu angle, 

devalue and number of counts is given. 

A2.2: Results 

A2.2.1: Selected Corallian Group samples 

Sample AS:- Calcite 

Analysis also reveals quartz 
Calcite:- 29cu 29.57 

d(A) 3.02 
counts 496 

Quartz:- 29cu 26.72 
d(A) 3.33 
counts 920 

Sample A6:- Fracture Calcite 

Analysis also reveals some pyrite (trace) 
Calcite: 29cu 29.50 39.60 

d(A) 3.02 2.27 
counts 2638 588 

43.36 
2.08 
386 

47.76 
1.90 
1086 



Pyrite: 29cu 57.54 
d(A) 1.59 tl.0.04) 
counts 208 

Sample A8:- Calcite (non-ferroan) 

Analysis also reveals quartz and pyrite ( trace) 
Calcite:- 29cu 29.54 39.58 

d(A) 3.02 2.27 
counts 3422 676 

Quartz:- 29cu 26.71 60.89 
d(A) 3.33 1.52 
counts 710 242 

Pyrite:- 29cu 57.63 47.71 
d(A) 1.59 1.90 
counts 412 558 

Sample 32A:- Calcite 

Analysis also reveals quartz 

43.33 
2.08 
786 
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47.37 
1.92 
242 

Calcite: 29cu 29.60 39.64 43.33 47.74 
d(A) 3.01 tl.0.02) 2.27 tl.O.Ol) 2.09 1.90 
counts 2432 294 290 2846 

Quartz: 29cu 26.75 20.99 50.21 60.03 
d(A) 3.33 4.23 tl.0.03) 1.81 1.54 
counts 1550 384 490 514 

Sample E3:- Calcite (ferroan) 

Analysis also reveals quartz and pyrite (trace). 
Calcite:- 29cu 29.73 39.75 

d(A) 3.00 2.26 
counts 5722 772 

Quartz:- 29cu 26.88 21.08 
d(A) 3.31 4.20 
counts 6514 748 

pyrite:- 29cu 56.91 40.55 
d(A) 1.61 2.22 
counts 222 232 

Sample E4:- Calcite (ferroan) 

43.52 
2.07 
774 
50.38 
1.81 
632 

47.48 
1.91 
324 
60.14 
1.53 
672 

Analysis also reveals quartz, siderite, pyrite and dolomite (trace quantities). 
Calcite:- 29cu 29.74 39.72 43.45 47.45 

d(A) 3.00 2.27 2.08 1.91 
counts 1206 492 278 242 
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Quartz:- 29cu 26.92 21.12 50.40 60.23 
d(A) 3.31 4.20 1.81 1.54 
counts 3002 420 320 506 

Siderite:- 29cu 32.05 
d(A) 2.79 
counts 226 

pyrite:- 29cu 57.67 
d(A) 1.59 
counts 222 

Dolomite:- 29cu 67.89 
d(A) 1.38 
counts 254 

Sample 39A:- Calcite 

Analysis also reveals quartz, pyrite and dolomite (both trace quantities) 
Calcite:- 29cu 39.58 42.56 

d(A) 2.28 2.12 
counts 464 376 
29cu 26.80 20.98 
d(A) 3.32 4.23 

Quartz:-

counts 3986 970 
29cu 55.01 40.43 

d(A) 1.67 2.23 
Pyrite:-

counts 226 338 
Dolomite:- 29cu 67.80 

d(A) 1.38 
counts 290 

Sample 40:- Calcite 

Analysis also reveals quartz and pyrite (trace). 
Calcite:- 29cu 29.56 39.59 

d(A) 3.01 2.27 
counts 1814 320 

Quartz:- 29cu 26.73 
d(A) 3.33 
counts 216 

Pyrite:-

Sample 61:- Calcite 

29cu 57.63 
d(A) 1.59 
counts 264 

Analysis also reveals pyrite (trace). 
Calcite: 29cu 29.57 39.58 

C\ 

50.29 
1.81 
1052 

43.34 
2.09 
230 

43.32 

60.03 
1.54 
774 

47.71 
1.90 
428 

47.72 



Pyrite: 

