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Abstract , 
Understanding and predicting the size, shape and internal architecture of sandbodies is of 
fundamental importance in hydrocarbon exploration. High quality hydrocarbon reservoirs are 
often formed in deltaic environments where there is a complex interplay between changes in 
relative sea level, sediment input and climate. When combined with the intrinsic sedimentary 
variability of deltas, this makes prediction of the internal facies distributions and architectures 
of deltaic sandbodies a challenging task. The aim of this thesis is to conduct a detailed 
qualitative and quantitative field study o( fluvial and deltaic sandbody architecture and facies 
distribution, and to assess the usefulness of the data thus obtained in predicting the 
architecture and sedimentary characteristics of reservoir sandstones in the subsurface. 

The El Wastani Formation of the Nile Delta, Egypt, has previously been identified as an 
interval of reservoir quality sandstones within the Plio-Pleistocene deltaic succession. 
Limited core data, and poor seismic imaging due to gas seepage effects, hindered past 
attempts to assess the internal architecture and facies of the sandbodies. Therefore it was 
considered appropriate to use an outcrop analogue to aid understanding of the El Wastani 
Formation reservoir characteristics. From a review of literature, the Upper Carboniferous 
fluvial and deltaic sandstones of the Central Clare Group, County Clare, western Ireland, 
were found to be suitable analogues for the El Wastani Formation sandstones. Controls on 
the two sedimentary systems were similar; both were fluvial-dominated and wave-influenced, 
and both show evidence for fluctuating relative sea-level. Comparisons of facies observed in 
outcrop (Co. Clare) and interpreted from image logs (Nile Delta) show similar facies and 
sedimentary successions in the two systems, improving confidence in the choice of analogue. 

Fieldwork carried out on the Upper Carboniferous (Namurian) coastal outcrops of Co. Clare 
produced detailed measurements of facies distributions and bed geometries, which, together 
with sedimentary logs, palaeocurrent studies and outcrop-scale photomontages, enabled 
interpretation and quantification of channel dimensions, internal architectures and stacking 
patterns. Based on these data, the Tullig Sandstone, a major sandbody within the Central 
Clare Group, is interpreted to be a low-sinuosity, braided fluvial system that flowed to the 
north-northeast. This sandbody shows decreasing amounts of erosion and conglomeratic 
facies in both downstream and vertical directions, interpreted to reflect the combined effects 
of delta subsidence and sea-level rise over time, influencing the downstream reaches of the 
system first. The mean sand to non-sand ratio for the Tullig Sandstone is 97% by area, and 
connectivity of sandstone facies within this sandbody is 93%. In contrast, mouthbar 
sandbodies that were studied have a mean sand to non-sand ratio of 90%, and greatly reduced 
sandstone connectivity, at 65%. The data that characterise the field outcrops can be taken as 
indicative of the probable characteristics of the El Wastani sandbodies. 

The data generated from the quantitative field studies were used to construct computer models 
of the outcrops, in order to see how well the modelling software was able to reproduce the 
outcrop architectures and facies distributions, and also to test the sensitivity of the models to 
different scales of data. One large-scale model was built to include all the Tullig Sandstone 
outcrops along the coastline, with a vertical resolution (cell height) of 1m. A second smaller 
model was constructed to cover just the Trusklieve outcrop, and was built using a vertical cell 
height of O.1m .. Each model was designed to fit the sedimentary log data, and was 
conditioned to reflect the facies percentages and channel dimensions measured and calculated 
respectively from the outcrops. The results showed that although the larger modelling grid, 
with lower vertical and horizontal data resolution, showed significant differences in fine
grained facies distribution from the outcrops, it was reasonably successful at reproducing the 
channel shapes and stacking patterns seen in outcrop. In addition, the high sand to non-sand 
ratio meant that sandstone connectivity was not reduced compared with either the outcrops or 
the small, high-resolution model. The small model was better at reproducing the geometries 
of beds of fine-grained facies, but lacked the ability to accurately simulate the channel 
architectures and stacking patterns. 
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Chapter 1 

Introduction and background to the study 

1. 1 Introduction 

The hydrocarbon exploration and production industry is very interested in reducing the 

risks associated with exploration, and the costs associated with production; a good 

understanding of the characteristics and variability of fluvial and deltaic reservoir 

sandbodies helps the industry to achieve these goals. This PhD was therefore initiated 

as a CASE project with BG as the industrial partner, with the objective of improving 

understanding of fluvio-deltaic sandbody architecture by using field outcrops as 

analogues for subsurface hydrocarbon reservoir sandbodies. The subsurface reservoir 

sandbodies under investigation are located in the Plio-Pleistocene deposits of the Nile 

Delta, offshore Egypt. The proposed field analogue comprises the fluvio-deltaic coastal 

outcrops of the Upper Carboniferous, County Clare, Ireland. 

1.2 The importance of the description and quantification of sedimentary 

architecture 

Sedimentary "architecture" refers to the three-dimensional geometry, proportion, and 

spatial distribution of various pre-defined elements within a particular sedimentary 

succession. The scale of the succession being studied can vary widely, and many 

architecture studies. are large-scale, concerning for example the arrangement of channel

belts and floodplain deposits in a sedimentary basin. This PhD focuses on a slightly 

smaller scale, concentrating on the internal architecture of an individual fluvial channel

belt and discrete deltaic sandbodies. The elements that comprise sandbodies are packets 

of genetically related strata, bounded by bedding contacts that are hierarchically ordered 

(Allen, 1983a). Fluvial architectural elements include channel-fill elements, various 

types of bar-form, sheet flood deposits and sediment gravity flow lobes (Miall, 1996). 

Examining these elements on an individual basis reveals that they, too, have distinctive 

internal architectures. 

Accurately describing sandbody architecture is fundamental to the understanding of 

sedimentological processes, facies distributions and associations, and to the 
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interpretation of depositional environments. Sandbody architecture description is also a 

very important aspect of hydrocarbon reservoir characterisation. The architecture of 

fluvial and deltaic systems has therefore been the subject of much research during the 

past few decades, both in ancient deposits (e.g. Campbell, 1976; Marzo et al., 1988; 

Lowry and Raheim,. 1991; Halfar et aI., 1998; Jo and Chough, 2001; Corbeanu et al., 

2001) and in modem rivers and deltas (e.g. Cant and Walker, 1978; Miall, 1985; 

Bristow, 1987; Gawthorpe et al., 1993). 

1.3 The use of outcrop analogues 

Although the rapid evolution of technology in the oil and gas industry allows continual 

improvements in the imaging and sampling of subsurface reservoir sandbodies, there is 

still a real need for detailed sandbody information that can only be provided by 

accessible field outcrops. Field outcrops provide two- and often three-dimensional 

exposures of sedimentary successions, allowing detailed study of geometries, stacking 

patterns, vertical profiles, bedding architectures, facies distributions, and variations in 

grainsize, porosity, and permeability. Reservoir geologists, who use limited I-D data 

(cores, geophysical logs) and comparatively low-resolution 2-and 3-D data (seismic 

surveys) to try to predict the geometries and internal variability of sandbodies, often use 

detailed outcrop data to inform and constrain the models they produce. 

While qualitative descriptions and models based on field outcrops are very useful to the 

geologist working with complex subsurface successions, quantitative outcrop data is 

even more helpful. Dreyer et al. (1993) do not overstate the case when they say that 

"quantified information on the geometries of sandbodies and their internal 

heterogeneities is a necessary prerequisite for the realistic modelling of reservoirs and 

their behaviour during production". The establishment in 1988 of the "Sedimentary 

Architectures of Field Analogues for Reservoir Information" (SAF ARJ) project by a 

number of Norwegian oil companies illustrates the importance to the hydrocarbon 

industry of just such quantified outcrop information. However, as pointed out by 

Bridge and Tye (2000) and Bridge (2003), there are problems with using outcrop 

analogues; the most obvious being that an outcrop which does not represent an 

analogous depositional environment will result in seriously flawed predictions and 

models for the subsurface strata. Care must therefore be taken to establish the similarity 

of the potential outcrop analogue to the studied subsurface system. 
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1.4Research objectives 

The objectives of this research are: 

1) To describe, interpret and quantify the external geometry, internal sedimentary 

architecture and facies distribution of the fluvial Tullig Sandstone and associated 

deltaic sandbodies from coastal outcrops of the Upper Carboniferous of County 

Clare, Ireland. 

2) To establish or refute, by reviewing literature and comparing available data, the 

credibility of the analogy between the Co. Clare outcrops and the Plio-Pleistocene 

fluvio-deltaic sandbody reservoirs of the Nile Delta, Egypt. 

3) To construct a 3-D model of the Tullig Sandstone in !RAP RMS using data from the 

main outcrop localities, and to compare the model with the outcrop data to see how 

effective the modelling process is at incorporating outcrop data and reproducing 

outcrop architectures and facies distributions. 

4) To evaluate current models for the depositional environment of the Western Irish 

Namurian Basin in the light of the architectural and facies distribution data from the 

Tullig Sandstone, Co. Clare. 

1.5Analytical approach 

To achieve the aims given above, the following methodology was employed: 

1) The most extensive outcrops of the Tullig Sandstone and associated Tullig 

cyclothem sandbodies that occur along the coastline of Co. Clare were chosen as 

sites of study. These outcrop localities are spread along the coastline, with a total of 

45km between the southernmost and northernmost outcrops. At the majority of 

localities, both the top and base of the Tullig Sandstone are visible, allowing the 

sedimentary successions above and below the sandbody to be studied. The chosen 

outcrops have been worked on by previous researchers (e.g. Pulham, 1987; Davies 

and Elliott, 1996) and are recognised as useful exposures for study of the Tullig 

Cyclothem sediments. 

2) Photomontages were created for each field outcrop, imaging as much of the outcrop 

as possible (at cliff-style exposures such as Trusklieve it was possible to image the 

entire outcrop). Detailed sedimentary logs were made, in more than one location for 

o~tcrops that were laterally extensive. Sketches and bed measurements were also 

made, and used together with the logs to interpret the photomontages in terms of 

bedding architecture and facies distribution. Using these interpreted 
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photomontages, the facies distributions and bedding architectures were quantified 

for all outcrops. 

3) FMI (fonnation micro-imaging) logs from wells in the Nile Delta were interpreted 

in tenns of facies and architectures; these logs were compared with those from Co. 

Clare, and with the field outcrops in general. A literature study was conducted on 

both the Tullig Sandstone system in Co. Clare and the geologic history and Plio

Pleistocene depositional record of the Nile Delta, Egypt; the similarities and 

differences of the two fluvio-deltaic systems were assessed. 

4) The data from the Co. Clare Tullig Sandstone outcrops were used to construct a 3-D 

reservoir model of the Tullig Sandstone, using !RAP RMS (reservoir modelling 

system). The modelling results were visually compared with the field outcrops to 

assess their similarity. The modelling method was assessed in tenns of its capability 

of producing realistic, outcrop-simulating models from field data. 

1.6 Thesis structure 

The chapters of this thesis are arranged as follows. Chapter 2 gives the regional 

geological setting for the Upper Carboniferous sediments of Co. Clare, and discusses 

the stratigraphic sequence seen in the cliff sections of the outcrops studied. The main 

controls on the depositional system are discussed, and the Tullig Sandstone itself is 

described and set in its stratigraphic context. Points of continuing debate regarding the 

succession and basin history are also reviewed. The chapter then describes the regional 

geology of the Nile Delta sedimentary system, including the evolution of the River Nile 

and the stratigraphy of the delta. The main controls on the Plio-Pleistocene depositional 

environment are discussed, and the exploration and production history of the plays in 

the Plio-Pleistocene is outlined, as are the main factors affecting the quality of the 

hydrocarbon reservoir intervals (excluding any detailed petrophysics). Comparisons are 

then made between the two fluvio-deltaic systems, and an assessment is made of the 

'suitability of the Co. Clare field outcrops as an analogue for the Plio-Pleistocene Nile 

Delta. 

Chapter 3 describes the Upper Carboniferous sedimentary facies encountered, logged 

and mapped during fieldwork in Co. Clare. Photographs, detailed descriptions and 

interpretations are given, and explanations of facies associations in tenns of 

depositional environments are presented. The final section in Chapter 3 presents the 
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facies interpretation of three imaging logs from the reservoir sandbodies in the Plio

Pleistocene Nile Delta sequence. This section makes a comparison between the two 

data sets based on facies, to aid in assessment of the similarity between the two fluvio

deltaic systems. 

Chapter 4 describes and interprets the architecture of the sedimentary facies seen in the 

Co. Clare field outcrops. Photomontages are presented and interpreted, and diagrams to 

explain the formation of the architectures are also given. Palaeocurrent data and 

summary logs are given in this chapter, while the original detailed sedimentological 

logs are presented in the appendices. The overall depositional setting and changes in 

palaeoenvironment are presented as a series of three-dimensional palaeoenvironmental 

diagrams. The discussion compares the fieldwork interpretations with previous models 

for the formation of the Tullig Cyclothem. 

Chapter 5 presents the quantitative data collected from the Co. Clare fieldwork. A 

series of graphs shows the facies distributions and bed dimension statistics, which are 

summarised and used to strengthen the palaeoenvironmental interpretation given in 

Chapter 4. 

Chapter 6 describes the reservoir modelling process, and presents the results of the 

models created using data collected from the Co. Clare sandbodies. The models are 

compared with outcrop data to highlight the advantages and limitations of modelling 

detailed facies distributions using reservoir modelling programs. 

Chapter 7 summarises the research findings and presents the conclusions. The benefits 

and limitations of this analogue study are reviewed and summarised, together with 

recommendations for future work. 
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Chapter 2 

The County Clare field analogue and the Nile Delta hydrocarbon 
play 

2.1 Introduction 

This chapter presents the geologic background and context to the field area, County 

. Clare in Ireland, and to the Nile Delta, the area. for which the field outcrops are a 

proposed analogue. The aim is to review the current literature available about both 

areas, and to point out the similarities and differences between the two locations, in 

terms of both the sedimentarY successions and the factors that influenced those 

successions. 

2.2 Geology of the field area, County Clare, Ireland 

2.2.1 Introduction 

A great deal of work has been conducted on the Upper Carboniferous succession of the 

Western Ireland Namurian Basin (WINB), the sediments of which crop out along the 

west coast of Ireland In County Clare (Fig. 2.1). With a stratigraphic succession that 

records the passage of the region from a deep marine basin to a' prograding deltaic 

shoreline, the coastal outcrops have lent themselves to studies of turbidites, goniatite, 

fauna, slope instability and deltaic cyclicity. The geological history of the basin is 

summarised in this section, and the various differing views and models of the basin 

development are discussed, focussing on the fluvio-deltaic sediments of the Central 

Clare Group that form the outcrops studied in this thesis. 

2.2.2 Tectonic setting 

Prior to the establishment of the WINB, the area was affected by significant tectonism. 

The Iapetus Ocean, formerly covering the region, closed during the Silurian, with 

collision of the Eurasian and North American continental plates in end-Silurian times to 

create the Caledonian orogenic belt (Maynard, 1997; Shannon, 1991; see Fig. 2.2a). 

The WINB lies either to the north (Crocker, 1995) or directly above (Collinson et al .• 

1991) the Iapetus suture zone, and, along with the other sedimentary basins developed 

across Western Europe during the Carboniferous, is influenced by the structural grain of 
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Figure 2.1 . Map of western Ireland showing the coastal succession, principal outcrop 

locations, main towns and other sites of interest (modified from Wignall and Best, 2000). 

Inset map, top left: outline map ofIreland, showing the Variscan Front ( hannon, 1991 ); 

the location, according to Morris and Max (1995), of the Iapetus Suture (IS) and Aran

Waterford Line (AWL); and , in contrast, the interpreted location of the suture (IS*) and 

the coincident Silvermines-Navan Fault (SNF) according to Collinson and Elliott (1991). 
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Figure 2.2a. The position of southern Ireland (part of Avalonia) with respect to 
Laurentia and the Iapetus and Rheic Oceans during the Early Silurian. At 430Ma 
the Iapetus Ocean was still significantly open. Modified from Windley, 1995. 

Appalachi an 
orogen 

Figure 2.2b. The position of southern Ireland (marked *) with respect to the rest of 
northwestern Europe and the opening Proto-Tethys during the Early Carboniferous 
(Tournaisian, 354Ma). Thick black lines show plate boundaries, red lines show rift 
margins, large arrows show plate movements and small paired arrows show relative 
movements at plate boundaries. Green areas represent present-day landmasses as they 
existed in the Tournaisian. Carbonate ramps in blue. Modified from Maynard el 01. , 1997. 
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the Caledonian orogeny. The intracratonic WINB started to form in the Early 

Carboniferous (Dinantian), signalled by the end of shallow-water carbonate fonnation 

in the Visean, and the fonnation of a shallow- to deep-water phosphatic layer that 

spanned a period of 7-9Ma (Wignall and Best, 2000). Subsidence mechanisms are 

unclear, with Maynard et al. (1997) postulating N-S extension due to the westward 

extrusion of the region, as the Rheic Ocean to the south closed due to subduction of the 

Iberian Plate in the Devonian to Early Carboniferous (Fig. 2.2b). The closure of the 

Rheic Ocean, and the associated Variscan orogeny, may also have led to. foreland basin 

subsidence across much of Western Europe (Maynard et al., 1997), which could have 

contributed to subsidence in the region of the WINB. A period of active extension, 

followed by passive thermal subsidence of the region, is another possibility put forward 

by Leeder and McMahon (1987) to explain Carboniferous basin fonnation across 

Western Europe. 

Whatever the mechanism, the location and orientation of basin subsidence are 

considered by most researchers to be influenced by a structural trend coincident with the 

Iapetus suture (e.g. Rider, 1978; Elliott and Davies, 1994). Collinson et al. (1989) 

consider the orientation of the basin to have been along the current Shannon Estuary 

and aligned with the Silvennines-Navan lineament, above the Iapetus suture (Fig. 2.1, 

inset). The basin is thought by these writers to have been trough-like, elongate in an 

ENE-WSW trend and shallowing to both the north and south (Fig. 2.3). However, thi~ 

is a matter for debate; research by Wignall and Best (2000) suggests that after the 

Visean, the northern margin of the basin deepened due to subsidence and non

deposition, so that by the Namurian the basin margin was to the southwest, and the 

deepest parts were to the northeast (Fig. 2.4). Wignall and Best (2000) also favour a 

link between the locus of subsidence and the location of the Iapetus suture, but cite 

regional magnetic data presented by Morris and Max (1995) to show that the suture 

trended NE-SW, rather than ENE-WSW, and propose that the WINB was aligned in the 

same direction. Morris and Max (1995) show the Iapetus suture to be offset by strike

slip movement on the Aran-Waterford line (Fig. 2.1, inset), the location of which 

coincides with the northernmost extent of the Ross Sandstone (one of the depositional 

units within the basin-fill; see Section 2.2.3.2), suggesting that the Aran-Waterford line 

may also have played a role in defining the extent of the basin. 
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Deltas prograde to southeast 

Submarine turbidite fans 
prograde northeastwards 

Axial trough of basin 

Figure 2.3 . Schematic block diagram of the WINB model accepted by Collinson et af. 
(1991), showing the orientation of the coastline with respect to the trough-like basin 
depocentre, the east-northeasterly axial progradation direction of the submarine fan 
system, and the predominantly southeasterly direction of slope and delta progradation. 
Collinson et af. consider this basin geometry to have prevailed throughout the Namurian. 

Hinterland lies to southwest 

Turbidite fans prograde 
to northeast 

Deltas prograde to 
northeast and east 

Figure 2.4. Schematic block diagram depicting the WINB model proposed by Wignall 
and Best (2000), showing NW-SE orientation of coastline with respect to the basinal 
depocentre and progradation direction of the submarine fan/slope/delta system. Note 
the differing basin geometry compared with the Collinson el af. model in Fig. 2.3. 
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The southern part of what is now Ireland, including the WINB and its Namurian 

sedimentary fill, was folded in the Westphalian as it was affected by compressional 

deform~tion associated with the Variscan orogeny. The line marking the approximate 

northerly limit of major Variscan thrusts runs across southern Ireland (Fig. 2.1, inset). 

Folds are tighter in the south of Co. Clare, closer to this front, and open to gentler 

structures in the north of the county, oriented E-W or ENE-WSW (Collinson et al., 

1989; Elliott and Davies, 1994; Croker, 1995). The WINB is considered to be one of a 

series of linked Carboniferous basins stretching from the No'rth Sea to Nova Scotia. 

Other basins in the chain are oriented NE-SW, exploiting Caledonian structural trends 

in response to post-Variscan extension (Shannon and Braithwaite, 1997). 

2.2.3 Stratigraphy and sedimentology 

The lithostratigraphy of the Namurian basin fill was initially proposed by Rider (1974); 

it comprises the Shannon Group, subdivided into the Clare Shale, Ross and Gull Island 

Fonnations, and the Central Clare Group, represented by five deltaic sequences or 

cyclothems' (Fig. 2.5). The substrate upon which these sediments were deposited is 

Visean shallow-water limestone, which was partially eroded to give a mmor 

unconfonnity (Croker, 1995). 

2.2.3.1 Clare Shale Fonnation 

This unit is confonnable on the Visean limestone in the south, but unconformable in the 

north, where its basal sediments are younger and overlie a phosphate layer. This layer, 

the St. B~endan's Well Phosphate, is a condensed horizon representing 7-9Ma of very 

low sedimentation rates between basin fonnation and Clare Shale deposition (Wignall 

and Best, 2000; Elliott and Davies, 1994). The Clare Shale unit consists of black 

marine shales, well laminated and condensed, indicating reducing conditions and 

probable fluctuating salinities (Collinson et al., 1991; Elliott and Davies, 1994). The 

formation is 180m thick in the south, where it is complete with all the expected marine 

bands containing goniatite fauna, but only 10m thick in the north, where' the Early 

Namurian marine bands are missing (Sevastopulo, 1981; Collinson et al., 1991). 