Sample CIO:- Calcite 

d(A) 3.02 2.27 
counts 1224 264 
29cu 57.60 
d(A) 1.59 (+1.0.04) 
counts 156 

2.09 
270 

1.90 
276 
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Analysis also reveals quartz 
Calcite:- 29cu 29.46 

d(A) 3.03 
counts 452 

39.S3 
2.28 
164 

47.61 
1.91 
420 

48.68 
1.87 
254 

Quartz:- 29cu 61.01 
d(A) 1.52 
counts 264 

Oolitic Control Sample 

Small trace of detrital quartz interpreted to be nucleus for ooid growth 
Calcite:- 29cu 29.59 39.60 43.34 47.72 

d(A) 3.02 2.27 2.08 1.90 
counts 1054 428 224 294 

Quartz:- 29cu 26.66 
d(A) 3.33 
counts 476 

Sample C27:- Siderite 

Hand picked siderite crystals (small volume). Also detected· quartz and calcite 
Siderite: 29cu 48.68 

d(A) 1.88 (1.0.08) 
counts 216 

Calcite: 29cu 29.48 43.4 47.68 
d(A) 3.03 2.08(/.0.01) 1.91 
counts 606 580 232 

Quartz: 20cu 26.6 
d(A) 3.35 (1.0.01) 
counts 180 

Sample 113:- Siderite 

Analysis reveals only small evidence of siderite, plus quartz nnd calcite 
Siderite:- 20cu 32.08 

d(A) Small peak, no d-value 
Quartz:- 29cu 26.71 20.89 50.24 

d(A) 3.33 4.25 1.81 



Calcite:-
counts 1132 
29cu 39.53 
d(A) 2.28 
counts 322 

352 

Sample 115:- Siderite 

Analysis also reveals quartz 
Siderite: 29cu 31.76 50.22 

d(A) 2.81 tl.0.02) 1.82 tl.O.06) 
counts 356 316 

Quartz: 29cu 26.69 36.57 
d(A) 3.34 2.46 
counts 456 356 

AppclUlLr 2 

312 
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Appendix 2 

A2.2.2: Selcctcd Ericcira Group samples 

Sample P14:- Dolomite 

Analysis reveals minor quartz 
Dolomite:- 20cu 30.93 41.10 50.89 50.26 

d(A) 2.88 2.19 1.79 1.81 
counts 4170 576 836 502 

Quartz:- 20cu 26.74 37.34 
d(A) 3.33 2.40 
counts 446 458 

Sample PI7:- Dolomite 

Analysis also reveals traces of pyrite 
Dolomite:- 20cu 30.79 41.00 50.77 44.80 

d(A) 2.90 2.19 1.79 2.02 
counts 2572 500 384 322 

pyrite:- 20cu 33.31 37.24 
d(A) 2.68 2.41 
counts 164 250 

Sample P19:- Fracture calcite 

Analysis also reveals traces of dolomite 
Calcite:- 20cu 29.59 39.62 43.35 47.75 

d(A) 3.02 2.27 2.08 1.90 
counts 2920 334 290 328 

Dolomite:- 20cu 31.01 50.89 44.94 65.83 
d(A) 2.88 1.79 2.01 1.41 
counts 726 202 200 234 

Sample P21:- Dolomite 

Analysis reveals minor quartz 
Dolomite:- 20cu 30.93 41.10 50.89 50.29 

d(A) 2.88 2.19 1.79 1.81 
counts 4448 996 602 572 

Quartz:- 20cu 26.78 60.06 37.39 
d(A) 3032 1.54 2.40 
counts 580 426 550 

Sample P38:- Dolomite 

Analysis also reveals quartz and traces of pyrite 
Dolomite:- 20cu 30.87 41.07 50.82 50030 

u 
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d(A) 2.89 2.19 
counts 4652 754 

Quartz:- 20cu 26.80 21.03 
d(A) 3.32 4.22 
counts 3098 1124 

Pyrite:- 20cu 54.99 33.33 
d(A) 1.66 2.68 
counts 284 360 

Sample P38G:- Dolomite 

Analysis also reveals quartz, and traces of siderite 
Dolomite:- 20cu 30.82 41.03 

deAl 2.89 2.19 
counts 1532 462 

Quartz:- 20cu 26.71 20.95 
deAl 3.33 4.23 
counts 1886 326 

Siderite:- 20cu 42.54 45.91 
deAl 2.12 1.97 
counts 206 394 

Sample P43E:- Calcite 

1.79 
600 
60.06 
1.53 
478 

2.40 
534 

50.82 
1.79 
382 
50.19 
1.81 
826 

37.32 

Analysis also reveals quartz, and traces of dolomite and siderite 

1.81 
858 
36.69 
2.44 
668 

2.23 
322 

44.83 
2.01 
362 
60.01 
1.54 
450 

Calcite:- 20cu 29.55 39.58 43.37 47.73 
deAl 3.02 2.27 2.08 1.90 
counts 3020 1132 444 596 

Quartz:- 20cu 26.76 20.94 50.24 60.03 
d(A) 3.33 4.24 1.81 1.54 
coun~ 8596 2604 1314 894 

Dolomite:- 20cu 68.37 
deAl 1.37 
counts 498 

Siderite:- 20cu 31.63 42.56 45.92 
d(A) 2.82 2.12 1.97 
counts 234 584 376 

Sample P44:- Calcite 

Analysis also reveals quartz, and traces of dolomite and siderite 
Calcite:- 20cu 29.67 39.70 43.45 47.82 

deAl 3.01 2.27 2.08 1.90 
counts 3188 740 416 966 

Quartz:- 20cu 26.84 21.08 50.3 7 60.13 
deAl 3.32 4.21 1.81 1.54 

v 

40.40 
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counts 3872 942 558 526 
Dolomite:- 29cu 40.48 68.48 

d(A) 2.22 1.37 
counts 414 886 

Siderite:- 29cu 31.73 25.05 42.68 46.03 
d(A) 2.81 3.55 2.12 1.97 
counts 222 234 396 292 

Sample P52C:- Calcite 

No other compounds detected 
Calcite:- 29cu 29.51 36.10 39.53 43.24 

d(A) 3.02 2.48 2.27 2.09 
0 

counts 1304 136 154 158 
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Appendix 3: 

Appendix 3 

The preparation & isotopic analysis of carbonate 

cement phases 

Isotopic analysis was perfonned at the Isotope unit of the Post-Graduate Research Institute 

of Sedimentology, University of Reading by Mike Isaacs. Following, is a brief summary 

of the preparation and analysis details for carbonate isotopic analysis. 

A3~1: Preparation details 

5-10mg of pure carbonate is weighed into a quartz tube. 4ml of 100% orthophosphoric 

acid is pipetted into a conical reaction vessel and the sample tube inserted without mixing 

the contents. The reaction vessel is attached to a pumping manifold and evacuated to 

degas the acid. After 2-3 hours pumping, the vessels are sealed under vacuum, removed 

from the manifold and placed in a thennostatically controlled water bath, set to 2S.2°C 

(calcites) or 60°C (dolomites). After thennal equilibrium is reached (1 hour) the carbonate 

sample is reacted with the acid to fonn CO2 gas subsequently used for isotopic analysis. 

Each sample vessel is kept in the bath overnight to complete the reaction. 

The vessel is then returned to the pumping manifold and paired with an evacuated gas 

tube. A dewar of chilled acetone (-90°C) is placed around the conical vessel (to act as a 

water vapour cold trap) and liquid nitrogen (-197°C) on the gas tube. The CO2 gas is then 

transferred from conical vessel to gas tube by cryogenic distillation, condensing inside the 

.-
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gas tube below the liquid nitrogen level. Any non-condensable gases are removed by 

briefly pumping on the frozen CO2 sample before the tube is sealed, brought to room 

temperature and taken to a SIRA (Stable Isotope Ratio Analyser) mass spectrometer for 

analysis. Samples are prepared in batches each containing duplicate internal standards 

(CAV-I, Carrara Marble) of known composition previously calibrated against NBS 

isotope standards. 

A3.2: Analysis details 

CO
2 

gas samples are simultaneously analysed for the stable isotopes Ol3C and 0180 on a 

VG Isogas SIRA Series II mass spectrometer. This is a dual inlet, high sensitivity source 

stable isotope ratio instrument with a split flight tube and 20 port sample manifold. All 

routine operations are controlled through an IBM PS2/S0 PC. Before each analytical run, 

the mass spectrometer source is tuned to optimise the beams at masses 44, 45 and 46 

( CO2 ) and the peak shapes checked for quality assurance. 

Gas tubes are attached to the manifold ports and samples admitted sequentially to the inlet 

system for analysis. A CO2 reference gas, also prepared from the internal standard CA V-

1, is kept in the other half of the dual inlet system and the mass ratios 45144 and 46/44 of 

the "unknown" samples determined with respect to it, from which uncorrected Delta (%0 

PDB) values for Ol3C and 0180 are derived. The data are subsequently corrected ofT-line 

to the results obtained for the internal standards by the Craig method, using a spreadsheet 
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program developed by Professor Max Coleman. 