Explanations of the thinning to the north include the view of Collinson et al. (1991) that 

the northern region was part of the shallow northern margin of the ENE-WSW trending 

WINB trough, the shallow depth giving a thinner succession and the elevation leading 

to sand starvation. The alternative view (Wignall and Best, 2000) is that the northern 
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area was in fact the deeper part of the basin, leading to coarse sediment starvation due to 

increased distance from source to the south or southeast (compare Figs 2.3 and 2.4). 

311 

31 

31 

31 

Goniatite· zones Shannon Estuary 

magistrorum 

Vallites eostriolatus 

E. ferrimontanum 

I': />/l Sandstones t ..:.. 71 Sandstones, 
. 7 = siltstones and mudstones 

Northern Clare 

St. Brendan's Well 
Phosphate Bed 

~ Mudstones/siltstones Phosphates tm Deformed strata 

D Central Clare Group m Shannon Group mmmmm Marine bands 

Fig. 2.5. Comparison of Namurian lithostratigraphy and goniatite biostratigraphy of 

north and south County Clare (after Hodson and Lewarne, 1961). 

2.2.3.2 Ross Sandstone Formation 

This formation comprises deep marine turbidites deposited by flows from multiple 

shifting point sources (Rider, 1969; Collinson et al., 1991; Chapin et al., 1994; e.g. Figs 

2.3 and 2.4). The formation is thickest (380-400m) in the southwest of County Clare, 

and extends as far as Fisherstreet Bay to the northeast (Fig. 2.1), where the Cronagort 
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Sandstones and Fisherstreet Slide (Fig. 2.5) show similar characteristics to, and are thus 

interpreted as equivalent to, the top of the Ross Formation (Wignall and Best, 2000). 

The Ross Sandstone comprises sheet-like turbidite sands (centimetres to metres thick), 

incised channelised sandbodies up to 10m thick and interbedded thin silty mudstones 

and shales that progressively onlap the Clare Shale (Wignall and Best, 2000). The 

lowest 50m of the formation see an increase in frequency and thickness of sand sheets 

while the upper section exhibits more channels and slumps (Elliott and Davies, 1994). 

Palaeo currents show that flow was directed mainly to the northeast (Elliott and Davies, 

1994; Chapin et al., 1994; Wignall and Best, 2000) although it appears to swing round 

towards the northwest and southeast at the base and top of the formation respectively 

(Collinson et al., 1991). The overall palaeocurrent trend is believed by some to indicate 

deposition along the axial zone of the proposed ENE-WSW trending WINB (Elliott and 

Davies, 1994), although this implies some element of up-slope movement for the NE

and NW -directed turbidites. The formation is entirely absent to the north of the basin, 

beyond Fisherstreet Bay, which Wignall and Best (2000) take to indicate that flow was 

towards the NE but that the turbidites did not reach the further limits of the basin 

envisaged in their model (Fig. 2.3). 

2.2.3.3 Gull Island Formation 

This formation marks the passage from deep marine turbidites to the finer-grained 

deposits of an unstable slope prograding into the basin. There is no apparent evidence 

for any long-lived feeder channel or canyon; instead the slope appears to have been 

crossed by many small turbidite channels, supporting the idea of Collinson et al. (1991) 

of mUltiple point sources for the preceding Ross Formation. The Gull Island Formation 

is 550m thick in the south, and comprises laterally persistent sand sheets less than 1m 

thick in packages up to 15m thick. This sheeted, sandy, facies accounts for 25-50% of 

the formation thickness (Wignall and Best, 2000). In the north of the basin, however, 

the formation is only 130m thick, less than a quarter of its thickness in the south (Elliott 

and Davies, 1994). Collinson et al. (1991) and others invoke a greater subsidence rate 

in the south of the basin to explain this difference. The basin geometry of the Wignall 

and Best model (2000) provides an alternative explanation, since only thin distal 

deposits would be found in the north. 
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The Gull Island Fonnation is exceptional for its extensive soft sediment deformation, 

with estimates of 70% (Elliott and Davies, 1994) and 75% (Wignall and Best, 2000) of 

the formation being deformed. The lower two-thirds exhibit mostly slumps and slides, 

whereas in the upper third deformation is more commonly expressed as growth faults. 

The palaeoslope is held to be to the ESE or SE by Collinson et al. (1991) and Elliott and 

Davies (1994). Both groups, however, agree that palaeo currents are directed towards 

the northeast in lower parts, only swinging round to the southeast in the upp~r parts of 

the formation. Wignall and Best (2000) show evidence of similar northeasterly current 

directions throughout the formation; they also suggest that the location of the cited 

southeasterly palaeocurrents, immediately above major slumps, reduces their validity as 

representative of the entire formation. 

2.2.3.4 Central Clare Group deltaic deposits 

These cyclic sedimentary sequences record a succession of prograding deltas (e.g. 

Pulliam, 1987). Each coarsening-up succession comprises prodelta fines and mouthbar 

or interdistributary bay deposits, and each culminates in an erosively based fluvial 

sandstone body up to 40m thick and 30+km wide (Collinson et al., 1991; Elliott and 

Davies, 1994; Shannon and Braithwaite, 1997; Wignall and Best, 2000). Each cycle is 

considered to span a time-period in the order of 100ka, controlled by glacio-eustatic sea

level changes linked to Milankovitch eccentricity cycles (Collier et ai., 1990; Hampson 

et al., 1997). The cyclothem durations may even have been as short as 65ka (Riley et 

al., 1994). The total thickness of the Central Clare Group is a maximum of900m, 70-

80% of which is fine-grained mud to silt, the rest being fine to medium sand (Elliott and 

Davies, 1994) showing strong compaction and cementation. The erosion surfaces at the 

base of the sandbodies are ofa composite nature, depths of individual channels being up 

to 8m (Wignall and Best, 2000). 

Early work on the Central Clare Group (e.g. Hodson, 1954; Hodson and Lewame, 1961; 

Rider 1974, 1978) referred to division of the sediments into cyclothems; these repeating 

sedimentary cycles were delimited using goniatite-bearing marine bands, which 

represent sea-level highstands when the basin was fully marine. There are five such 

cyclothems, from oldest to youngest: The Tullig, the KiIkee, the Doonlicky and two 

thinner un-named Late Namurian cyclothems. Subsequent work (e.g. Hampson et al., 

1997; Elliott and Davies, 1994; Davies and Elliott, 1996) has reinterpreted the 
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succession within a sequence stratigraphic framework, defining the cycles by sequence 

boundaries - erosional and correlative non-erosional surfaces that divide one set of 

genetically linked strata from another. The sequence stratigraphic approach reinterprets 

the Central Clare Group sandbodies, previously tho'ught to be distributary-type 

sandbodies linked to the sediments beneath them, as genetically unrelated to the 

sediments they erode. According to the sequence stratigraphic model, the sandbodies, 

deposited over erosional surfaces interpreted as sequence boundaries, represent the fill 

of incised valleys created during a marked basinward shift of the fluvial system in 

response to falling relative sea-level. However, the original cyclothem-based model 

still has its proponents, including Wignall and Best (2000) who interpret the sandbodies 

as deposits of the deltaic distributary system and therefore an integral part of the delta 

top sedimentary succession. The main points of the two models are presented, together 

with a summary of the supporting evidence, in Table 2.1. 

The palaeocurrent data from the Central Clare Group is varied. Each deltaic sequence 

exhibits a different pattern of flow directions, leading to differing opinions on the 

overall progradation direction of the delta. Elliott and Davies (1994) cite southeast- or 

easterly-directed currents, seen for example in the fluvial deposits of the Kilkee 

Cyclothem, to support progradation in this direction (i.e. from the shallow, northwestern 

margin of their envisaged basin to the deeper ENE-WSW trending central trough - Fig. 

2.3). In contrast, Wignall and Best (2000) find that the majority of palaeocurrent data 

shows flow from the south or southwest (for example in the Tullig Cyclothem), 

indicating northeastward progradation towards what, in their model, would be the 

deeper parts of the basin to the northeast (Fig. 2.4). The earlier work ofPulham (1987, 

1989) shows that the Tullig fluvial sandbody, at the top of the first deltaic cyclothem, 

exhibits palaeo currents almost entirely directed to the northeast. 

The mouthbars of the Tullig Cyclothem, which are fluvial-dominated and wave

influenced with no evidence of tidal processes, show an ENE current direction with a 

subordinate NE trend (pulham, 1987). The Kilkee Cyclothem fluvial sandbody, 

however, shows a prevailing southeasterly flow direction, while the Kilkee mouthbars 

indicate flow to the east and southeast (pulham, 1987). For the Doonlicky Cyclothem, 

. palaeocurrents from mouthbars range from northeast to southeast, the latter being the 

preferential direction, but associated syn-sedimentary faults are downthrown to the 
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northeast. From this available palaeocurrent and structural data it appears that the delta 

was prograding to the northeast, east and southeast, although not necessarily in all three 

directions at once. This may be a reasonable conclusion, since individual channels 

within a delta system may enter the basin at a variety of angles to the general shoreline 

trend, and different deltaic lobes can build in different directions - a process seen in 

many present-day deltas such as the Mississippi. 

Table 2.1. Field evidence from the County Clare fluvio-deltaic sediments, and 

implications for the two main models of sandbody formation. 

Field evidence Hampson et al. (1997) Wignall and Best (2000) 
Sediments incised by Evidence queries claim Evidence supports claim 
erosively based sandbodies are that sandbodies incise that sandbodies are 
mouthbar and interdistributary unrelated sediments. genetically linked to 
bay sediments, the usual underlying deposits. 
precursors to delta top fluvial 
environments {pulham, 1989). 
Laterally equivalent facies to Queries claim that fluvial Supports claim that 
sandbodies (not including channels were formed by fluvial channels were part 
Tullig Sandstone) include marked basinward facies of delta top distributary 
interdistributary bay deposits shift. network. 
~ulham, 1989). 
Channels are multistorey and Explained by higher Supports theory of NINE-
multilateral to south, but subsidence rates to the ward progradation, since 
single storey and smaller to south, agreeing with single and multistorey 
north. Pulliam's idea that slow channels usually belong 

subsidence leads to stable, to lower and upper delta 
single channels but rapid plain respectively (Home 
subsidence creates et al., 1978). 
multi storey sandbodies. 

Depth of individual erosion Explained as transgressive Explained as autocyclic 
surfaces averages 6-10 m; systems tract channelised delta top erosion by 
overall depth >30 m in parts infill of incised river fluvial channels (cf. Best 
(pulham, 1989). valleys created at sea- and Ashworth, 1997). 

level lowstand. 
Carboniferous known to be Sea-level change Sea-level change not 
period of glacio-eustasy (e.g. incorporated as important considered to be an 
Caputo and Crowell, 1985; part of cyclical important factor in fluvio-
Windley, 1995). sedimentation, and cause deltaic incision. 

of incision. 
Local palaeosol development Occurrence of these Localised nature of 
(e.g. Doonlicky sequence, palaeosols at levels palaeosols, plus their 
Spanish Point; Davies and apparently equivalent to immaturity in Tullig and 
Elliott, 1996). sandbodies cited as Kilkee sequences, cited as 

confirmation of allocyclic evidence against 
incision. allocyclic incision. 
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Wave ripples, common in the more proximal mouthbar deposits of the deltaics, show a 

NE-SW crest-line orientation; waves could have approached from either the northwest 

or southeast (e.g. Pulham, 1989). While this would give an unremarkable high angle 

between the wave approach direction and the coastline as envisaged by Elliott and 

Davies (1994), it would mean a wave approach almost parallel to the coastline in 

Wignall and Best's model: which is more unusual. However, refraction of waves in the 

shallow water of a delta front commonly causes a wide range of wave' approach 

directions, particularly as the delta projects from the coastline and changes the local 

profile of the coast, so this observation does not provide conclusive evidence of the 

main coastline orientation. 

2.2.4 Deformation 

The lowermost formation exhibiting deformation is the Ross Sandstone. Major slide 

sheets are seen in the turbidite intervals, for example the Ross Slide (more correctly 

identified as a slump - Strachan, 2002) and the Fisherstreet Slide. Both are 2-8.5m 

thick, dominated by muds but including- sandstones, and are extensively deformed. 

Both slides show structures indicative of NE- to ENE-directed movement (Gill 1979; 

Collinson et al., 1989, Strachan, 2002), which does not support the assertion made by 

Elliott and Davies (1994) and others that the slope direction is towards the southeast. 

However, neither does it rule it out entirely, since a delta is a three-dimensional feature 

that will have slopes facing in more than one direction, although evidence of other 

movement directions has not been found. 

The deformation present in the Gull Island Formation is most commonly in the, form of 

mud slumps and slides. The slumps can be up to 15m thick, either tabular or lenticular, 

and with considerable internal deformation including folding, faults and shear zones 

(Collinson et al., 1991). There is no consensus of opinion on the predominant direction 

of downslope movement, with Gill (1979) and Collinson et al. (1991) suggesting a 

predominance of ESE to SE indicators, but growth faults in upper levels are commonly 

downthrown to the north or northwest (Rider, 1978). 

Deformation of the deltaic cycles is mainly by growth faulting, according to Rider 

(1978), with some post-depositional soft sediment faulting, sliding and diapirism 

(Pulliam, 1989; Collinson et al., 1991). Rider (1978) states that faulting was most 
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active during sand deposition (i.e. in the upper parts of each cyclothem), and that most 

faults are downthrown to the northeast, with some to the WNW. More recent work by 

Wignall and Best (in press) highlights a series of large-scale northeast-directed growth 

faults affecting the Kilkee Cyclothem to the north of Liscannor Bay (Fig. 2.1). These 

growth faults formed in a retrogressive pattern, stepping progressively to the southwest 

(interpreted as landward by the authors) over time. Similar fault patterns are 

documented in deltas today (e.g. Hampton et a/., 1996), where the direction of throw is 

coincident with the slope and progradation direction: This evidence supports Wignall 

and Best's interpretation, and agrees with their basin model (Wignall and Best, 2000), 

with the system prograding from the southwest towards the distal parts of the basin in 

the northeast (Fig. 2.4). 

2.2.5 The Tullig, Kilkee and Doonlicky Sandstone Members 

These sandbodies occur at the tops of the first. second and third progradational deltaic 

cyclothems, or at the bases of the second, third and fourth sequences, if the incised 

valley sequence stratigraphic model is adopted. This section summarises the individual 

sedimentological and architectural characteristics of these major sandbodies. 

2.2.5.1 The Tullig Sandstone Member 

This sandbody is seen in a number of coastal exposures in Co. Clare, for example at 

Tullig Point, Killard and Trusklieve (Fig. 2.1). and was considered sufficiently 

extensive and thick to be granted Member status (Rider. 1969). The sandbody was 

studied by Williams and Soek (1993), who define it as a low sinuosity multistorey and 

multilateral channel complex, which, according to palaeocurrent data from 

unidirectional sedimentary structures such as cross bed foresets, flowed to the NNE. 

The Tullig Sandstone comprises several individual channels which rest on a composite 

basal erosion surface, and which are stacked to give an overall average thickness of 35m 

(pulliam. 1987; Elliott and Davies, 1994). However, in the northernmost outcrops at 

Liscannor, the sandbody is only one storey, and less than 15m thick. The lateral extent 

of the sandbody is also fairly limited in the Liscannor area, unlike in the south where 

widths are around 30km (Pulham, 1989). However, the measurement of sandbody 

width depends on the orientation of the section with respect to the flow direction - a 

coastal section 30km in extent will be seen as a ''width'' in Pulliam's model, which 
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interprets channel orientation close to perpendicular to the coastline, but as a 

downstream distance in models interpreting flow to be to the northeast. 

The Tullig Sandstone is erosively based, incising underlying interdistributary bay 

deposits and mouthbars (Pulham, 1987; Hampson et al., 1997). Conglomeratic lag 

deposits are found at the bases of individual channels. Such channels are recorded to be 

6-1Om thick and sometimes up to 15m in thickness, and there is evidence that their 

basal surfaces are composite, comprising lots of closely spaced crosscutting erosion 

surfaces separated by thin intraformational conglomerates and sandstones (Pulham, 

1987). The implication is that rate of increase of accommodation was slow during this 

phase of deposition (Hampson et al., 1997). Hampson et al. (1997) also note that the 

spacing of erosion surfaces increases upwards within the sandbody, suggesting an 

increase in the rate of creation of accommodation space with time. This observation, if 

correct, may be explained by a rising eustatic s.ea-level or an increase in subsidence rate. 

Pulham (1989) draws the distinction between closely and widely spaced erOSIon 

surfaces across different areas rather than different times. Pulham proposes that the 

north of Co. Clare was the more tectonically stable, with thinner Tullig Sandstone 

deposits and a dominance of emergent abandonment facies indicating a slow subsidence 

rate. The south of the county, in contrast, shows the Tullig Sandstone to be a laterally 

and vertically composite sandbody with only rare signs of emergence (e.g. rootlets) and 

more frequent signs of submergence (bioturbation, wave ripples). Pulham (1989) 

therefore concludes that the subsidence rate in the southern' area was high. Apart from 

occasional rootlets and ripples, the channels also exhibit trough cross bedding, and are 

almost entirely sand filled, with any overbank or floodplain shales or muds having a 

very low preservation potential. The Tullig Sandstone as a whole is capped by a 

bioturbated transgressive surface and some finer mouthbar-type deposits before a, 

marine band bearing the goniatite Phillipsoceras stubblefieldi marks the maximum 

flooding surface and onset of the ne~t coarsening-up cyclothem (Fig. 2.5). 

2.2.5.2 Kilkee and Doonlicky Sandstone Members 

These sandbodies are slightly less extensive than the Tullig Sandstone but exhibit many 

similar characteristics. The Kilkee channel complex is 20km wide (Collinson and 

Elliott, 1991) and an average of 30m thick. Palaeocurrent data shows that flow was 
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from NW to SE, nonnal to the present coastline (Pulham, 1987). The channel complex 

fill comprises several individual channels of similar dimensions to those within the 

Tullig Sandstone, each exhibiting unidirectional trough cross bedding. Again, 

abandonment facies are seen at the top of the channel facies, prior to the occurrence of 

two progradational shoreline sequences topped by another marine band representing 

maximum flooding (Collinson and Elliott, 1991). 

The Doonlicky sandbody is significantly smaller in size than the Kilkee and Tullig 

sandbodies, and as a result is not granted member status. The sandstone is erosively 

based and shows a lag of mudstone and siltstone intraclasts. The sandbody erodes into 

the underlying coarsening-up mouthbar facies and is itself around 1O-15m thick 

(Pulham, 1987); it shows wave- and current-generated cross lamination, and, above a 

second erosion surface, clear easterly palaeocurrents from unidirectional trough cross 

. bedding. Pulham (1987) interprets the sandbody as a distributary channel incising the 

delta front due to continued progradation of the river. mouths. Shallow, delta top 

conditions did not prevail for long, and are superseded by a transgressive surface and a 

shallow water progradational sequence representing the delta front. This is then topped 

by the next' marine band, after which two other coarsening-up cycles conclude the 

Central Clare Group succession. 

2.2.6 Summary 

• The WINB was created in the Dinantian (Early Carboniferous) by tectonic 

movements and north-south extension possibly related to Variscan tectonics, and 

influenced by pre-existing Caledonian structural trends such as the Iapetus suture. 

• The basin-fill is Namurian in age; the stratigraphy includes the Shannon Group, 

comprising the Clare Shale Fonnation, Ross Sandstone Fonnation, and Gull Island 

Formation, and the Central Clare Group, comprising the Tullig, Kilkee and 

Doonlicky Cyclothems and two other un-named cycles. The stratigraphy as a whole 

represent~ a prograding shelf, with the succession changing from deep basinal shales 

through turbidites and defonned slope sediments to deltaic and finally fluvial 

deposits. 

• There are two main models for the geometry and fill of the basin. One, originally 

suggested by Hodson and Lewame (1961), sees an ENE-.WSW elongate trough 

being filled with sediments sourced in the northwest. Transport is thought to have 
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been dominantly to the southeast, with subordinate axial trends. The thicker section 

in the south of County Clare is attributed to faster subsidence rates along the trough 

axis, while the thinner deposits in the north are seen as those of a starved shelf. The 

alternative model, advocated by Wignall and Best (2000), sees the basin as 

deepening to the northeast and filling with sediments from the southwest. The thin 

northern sediments become distal deposits of a deep marine basin, while the thicker 

southern section corresponds to the subsiding margin of a landmass to the 

southwest. 

• The sandbodies seen in the deltaic sequences (or cyclothems) are fluvial in origin, 

but there is a difference of opinion as to their process of fonnation. While the 

majority of researchers (e.g. Rider, 1974; Pulham, 1989; Wignall and Best, 2000) 

believe them to be an integral part of a delta top system, representing incision and 

fill of distributary channels, others see them in a sequence stratigraphic context as 

incised valley fills, the incision being due to falling relative sea-level (e.g. Hampson 

et a/., 1997). 
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2.3 The Nile Delta: initiation and evolution 

2.3.1 Introduction 

The Nile Delta is a major morphological feature in the southeastern Mediterranean, on 

the continental shelf of the African Plate. While local and regional tectonics have 

played an important role in the evolution of the delta, the main controlling factors have 

been sea-level and climate. Fluctuations in these factors have combined to alter the 

hydrological regime of the Nile River and its precursors and hence affect deltaic 

depositional patterns. 

The delta region exhibits a stratigraphic succession which has been sampled by coring 

to depths of Middle Miocene age and which consists of three major sedimentary cycles; 

Miocene, Plio-Pleistocene and Holocene. The first fluvio-deltaic sediments were 

deposited in the Late Miocene, as the Nile Valley (Fig. 2.6) was cut by the Eonile (Said, 

1981). The main phase of delta progradation was during the Late Pliocene and 

Pleistocene, while the Holocene saw aggradation and establishment of the present-day 

hydrological regime of the Nile. 

The delta area has become the focus of exploration for hydrocarbon reserves, and gas in 

particular, sourced from several possible intervals in the Cretaceous, Jurassic, 

Oligocene, Miocene and Pliocene (Kamel et al., 1998; Cowan et al., 1998). Much of 

the stratigraphic information on the area comes from wells drilled for exploration 

purposes, and sands of Pliocene and Pleistocene age have proved to be excellent 

reservoirs for large gas accumulations. 

2.3.2 Present-day delta morphology 

The Nile River is 6,690km long, drains 2,880,000km2
, and, before damming in 1964, 

had an average annual discharge of 84 billion m3 (Hurst, 1931-1966), carrying 160 

million tonnes of sediment per year (Quelennec and Kruk, 1976). This huge sediment 

load has formed the Nile Delta (Fig. 2.6), which is situated at the mouth of the river, 

forming an arcuate length of coastline that stretches for about 285km from west of 

Alexandria to east of Port Said in North Sinai (Wells and Coleman, 1984). The delta 

tapers classically to a point about 200km inland, and covers over 22,000km2 (Bellaiche 

and Mart, 1995). The delta is divided into three regions by its two currently active 
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distributaries, the Rosetta branch in the west and the Damietta branch in the east. The 

delta top and front can be regarded in tenns ofthe following provinces (Sestini, 1989): 

1) upper (abandoned) delta plain, with channel-interchannel fluviatile deposition; 

2) lower (active) delta plain, including lagoon belt and transitional elements; 

3) delta front and beach dune complex shaped by coastal currents. 

Within the upper delta area, the two active distributaries have created well-developed 

meander belts 3-4km wide, reflecting the very low slope of the delta (the land is only 

18m above sea-level at Cairo, 150km south ofthe coast (Sestini, 1989». In contrast, the 

lower delta plain is dominated by coastal lakes, shallow lagoons and saltpans. The 

morphology of the delta front is controlled by river and wave influence; tides in the area 

are insignificant, the tidal range being only 0.45m (Wells and Coleman, 1984). Fluvial 

and wave processes, combined with the action of longshore coastal currents from west 

to east, have created a 400km long coastal barrier complex comprising the beach zone, 

backshore plains and dunes, and the sub-deltas of Rosetta and Damietta. Offshore, the 

delta extends across the narrow (15 to 50km) continental shelf and slope, with Nile

derived clastic sediments being found as far as 270km away on the southern flanks of 

the Mediterranean Ridge to the north, and on the continental shelf of Israel to the east 

(Gvirtzman et al., 1997). These distal sediments are part of the Nile Cone, a deep sea 

fan complex that covers more than 140,OOOkm2 (Fig. 2.6). The development of the Nile 

Cone, and evolution of the delta itself, has been controlled by tectonics and the 

. hydrological/climatic regime of the region. 

2.3.3 Tectonic setting 

The Nile Delta lies on the northern margin of the African Plate, in a zone characterised 

by long-term tectonic stability (Bellaiche and Mart, 1995). The delta is situated on 

continental crust that thins progressively basinward - from 27km thick on the 

continental rise (Lort, 1973) to 24km in the Herodotus abyssal plain (Malovitskiy et al. 

1975; see Fig 2.6 for location). According to Garfunkel and Derin (1984), the area has 

been a transition zone between land and sea since the Permian, and part of the Tethyan 

divergent margin since the Cretaceous (Bellaiche and Mart, 1995). However, post

Palaeogene tectonics have had an effect on regional structure. Two sets of faults, active 

since the Miocene, cut the Levantine Basin and its margins, trending WNW-ESE and 
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NNE-SSW (Sestini, 1984; see Fig. 2.7). A major east-west zone of faulting and flexure 

occurs at around 31°N and divides the delta into the South Delta Block and the North 

Delta Basin (Figs 2.7 and 2.8). The downthrow on these normal faults is to the north, 

resulting in a sediment thickness change within the Tertiary from SOO-1000m in the 

south to 5000-6000m in the north (Sestini, 1989). The faulting here and in the vicinity 

relates to the tensional regime set up by the Gulf of Suez rifting; uplift inland around 

Cairo 'and Sinai was balanced by extensional tectonics further north and across the 

continental shelf. 

2.3.4 Delta initiation 

The coastal sequence of Egypt exhibits a thick Cenozoic sedimentary pile of Eocene to 

Recent ages (Figs 2.8 and 2.9). The Early Miocene was the first Tertiary epoch to see 

deltaic sedimentation relating to drainage from Egypt by an ancestral Nile. The Moghra 

Formation, comprising deltaic sands and clays, formed to the west and southwest of the 

present delta (Salem, 1976) and its clastic sediments are exposed at the northern margin 

of the Qattara Depression (Sestini, 1984). Deposition of the Moghra Formation was 

related to the Late Oligocene to Early Miocene Qattara-Moghra regression. Subsequent 

. transgression due to global sea-level rise led to the deposition of deeper water facies 

during the Early to Middle Miocene - the 700m thick Sidi Salim Formation, comprising 

clays, infrequent marls and rare sandstones and siltstones (Rizzini et a/., 1978). The 

Flexure Zone separating the North Basin from the South Delta Block was active by this 

time. 

The upper limit of the Sidi Salim Formation is marked by an unconformity and a switch 

to thick, sandy conglomerates of the overlying Late Miocene Qawasim Formation 

(Zaghloul et al., 1977). These coarse deltaic' clastic sediments are over 900m thick in 

the eastern part of the North Basin. Their sudden appearance is thought to reflect a 

base-level fall combined with a short (Serravallian to Tortonian) phase of tectonism that 

resulted in uplift of the Gulf of Suez margin, the Western Desert and the area to the 

south-east of Cairo, and a regional eastward tilt (Ross and Uchupi, 1977). This tectonic 

movement led to a change in the course of the ancestral Nile, which migrated eastwards 

to take up a route very similar to that seen today, between the uplifted areas (Salem, 

1976). This first phase of the Nile's history (6.0 - S.4Ma BP) is referred to as the Eonile 

period (Said, 1981; see Fig. 2.9). 
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The Qawasim Fonnation, comprising thick sands, sandstones, and conglomerates, with 

occasional interbedded clays, exhibits large and rather steep deltaic foresets, which are 

badly disturbed by gravity tectonics (Rizzini et aI., 1978). The steep angle and 

defonnation suggest rapid deposition. Rizzini et al. (1978) believe that the switching of 

the Nile's course would not solely account for such a large sediment volume and such 

swift deposition, and they invoke a significant sea-level fall to explain the Qawasim 

sediments. This theory of sea-level fall agrees well with the generally accepted model 

of desiccation of the Mediterranean basin during the Messinian (late Miocene). The 

basin was almost as deep as it is today and, due to its separation from the Atlantic, 

became evaporitic in all but its deepest parts, signifying a fall in sea-level of around 

3S00m (Said, 1981). Such a pronounced fall led to drastic downcutting of the Eonile 

through the elevated Tertiary rocks of the Eastern Desert and Egyptian Plateau, eroding 

down to the crystalline basement (Sestini, 1984). This erosion produced a deeply 

incised canyon, comparable in scale to the Grand Canyon of Arizona and even deeper in 

its seaward stretches (seismic data show depths to the canyon floor of 2S00m below 

present sea-level just north of Cairo, and of more than 4000m in the northernmost parts 

of the South Delta Block (Said, 1993b». This incised canyon detennined the course of 

the Nile River today, and its erosion provided the coarse clastic sediments of the first 

phase of the Nile Delta. It is estimated that the Eonile deposited 7000km3 of sediment 

in less than 2 million years (Said, 1993a). 

2.3.5 Delta evolution 

Reconnection of the Mediterranean to the Atlantic heralded the end of the Messinian 

Salinity Crisis. Rising sea-levels caused the,flooding of the newly eroded Nile Valley 

as far inland as Aswan, 800km south of the present coastline (Chumakov, 1967). This 

period of the river's history, labelled the Gulf Phase by Said (1981), and lasting from 5.4 

- 3.3Ma, is recorded in the delta area by the fining-up Abu Madi Fonnation. This 

formation commences with thick fluvial quartzose sands and rare conglomerates, later 

becoming dominated by increasingly frequent and thick clay interbeds. These clays 

contain marine fauna of Early Pliocene age. As a whole the Abu Madi Formation 

records a change from continued deltaic deposition to marine coastal sedimentation 

(Rizzini et al., 1978). By the start of the overlying Kafr El Sheikh Fonnation in the 

Middle Pliocene, the prevailing environment was outer shelf or slope, and saw unifonn 
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deposition of muds and silts with occasional thin interbedded sands (Deibis et al., 

1986). 

Sea-level began to fall again during the Upper Pliocene (Abu-OIlo and EI Kholy, 1992), 

and fluvial conditions were re-established in the upper reaches of the Nile Valley as the 

Palaeonile phase commenced (3.3 - 1.8Ma; Said, 1981). The valley was progressively 

filled with sediments from this river, until the gradient of its long profile was almost as 

it is today, and the surface of the delta area was level with the top of the South Delta 

Block (Fig. 2.8). Despite the fact that the Palaeonile was probably sourced locally, 

from drainage basins within Egypt, (Said, 1993a), the sediments of this river are entirely 

fine grained, suggesting that the climate must have been very wet and humid to cause 

such chemical disintegration of the sub-soil. In the delta region, the Upper Pliocene is 

recorded by the Kafr EI Sheikh Fonnation (Zaghloul et al., 1977), which comprises 

fluvio-deltaic sands and sandstones with occasional shale interbeds (EI Heiny and 

Morsi, 1992). This fonnation represents the northward advancement of the delta front 

and exhibits a coarsening/shallowing-up trend due to the high sedimentation rate 

(Mosconi et al., 1996; Gezeiry and Shandawily, 1994) - during the Upper Pliocene 

sediment supply rates exceeded rates of accommodation creation, leading to 

progradation. 

Said (1993a) records that the hot, wet climatic phase of the Upper Pliocene was 

followed by a hot, dry phase as Egypt entered an arid episode around the Late Pliocene

Early Pleistocene. Between 1.8 - O.8Ma the Palaeonile dried up and Egypt became a 

desert. This hyper-arid phase was punctuated by two short wetter episodes, the first of 

which was sufficiently wet to feed an ephemeral river, which Said (1981) calls the 

Protonile, and which deposited coarse sands, gravels and cobbles along the river course. 

The real breakthrough in delta development came with the establishment of the Prenile, 

which was the first of the Nile's precursors to have a drainage connection to the central 

African continent. Sourced in the Ethiopian highlands, fed by the Atbara and the Blue 

Nile tributaries, the Prenile was able to cross the Nubian massif and meet the Nile 

Valley course. This breakthrough was related to tectonic movements along the Main 

Ethiopian Rift (part of the East African Rift), whi~h tilted the region and directed 

drainage towards the Nile rather than the Red Sea. The result of this massive increase 
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in discharge was the fluvially dominated Prenile delta, which was deposited across the 

same area as the present delta, with a shoreline extending over 50km further into the 

Mediterranean. The total area of the Prenile delta was at least three times that of the 

modem Nile delta (Said, 1993a). 

The initial deposits of the Prenile delta were the thick sands (the sediments are still 

unconsolidated at the present day) and thin clays of the El Wastani Formation, which 

exhibit large foresets indicative of deltaic progradation (Rizzini et al., 1978). The main 

volume of the Prenile delta, however, comprises the Mit Ghamr Formation, which spans 

the Pleistocene and Early Holocene (El Heiny and Morsi, 1992; Sarhan et al., 1996), 

and which, though now much reduced in size by erosion, forms the core of the present

day delta. The Mit Ghamr Formation consists of thick layers of sand (quartzose, 

medium to coarse) and pebbles (quartzite, chert and dolomite) with thin clay interbeds 

in its lower parts (Rizzini et al., 1978; Deibis et al., 1986; Wigger et al., 1996). These 

sediments are thought to reflect fluctuation between beach-type and deltaic depositional 

settings (Zaghloul et al., 1977). The thickness of the Mit Ghamr Formation changes 

gradually from zero near Cairo to a maximum of 975m at about 60km southwest of 

Damietta Mouth (Zaghloul et ai., 1977). The Mit Ghamr Formation represents the 

deposition of an estimated 100 million m3 of sediment per year of the Prenile's life (0.8 -

O.4Ma), which is more than double the depositional rate for the modem Nile (Said, 

1993b). The increased load and erosive power of the Prenile river has been attributed to 

the combination of increased rainfall in the newly-connected source regions of Ethiopia, 

and several sea-levellowstands related to glacial periods (Sestini, 1989), superimposed 

on a general fall in sea-level (Haq et al., 1987). The delta was fluvially dominated 

during the Prenile phase, with subordinate wave influence (Helmy and Fouad, 1994). 

Climatic conditions and further tectonic activity in the source region led to the severing 

of the Ethiopian connection at around OAMa (Said, 1993b). The Prenile period came to 

an end and the river became less competent and far more dependent on climatic 

fluctuations. This Neonile period saw three main pluvial episodes, correlating with 

glacial periods throughout Europe, but the overall effect on the delta was one of 

degradation. The sediment supply was insufficient to maintain the extensive Prenile 

delta, and a combination of erosion, subsidence and mass wasting reduced it to smaller 

than its present volume, although the arcuate shape was retained. 
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The present incarnation of the Nile as a perennial river deposited the Bilqas Formation 

as a drape across the delta, signifying an end to the destructive Neonile phase but 

adding only around 35 million, tons of sediment annually for about 7 or 8ka (Said, 

1993b). The Bilqas Formation covers the entire subaerial delta and its fringes further 

offshore, having been deposited in a variety of environments on the delta from 

continental and fluviatile to lagoonal and beach (Zaghloul et al .• 1977). At its base, the 

Bilqas Formation comprises thin clays with sand interbeds, abundant peat, and coastal 

or lagoonal fauna (Rizzini et al., 1978). The rest of the formation comprises fine to 

medium sands with clay interbeds; the overall maximum thickness is 77m, and the age 

is Holocene (Zaghloul et al., 1977). The Bilqas Formation forms the present-day 

surface of the delta, and the upper, exposed parts of this formation are currently being 

reworked by the existing network of active distributary channels and by beach 

processes. 

2.3.6 Hydrocarbon exploration 

The Holocene and Recent history of the Nile Delta and Cone have been discussed by 

numerous researchers (Maldonado and Stanley, 1976; Ross and Uchupi, 1977; 

Summerhayes et al., 1978; Coleman et al., 1981; Sneh et al., 1986; Coutellier and 

Stanley, 1987; Said, 1993; Stanley and Warne, 1994; Bellaiche and Mart, 1995; Omran 

and Fathy, 1997). While Recent delta development is relatively unimportant in terms of 

delta geology and hydrocarbon potential, the' Nile Cone is crucial to the economic 

importance of the area. The Nile Cone is usually considered to comprise two 

morphological zones: the eastern fan, dissected by salt ridges (Fig. 2.7) and deformed 

by halokinesis; and the smooth, uninterrupted, western fan. Seismic stratigraphy has 

revealed significant marker horizons such as the top and base of the Messinian 

evaporites, and regional unconformities (Omran and Fathy, 1997). Together with bio

and sequence stratigraphy (Harwood et al., 1998), seismic exploration has led to the 

discovery of significant volumes of gas in Plio-Pleistocene deltaic and shelf/slope sands 

(Cowan et al., 1998). The sands are shallow, undercompacted and unconsolidated, 

making them ideal for observing direct hydrocarbon indicators but challenging for 

exploration and production (Maddox et al., 1998). Nonetheless, the Nile Delta region 

and its offshore sedimentological provinces have proved highly valuable hydrocarbon 

targets. 
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2.3.7 Summary 

• The initiation of the Nile Delta occurred during the Late Miocene due to a 

combination of tectonic tilting, which caused the Nile River to migrate east, and the 

lowering of sea-level in the Mediterranean. The Nile Valley was formed, funnelling 

sediments towards a single coastal outlet and causing the delta to be established. 

• The main phase of delta growth was during the Late Pliocene and Pleistocene when 

the Prenile river delivered sediment from as far away as Ethiopia into the basin. 

Subsequent Late Pleistocene and Holocene sea-level fluctuations saw the partial 

destruction of the delta, but the last 7 -8ka have marked a change to aggradation. 

• The stratigraphy of the delta comprises the sands and conglomerates of the Early 

Pliocene Abu Madi Formation, the fine-grained transgressive record of the thick 

Kafr EI Sheikh Formation, the thick sandstones of the EI Wastani and Mit Ghamr 

Formations marking the main period of delta construction throughout the 

Pleistocene, and the thin clays and sands ofthe Holocene Bilqas Formation. 

• Hydrocarbon exploration has focussed mainly on the offshore deposits of the Nile 

Cone, which incorporates much of the remaining Pleistocene deltaics. Delta-front 

and slope/fan channel sands have proved excellent reservoirs for gas and the area is 

one of exciting new developments for the petroleum industry. 

2.4 The EI Wastani play in the Rosetta concession 

2.4.1 Introduction 

The Rosetta concession in the offshore Nile Delta (Fig. 2.10) has, in recent years, 

proved highly productive in exploration terms. Large accumulations of gas have been 

discovered, and several wells drilled, some of which' are currently in production. The 

play that is being exploited by the newest wells is of Pliocene age, gas being trapped'in 

the stacked reservoir sandstones of the Upper Pliocene El Wastani Formation (Cowan et 

al., 1998; Fig. 2.11). The trap is both structural and stratigraphic, the seal being 

provided by interbedded layers of marine mudstones (BG internal report, 1997; Fig. 

2.12). This section of the chapter puts the play in its structural and stratigraphic 

context, and considers the controls on the facies and deposition of the El Wastani 

reservoir sands. 
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2.4.2 Exploration history 

The first two wells drilled in the Rosetta concession were Rosetta NW1 (IEOe, 1985) 

and Rosetta 2 (IEOe, 1968; Fig. 2.10), which were drilled to investigate Miocene 

targets; both reached the Sidi Salim Formation at depths of over 3.1km (Fig. 2.11). The 

prospective reservoir sands of the fl uvial-dominated Late Miocene Abu Madi and 

Qawasim Formations were found to be water-wet and hence unproductive. While the 
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play was theoretically sound, being based on thick channel sandstones in the hanging 

walls of faults and sealed by the overlying Kafr El Sheikh shales (Alfy et al., 1992), the 

available 2-D seismic data set was insufficient to pinpoint the channels. Both wells 

failed to encounter thick sandbodies, penetrating only thin, probably distal, or non

amalgamated channels. It was also probable that the seal had failed, since the closure 

was water-wet (BG TCM internal report, 1995). 

Despite this lack of success, when BG acquired the block in 1995 they evaluated other 

prospects in the Abu Madi Fonnation, as well as considering several in the Qawasim, 

. Sidi Salim and Kafr El Sheikh Fonnations. A 3-D seismic volume was acquired across 

the central part of the block in 1996, covering an area of around 1,400km2 (Fig. 2.10). 

This excellent data set revealed unlooked-for prospects in the younger sediments; DHIs 

(direct hydrocarbon indicators, for example amplitude anomalies and flat spots) were 

seen within the Upper Pliocene El Wastani Fonnation. The Rosetta 3 well was drilled 

by BG in March 1997 on one of three stacked amplitude anomalies (Fig. 2.13), and 

tested gas at rates greater than 60mmscfd (millions of standard cubic feet per day; 

Cowan et al., 1998). Three more wells (Rosetta 4,5 and 6) followed during September

November 1997, all three finding economic gas-bearing sandstopes. Production for 

Rosetta 3 came online in 1999. 

2.4.3 El Wastani Formation: controls on deposition and facies 

The EI Wastani Fonnation was deposited by the Prenile, the precursor to the modern 

River Nile (Said, 1993). The climate throughout the drainage basin during its 

deposition was controlled by global glacial/interglacial cycles (Helmy and Fouad, 

1994). Interglacial periods resulted in arid to hyper-arid conditions while glacial 

periods were pluvial periods in Egypt. This climatic cyclicity affected the 

sedimentation rate, and, coupled with the effects of glacio-eustatic sea-level changes, 

led to a clear cyclical pattern of facies change within the El Wastani Formation. The 

greater erosive power of the river during glacial lowstands reinforced the effect of the 

wet climate, leading to a significant increase in the sedimentation rate throughout the 

delta system during such times. Bellaiche and Mart (1995) note that a wet climate and 

corresponding low sea-level were responsible for the period of highest sedimentation 

rates on the Nile Fan (Holocene, 0.28-0. 17Ma BP). The results of similar conditions in 
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the Upper Pliocene were the thick sand units of the EI Wastani Formation, representing 

delta front mouth bars (Cowan et al., 1998), and delta top channel sandstones (Doherty 

et aI., 1988; BG TCM internal report, 1996). Further seaward, clinoforms seen on 

seismic sections represent related deltaic .foresets (Rizzini et al., 1978). Each 

coarsening-up sedimentary cycle within the formation has been interpreted as a 

candidate sequence (Fig. 2.14), correlating to global glacio-eustatic cycles (Harwood et 

al., 1998). These cycles almost certainly correspond to fifth order sea-level changes 

controlled by Milankovitch eccentricity cycles, with periodicities of around 100ka; such . 

cycles also have been documented from other parts of the world (e.g. Carter et al., 

1991). The main control on sandbody deposition therefore appears to be eustatic sea

level fluctuation. 

The facies changes within each cycle, as expected, have a significant effect on the 

reservoir potential of the formation. Halim et al. (1996) noted this for the sandstones of 

the Kafr EI Sheikh, Abu Madi and Sidi Salim Formations as well. The sands most 

suitable for hydrocarbon reservoirs are the coarsest ones, which occur at the top of the 

coarsening-up, shallowing-up cycles. These cyclical packages are more sand prone in 

the southern, proximal part of the delta (sand/shale ratio 3:1) and there is an overall 

fining seaward to sandy shale (sand/shale ratio 5:7) in the north (Zaghloul et aI., 1977). 

Transgressions following the high- to lowstand delta progradation have created marine 

flooding surfaces, draping the extensive sandbodies with muds and shales, providing 

excellent intraformational seals (Cowan et al., 1998). The activity of gravity-driven 

synsedimentary faults within the delta area has led not only to the accumulation of 

thicker pockets of sand in the hanging walls (Barsoum et al., 1998), bu~ also to the 

creation of structural traps (Figs 2.12 and 2.13). The slight rollover of the hanging 

walls creates 3-way dip closures, with the remaining fourth sides sealed by the faults 

themselves. It is exactly this form of trap that prevails in the hanging wall of the 

Rosetta Fault, which is a normal fault downthrown to the northwest that stretches in a 

NE-SW orientation across the western half of the Rosetta concession (Cowan et aI., 

1998; see Figs 2.10 and 2.11). 
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2.4.4 EI Wastani Formation: sedimentology and reservoir characteristics 

The detailed sedimentology of the reservoir sandstones is based on small sections of 

core and sidewall samples, as well as on the interpretation of seismic lines and 

geophysical well logs. Although amplitude mapping was attempted to define reservoir 

properties, the effect of the gas in the sands masked any subtle variations and rendered 

the method ineffectual. The information given in this section is derived from 

unpublished in-house BG reports and from the prospect summary of Cowan et al. 

(1998). 

The stacked sandstones of the El Wastani Formation are part of progradational wedges, 

bounded by marine flooding surfaces represented on logs by ga.nlIl:la ray peaks. The 

sands have been labelled from young to old as sequences A to F, which range in 

thickness from 10m to 60m, and which are subdivided into individual units (numbered 

consecutively from youngest to oldest). FMI (Fullbore Formation MicroImager) 

interpretation from well Rosetta 3 shows that the sands correspond to a vanety of 

depositional environments from delta front to delta plain. For example, the basal 35m 

of the lowermost productive sandstone (Dl) are part of a major distributary channel 

complex, and are overlain by 23m of crevasse splay sands and minor mouth bar sands 

(Enclosure 3). FMI interpretation in Rosetta 6 reveals that the C sand is a shallowing

up sequence of delta front sediments (mouthbar sands and interdistributary bay 

deposits) that have been extensively bioturbated and slumped into a prodelta setting 

(Enclosure 2 shows a similar sequence from Rosetta 3). Although FMI data from 

Rosetta 3 reveal a 7m-thick interval of storm-influenced sands at the top of the B 

sandbody (Enclosure 1), the dominant facies types throughout the El Wastani 

sandbodies in wells Rosetta 3, 5 and 6 are mouthbar, interdistributary bay and fluvial 

channel facies, rather than wave or storm-influenced facies. 

A 9m length of core was recovered from Rosetta 5, revealing sedimentary details of the 

C2 sand. Petrography work done by BG reveals the sandstones in the sample to be 

olive-green to grey in colour, well sorted and generally fine-grained, with coarser 

intervals and very coarse to granular lag deposits. Petrographic analysis shows them to 

be subfeldspathic arenites (13-25% feldspar, 70+% quartz, up to 16% glauconite, rare 

tithics and mica). Porosity and permeability are excellent (Table 2.2). Average porosity 



I 

is 37.7% and average penneability is 2.384 Darcies. This, however, is only for the 

cored interval; any heterogeneity that may be present has not been reflected in this 

sample. The poorly cemented nature of the sands makes retrieving intact core 

challenging, and to date little other core data are available. Table 2.2 shows the 

poropenn characteristics for the cored interval and for the gross sandstone thicknesses 

in wells Rosetta 3 and Rosetta 6. 

Table 2.2. Reservoir characteristics for El Wastani sandstones (Cowan et al., 1998). 

C2 sand, Rosetta 5 Rosetta 3 Rosetta 6 
Core length / 9 333 204 
gross pay (metres) 
Average net/gross 100 81-94 54-100 
(percent) 
Average porosity 37.7 32-37 19-29 
(percent) 
Av. penneability 2.384 Not available Not available 
(Darcies) 
Max. penneability 7.309 5.8 Not available 
(Darcies) 

2.4.5 Hydrocarbon potential 

There are three structural traps in the area, PI P2 and P3. The Rosetta 3 well was 

drilled to drain PI (Fig. 2.13), and Rosetta 6 penetrates the northeastern extension of 

this structure (Fig. 2.10). Wells 4 and 5 discovered gas in prospects P2 and P3 

respectively. The total gas initially in place (GIIP) for PI (calculated detenninistically 

as the "P50", or most likely, case) is 1.3TGF (trillion cubic feet). Table 2.3 indicates 

the distribution of gas between the three main reservoir sands. The gas is very high 

quality, with less than 1.5% impurity, and there are an average of 1-2 barrels of 

condensate per million cubic feet of gas (DeGolyer and McNaughton, BG 

commissioned unpublished report, 1997). Rosetta 3 tested 21,160tcf (thousand cubic 

feet) per day from sand d, and 15,200tcfper day from sands band c. 

Geochemical analysis of gas accumulations elsewhere in the Nile Delta area detennined 

a number of potential source rocks (Kamel et al., 1998). Oligocene and Early, Middle 

and Late Miocene sources are all gas prone with TOC (total organic carbon) values of 

0.7% - 5.0%. Burial history and maturity modelling suggest that the low geothennal 
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Table 2.3. Division of gas pay between reservoir sands in the PI (prospect I) structure 

(Cowan et al. J 1998). See Fig. 2.13. 

Reservoir unit % Gas initially in place (GIIP) 

PI-B sand 10.1 

PI-C sand 48.9 

PI-D sand 41.0 

gradient of the passive margin has led to a deep window for gas generation, the top of 

this window being at around 6km (BG internal report, 1998). The proposed source 

rocks for the Pliocene gas plays are Oligocene/Lower Miocene gas prone shales, 

believed to have heen deposited in a deltaic/delta top environment (BG internal report, 

1997). Maturation is thought to have been as recent as the Plio-Pleistocene, with 

migration ensuing rapidly, occurring along Miocene normal faults and linked Pliocene 

growth faults. The gas fraction found in the Upper Pliocene reservoirs is very dry and 

isotopically light (due to a high percentage of methane), suggesting fractionation during 

migration (Kamel et al. J 1998). Fractionation is confirmed by the occurrence of residual 

wetter gas, condensate and even oil in the deeper reservoirs, for example in the Abu 

Madi and Kafr E1 Sheikh Formations (Kamel et al. J 1998). 

2.4.6 Summary 

• The Upper Pliocene plays in the Rosetta concession involve stacked reservoir 

sandstones within the EI Wastani Formation, with gas trapped in hanging wall 

rollovers of the Rosetta Fault and sealed by intraformational muds. Source rocks 

are probably Oligo-Miocene gas-prone shales which matured relatively recently 

during the Plio-Pleistocene. Gas migration was along Miocene and Pliocene faults. 

• The depositional model for the sandstones is strongly linked to Pliocene glacio

eustatic sea-level changes and corresponding climatic fluctuations. A series of 

coarsening-up sequences, separated by marine flooding surface mud drapes, is seen 

in the Upper Pliocene. The reservoir sands occur at the tops of these progradational 

packages and represent delta top distributary channel sands, interdistributary bays, 

crevasse splays and mouth bar sands. 

• The issue of lateral variation in reservoir quality is important to address as it affects 

reservoir models and management strategy. Attempts have been made to map facies 

changes using seismic amplitude variations, but have proved impractical due to the 
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masking effect of the gas in the reservoirs. Generalised models have been produced 

using well log, seismic, and limited core data, but detailed infonnation is lacking. 

Finding a suitable analogue for the reservoir in which such variations could be 

qualified would be very useful, enabling predictions of reservoir quality to be made. 

2.5 Comparison of potential analogues 

The main similarities and contrasts between the two deltaic systems described in 

Sections 2.1 through 2.4 above are summarised below. The significance of the 

similarities and differences is also highlighted. 

Both depositional systems experienced similar extrinsic controls. This makes the 

systems suitable for at least coarse comparison, since the facies distributions, 

associations and geometries attributable to the extrinsic controls would be expected to 

be similar, assuming (perhaps over-simplistically) that the intrinsic controls were not 

dissimilar in the two systems. The resemblance between the extrinsic controls in the 

two systems is outlined below: 

1) Both the Nile Delta system ofthe Plio-Pleistocene and the Namurian delta system of 

County Clare were influenced by cyclical sea-level changes. The Namurian and the 

Plio-Pleistocene were both times of glacio-eustasy, and sediments of both epochs 

show cyclical patterns related to glacial-interglacial stages, with durations in the 

order of toOka, related to Milankovitch eccentricity cycles (Collier et al., 1990; 

Holdsworth and Collinson, 1988; Hampson et al., 1997; Carter et al., 1991). The 

effects of sea-level changes are recorded in the sedimentary successions. The El 

Wastani Formation of the Nile Delta shows repeated units of sand divided by 

intrafonnational marine mudstone seals, representing late highstand/early lowstand 

and transgression/early highstand respectively. The Co. Clare succession displays a 

similar cyclical pattern of sandy deltaic deposits and fine-grained basinal sediments 

containing marine fauna, also reflecting change from falling sea-level ,to 

transgression. 

2) Both delta systems appear to have been fluvially dominated. The Co. Clare deposits 

record strong fluvial influence, and show no positive signs of tidal processes (e.g. 

Pulliam, 1989); similarly, the Nile Delta of the Plio-Pleistocene was fed by a highly 
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competent river with a vast discharge (the Prenile - Said, 1993a) but, since the river 

debouched into the micro-tidal Mediterranean, was not influenced greatly by tides. 

3) Both delta systems show some wave influence; numerous wave-rippled bedding 

surfaces are seen in the Co. Clare deltaic sediments, and the Plio-Pleistocene Nile 

Delta formed under similar conditions to the modem Delta, which is known to be 

significantly influenced by wave action. It is worth noting that while the modem 

Nile Delta is wave dominated, the greater discharge of the Prenile relative to the 

modem Nile meant that the Prenile Delta was, in contrast, fluvially dominated. 

The El Wastani reservoir sands in the Nile Delta represent depositional environments 

akin to those of sandstones in the Namurian of Co. Clare. Cowan et al. (1998) and 

Doherty et al. (1988) interpret delta top channel sandstones and sandy mouthbars in the 

El Wastani Formation, both of which are also encountered in the Co. Clare deltaics. 

Although such an obvious correspondence would be expected between any two fluvially 

dominated deltas, the strong sedimentological similarity of the two successions is also 

supported by the favourable comparison of sedimentary facies between the sandbodies 

of the two systems (see the facies descriptions in Chapter 3). Finding similar facies in 

the two deltaic successions is crucial if they are to be considered good analogues. 

The gramslze 10 both the El Wastani sands and the Co. Clare sandstones is 

predominantly fine sandstone. For the El Wastani sands, it is probable that this fine 

grainsize reflects warm and wet climatic conditions (known to have existed at that time; 

Said, 1993a; see also Fig. 2.14, PIB to PID sands), which favoured rapid chemical 

weathering and thus reduced the dominant grainsize available for transportation. The 

same reasoning could be applied to the Co. Clare deltaic sandstones, since the Upper 

Carboniferous was also a warm, wet phase for the region. Alternatively the fme 

grainsizes in each system could be due to similarly long transport histories. A third 

possible explanation for the fine grainsize of the Co. Clare sandstones is that the rivers 

were not able to transport coarser material; howe,:er, this is unlikely because, had a 

range of grain sizes been available, one would expect to see coarser grains during higher 

flow periods, for example, associated with conglomeratic lags, and this is not the case. 

Therefore a tentative case can be made for similarity in the climatic controls or transport 

lengths that prevailed in the catchments of both the Prenile and the Co. Clare fluvio

deltaic systems, which is significant in that it may contribute to a similarity in the 
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textural quality of the reservoir sands. (The Clare Sandstones, being diagenetically 

altered and cemented, are not reservoir quality at the present day, but from cross-section 

work done on the Tullig Sandstone in the course of this project, the original texture 

appears to have had significant porosity.) 

Overall, the similarity of the extrinsic controls, facies associations and sedimentological 

characteristics across the two delta systems makes Co. Clare a suitable analogue for the 

Plio-Pleistocene Nile Delta, at least on initial assessment. Whether the similarities 

translate into a solid correspondence in the more detailed sedimentary architecture and 

sedimentology of the systems will be discussed later in this thesis. 
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Chapter 3 

Fluvial and deltaic facies descriptions, interpretations, and 
associations from County Clare fieldwork 

3.1 Introduction 
The deltaic cycles of County Clare provide an excellent example of deltaic sandbody 

architecture for field study. This fieldwork had the dual aims of interpreting the facies 

and depositional environments, and quantifying the internal architecture and facies 

relationships of the sandbodies. The localities studied were, in order from south to 

north: Tullig Point, Trusklieve, Killard, Carrowmore Point and Furreera (at Liscannor 

Bay; see map in Fig. 3.1). The fluvio-deltaic sandbodies of the Tullig cyclothem are 

exposed at each locality, allowing comparative study. The thickest, most extensive of 

these sandbodies caps the cyclothem and is known as the Tullig Sandstone. 

The work focussed on the sandbodies, producing results that include detailed 

sedimentological logs, photomontages, outcrop facies maps, and'measurements of 

architectural element thickness, length, lenticularity, contact and distribution. These 

data were collected to condition computer-generated reservoir models at a later date. 

The facies descriptions and interpretations are presented in this chapter, while the 

architectural and quantitative data are presented in Chapters 4 and 5 respectively. 

3.2 Methodology 

3.2.1 Logs and facies definition 

Initial work was in the form of sedimentological logs (for key, see App. AI). At 

Trusklieve, four logs were made at intervals across the outcrop (App. A, 2 to 5). At 

Pulleen a single log was made (App. A6). The Killard outcrop is folded in a gentle 

ENE-WSW trending syncline; one log was taken on each side of the syncline (App. 

A7 and AS) and a third was made through the mouthbar sediments (App. AI6). The 

Carrowmore Point outcrop extends across an open anticlinal fold also trending ENE 

WSW; three logs were made on the northern limb and two on the southern limb (App. 

A9 to 13). One log was also taken at Furreera, Liscannor Bay (App. AI4). At Tullig 

Point, the outcrop is in an inaccessible cliff section, and so only one log was taken 

where the dipping beds intersect the cliff edge (App. AI5). 
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Facies were interpreted and defined from the sedimentological information provided 

by the detailed logging. In defining facies, use has been made of several key texts 

including Collinson and Thompson (1982), Leeder (1982), Reading (1986), Pye 

(1994) and Miall (1996), which have not been referenced individually throughout the 

chapter; all other sources have been referenced wherever used. 

Eighteen main facies types were identified; these are named and described in Section 

3.3 below, and are summarised in Table 3.1. Process-based interpretations are given 

alongside the descriptions in Section 3.3, and interpretation of depositional 

environments is discussed in the facies association section (Section 3.4). The facies· 

scheme used is based on the fluvial facies scheme of Miall (1996) and adapted where 

necessary. The facies codes in this scheme use capital letters to denote the lithotypes 

(C for conglomerate, S for sandstone, F for fine-grained). Bedding types are denoted 

by subsequent lower case letters: m for massive, h for horizontally bedded/laminated, 

1 for low-angle laminated, p for planar cross-bedded, t for trough cross-bedded, r for 

rippled, hcs for hummocky cross-stratified, d for deformed, Ih for laminated 

heterolithics, Is for laminated siltstone, and 1m for laminated mudstone. An additional 

letter c denotes a coarse lag, while a SUbscript 2 shows a subdivision of a facies. 

Subscripts c and w within the rippled facies indicate climbing and wave ripples 

respectively. Table 3.1 summarises the facies descriptions and classifications and 

shows the colours assigned to each facies; these colours are used on the logs in App. 

A, and match the colours used for photomontage interpretation in Chapter 4. 

Lithologically similar facies have been assigned the same colour to aid architectural 

interpretation of the interpreted photomontages; in the logs, the facies codes have 

been added to differentiate between them. 

3.2.2 Palaeocurrent data 

Detailed palaeocurrent measurements were taken throughout the logged sections and 

across the rest of each outcrop. Directional indicators such as sole marks were 

recorded, and foresets and dipping macro form surfaces were corrected for the regional 

dips where necessary so that they would also provide information on flow directions 

and/or architectural geometries. Numerous measurements of wave and current ripples 

were also gathered. These data are displayed on logs and rose diagrams in Section 

4.3, and on logs in App. A. 
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Table 3.1. Facies scheme used to classify sedimentary rocks observed in the field area. Facies codes are from Miall (1996) where interpretations agree 
with his fluvial facies scheme; other codes, not representing existing facies schemes, have been chosen specifically for facies seen in the outcrops studied. 

Code Lithofacies type Description Depositional process/interpretation Facies association 

ISm l Massive to faintly Well sorted, clean, yellow massive sand Deposited by sediment gravity flows, Smc, Sh, Shc, S/ , 
bedded sandstone with occasional faint, patchy lamination. for example in small channels due to Sp, St, Sc, Ccm, 

bank collapse. Alternatively due to very Sd, Sr (channel-fill 
rapid deposition and subsequent facies) 
homogeneous dewatering. 

\Sme l Sm with conglomeratic Well sorted, clean, yellow massive sand Deposited as for facies Sm, but with Sm, Sh, Shc, SI , 
lag and/or floating with occasional faint, patchy lamination additional coarse material deposited at the Sp, St, Sc, Ccm, 
clasts Clastic lag at base and rare floating clasts . base of the bed (as flow wanes) or higher in Sd, Sr (channel-fill 

the bed (due to gravitational overpassing). facies) 

~ Horizontally laminated Well sorted, clean, yellow sand , parallel Bedforms swept out by high velocity Sm, Smc, Shc, SI, 
sandstone laminated, with primary current lineation. unidirectional flow, forming upper stage Sp, St, Sc, Ccm, Sr 

plane beds. (channel-fill facies) 

IShel Sh with conglomeratic Well sorted, clean, yellow sand, parallel Upper stage plane beds (as above) with Sm, Smc, Sh, SI, 

lag and/or floating laminated, with primary current lineation. deposition of coarse bedload fraction Sp, St, Sc, Cern , Sr 
clasts Clastic lag at base and rare floating clasts . at base of bed. (channel-fill facies) 

Shows crude imbrication. 

I SI/S121 Low angle cross- Low angle «10°) cross beds in well-sorted SI develops at the transition from dunes to Sm, Sh , Shc, Sp, St, 
bedded sandstone yellow sandstone. SI2 contains fine- upper stage plane beds as bedforms are Sc, Ccm (channel 

grained s il ty laminae. swept out by unidirectional flow. SI2 formed fill facies) (plus Flh, 
by deposition from suspension on gently Fls, Flm for S12) 
dipping surfaces. 

ISp/SpJ Planar cross-bedded Varying scale of planar cross-bedding in Migration of straight crested (2-D) dune Sm, Sh, Shc, St, 

sandstone well sorted, clean yellow sandstone. Foresets bedforms within unidirectional flow. Sc, SI , Ccm 
are typically asymptotic towards the flat lower (channel-fill facies) 

set surfaces, and in SP2 show mud drapes. (plus Sh2, S12) 
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Table 3.1 continued. 

Code Lithofacies type 

@!J Trough cross-bedded 
sandstone 

~ Sp, St or SI with clast 
lag 

• Clast-supported 
massive to crudely 
bedded conglomerate 

[0 Deformed sandstone 

~ Ripple cross-laminated 
sandstone 

~ Climbing ripple cross-
laminated sandstone 

Description 

Scoop-shaped erosional bases to sets of 
trough cross beds averaging 0.5 to 1.5m 
thick. Foresets are asymptotic at base. 
Well sorted, clean, yellow sands. 

As for SI, Sp and St, with a lag of coarse 
material (gravel to pebble sized) at the 
base, and rare "floating" clasts. Clasts 
predominantly mud/silt, angular, and 
frequently deformed. 

Gravel to cobble-sized dasts, predominantly 
mud/silt. Poorly sorted, angular to rounded, 
including deformed clasts. Organic debris 
often present. Patchy crude imbrication and 
horizontal stratification. Matrix of fine sand 
to muddy silt showing compaction related 
deformation. 

Clean, well-sorted yellow sandstone with 
convolute lamination, loading and other 
deformational features. Sometimes without 
any remaining sign of bedding. 

Cross lamination (5-40 mm high) in well-
sorted but slightly silty sand. Occurs in 
sandstone beds or as discrete thin (5-30cm) 
beds within finer sediments .. 

Climbing cross lamination in well-
sorted but slightly silty sand. Stoss and lee 
sides of ripples preserved 

Depositional process/interpretation Facies association 

Migration of sinuous crested (3-0) dunes Sm, Smc, Sh, Shc, 
within unidirectional flow. Sp, Sc, SI, Ccm 

(channel-fill facies) 

Erosion of fine channel fi II or overbank Sm, Smc, Sh, Shc, 
material during channel reoccupation or Sp, St, SI, Ccm 
splay channel breakout. Deposition of (channel-fill facies) 
gravel/cobble fraction at base of new 
channel scour as peak flows wane. 

Eroded overbank or channel abandonment Sm, Smc, Sh, Shc, 
material incorporated in coarse bedload. Sp, St, Sc, SI 
Gravel and cobble fraction deposited of (chan ne I fi II fac ies) 
at base of newly formed channel scour as 
strongly erosive peak flows wane. 

Formed by soft-sediment deformation due Sm, Smc, Sh, Shc, 
to liquefaction and fluidization , possibly Sp, St, Sc (channel 
caused by a seismic shock or by sudden facies) 
burial and overpressure. 

Develop at low to moderate flow velocities Sp, Flh, Fls, Flm 
in a unidirectional current. (channel fi II , 

mouth bar or bay 
fill facies) 

Develop during rapid deposition within a Sp, Flh, Fls, Flm 
waning unidirectional current. (bay fi II facies) 
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Table 3. I continued. 

Code Lithofacies type 

I Srw I Wave ripple cross-
laminated sandstone 

IShesl Hummocky cross-
stratified sandstone 

@EJ Horizontally laminated 
sandstone (type 2) 

~ I nterlam i nated sand, 
silt and mud 

iii Laminated silt 

IDI Laminated mud 

Description 

Symmetric ripples with continuous crests 
and bi-directional cross-lamination in well-
sorted, slightly silty sand. 

3-D cross beds in dome-shaped features in 
well-sorted clean yellow sandstone. Dome 
surfaces often preserved, with wave-
reworked tops. 

Well sorted, pale yellow parallel laminated 
sandstone with thin «IOmm) silty 
lamiantions. 

Parallel to occasionally wavy bedded inter-
laminated fine sands, silts and muds. Dark 
grey where muddier, through mid-grey silts 
to pale cream sands. Sand layers commonly 
show lenticular bedding (uni- and bi-
directional). 

Parallel laminated pale grey silt. Occasional 
bioturbation in some beds. 

Parallel laminated dark grey mud. 
Occasional bioturbation. 

Depositional process/interpretation Facies association 

Develop during wave reworking of Sp, Flh, Fls, Flm 
previously deposited sands. (mouth bar and 

bay fill facies) 

Formed by storm wave reworking of Sp, St, Sr, Flh , Fls, 
sediment, usually in shelfal conditions but Flm (mouthbar facies) 
also nearer shore. 

Formed by rapid deposition from Sp, St, Slz, Sr, Flh, 
suspension immediately in front of Fls, Flm (mouth bar 
distributary mouth , producing laminated facies) 
sands with si It layers at times of lower flow. 

Deposited from suspension with weak Fls, Flm, Shz, Sr, 
tractional currents and/or wave reworking Srw, Src, Shcs 
producing ripple trains in sand and sandy (mouth bar or bay-
silt. Interdistributary bay to general lower fill facies) 
delta plain overbank environment. 

Fine material deposited from suspension Flh, Flm, Shz, Sr, 
in quiet water (marine, below wave base, or Srw, Src, Shcs 
(where no bioturbation) overbank or (mouthbar or bay-
abandoned channel environment. fill facies) 

As above, but further from the sediment As above (mouthbar 

source. or bay-fill facies) 



3.3 Facies descriptions and interpretations 

3.3.1 Massive to faintly bedded sandstone (Sm) 

3.3.1.1 Description 

This facies comprises lower-fine to lower-medium grained (125-350jLm), very well 

sorted, moderately well rounded sandstone. Thin-section work shows the sandstone is 

relatively clean and quartz rich with a lithic component of less than 5%. The basal 

surface of the facies is commonly erosional, internal bedding is poorly developed, and 

identifiable bed boundaries are uneven and widely spaced, being 1m apart or more. 

Facies Sm usually lacks any sedimentary structures discernable with the naked eye, 

although occasionally faint horizontal or sub-horizontal lamination is visible, which is 

restricted to discrete patches «O.5m2
) within beds. Figure 3.2 shows the featureless 

appearance of facies Sm compared with well-bedded facies; App. A shows logged 

examples (e.g. at II.5m in A2; 4.7 - 9.7m in AI0; and 13.6 - 14.6m in A7). 

3.3.1.2 Interpretation 

Massive beds can be formed by depositional (Collinson, 1970; McCabe 1977; Jones 

and Rust, 1983; Lowe, 1988) or post-depositional processes (Allen and Banks, 1972; 

Allen, 1986). There is no evidence of bioturbation in the Sm facies, nor are there any 

apparent structures that could be associated with fluidisation. These two post

depositional processes are not therefore considered responsible for the massive 

appearance of this facies. Crystallization contributes to the massive appearance, but 

since crystallization has also occurred in the other sandstone facies, another process 

must be responsible for the distinct massive nature of facies Sm. Post-depositional 

homogeneous dewatering or liquefaction are possible explanations, since these 

processes often leave no particular indicative features. Alternatively, the massive 

structure could be the result of rapid deposition from suspension. In this process, 

grains are deposited so rapidly that there is no time for significant bedload movement 

before they are buried and immobilised. Such rapid deposition is usually caused by 

the deceleration of a heavily sediment-laden current, for example a sediment gravity 

flow or short-lived mass-flow (Hjellbakk, 1997). Flows intermediate between debris

flows and normal stream-flows have been termed 'hyperconcentrated flood-flows' by 

Smith (1986), and can deposit their load very rapidly when small changes in velocity 

cause turbulence to fall below a critical value (Lowe, 1982). 
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Figure 3.2. Photomosaic showing the contact (marked in yellow) between the third and fourth storeys within the Tullig Sandstone at 
Trusklieve (the log in App. A4 was measured 2m to the right of this photo, and the section from 4.25 to 7.25m in that figure is similar to 
the succession seen here) . The difference in appearance between the planar cross-bedded facies (Sp) and the massive sandstone, Sm, is 
clear. Facies Sm shows faint signs of large-scale bedding but no lamination ·is seen in outcrop. In contrast facies Sp is very well 

Vl bedded (an enlargement of the boxed area is seen in Figure 3.7). The tape (arrowed) is 2m long. 
o 



3.3.2 Massive to faintly bedded sandstone with a conglomeratic lag (Sme) 

3.3.2.1 Description 

Beds of this facies are similar in appearance to those of facies Sm, but exhibit clasts of 

other lithologies within them, usually as a basal lag. The clasts are poorly sorted, 

ranging in size from 10 to 300mm, and can be either rounded or angular. Some clasts 

were clearly not lithified when incorporated in the sandstone; these clasts are 

deformed, and some can be seen to have been in the process of breaking apart in an 

almost fluid manner when deposited and buried (see Fig. 3.3). These deformed clasts 

are, without exception, laminated siltstones and mudstones that look identical to silty 

and muddy facies described later in this section (facies Flh, Fls and Flm). Occasional 

large (>O.2m) shale clasts seen in facies Smc contain fossil estheriids (freshwater 

crustacea). The undeformed clasts are smooth and rounded and have more diverse 

lithologies, ranging from organic-rich mudstone to silts and rare quartzites. 

Figure 3.3. Photo showing the erosional base of a bed of facies Smc (marked in 

yellow). The massive, structureless appearance of the sandstone (marked A) is clear. 

B marks a clast of defomled siltstone close to the base of the bed, and other clasts can 

also be seen, two of which are marked with asterisks. The tape is O.8m long. 
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The clasts are generally clustered at the base of a bed, fonning a conglomeratic lag. 

In all cases, the lag is recognised as part of the bed rather than a separate bed because 

it fines up into the featureless massive sandstone. The character of the lag varies, 

sometimes being clast supported and less frequently being matrix supported, although 

it may change from the fonner to the latter with height through the bed. Sorting of the 

clasts may be absent, although crude imbrication, in which the long axes of the clasts 

are aligned parallel to the bed base, is seen in some cases. Occasional "floating" 

clasts occur within the bed above the lag, but are fe.w in number, widely spaced, and 

frequently associated with faint or patchy lamination. Examples of this facies are 

shown in the logs in App. A (for example, between 10.3 and 10.8m in A5; and 

between 2.45 and 4.7m in All). 

3.3.2.2 Interpretation 

The depositional process suggested for facies Smc is the same as that described in 

Section 3.3.1.2 above for facies Sm. The massive sand and larger clasts are deposited 

very rapidly from mass-flows, possibly derived from the collapse of bank material 

(see Section 3.4.3), including sands and laminated, unlithified overbank muds and 

silts. A similar process has been documented from fluvial sediments in Norway by 

Hjellbakk (1997). Some clasts were probably also ripped up from underlying fine

grained beds, with the larger clasts being deposited first and subsequently covered by 

the fallout of the finer sand suspended load. In some cases deposition was not swift 

enough to prevent some current imbrication of the clastic lag. The collapsed 

overbank: muds and silts give rise to the deformed fine-grained clasts. The rounder, 

smoother clasts represent existing bedload entrained within the mass-flow. The 

"floating" clasts are deposited by overpassing, a process caused by increased current 

influence in the upper parts of the Smc beds, leading to the entrainment and of 

occasional large clasts, which pass over the surface of the bed, accompanied by faint 

lamination (Allen, 1983b). 

3.3.3 Horizontally laminated sandstone (Sb) 

3.3.3.1 Description 

This facies (Figs 3.4 and 3.5) is lithologically similar to facies Sm, comprising lower

fine to'lower-medium grained well-sorted and moderately well-rounded sandstone. 

The facies is recognisable by its laminated appearance; both in the field and under the 
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microscope the rock shows parallel planar laminae on a sub-millimetre scale (between 

5-20 grains). Thin-sections show a unidirectional grain fabric. The laminae are not 

revealed by weathering and therefore are only visible under close inspection in the 

field. Bedding surfaces show primary current lineation. The appearance of this facies 

in the field is similar to the Sm facies, as it also looks blocky, but it shows better 

horizontal bedding. The Sh facies sometimes changes gradationally into the Sp or Sl 

facies within a single bed. Examples of this facies can be seen in the logs in App. A 

(e.g. between 10.9 and II.4m in A2; and between 3.5 and 4.25m in A4). 

3.3.3.2 Interpretation 

Facies Sh is formed by deposition under conditions of high (but still sub critical) mean 

unidirectional flow velocity (e.g. Best and Bridge, 1992), resulting in upper stage 

plane beds. The existence of low-relief bed waves in such flows is responsible for the 

formation of the planar laminae (Best and Bridge, 1992). The associated primary 

current lineation is flow-parallel, and is caused by fast unidirectional flow over the 

nearly flat bed (Allen, 1964). 

3.3.4 Horizontally bedded sandstone with conglomeratic Jag (Shc) 

3.3.4.1 Description 

This facies is similar to facies Sh, but has a clastic lag at the base of a bed. Beds of 

facies Shc show erosion and scour at their bases, and contain clasts ripped up from 

finer facies beneath. The clasts are of similar sizes~ lithologies and roughness to those 

described for facies Smc (Section 3.3.2.1). Floating clasts are sometimes present, and 

these show the same size variation as the clasts found in facies Smc. Examples of the 

Shc facies can be seen in the logs in App. A (for example, between 9.3 and lO.5m in 

AS). 

3.3.4.2 Interpretation 

Facies Shc is deposited under strong flow conditions, within the upper stage plane bed 

field, as for the Sh facies. The erosional bed bases and large clasts are further 

evidence of high velocity flow; to move particles greater than 10mm in diameter, flow 

velocity (at 1m above the bed) has to be greater than around 1.5ms·1, and to move 

clasts of 100mm in diameter requires velocities of 3m~·1 or greater (Miller et a/., 

1977). 
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Figure 3A. Photograph from the 
third story of the Tullig Sandstone 
at Trusklieve (at 3.SS-4.2Sm in 
App. A4), showing the parallel 
lamination typical of facies Sh. 
The visible laminae here are just 
under a centimetre apart, but 
between these are many less 
obvious laminae, visible with a 
hand lens or in thin-section. The 
notebook is O.2m tall. 

Figure 3.5. Photograph from the third storey at Trusklieve (section labelled R' in Fig. 
4.3 b) showing very well-developed parallel lamination of the Sh facies (labelled A). 
Here the laminae are clear and only millimetres thick. Vertically, facies Sh changes 
to facies Sl/Sp as cross beds appear (labelled B). The tape is OAm long. 
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3.3.5 Low-angle cross-bedded sandstone (Sl and Sh) 

3.3.5.1 Description 

These facies, lithologically similar to those previously described, can be mistaken for 

facies Sh at a close view. However, a wider view reveals large-scale, low-angle 

planar cross beds. Photographs of the Killard outcrop (Fig. 3.6) show this clearly for 

facies S1. The sets are latera1ly continuous over distances of tens of metres, and first 

order bedding surfaces are sub-horizontal, not exceeding 10° and more usually only 

around 2_5 0
• Within individual sets (up to 1m thick), lamination is nearly parallel to 

the bed base, and again dips do not exceed 100 with respect to the lower bounding 

surfaces. Foreset surfaces in subfacies SI occasionally show traces of primary current 

lineation; in Sh this was absent. Subfacies Sh shows similar low-angle bedding 

geometries, but in marked contrast to facies Sl, silty laminae are present and are 

picked out by weathering and clearly visible in the field. Some apparent normal 

grading is also seen within the Slz facies. Examples of subfacies Sl and Sh can be 

seen in App. A12 (0.5-1.8m) and A15 (0-0.45m) respectively. 

View to east 

Figure 3.6. Low-angle cross-bedded sandstone, facies S1. The first storey of the 

Tullig Sandstone at Killard (A) is dominated by well-developed low-angle cross beds. 
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3.3.5.2 Interpretation 

The low angles and rare primary current lineation of subfacies SI cross beds suggest a 

transition between upper stage plane beds and planar cross bedding. The low angle is 

due to the ''washing-out'' of dune-type bedforms under unidirectional flow conditions, 

transitional between the dune stability field and the upper stage plane bed field 

(Bridge and Best, 1988; Miall, 1996). This would suggest bed shear stresses of 

between 2 and 5 Nm-2 and velocities of between 0.8 and 1.1ms·1 for flow depths 

between 0.25 and OAm (Ashley 1990), although in deeper flows similar bed shear . 

stresses could be expected at lower velocities. 

In contrast to subfacies Sl, Sh shows no current-related structures, and contains more 

silty laminae in its laterally extensive sets than S1. This indicates that Sh is deposited 

from suspension in relatively quiet water, and that the low-angle beds represent 

deposition on a dipping surface. The silty laminae represent periods of reduced flow 

strength when the sediment size reaching the locus of deposition is reduced. 

3.3.6 Planar cross-bedded sandstone (Sp and Spl) 

3.3.6.1 Description 

These facies are distinctive, being of similar lithology to facies Sm, Sh and Sl, but 

showing very well developed planar cross bed sets. First order set-bounding surfaces 

are flat and horizontal to gently dipping. Bed set heights vary, from as little as around 

O.1m (Fig. 3.7) up to 0.9m, but the larger examples are exceptional, and the majority 

ofthe sets across the localities studied were 0.15-0.33m thick (see graph and table in 

App. AI7). The mean cross bed thickness from the Tullig Sandstone localities is 

0.25m. Foreset laminae become asymptotic with bed bases in most cases, although 

angular contacts are present. The maximum foreset dip recorded is 36°, and the 

minimum 3°, but dips between 15° and 17° are most common (App. A18). Slight 

changes in grainsize cause the foreset laminae to be picked out by weathering so they 

are clearly visible in the field. Stoss sides are rarely seen preserved in the field. 

Figures 3.7 and 3.8 show examples offacies Sp from Trusklieve and Killard. 

At two of the localities, Tullig Point and the stratigraphically lower part of the Killard 

outcrop, the foresets show silty to muddy laminations at intervals, and are therefore 

given the facies name SP2 to distinguish them from the cleaner Sp cross sets. The 
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finer laminae seen in the SP2 facies are not in bundles and do not show any cyclical 

pattern. The silty laminae often coalesce at the base of each set to form a fine-grained 

lower bed boundary, and they do not cover the entire foreset, being confined to the 

lower third to two-thirds. These particular SP2 planar cross beds are not found in any 

of the other outcrops. Examples of these two types of planar cross-bedded facies can 

be seen in the logs in: App. A (for example, between 18 and 20m in A8; and between 

4.0 and 4.8m in AI5). 

3.3.6.2 Interpretation 

Planar cross bedding is the result of straight-crested (2-D) dune migration, caused by 

unidirectional currents greater than a certain strength passing over a sandy bed. The 

foreset laminae are created by repeated avalanching of sand grains down the slip face 

of the dune. The slight asymptotic shape of the foresets is due to the generation of 

scour troughs in the dune lee by separation zone eddies, and may signify a higher flow 

speed than that associated with the grainflow-dominated angular-based foresets 

(Miall, 1996). The fact that stoss sides are not often preserved means that the set 

heights do not reflect the total height ofthe dune bedforms that created them. 

In facies SP2, where fine, silty laminations are seen at intervals on the foresets, this 

implies a slowing of currents sufficient to allow deposition of sub-sand sized particles 

from suspension. This suggests that deposition of the siltier cross bed sets occurred 

under slightly different conditions from the clean, planar c,ross-bedded units; while 

unidirectional flows were active, and strong enough to form dunes, there were also 

periods of reduced current flow not seen in the Sp facies. This could equate to flood 

events and inter-flood quiescent periods, which suggests a possible seasonality to the 

drapes. The fact that the drapes are not in bundles (i.e. concentrated in some places 

and more widely spaced in others), and do not possess any related osc~llatory flow 

structures, shows that they are not related to the diurnal changes in flow velocity 

related to tidal processes. 

The interpretations of other facies, which are found in association with each type of 

planar cross beds (Sp and Sp2), are important in confinning the interpretations given 

here. These facies associations will be discussed more fully in the facies association 

section (Section 3.4). 
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Figure 3.7. Planar cross-bedding (facies Sp) in fine to medium sandstone within the 
Tullig Sandstone at Trusklieve (see Figure 3.2 for location). Note the difference in 
foreset di p between beds A and B, and the truncation of the beds by a steep erosional 
surface dipping to the right (C). The compass is 0.1 m long . 

. - .. 

Figure 3.8. Planar cross-bedded fine to medium sandstone (facies Sp) within the Tullig 
and stone at Killard (between 19.5 and 205m in Appendix A8). Note the consistency 

in dip direction, fore set surfaces dipping to the left. Set heights at this locality vary from 
0.12m to OAOm, and the thicknesses of a single set often varies along strike; note the 
asymptotic fore ets in the lowest set, and the flattening-out offoresets in the 0.35m-thick 
bed to give horizontal bedding. 
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3.3.7 Trough cross-bedded sandstone (St) 

3.3.7.1 Description 

This facies, referred to as St, is identical in lithology to the Sp facies described above, 

but is distinct in that it exhibits concave-upwards asymptotic foresets and trough

shaped first order set-bounding surfaces. Cross bed sets are mutually erosional, 

cutting into each other and stacking in an overlapping manner. Individual trough 

cross sets are similar in thickness to the planar cross bed sets, heights clustering 

around 0.2-0.3m. Widths of troughs can be seen on second order bedding surfaces 

and vary between 0.7 and 1.2m (see Figs 3.9 and 3.10). Examples of this facies can 

be seen in the logs in App. A (for example, at 22 and 24m in AS; and at 2m in AI2). 

3.3.7.2 Interpretation 

Trough cross beds are formed by the migration of three-dimensional (sinuous crested) 

dunes under the influence of unidirectional currents. They may form at higher flow 

speeds (for a given grain size and flow depth) than planar cross beds, and/or are 

associated with flows of longer duration than the flows that form planar cross beds 

(Baas, 1994). 

3.3.8 Low-angle, planar or trough cross-bedded sandstone with clastic lag (Sc) 

3.3.S.1 Description 

This facies is a variant on facies Sl, Sp and St. The only difference is the inclusion of 

a clastic lag deposit above the erosional bases of cross bed sets or co-sets. The clasts 

that comprise the lag are similar in size, shape and lithology to those seen in other lag 

deposit facies (e.g. She, Smc), ranging from lcm to 25cm in length and including 

deformed rip-up clasts of laminated muddy siltstone. In some cases, clasts show 

crude imbrication and at times smaller clasts «50mm) are seen aligned with the 

foresets within a bed. The lag is generally clast-supported at the base but becomes 

matrix supported as it grades into the cross beds above. Clasts are not seen "floating" 

at higher levels within bed sets, but are confined to the bases of sets (and to the lower 

third of foresets where associated with them). Examples of this facies can be seen in 

the logs in App. A (for example, between S.95 and 9.3m in AS, and between IO.S and 

II.4m in A5). 
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Figure 3.9. A bedding surface within facies St in the Tullig Sand tone at Killard (see App. 
A8 at 22m). The intersections of the trough cross-bed laminae with the bedding plane 
are clearly shown. Note the clear curved shapes produced (some lines marked in yellow), 
and the way in which adjacent sets intersect each other. The hammer shaft is O.3m long. 

Figure 3.10. Trough cro - bedding (St) within the sanle bed as in Figure 3.9 above. The 
inuou hap of the for set laminae (marked in yellow) give an idea of the shape of 

the original dune cre t. The tape is 75 by 75mm. 
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3.3.S.2 Interpretation 

The interpretation of this facies is that an initially strong erosive unidirectional 

current. carrying a coarse clastic bedload. wanes to deposit first the coarse bedload 

and then the finer sandy bedload. which forms dunes in continuum with the 

conglomeratic lag. The flow strength is sufficient to erode and carry large clasts 

before it wanes. and it remains strong enough to cause dune migration. 

3.3.9 Clast-supported sandstone conglomerate (Ccm) 

3.3.9.1 Description 

The conglomeratic facies. Ccm (Fig. 3.11). is erosively based. massive, and clast 

supported, with a fine to medium grained sandy matrix. It does not show any fining 

up and does not grade into sandy facies, instead showing a sharp contact with 

overlying beds. Clasts vary in size from very coarse sand (1-2mm) through pebbles 

(4mm-64mm) to cobbles (up to 3 OOmm) , with very little sorting. Some flow 

alignment and imbrication is sometimes present but it is not pervasive. Clasts show a 

range of lithologies, including laminated mudstone and siltstone, fine-grained 

sandstone, and occasional quartz and feldspar grains. The roundness and sphericity of 

the clasts varies considerably, with the majority of clasts being rounded to well 

rounded, but in places the facies is dominated by sub-angular clasts showing signs of 

deformation and folding. These deformed clasts are always siltstone or mudstone. 

and are usually elongate parallel to their internal lamination. Examples of facies Ccm 

are seen in the logs in App. A (e.g. in A2 between 5.0 and S.Sm, and in AS at 10.7m). 

3.3.9.2 Interpretation 

The size and rounding of the clasts incorporated in the Ccm facies shows that they 

have been moved by a strong unidirectional aqueous flow. Experimental work shows 

that flow velocities at a height of 1m above the bed must be greater than 3ms·1 in 

order to move grains larger than O.lm in diameter in water of 20°C (Miller et aI., 

1977). The erosional bases of Ccm beds are also evidence of flows with high 

velocities and high erosional capabilities. The rounding of some rare clasts of 

extraformational lithologies (e.g. quartzite) suggests a significant transport history, 

although the deformed and angular clastic component tells a different story. The 

deformed clasts were ripped up shortly before they were deposited; their silty/muddy 

lithologies show that the flow was eroding through fine-grained facies. The clasts 
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Figure 3.11. Photo showing conglomeratic facies Ccm (marked A) in the section between 
3.5 and 6.0m in Appendix A2. The chaotic, massive appearance of the bed reflects 
its poorly sorted internal structure. Note its erosional base cutting out the sandy bed 
below (marked B) and the sharp upper contact with the sandy facies above (marked C). 
The tape is 75 x 75mm. 

Figure 3.12. Sandstone deformed by liquefaction and f1uidisation (facies Sd) seen 
in the Tullig Sandstone at Killard (see Appendix A 7, 20.35-22.5m). In the centre of 
the photo, the original bedding has been preserved (A), while the beds above and below 
are folded and contorted. Some obvious folds are marked (B), as is a ball and flame 
structure (C - relative movements are shown by red arrows). The rucksack is 0.35m tall. 
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were defonned as they were ripped up and while they were being transported, because 

the substrate they were derived from was not lithified when it underwent erosion. 

The clasts were deposited rapidly, along with the sandy matrix, when the strong flows 

decelerated and were unable to support such a coarse bedload (a process documented 

by Bridge, 2003). The scour created by the strong flow was then filled with clasts and 

sand, and the waning currents were sometimes strong enough to cause flow alignment 

of the smaller clasts. 

3.3.10 Deformed sandstone (Sd) 

3.3.10.1 Description 

Lithologically, facies Sd is the same as sandstone facies Sm, Sh, Sl, Sp and St, but 

while originally either horizontally or cross-bedded, it now exhibits folded and 

defonned bedding (Fig. 3.12, and in logs in App.A7 (20.35-24.0m) and A8 (27.2-

28.45m)). Internal load structures are seen, with intervening narrow, vertical "pipe" 

features with massive to faintly vertically laminated internal structure. Load casts and 

flame structures are common features of the lower boundary of this facies. In some 

places the original bedding is no longer visible and the sandstone appears massive and 

featureless. 

3.3,.10.2 Interpretation 

Facies Sd'is only encountered in the Tullig Sandstone at three localities - the north 

and south outcrops at Killard, and the southern outcrop at nearby Carrowmore Point. 

In each case the defonned beds are found at roughly the same height above the base 

of the sandbody (14.5m, 18.5m and 16.7m respectively), suggesting that the process 

causing the defonnation was widespread laterally (there is a distance of 4km between 

the outcrops; see Fig. 3.1) but confined to within I-2m at a particular level within the 

succession. The internal structure of the beds shows that they have behaved in a fluid 

fashion, flowing and defonning under gravity. The process that allows the sediment 

to behave in this liquid manner is liquefaction, which is caused by a reduction in the 

shear strength of the sediment. This can occur due to' a shock, for example an 

earthquake, often associated with synsedimentary fault movement, or a sudden 

increase in loading caused by rapid deposition (Tucker, 1996). The vertical "pipes" 

visible at some points within the facies show that water has flowed upward through 
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the sandstone, entraining sand grains and creating fluid escape structures (the process 

offluidisation), between which load casts (or "pillows") are fonned as sand sinks into 

the space left by the escaping water. 

The fact that the liquefaction affects only a discrete layer within the Tullig Sandstone, . 

and that this horizon is close to the top of the sandbody, gives a clear picture of the 

possible cause. It suggests that the beds beneath the defonned horizon were 

sufficiently compacted and lithified to retain their cohesiveness when subjected to an 

externally generated shock (perhaps movement on a nearby fault plane) so that only 

the most recently deposited, least compacted, beds were affected. It is unlikely that a 

sudden loading event could have affected the entire area from Killard to Carrowmore 

Point (see Fig. 3.1) equally and simultaneously to induce defonnaHon. 

3.3.11 Ripple cross-laminated sandstone (Sr) 

3.3.11.1 Description 

This facies occurs in fine to medium-grained, well-sorted sandstone, and also in silty 

sandstone, and is distinguished by well-developed cross-lamination. Cross sets' are 

less than 40mrn in height, and are more typically 10-20mm. The foreset cross 

laminae all dip in the same direction within anyone ripple or ripple set, although 

successive sets may have slightly different foreset dip directions (the variation is 

usually less than 90°). In some cases, facies Sr occurs as single sets within a finer 

grained facies (Fig. 3.13, and App. A2 at 4.3m); here each set shows an undulating 

upper, and occasionally lower, surface. The ripples thus outlined are asymmetric in 

cross-sectional profile, with steeper foresets and gentler stoss slopes. The wavelength 

of these ripples is between 50 and 150mm; heights, measured from peak to trough, 

vary from 3-20mm. This gives ripples indices that cluster around 12, where ripple 

index = wavelengthlcrest-to-trough height (see App. AI9). 

Facies Sr also occurs within other sandy facies (Fig. 3.14, and App. A8 at 10.4m) 

where there is a gradational change from a different sedimentary structure (e.g. planar 

cross bedding or horizontal bedding) to the rippled Sr facies. 
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Figure 3.13. Sandstone (A) appears as a thin ripple cross-laminated bed (facies Sr) 
within laminated siltstone (see log in App. A2, at 4.3m). The foresets dip to 
the right, indicating that this is the direction of flow. Other thin (1-5mro) sandy layers 
interrupt the silt and mud, making up the fine-grained heterolithic facies (Flh). The 
pencil is O.14m long. The view is looking east at the cliff face at Trusklieve. 

Figure 3.14. This photo (taken at a height of 4.2m in the log in App. A4) shows a single 
set of ripple cross-laminae (Sr, outlined in yellow) within a bed of horizontally 
laminated andstone (facies Sh). The set is O.03m thick. The ripples appear near the top 
of the bed, sugg ting a waning flow over time. The foresets dip to the left, indicating 
that this is th flow direction . The iew is to the east-southeast, at the Trusklieve outcrop. 
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3.3 .11.2 Interpretation 

The ripples that characterise facies Sr are generated by unidirectional fluid flow over a 

sandy surface, at flow velocities lower than those required to fonn dunes (for the same 

calibre sediment). For fine-grained sandstone, this would be below 0.8ms· l (Ashley, 

1990) and probably lower than 0.6ms·1 (Harms et al., 1975) for mean flow depths of 

0.25-0.40m. The ripple indices are dominantly between 9 and 19 (App. AI9), which 

agrees with the classification of current ripples given by Tucker (1996), who states 

that ripple indices for water-formed unidirectional current ripples are greater than five 

and should mainly fall in the range of 8-15. This agreement confirms that the ripples 

are fonned by unidirectional water currents. 

Where facies Sr appears as isolated sets within finer grained facies, the amount of 

sand available for transportation and deposition is limited, leading to the "stranding" 

and subsequent burial of the ripple train. These ripple sets represent pulses of 

tractional flow, allowing deposition of fine sand-sized particles in areas nonnally 

experiencing deposition of finer material (silt and mud) from suspension. Where 

facies Sr occurs in gradational association with facies Sp or Sh, it represents a 

reduction of flow velocity sufficient to subdue or halt dune migration and to allow the 

development of ripples on top of the dune or planar bed. 

3.3.12 Climbing ripple cross-laminated sandstone (Src) 

3.3.12.1 Description 

This facies also occurs in silty sandstone and fine-grained sandstone, but differs 

significantly from facies Sr in terms of its sedimentary structure. The ripple cross

laminated sets in facies Src stack upon each other (Fig. 3.15) so that the base of each 

set is at an angle to the horizontal. Internally, the foreset laminae in each set dip in a 

single, constant direction, opposite to the dip of the set boundaries. Within each set, 

the lee and the stoss sides of the ripples are preserved. The crest of each successive 

ripple is offset by a few millimetres from the one beneath, in the same direction as the 

foreset dip. The angle of climb in successive sets of these climbing ripples can vary 

(Fig. 3.15), being between lO° and 15° in most cases. Ripple indices 

(wavelengthlheight) vary between 15 and 35. Ripple heights vary between 4 and 

lOmm, and wavelengths are 70-12Dmm. Examples of facies Src are seen in App. A2 

(at 0.5m) and A14, (at 1.7m). Purely aggradational ripples, which show no forward 
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Stoss side 

Figure 3.15. Asymmetric climbing ripples produced by rapid deposition of fine sand 
from a unidirectional flow (towards the right). This facies (Src) occurs at the top of a 
coarsening-up heterolithic package (Flh) below the Tullig Sandstone at Liscannor (see 
Appendix A13, at 2m). Ripple wavelengths are 70-120mm, heights are 4-10mm. The 
sunglasses are 140mm wide; the red and yellow scale is 40mm tall. 

Figure 3.16. Facies rc (photo from Killard, at 8.2m, App. AlS). Purely aggradational 
climbing ripples are marked A. The lowermost visible ripple set (B) is asymmetric; 
in the fi eld unidirectional cross laminae are visible, indicating action of unidirectional 
currents . Wa elength of ripples is 70nun (on average) . The compass is lOOmm long. 
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migration of ripple crests, are also seen in one locality (at 7.75m and 8.15m in App. 

A16, and in Fig. 3.16). 

3.3.12.2 Interpretation 

The climbing ripples that comprise facies Src have high ripple indices (>15), which 

show that the ripples are current-generated and are formed when a unidirectional flow 

deposits sediment at an aggradation rate relatively high compared with their rate of 

migration. The angle of climb is greater than the angle of the stoss sides of the 

ripples, meaning that the stoss faces are preserved. The ripple height and angle of 

climb can be used to calculate either the rate of sediment deposition normal to the bed 

or the bedload transport rate, where one of the latter two values is known (Allen, 

1970a). In this case, there is insufficient information to calculate these values, but the 

graphs provided by Allen (1970a) allow deposition rate to be estimated, assuming a 

critical flow velocity of 9.36ms-1
• For an angle of climb of 15° and a ripple height of 

6mm (the average height recorded in the field), the rate of deposition is estimated to 

be O.0056gcm-2s-1 (which for a bulk density of 1.9gcm-3 works out to IO.65cm of 

vertical aggradation per hour). 

3.3.13 Wave ripple cross-laminated sandstone (Srw) 

3.3.13.1 Description 

Facies Srw is lithologically similar to facies Sr and Src, but is distinct in that the 

ripples are symmetric in cross-section, and exhibit changing foreset dips, both 

between sets, within sets, and within individual ripples (chevron interlaminae). The 

ripple crests are continuous and sometimes sinuous (Fig. 3.17), with ripple 

wavelengths ranging from 55mm to 200mm, and ripple heights ranging from 4mm to 

3Omm. Ripple indices for these ripples are less than 15 (see graph and table in App. 

AI9). In some cases, ripple crests are modified and less continuous (Fig. 3.17). 

Logged examples are seen in App. Al6 at II-12m, and A9 at 28.0-28.3m. 
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Figure 3.17. Photo taken O.Sm below the base of log A3, showing facies Srw • 

Symmetrical ripples with continuous crests (marked A; some crests highlighted in 

red) have been produced by wave reworking of fine sand layers at the top of a 

coarsening-up heterolithic package (facies Flh). Bed B shows additional reworking 

by currents to give slightly less continuous crests. Black lines show ripple crests, 

arrows show flow direction and point of ripple modification. The average ripple 

wavelength is 70mm. The notebook is O.2m tall. 

3.3.13.2 Interpretation 

These symmetric ripples are interpreted as wave-generated ripples; continuous crest 

lines, symmetrical cross-sectional profiles and internal chevron interlaminae are all 

typical features of wave ripples, being formed by the short period oscillating currents 

produced by waves. The low values for ripple indices «13 - see App. A19) agree 

with the assertion of Tucker (1996) that wave ripples have indices between 4 and 13 

and confirm that these ripples are formed by wave action. Ripples with slightly less 

continuous crests are likely to have been modified by unidirectional currents during, 

or after, formation. 
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3.3.14 Hummocky cross-stratified sandstone (Shes) 

3.3.14.1 Description 

Facies Shcs is present at two localities, Carrowmore and KiUard, and occurs only in 

single beds, not in successive beds. The facies comprises fine to lower medium 

sandstone, with large-scale hummocky cross bedding. Individual hummocks range in 

size from 2-4m across, often with intervals of 10-1Sm between them, and exhibit 

internal surfaces dipping in different directions (see Fig. 3.18). These internal 

surfaces can be both convex and concave, and generally dip at angles ofless than ISO. 

The tops of the hummocks are often capped with wave ripples; the ripples on one 

dipping surface of the hummock may be at a distinct angle from those on the other 

(see Fig. 3.19). Logged examples occur in App. A16 at 20.6m and A9 at 27.2Sm. 

3.3.14.2 Interpretation 

Hummocky cross stratification is recognised as a bedform produced by storm wave 

action and the action of complex, multidirectional flows (for example Dott and 

Borgeois, 1982). Dott and Borgeois (1982) recognise that the internal laminae of the 

hummocks are produced by individual wave oscillations or pulsations of wave trains, 

which can happen in a few seconds to several minutes. Dott and Borge~is (1982) also 

recognise a second order of internal surface, which bounds bundles of hummocky 

bedforms, and they explain these bundles as representing pulses within a single storm 

event that could last for hours, days, or even weeks. In the outcrops studied, however, 

no bundles of Shcs were seen, probably an indication that the storms creating the Shcs 

were short-lived events and produced only single beds of hummocky cross 

stratification. The wave ripples seen on the upper surfaces of the hummocks are 

evidence for decreasing wave power, allowing smaller waves to rework the top 

surfaces ofthe hummocks. In the example at Killard, the Shcs bed is found at the top 

of a coarsening-up sequence, and shows another sign of abandonment (besides 

ripples) in that it is intensely bioturbated in its upper 30-S0mm (App. A16, 20.7Sm). 

3.3.15 Horizontally laminated sandstone type 2 (Shz) 

3.3.1S.1 Description 

Facies Sh2 initially resembles facies Sh, in that it is parallel-laminated sandstone. 

However, there are four important differences. Firstly, there is no evidence of 

primary current lineation in facies Sh2. Bed surfaces are featureless, and bed bases 
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Figure 3.18. Facies Shes, showing a plan view of a hummock at Killard (see App. A16, 
at 18.25m). It is dome-shaped, dipping radially from its centre (marked A). These 
dipping surfaces have been wave reworked, with the crests of the wave ripples oriented 
differently from each other. The tape, 1.10m long, is al igned parallel to one ripple set. 
The red pencil (70mm long) is aligned parallel to the other set. 

Figure 3.19. Facies Shes, showing a cross-section through a hummock in the same bed 
as in Fig. 3.18. The hummock crest is marked A. Internal surfaces dip in three directions 
(marked by yellow arrows), and note their convexity at B. The dashed yellow line 
marks the top of the logged sequence CAppo 16 and Fig. 4.26) . The tape is O.4m long. 
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are sharp but non-erosional. Secondly, there is an increase in the fine-grained 

component in Sh2 compared with Sh; silt and mud-sized grains are apparent both 

between the sand grains, and also occasionally in discrete laminae, when the rock is 

viewed in thin section. The discrete silty sand laminae are also just visible in the 

field, as the different grain size leads to slight differences in weathering which allow 

such laminae to be seen. The laminae are no more than 1-2mm thick, and are spaced 

at intervals of 1O-50mm (Fig. 3.20). Thirdly, some beds show faint fining-up grading, 

and in one location (see 7.7-9.0m in App. A16) this is associated with climbing 

ripples. The fourth difference between facies Sh and Sh2 is that the latter sometimes 

shows moderate bioturbation, whereas the former shows none. In facies Sh2, trace 

fossils such as Monocraterion and Skolithos occur, and frequently bivalve escape 

traces (fugichnia) OJ-0.2m in vertical length are seen (see Figs 3.20 and 3.21). For 

logged examples of facies Sh2, see App. A15 (1.0-3.0m) and A16 (3.0-3.5m). 

3.3.15.2 Interpretation 

Facies Sh2 is interpreted as having been deposited rapidly from suspension, giving rise 

to the graded parallel laminations, with periods of reduced velocity allowing 

deposition of the finer-grained laminae. Any tractional influence leaves no evidence 

of its existence within the Sh2 facies; although the close association of climbing 

ripples (Src) in some places shows that the prevailing process is one of very rapid 

deposition from a decelerating unidirectional current. Support for the rapidity of 

sedimentation is also found in the occurrence of bivalve escape shafts (fugichnia), 

which form as bivalves move upward through the sediment to prevent themselves 

being buried. Escape shafts between 0.1 and 0.2m long signify the instantaneous 

deposition of 0.1-0.2m of sediment. The presence of bivalves, together with rarer (in 

the Sh2 facies) Monocraterion and Skolithos, is indicative of a brackish water or 

shallow marine environment; the restricted faunal assemblage indicates the former. 

Baines (1977) records a similar trace fossil assemblage within the delta top and upper 

delta slope of the Pendelian (Namurian) Sequence around Skipton, in the Central 

Pennine Basin. The similarity of the trace fossil assemblage described from facies 

Sh2 to that described from the Pendelian of the Central Pennine Basin by Eager et al. 

(1985) also supports the idea that the environment of deposition is a shallow water 

delta front. This interpretation is further discussed in the facies association section, 

Section 3.4. 

72 



Figure 3.20. Facies Sh2, at Killard (at 11.9m in App. AlS). Note the excellent parallel 
lamination (e.g. at A), with finer grained laminae (marked B) picked out by weathering. 
Bioturbation is evident; bivalve escape burrows (fugichnia - marked C), are present, 
implying instantaneous deposition of 100-200mm of sediment. Individual traces disrupt 
bedding and may be up to 100mm long (black arrows) . The pencil is 100mrn long. 

Figure 3.21. Top surface of the bed shown in Figure 3.20 above. The bivalve resting 
traces (Lockeia - marked A) are seen at the tops and bases of the escape shafts, which 
comprise a series of Lockeia marks. The pencil is 100mm long. 
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3.3.16 Interlaminated sandstone, siltstone and mudstone (Fib) 

3.3.16.1 Description 

Facies Flh (Figs 3.22 and 3.23) is laminated and heterolithic in appearance. The 

facies comprises laminated mudstone, siltstone, and fine sandstone, interbedded on a 

scale of2-100mm. In some cases there is a discernible trend within the facies, in that 

the thickness and frequency of sandstone beds often increases upwards (App. A8 

between 5.0 and 7.8m). At Killard, the laminae within facies FIh are undulating, 

although still parallel, in one part of the section (App. A8, 0-3.4m); this type of 

undulating interbedding, with roughly equal proportions of sand and silt/mud, is 

termed wavy bedding. 

The sandstone layers within facies Flh are frequently ripple cross-laminated. These 

rippled beds, where laterally connected, and thicker than a few centimetres, can be 

classified as part of facies Sr (as described in Section 3.3.11 and Fig. 3.13). However, 

in many cases the rippled sandstones are only one set thick, and individual ripples are 

not laterally connected. The term lenticular bedding is used for isolated ripples within 

a fine-grained succession like this (Fig. 3.22). Because of its thin-bedded nature and 

occurrence only within facies Flh, lenticular bedding is considered part of facies Flh 

rather than facies Sr (see App. A3 at 4.3m, and A9 at 3.25m). While the majority of 

lenticular beds show unidirectional ripples, bi-directional ripples are rarely present 

(for example between 4.5 and 5.7m in AI0). 

Other features of facies Flh include asymmetric ripples in the sandy silt (different 

from the Sr facies, which is in clean sand), bioturbation, siderite nodules and plant 

material (App. A9, 0-llm, and App. A7, 0-2.7m). The trace fossils include 

A renicolites, Asterichnus, Curvolithus, Monocraterion, Lockeia and Skolithos (see 

Section 3.3.19 below). The latter three trace fossils are more common in the sandy 

beds while the rest occur within, or originate in, the thinly bedded siltstones. Figures 

3.21,3.26 and 3.27 show examples of these trace fossils and Section 3.3.19 explains 

their origin and environmental significance. The siderite nodules commonly occur in 

particular layers (muds or silty muds) within facies Flh, and are sometimes laterally 

continuous beds rather than discrete nodules. Individual nodules are ovoid in shape 

and between"O.1 and 0.5m in lateral extent. The nodules may be as thick as 0.3m, 

although this is unusual; thicknesses are normally in the 0.5-0.15m range. 
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Figure 3.22. Overall appearance of the interbedded mudstone, siltstone and fine 
sandstone that comprise the heterolithic facies (Flh; covering the section between 1 and 
4.2m in App. A6). Individual beds are horizontally laminated and are not usually thicker 
than 100mm, often being as thin as 3-5mm. Beds are very laterally extensive, continuing 
across entire outcrops (160m+). The tape is 75mm by 75mm. 

Figure 3.23. Close-up view of interbedded mudstone, siltstone and very fine sandstone 
(facies Flh) from 4.3m in App. A3. The sandstone occurs as trains of isolated ripples 
within the silt (lenticular bedding, marked A) or just as very thin laminae (up to 3mm 
thick). The compass is 60mm by 100mm. 
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Laminae in the sediments surrounding the nodules are defonned around them, while 

the laminae within the nodules remain parallel and undefonned. No evidence ,of in 

situ plant material or rootlets is found within the' Flh facies, although thin layers 

«O.OSm) of silt or sand containing numerous broken plant fragments are common. 

3.3.16.2 Interpretation 

The parallel-laminated and mud/silt dominated character of facies Flh is attributed to 

deposition from suspension in a body of quiet water that is not continually influenced 
, ----

by waves and currents. The rippled silts and lenticular sands represent periods of 

higher energy that bring coarser sediment to the site of deposition. Such higher 

velocity flow conditions could be related to periods of flood discharge, and/or storm 

events. The asymmetric ripples in the sand and sandy-silt intercalations indicate the 

action of unidirectional currents, suggesting that unidirectional flows, rather than 

currents related to storm or wave processes, are the more likely cause. However, the 

bi-directional symmetric ripples occasionally seen in lenticular beds within facies Flh 

do result from oscillatory wave action, indicating deposition in shallow water above 

fair weather wave base. 

The siderite (Fe2C03) nodules are formed soon after deposition, which is why the 

surrounding laminae that are not siderite-cemented are compacted and defonned 

around them. Siderite fonns by the reaction: 

7CH20 + 2Fe203 = 3C~ + 4FeC03 + H20 

d~e to the iron reduction and bacterial methanoge~esis of organic carbon compounds 

(Curtis, 1986). The iron is derived from the reduction of detrital iron oxides in a 

strongly reducing, organic-rich sedimentary environment. Siderite fonnation is 

inhibited in marine environments because Ca2+ ions react preferentially with the 

bicarbonate (CaC03) present in seawater (Bennington, 1999). In a reducing marine 

environment, Fe2+ ions react preferentially with sulphides to form pyrite, and are thus 

prevented from building up to concentrations that would allow siderite fonnation. 

Therefore, only in a "nonsulphidic environment" can Fe2+ be precipitated as siderite 

(Berner, 1981). Sulphide-poor pore waters are achieved in organic-rich, non-marine 

sedimentary environments, which therefore provide optimal conditions for siderite 

formation (Berner, 1981). The presence of siderite within the Flh facies indicates that 

the facies is formed in a non-marine, organic-rich depositional environment. 
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3.3.17 Laminated siltstone (Fls) 

3.3.17.1 Description 

Facies Fls comprises mid-grey siltstone laminated on a sub-mm scale. In most cases 

there is limited bioturbation (Skolithos, Asterichnus, Monocraterion) within the 

siltstone (for example, in App. A9 between 4.8 and 5.5m), but in some beds 

bioturbation is completely absent (for example at 10.5m in A2). Siderite nodules 

sometimes occur within this facies. 

3.3.17.2 Interpretation 

Facies Fls represents deposition from suspension III low energy, quiet water 

conditions. Where bioturbation is present, the ichnofacies suggest a brackish 

environment, since no characteristic Upper Carboniferous manne taxa (e.g. 

echinoderms, cephalopods and brachiopods) are found. The lack of sandstone 

laminae or any kind of current structure indicates that the silt was deposited below 

storm wave base and beyond the reach of flood discharge-related current -deposition. 

In laminated silts that show no bioturbation, the environment is more likely to be fresh 

water. 

3.3.18 Laminated mudstone (Flm) 

3.3.18:1 Description 

Facies Flm is finer-grained than facies Fls, comprising mid to dark grey mudstone 

laminated on a sub-mm scale (Fig. 3.24). In most cases limited bioturbation is present 

within the mudstone (for example, in App. A9 between 3.5 and 4.Sm), and in these 

cases siderite nodules are often present (App. AIO between 0 and 7m). In some 

mudstone beds bioturbation is completely absent, for example between 9.3 and lO.4m 

in AS. Facies Flm is also sometimes associated with plant rootlets (e.g. App. A4), and 

in places is affected by soft-sediment deformation, in the form of convolute laminae 

and load and flame structures at the top of some beds (Fig. 3.25). Facies Flm can also 

exhibit internal slumping and sliding (Fig. 3.24), and in some cases any traces of 

original lamination have been obliterated. 

3.3.18.2 Interpretation 

Laminated mudstone forms by pulses of deposition from suspension in low energy, 

quiet water conditions. The convolute laminae seen in places suggest that the facies 
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Figure 3.24. Facies Flm, in the Tullig Sandstone at Trusklieve (S.O-S.8m, App. A4). 
Parallel lamination is apparent (clearest intervals marked A), and an internal slide plane is 
arrowed. Note weathering differences, related to small changes in grainsize and cement
ation. Two silty-sand lenses, marked B, occur in the mudstone. The tape is O.75m long. 

Figure 3.25. Facies Flm, laminated mudstone, from the same bed as Fig. 3.24. Parallel 
lamination (marked A) is apparent in part of a large flame structure. Elsewhere lamina
tion is not evident, the bed having been comprehensively deformed. Load casts in the 
sandstone bed above (labelled B) accompany the flame structure. The tape is 1m long. 
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responds to loading and instability by dewatering and deforming internally. Where 

siderite is present, the pore water chemistry can be assumed to have been fresh to 

brackish, but definitely not marine, at the time of deposition. The limited trace fossil 

assemblage seen in some sections indicates brackish, shallow water conditions. The 

environment of deposition is discussed further in Section 3.4. 

3.3.19 Ichnofacies 

3.3.19.1 Description 

Several types of trace fossil are seen within the sediments at the studied outcrops, 

which bear close comparison with trace fossils found in the deltaic sediments of the 

Central Pennine Basin (Eager et al., 1985). 

Arenicolites sp. 

This U-shaped burrow, about 1-3mm in diameter, with lS-30mm spacing between 

linked shafts and lacking spreite, is seen within facies Sh2 (D, Fig. 3.26). The burrows 

extend downwards (up to 20mm) from thin muddy partings into the laminated 

sandstone (see App. AS, between 3.7 and 4.9m). Arenicolites burrows are interpreted 

as the dwelling structures of either suspension or deposit feeding invertebrates. 

Asterichnus 

This trace fossil occurs on the surface of fine sand beds, and is infilled with organic

rich muddy or silty sediment, which gives it a dark appearance. The trace is an 

irregular star shape, with shallow grooves no more than 1-2mm deep radiating from a 

round infilled hole, about 3mm in diameter, in the centre (Fig. 3.26). The radiating 

grooves are straight to slightly sinuous, and up to 30mm in length. Asterichnus occurs 

in the sandstone layers within facies shi and Flh (for example, between 3.7 and 4.9m 

in App. AS). It is not fully understood what organism is responsible for producing 

Asterichnus traces (Bandel, 1967) although the traces are thought to record a 

combination of domichnialpascichnia activity (typical of modern tellinid bivalves). 

Curvolithus 

Curvolithus occurs on the surface of fine sand beds, which are often wave rippled. It 

appears as straight to slightly curved, often intersecting, trails with positive relief of 

up to 3mm. The trails are commonly S-IOmm wide, and may be up to 300mm long, 
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occasionally changing direction through angles of up to 25° (Fig. 3.27). Curvolithus 

appears to be a form oflocomotive or feeding trace (Eager et al., 1985). 

Monocraterion and Skolithos 

Both these names are applied to the same type of trace fossil, which is a single straight 

vertical burrow, passing upwards into a funnel-shaped, slightly wider burrow. The 

name Monocraterion is use~ when the funnel part is apparent. The vertical tubes are 

2-4mm in diameter, with the funnels opening out up to 8mm (Fig. 3.26). 

Monocraterion is interpreted as the dwelling structure of a small worm-like 

invertebrate (Eager et al., 1985). 

Lockeia 

This trace fossil combines an impression on a bedding plane and a vertical shaft 

cutting through bedding. The surface impressions (negative epichnia) are ovoid or 

almond-shaped, and are seen in great numbers on particular bedding planes (see Fig. 

3.21). They are often aligned parallel or sub-parallel with each other, and frequently 

occur in ripple troughs, in which case their long axes are parallel to the ripple crests. 

Extending downwards from these epichnia are vertical shafts, which disrupt 

lamination and are the same width as the epichnia, approximately 8-20mm. The 

shafts are interpreted as escape paths (fugichnia) formed by bivalves, while the 

epichnia represent the bivalve resting traces. 

3.3.19.2 Summary and interpretation 

The different trace fossils occur within different lithologies, but similar environments, 

and all those described above are commonly associated with Carboniferous deltaic 

facies (Eager et al. 1985). Curvolithus is found within the thinly bedded, striped 

siltstones of the Flh facies, while Monocraterion and Lockeia are found in sandier 

intervals (Sh2, Sr, Srw and thin sands within the Flh facies). Asterichnus occurs on 

sandstone bedding surfaces within facies Flh, Sr and Srw, while Arenicolites extends 

down from muddy laminae within Sh2 or Flh sandy intervals. Monocraterion and' 

Lockeia characterise the marine to brackish shallow water Cruziana and Skolithos 

ichnofacies of Frey and Seilacher (1980). and are typical of upper delta slope and 

delta front environments. The other trace fossils, although known to have slightly 

wider ranges of occurrence, are nonetheless very frequently associated with these 
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Figure 3.26 i) and ii) . Photograph i) (taken at Killard - at 1.1 m in Appendix A 7) 
shows trace fossils occurring on the surface of a sandy silt bed within the heterolithic 
facie (Flh). The charcoal rendering shown in ii) picks out the traces more clearly. 
A = Asterichnus, B = Curvolithus or Muensteria, C = Monocraterion and/or Skolithos, 
and 0 = Arenicolites. The red and yellow scale bar is 40mm long. 
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Figure 3.27 i) and ii). Photograph i) (taken at Killard, at 4.6m in Appendix A 7) shows 
trace fossils occurring on the surface of a wave-reworked fine sand bed within facies Sh2 • 

The charcoal rendering shown in ii) (below) picks out the traces more clearly. A = 
Curvolithus, B = Skolithos or Monocraterion. The red and yellow scale is 40mm long. 
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shallow deltaic environments (Eager et al., 1985). Their occurrence in sediments 

within the field area is therefore indicative of deltaic deposition in a brackish basin. 

3.3.20 Plant material 

3.~.20.1 Description 

Figures 3.28 to 3.33 show a variety of plant fossils found within the studied outcrops. 

There are two main categories: i) t~ose in situ and ii) those that have been transported, 

deposited, and 'partly disaggregated in the process. The .majority of in situ fossils 

belong to Stigmaria, and show well-developed trunk roots and occasional minor side 

roots radiating outward from the ''trunk'' in a spiral fashion (Figs 3.28 and 3.30). 

These are found within parallel-laminated non-bioturbated mudstones, and in 

sandstones immediately underlying these mudstones. 

The plant fossils that are clearly not in situ include Lepidodendron (a type of club 

moss, Fig. 3.33), and possible examples of Tempskya and horsetails. Tempskya, a 

large tree fern, has a trunk composed of a complex mass of narrow roots and wider 

stems (Fig. 3.32). A possible example of a horsetail fragment is shown in Fig. 3.31. 

All these plant fossils occur as broken fragments up to a few metres long (but more 

usually less than one metre in length). 

3.3.20.2 Interpretation 

The roots found in situ, Stigmaria, belong to a group of Carboniferous plants called 

clubmosses. These plants were found throughout the Carboniferous in warm climates 

and freshwater swampy environments (Thomas, 1981). Stigmaria can therefore be 

interpreted as indicating a pause in sedimentation long enough for plant colonisation. 

If found rooting into brackish-water facies, Stigmaria show that the environment has 

changed and become freshwater instead. 

The incomplete and flat-lying nature of some of the fossils confirms that they have 

been transported and are not in life position. These plant fragments provide 

information about the vegetation and prevailing conditions of the surrounding 

terrestrial environment. Lepidodendron was common in warm and wet environments 

throughout the Carboniferous, as were Tempskya and horsetails, which were the other 

major plant group that thrived in the Carboniferous besides clubmosses. 
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Figure 3.28 . Two pieces of Stigmaria root, fossilised in muddy sandstone at 
Trusklive (at 9.3m in Appendix AS). The compass is 60 by1 OOmm. 

'9'7.~"'" Figure 3.29 (left) . Plant 
fossil of a horsetail-type 
species, possibly Calamites . 
It is preserved in the bed 
just beneath that in Fig. 3.28, 
with numerous fragments of 
unidentified plant material. 

F igure 3 .30 (below) . A 
Stigmaria root with smaller 
side rootlets still attached. 
Preserved in situ within the 
same bed as that in Fig. 3.28. 
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Figure 3.31. A bedding 
surface showing many 
macerated pieces of 
unidentifi ed plants, 
including stem material, 
not in situ. From 
Killard, at 11 m in App. 
A 15. The compass 
60 by 100mm 

Figure 3.33. A very 
well-preserved section 
of a Lepidodendron 
plant, in a bed of fine 
sandstone at Killard 
(30.4m in App. A 7). 
Note the oval-shaped 
leaf scars arranged 
spirally around the 
branch . The arrow 
shows the direction 
of the leaf scar tracks. 
The hammer shaft is 
0.32m long. 

Figure 3.32 (left). A 
large section of carbo
naceous plant material, 
not in situ, possibly 
part of the trunk of a 
giant fern such as 
Tempskya. This is 
preserved on the under
side of a sandstone bed 
(facies Sh) at Trusklieve 
(8.25m in App. A5). 
The tape is O.54m long. 
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3.4 Facies associations and interpretations 

The sections below describe the three facies associations observed in the field and 

discuss the depositional environments interpreted from them. The vertical relationship 

of these associations is that the mouthbar association occurs lower in the stratigraphy, 

and is succeeded by either the interdistributary bay facies association or the fluvial 

association or both, the fluvial association always being the uppermost in all sections. 

Palaeoenvironmental interpretations based on the facies associations and their mutual 

relationships are compared with other studies of the Tullig Cyclothem deposits. . 

3.4.1 Mouthbar facies association 

A common facies association present at several of the field localities is the grouping 

of facies Sp, SP2, St, Shcs, Sr, Srw, Src, Sh2, Flh (bioturbated), Fls (bioturbated) and 

Flm (bioturbated). The sequence seen in the field, from base to top, is as follows: 

parallel-laminated mud/siltstone (Flm, Fls), changing to intercalated mudstone, 

siltstone and sandstone (Flh), and progressing upward into thicker, more laterally 

continuous sandstone beds with sedimentary structures reflecting high sedimentation 

rates, the action of tractional currents, and wave reworking (Sh2, Sp, SP2, St, Sr, Src, 

Shcs and Srw). An example of this succession is the part of the Killard section below 

the Tullig Sandstone (App. A16; also shown in summarised form in Fig. 3.34). The 

Killard example will be examined and used to explain the mouthbar facies 

association. This coarsening-up type of facies sequence typifies mouthbar 

progradation (e.g. Trowbridge, 1930; Fisk et al., 1954; Coleman and Wright, 1975; 

Wright and Coleman, 1973, 1974; Coleman, 1981; Wright, 1985), and the 

accompanying ichnofacies are typical of Carboniferous d~ltaic facies (Eager et al., 

1985; see Section 3.3.19.2). 

The coarsening-up signature (Fig. 3.34) is clear, and shows the increasing influence of 

unidirectional currents by the change from suspension-dominated deposition (Flm, 

Fls, Flh, Sh2) to traction-dominated deposition (Sr, Sp). This change is accompanied 

by an increase in wave influence, as seen in the more frequent occurrence of facies 

Srw and Shcs higher in the succession. These changes indicate that over time, the site 

of deposition was beconiing shallower, and increasingly close to the point of sediment 

supply. The presence of siderite nodules indicates that the ambient pore water post-
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Figure 3.34. Killard mouthbar log, through coarsening-up 

sequence into sharp-based sandy proximal mouthbar. 

See Table 3.1 for facies codes and colours, App. A 1 for 

key to log, and App. A 16 for detailed interpretation. 

Scale: 15mm to 1 m. 
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deposition was organic-rich and sulphate-poor, with an iron concentration more than 

5% greater than that of calcium, or calcite would have precipitated instead (Leeder, 

1982). Such pore water chemistry is common within organic-rich mudstones and 
, 

siltstones in fresh to slightly brackish water, but is very unusual in truly marine 

settings. The ichnofacies seen within the deposits (Monocraterion, Asterichnus, and 

Lockeia) are also indicative of shallow water brackish conditions (as discussed in 

Section 3.3.19). Taken together, these pieces of evidence (grainsize, bedforms, 

siderite, ichnofacies) point clearly to a depositional environment situated within the 

upper slope of a delta, shallowing to become representative of the delta front to delta 

top area. The shoaling is accompanied by an increasing proximity to the mouth of a 

deltaic distributary, the outflow from which causes the formation of unidirectional 

bedforms such as dunes and current ripples (facies Sp/St, Sr) as it decelerates and 

spreads out, losing its competence and depositing its suspended and tractional load 

(e.g. Coleman et al., 1964; Wright and Coleman, 1971). 

The shoaling and coarsening-up of the sequence (Fig. 3.34) are typical signatures ofa 
- -

prograding delta, and are seen in mouthbar deposits throughout the ancient record. 

Deltaic mouthbars are the main sites of deposition within a delta front (Russell, 1936), 

receiving the majority of sediment load from the active distributaries. The distal parts 

of the mouthbar receive fine-grained sediments that rain out of suspension from the 

buoyant plume of sediment-rich water that extends from the distributary mouth 

(Bates, 1953). Silts and muds are deposited and form the laminated mudstones and 

siltstones of facies Flm and Fls (e.g. 0-lm in App. A161Fig. 3.34). Because 

deposition is continuous, and reasonably rapid, there is little bioturbation since 

habitats are buried too quickly (Elliott, 1986). However, some organisms do live and 

feed in this distal mouthbar area, and sparse bioturbation of the deposits by a low

diversity fauna is the result. 

As progradation continues, the decreasing water depth eventually brings the site 

above storm wave base, and storm currents introduce coarser sediment, reworked 

from elsewhere in the delta, into the succession at intervals (Flh facies, e.g. 1-4m in 

A161Fig. 3.34). Evidence of wave reworking increases (facies Srw, e.g. at 2m and 

4.5m) and traction currents from flood-stage discharge from the feeder channel form 

unidirectional current ripples (Sr ~d Sre, e.g. at 8.2m). As proximity to the channel 

88 



mouth increases, coarser sediment is rapidly deposited from suspension and produces 

Sh2 and Src facies (for example 7.7-9.0m). Storm wave reworking leads to the 

formation of hummocky cross-stratification (Shcs, at 12.7m). These facies are typical 

of the mouthbar front and crest (Elliott, 1986). As the distributary channel m~)Uth 

progrades further, the site experiences stronger tractional currents from the sediment

laden channelised flow, and dune-scale current bedforms (Sp, SP2, St - e.g. App. A16, 

14-18m, 20.3m) are produced as the back and crest of the mouthbar are reworked by 

these unidirectional flows (Wright and Coleman, 1974). Macerated plant debris (e.g. 

at 11m) is also present, brought in by flood flows. At this stage, if the distributary 

channel avulses, the mouthbar is abandoned and undergoes wave arid storm 

reworking, and colonisation by a variety of organisms leading to intense bioturbation 

(as seen in Fig. 3.34 at 20.S-20.7Sm). The succession of Shcs, Srwand bioturbation is 

common in wave and storm influenced deltas (Elliott, 1986). 

The interpretation above shows that the section illustrated is a good example of a 

prograding mouthbar in a delta front. While the entire succession discussed above is 

not always present in other logs, parts of the succession are seen in other localities. 

The lowermost five to seven metres in three of the logs from Trusklieve (A2, A3 and 

AS) show depositional sequences that can be interpreted as distal mouthbar 

environments, based on the association of facies FlmIFls, Flh, Sr and' Src. These 

lowermost few metres show a slight shallowing up; wave ripples appear in the form of 

bi-directionallenticular beds near the top of the succession (see A3 and AS, at 4.3 and 

6.6m respectively), showing that the environment of deposition was above storm 

weather wave base at that point. The log from the northern limb of the Killard 

outcrop (App. A8) shows a similar association (FIm, FIs, Flh), coarsening upwards 

over its lowermost 4.8m to include facies Sh2 at the top of this interval. All five of the 

logs from Carrowmore (App. A9 to A13) show the Flh, Flm, Fls association, with the 

ichnofacies confirming the brackish, distal mouthbar environmental interpretation. 

Finally, the log from Tullig Point (App. A1S) shows a predominantly sandy 

succession that displays the sandy facies of the mouthbar facies association - Sp, St, 

SP2, and Sh2 - as well as intercalations of finer-grained facies (Flh and Fls). The 

succession may initially appear fluvial, but the low number of erosional contacts (4) 

compared with depositional contacts (21) and the presence of facies Sh2 are both 

89 



strong evidence for a mouthbar depositional environment. In addition, the silty 

laminae of the Sh2, Sl2 and SP2 facies are. evidence of periods of reduced current 

influence, which are common in a delta front setting where channel discharge varies 

and fine-grained laminae are deposited from suspension during periods of low flow. 

Seen together, rapid deposition from suspension, periods of reduced current influence 

and silt/mud deposition, and predominantly depositional bed contacts demonstrate 

that the environment is not fluvial but fluvial-influenced deltaic. The facies 

association is thus interpreted as that of a fluvially influenced mouthbar environment. 

3.4.2 Interdistributary bay facies association 

A second facies association commonly present is Flm, Fls, Flh, Srw, Sre, and Sr. This 

is similar to the mouthbar facies association described above, but differs crucially in 

that it shows no sandstone facies with sedimentary structures' at scales larger than 

ripples (i.e. no Sh2, Sp, SP2, St, Sh or Shcs). The frequency and thickness of wave

rippled beds is greater than in the mouthbar association, and the occurrence of 

climbing ripples is also more frequent. A good example of this association is seen at 

Furreera, Liscannor Bay, below the base of the Tullig Sandstone (App. A14, 

summarised in Fig. 3.35). The abundance ofSre is evident, and a number ofthin (0.1-

0.6m) coarsening-up packages are seen, many of which include beds of the Src facies. 

Another subtle difference between the interdistributary facies association and the 

mouthbar association is that the fonner shows a higher frequency of facies Flm 

interbedded with Sr, Srw, and Src (compare Figs 3.34 and 3.35). The close and 

repeated intercalation of these facies is not present in the mouthbar association. 

The· process causing climbing ripples (i.e. rapid deposition from a unidirectional 

current) occurs in decelerating flows, for example during the falling stage of a flood in 

a fluvial environment (Bristow, 1993), in a decelerating turbidity current (Allen, 

1972), or during levee breach and crevasse splay fonnation (e.g. the Stage I splays of 

Smith et al., 1989). The latter explanation fits with the associated facies best, since 

the presence of facies Src interbedded with mudstone (Flm) shows that, in this 

depositional setting, rapid deposition from decelerating unidirectional currents 

alternated with much quieter conditions during which muds were deposited from 

suspension. This repetition is typical of interdistributary bay environments on a delta 

front;Jhe pulses of very rapid deposition (Src) represent flood periods when levees are 

90 



breached and overbank flows, such as crevasse splays, bring sandy sediment into the 

quiet water bays (Elliott, 1974). Once the levee breach is healed, only fine-grained 

sedimentation occurs within the bay as clay-sized particles fall out of suspension and 

form the laminated mudstones that represent background sedimentation. The 

presence of wave ripples (Srw) at the top of the Src beds indicates wave reworking of 

the crevasse splay deposits. This shows that the depositional setting is above fair 

weather wave-base and exposed to the basin (Pulham, 1989), confirming the shallow 

water interdistributary bay interpretation. 
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Figure 3.35. Sedimentary log from the Funeera outcrop, at 
Liscannor Bay. See Table 3.1 for facies codes and colours, App. 
A I for key to log, and App. A] 4 for detailed interpretation. 
Sca le: 20mm represents 1m. 

The ichnofacies CAppo A14) are another confirmation of the interdistributary bay 

interpretation of the Flm, Fls, Flh, Srw, Src, and Sr association. Skolithos and possibly 

Curvolithus are present, Skolithos typifying the shallow water Cruziana ichnofacies. 

The presence of in situ rootlets at the top of the succession (4.4m in App. A14) shows 

that the bay area was nearly filled , allowing vegetation growth. The Stigmaria rootlets 

belong to plants of the c1ubmoss variety, which thrive in swampy environments, and 
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the appearance of these roots at Furreera shows the transition to freshwater delta top 

swamp from brackish interdistributary bay, as the bay filled with sediment. The 

presence of siderite nodules in this facies association (Fig. 3.35) indicates organic-rich 

fresh to brackish pore waters (see Section 3.4.1) and fits with an interdistributary bay 

environment, where the vegetation would provide abundant organic debris. 

3.4.3 Fluvial and alluvial facies association 

The facies Sm, Smc, Sh, Shc, Sl, Sp, St, Sc, Sd, and Ccm are found in close 

association throughout the Tullig Sandstone. Together with facies Flm, Fls and Flh, 

all showing an absence of bioturbation and siderite, and minor occurrences of Sr, they 

comprise a third facies association. The logs in App. A2 to A 14 go through part or all 

of the Tullig Sandstone, and exhibit the facies association listed above; Figure 3.36 

shows a summary section ofthis facies association in the Tullig Sandstone at Killard. 

All of the above facies, with the exceptions of Sm, Sd, Flm, and Fls, exhibit 

unidirectional current sedimentary structures and have been interpreted as the result of ' 

unidirectional flows. None of the listed facies show any form of bioturbation or trace 

fossil when occurring in this association, but occasional shale rip-up clasts seen in 

facies Ccm contain estneriids, freshwater crustacea, which indicates that at least some 

of the shale clasts are derived from fine-grained freshwater sediments in the 

immediate vicinity. The relationship between the sandy facies is usually erosional, 

with bed contacts being sharp to strongly erosive and scoured, an indication of strong 

flows. The interpretation of this facies association is that it represents a freshwater 

environment experiencing unidirectional flow, or, in other words, a fluvial 

environment. This interpretation is additionally supported by the observations given 

below concerning individual facies. 

The occurrence of facies Sm and Smc, interpreted as deposits of hyperconcentrated 

flows (Lowe, 1982; Smith, 1986), is common in alluvial settings, where such flows 

are caused by the collapse of a channel bank. Bank collapse leads to the formation of 

a minor channel, often at a high angle to the main channel (Miall, 1996). These minor 

channels can be narrow and steep-banked, filled with facies SmlSmc, or broader, with 

irregular scoured bases containing sheets of the Sm facies (Miall, 1996). Examples of 

such channels are seen within the Tullig Sandstone at Trusklieve. 
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Upper stage plane beds (faces Sh) are also typically found in fluvial deposits, fonning 

on bar crests during floods; low-angle cross bedding (faces S1) is often associated with 

Sh, and is a common feature of accretionary downstream margins of longitudinal bars 

in low sinuosity fluvial systems (Galloway and Hobday, 1996). Planar and trough 

cross bedding are recognised as common components of fluvial macrofonns, such as 

transverse, longitudinal or lateral bars, and trough cross bedding is also typical of 

channel fill sequences (Cant, 1982; Galloway and Hobday, 1996). 

The grainsizes found in the fluvial facies association include clasts up to O.3m long, 

larger than any clasts in the mouthbar or interdistributary bay associations. There is 

no grainsize trend within the logs, other than the general restriction of conglomeratic 

facies (Smc, Shc, Sc and Cern) to the lower part of the Tullig Sandstone (e.g. 8.6-

10.5m in App. AS). Sandy facies comprise around 95% of the fluvial association, 

compared with 83% for the sandy parts of the mouthbar association (see Fig. 3.34) 

and 41 % for the interdistributary bay association (Fig. 3.35; detailed statistics are in 

Ch.5). 

Although not discussed here in detail, sediments immediately succeeding the fluvial 

association include rooted horizons, coals and organic-rich silts (see App. AS). Such 

deposits show that the fluvial system was finally abandoned, giving way to delta top 

lakes and swamps rich in vegetation. Above these sediments are finer-grained muds 

and silts indicating flooding of basinal waters, with the final occurrence of a marine 

band (P. stubblefieldi - Hodson and Lewame, 1961) showing fully marine conditions. 

In summary, the erosively based sandstone facies represent scour and deposition 

within a fluvial channel. The facies architecture shows the presence of fluvial 

macrofonns such as longitudinal bars, which are discussed further in Chapter 4. 

Coarser grained deposits indicate periods of increased flow strength, for example 

during periods of flood discharge. Fine-grained facies Fls and Flm represent 

quiescent periods when the ~hannel was partially or completely abandoned' for a 

period of time, with deposition from suspension in the absence of traction currents. 

The occurrence of Stigmaria rootlets in beds of Flm (App. AS at 9.3m, AS at 30.4m) 

and the presence of organic-rich coaly sediments (App. AS, 30AO-33.15m) verify the 

existence of freshwater and swampy environments typical of abandoned channels. 
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3.5 Summary 

The facies and facies associations described and interpreted above have also beeri 

recognised in the Tullig cyclothem by other researchers (e.g. Hodson and Lewame, 

1961; Rider, 1969, 1974; Pulham, 1987, 1989; Davies and Elliott, 1996; Hampson et 

al., 1997). The interpretations of depositional environment presented in this chapter 

are similar to those ofPulham (1987). 

A number of conclusions can be drawn from this facies study concerning the 

depositional environments prevailing before and during the deposition of the Tullig 

Sandstone: 

1) The depositional environment prevailing before deposition of the Tullig Sandstone 

was a prograding fluvial-dominated and wave-influenced delta. 

2) The sub-environments recognised within this fluvio-deltaic setting include distal 

and proximal mouthbars, and interdistributary bays. 

3) The Tullig Sandstone represents a subsequent facies shift to a fluvial depositional 

environment. 

3.6 Comparison of facies between Ireland and Egypt 

In order to build a strong case for using the Co. Clare outcrops as an analogue for the 

Plio-Pleistocene fluvio-deltaics of the Nile Delta, the facies descriptions given above 

are now compared with those obtained from analysis of Nile Delta well-log data from 

the El Wastani Formation. The Rosetta 3 well (Fig. 2.9) was logged using. a 

Schlumberger Formation MicroImager (FM!) tool, which takes detailed resistivity 

measurements to give a photo-like image of the inside ofthe hole. This log covers the 

three main reservoir sands, B (1142-1179m measured depth), C (1322-1369m md) 

and D (1491-1553m md). 

3.6.1 FMI tool description 

Schlumberger's Fullbore Formation MicroImager provides 80% coverage in an 8.5" 

hole and is capable of resolving beds down to 20 to 30mm, making the images 

comparable with sedimentological logs based on field outcrop or core. The PMI tool 

achieves these results by using four pads with hinged flaps, each pad and flap with 

two rows of 12 insulated button electrodes. When in use, 192 samples are recorded 
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around the borehole at every depth point. Each pad is held at an equipotential relative 

to the return electrode higher in the tool. The pad effectively sends a current into the 

fonnation and the current density across the pad is measured by the electrodes. 

Changes across the pad thus reflect local changes in fonnation resistivity (Rider, 

1996). 

The raw data, a series of microresistivity curves, is processed so that intervals with 

similar electrical properties will appear similar throughout the log. Dark colours are 

used for high resistivities. so brine-filled sands look pale (usually yellowish colours) 

and shales or hydrocarbon-bearing sands appear dark (reds to browns). Figure 3.37 

shows sections from the FMI logs from Rosetta 3, and the whole logs are seen in 

Enclosures 1-3 (BG internal report, 1997). 

3.6.2 FMI log descriptions and interpretations 

3.6.2.1 B Sand description and interpretation 

The B Sand is recognised as a gas-bearing sequence of mixed sands and muds 

between 1142m and 1179m md (see Enclosure 1 and Fig. 3.37a), and the logged 

section is described below, from base to top. 

1179-1170m md: The sequence starts with laminated mudstones and occasional fine 

sands and silts, and coarsens up to sandier beds with cross sets and laminae, and 

occasional carbonate nodules. 

1170-1161.2m md: A second coarsening-up sequence follows, going from laminated 

silty mudstone through ripple cross-bedded sandstone to thicker cross-bedded and 

laminated sandstones with nodule horizons. 

1161.2-1142m md: A thin mud starts this interval, followed by a thin slumped 

sandstone. Above this a silty mud fonns the base of a third shoaling succession that 

coarsens up from thin heterolithic beds to thick sandstone beds (-I-2m thick) showing 

dunes, hummocky cross-stratification and occasional ripples. The top surface of this 

sequence shows vertical burrows. 
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The B Sand is interpreted as a prograding mouthbar facies association, showing a 

typical repeated coarsening-up signature ,and both suspension- and traction-related 

sedimentary structures. The succession is very similar to the mouthbar facies 

association seen at Killard (compare Figs 3.37a and 3.34), and the upper few metres 

show the same facies (cross beds, hummocky cross-stratification, ripples and 

bioturbation). The setting is envisaged as a wave-influenced deltaic mouthbar. 

3.6.2.2 C Sand description and interpretation 

This unit is another gas-bearing sequence of mixed sands and muds, occumng 

between 1322 m and 1369 m. The succession is described from base to top; a section 

is shown in Fig. 3.37b, with the whole log in Enclosure 2. 

1369-1351m md: The succession starts with 8m of mudstone interrupted by thick (1-

2m) beds of massive to laminated sands, internally defonned with sharp or faulted 

bases. A faulted contact then brings in a 6m unit of slumped sand, capped by 4m of 

mudstone containing discrete slumped sand beds and a bed of cross-stratified sand. 

1351-1342m md: The slumped unit is succeeded by a thick sandstone sequence that is 

initially massive but exhibits some faint cross bedding and lamination upwards. 

Individual sandstone beds (0.5-1.5m thick) are capped by thin (-D. 1m) fining-up silty 

sands, which occasionally show bioturbation. 

1342-1322m md: This is a fining-up sequence of massive to faintly laminated sands 

OA-1.3m thick, interbedded with heterolithics and laminated muds and silts. The 

heterolithics show some bioturbation and occasional carbonate nodules occur in the 

sands. The sequence is capped by laminated mudstones. 

The lower half of this succession is interpreted as background fine-grained pro-delta 

mudstones, with slumped sands derived from a delta front setting. The undefonned 

sandstones show bedding characteristic of a delta front setting, with ripples and planar 

bedding possibly corresponding to mouthbar deposits. These have subsequently been 

translated downslope to the pro-delta. The succession above 1351m is probably in 

situ; its sandy nature and cross-bedded to planar bedded appearance suggest 

mouthbar-type deposition. The gradual fining-up of the following 20m, with 
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decreasing sandstone bed thicknesses and thicker muds, suggests a progressive 

deepening as the mouthbar is slowly drowned. The mudstone at 1322m shows a 

return to a quieter, pro-delta environment. The facies association through the C Sand 

is similar in parts to the mouthbar associations seen in Co. Clare, with bioturbated 

heterolithics (facies Flh) and cross-bedded sandstones (Sp) reminiscent of those seen 

at Killard (Fig. 3.34). Slumped facies are also seen within the Tullig cyclothem, 

although not within the sandier upper parts studied here; deformation also 

characterises the underlying Gull Island Formation (Section 2.2.3.3). 

3.6.2.3 D Sand description and interpretation 

This gas-saturated sandstone succession, from 1491-1553m md, is described from 

base to top below; a section is shown in Fig. 3.37c, and the whole log in Enclosure 3. 

1553-1545m md: This is a succession of erosively based sandstones, massive to 

parallel-laminated, with internal erosion surfaces and lags of pebbles and mud clasts. 

Some internal deformation occurs within the top 3m 

1545-1524m md: Above the deformed sandstone is a 20m sequence of rippled, cross

bedded and planar-laminated sandstones. Cross sets vary in set height from 50 to 

150mm, representing ripples and dunes. Above 1533m, thin «<0.5m) beds of 

heterolithics and laminated muds and silts occur at intervals of 1-4m, and the 

succession is capped by 1.5m ofheterolithics and laminated silts and muds. 

1524-1491m md: A sharp-based sandstone introduces the next sandy sequence, which 

exhibits parallel-bedded, rippled and massive sands, with several faults and recurring 

beds of mudstone and heterolithics. Sand bed thicknesses are between 0.5 and 205m. 

The top 8m starts with a thin, coarsening-up set of parallel-laminated sandstones with 

silty interbeds. These are succeeded by three massive sandstone beds, with some 

signs of bioturbation. These massive sands are capped by a rapidly fining-up silt and 

a thick mudstone package. 

The erosively based lowermost sandy succession, with internal erosion surfaces, 

coarse-grained lags, dune and ripple scale cross bedding and a lack of bioturbation, is 

interpreted as a fluvial distributary channel, with a similar facies association to that 
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seen in the Tullig Sandstone (Fig. 3.36). The overlying sequence contains beds of 

fine-grained sediments and far fewer cross-bedded sandstones, suggesting that while 

probably still in the delta plain area, the environment experienced periods of quiet

water deposition. The parallel-bedded and rippled sands may be due to rapid 

deposition from crevasse splays, for example in an interdistributary region. The 

massive sands at the top could be reworked deposits, and the return to mudstone 

deposition at the top could signify a relative sea-level rise. 

3.6.3 Summary 

The images produced by the FMI tool are sufficiently high quality to enable 

comparison of facies between the Tullig cyclothem outcrops and the B, C and D sands 

of the El Wastani Fonnation of the Nile Delta. The similarities are discussed above 

and show that the two successions exhibit equivalent facies associations and were in 

all probability deposited in similar fluvial-dominated, wave-influenced deltaic 

environments. Beyond this, it is impossible to be more precise about the comparison; 

in fact, if more were known about the El Wastani sands, there would be no need for an 

analogue in the first place. 
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l353m 

l355m 

Carbonate nodule 

l360m 

Coarsening-up succession 
of laminated and bioturbated 
muds and silts to rippled and 
cross-bedded sands. 

1365m 

o -

154 lm 

'< +-- Slumped sands 

l545m 

Planar and cross
bedded sands with a 
deformed contact at 
the base and internal 
faulted contacts. 
Some bioturbation. 

l550m 

~ 
~J ~ Slumped sands 

Gravel and coarser clasts 

Thick succession of sharp to 
erosively based sands showing 
ripples, cross-bedding, planar 
lamination and clasts. 

Clasts (circled) in massive sand. 

b) Section of the C Sand - 1353-1366m. 

a) Section of the B Sand - 1166-1180.0 m 
Interpreted as a deltaic mouthbar succession. 

Distributary channel 

~ 

shoreline 

D) Schematic block diagram to shoW the 
palaeoenvironment of the facies 

associations described above. 

Interpreted as slumped mouth bar 
sands in a prodelta setting. 

Mouthbars 

c) Section of the D Sand - 1541-1554m. 
Interpreted as a fluvial channel association. 

Figure 3.37. a), b) and c) are FMI log sections taken from the 
three main sands com rising the reservoir interval in the Rosetta 
3 well , with sedimentary interpretations (from a BG internal 
report by Z&S Geology Ltd., 1997). d) shows an interpretation 
of the palaeoenvironment during deposition of these facies. 
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Chapter 4 

Fluvial and deltaic facies architecture: description and 

interpretation 

4.1 Introduction 

The architecture of any sandbody is defined by the way in which the beds and facies 

stack up and how they relate geometrically to each other in three dimensions, 

Interpreting the architecture of a sandbody in terms of process and environment 

allows a better understanding of how the sandbody was formed and what factors were 

most influential in its deposition. Architectural element analysis of this kind, largely 

using· facies and bedform classification based on the work of Jackson (1975), Allen 

(1983a), Friend (1983), Bridge (1984) and Miall (1977, 1978, 1985, 1996), has been 

used by many researchers (e.g. Marzo et aI" 1988; Singh and Bhardwaj, 1991; 

Bristow, 1993; Bentham, 1993) to define fluvial styles of modern and ancient 

deposits, This chapter utilises the facies interpretations from Chapter 3 to analyse and 

interpret the architecture of the sandbodies in the Tullig Cyclothem outcrops in 

County Clare, and suggests a model for their formation. 

4.2 Methodology 

In addition to the logs presented in Chapter 3, several series of outcrop photographs 

were taken at each locality and were stitched together, using EnRoute's 

PowerStitch™ software, to produce detailed photomontages of each outcrop. In most 

cases it was impossible to ensure similarity of scale from photo to photo because it 

was not possible to remain at a constant distance from the outcrop while moving 

parallel to it. Therefore, scale bars, each O.5m long, were chalked onto the outcrops at 

regular intervals; these scale bars were visible in the photos and allowed accurate 

scales to be added to the photomontages, enabling accurate measurements to be taken 

from them, 

To aid interpretation of the photomontages, detailed field sketches were made of the 

outcrops, with special attention being paid to accurate measurement of the 
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thicknesses, dips, geometries, and lateral extents of beds, and the vertical and lateral 

stacking relationships of facies. Individual elements within each outcrop were 

identified based on bounding surfaces and facies changes. Boundaries and erosional 

surfaces between beds were marked onto the rocks in chalk so that they would be 

clearer on the photos and enable accurate matching of the sketches to the montages. 

Using the logs and sketches, the facies, internal geometries and bedding planes were 

mapped onto the photomontages. The resulting scaled maps of the outcrops then 

allowed detailed study of the facies distribution and architectures (N.B. all facies 

codes and colours are given, with summary descriptions and interpretations, in Table 

3.1). Bedding dip data, and palaeocurrent data from foresets, were corrected for the 

regional dip and are quoted in the format: dip angle/dip azimuth. 

4.3 Outcrop descriptions and interpretations 

4.3.1 The Tullig Sandstone at Trusklieve 

The section at