A3.3: Sample Results 

Full details of all results are displayed in the following table. For the purpose of data 

correction, a working assumption of trace mineral phases (Le. calcite, dolomite or siderite) 

equal 5% of the major carbonate phase present. 

c 
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Sample No. Sample Desc. Calcite Dolomite Siderite &45 &46 &13 &18PDB &18SMOW 

AS calcite 100 0 0 -31.195 0.799 -31.103 -0.828 30.006 

A6 calcite 100 0 0 0.098 -1.679 2.229 -3.524 27227 

A8 calcite 100 0 0 -26.808 0.157 -26.596 -1.748 29.058 

32A calcite 100 0 0 -2.487 -7.386 -0.343 -9232 21.344 

32A (duplicate) calcite 100 0 0 -2.480 -7.388 -0.336 -9234 21.341 

E3 calcite 100 0 0 -0.538 -4.459 1.642 -6303 24362 

E4 calcite 95 2.5 2.5 -0312 -3.874 1.864 -5.774 24.908 

(dol+sid) 

39A calcite (dol) 95 5 0 -2.272 -3.712 -0.237 -5.602 25.085 

P- 40 calcite 100 0 0 -1.472 -0.661 0.727 -2223 28.568 

40 (duplicate) calcite 100 0 0 -1.412 -0.630 0.790 -2.192 28.601 

61 calcite 100 0 0 -2.506 -1.504 -0351 -3.068 27.698 

CIO calcite 100 0 0 0215 -2.859 2.604 -4.416 26308 
I 

CIO(c) calcite (ooid) 100 0 0 -1.121 -1.732 1.138 -3292 27.466 
I 

C27 siderite 5 0 95 -2.568 -5.052 -0.537 -5.906 24.772 

113 siderite 5 0 95 -15.942 -4.990 -14.836 -5.873 24.806 
I 

115 siderite 0 0 100 -16.188 0.266 -15.275 -0.660 30.180 I 
I 
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Sample No. Sample Desc. Calcite Dolomite Siderite 045 046 Oil 018PDB 018SMOW 

P14 dolomite 0 100 0 -3.546 -3.587 -1.632 -4.097 26.636 

P17 dolomite 0 100 0 -2.991 -3.768 -1.032 -4.277 26.451 

P19 calcite (+ dol) 95 5 0 -4.974 -4.847 -3.087 -6.742 23.910 

P21 dolomite 0 100 0 -2.586 -3.270 -0.616 -3.778 26.965 

P21 (duplicate) dolomite 0 100 0 -2.605 -3371 -0.633 -3.879 26.861 

P38 dolomite 0 100 0 -2.890 -3.084 -0.947 -3.593 27.156 

P38G dolomite (+ sid) 0 95 5 -2.675 -3.374 -0.708 -3.902 26.838 

p P43E calcite 95 2.5 2.5 -9.806 -1399 -8368 -3322 27.435 

(dol+sid) ! 

I 

P44 calcite 95 2.5 2.5 -10.136 -0.912 -8.737 -2.836 27.936 

(dol+sid) 

P52C calcite 100 0 0 -5.010 -3.783 -2.952 -5351 25344 
-~~ --



Appendix 4: 

Appendix -I 

The preparation & analysis of carbonate ccnlcnt 

phases under cathodoluminescence 

A4.1: Preparation & analysis details 

Cathodoluminescence (CL) was perfonned at Camboume School of Mines, using a "Citl 

8200 mk.3" cold cathode luminoscope, which was attached to a "Nikon Labophoto 2" 

petrographical microscope. 

Individual samples were selected to include all carbonate cement phases from both 

successions. Polished thin sections were prepared for each sample, using an "Epotek 301" 

fixing cement, which is stable at the temperatures developed by the electron beam. Each 

sample was positioned on the microscope stage within the vacuum chamber which was 

then sealed. 

Each analysis was conducted at lS-17kv, with a cathode beam current set at 4S0-460J.1a. 

The vacuum was approximately 0.12torr. The cathode current was constantly monitored 

and kept stable by using the vacuum control. 

Photomicrographs were taken using Kodak Tmax or Ilford FP4 3Smm black and white 

print film (ASA 400). For each sample, paired exposures were made, one recording the 

transmitted light view and the other recording the CL view. Exposure times of between 60 
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and 150 seconds were estimated for the CL photomicrographs. All photographs were 

taken using a X4 objective lens. The presence or absence of luminescence in eaeh sample 

was recorded in tenns of nonluminescent, dull luminescent, moderately luminescent or 

brightly luminescent. The presence of zoning within some carbonate cement phases was 

recorded in terms of nonzoned, faintly zoned or well zoned. 


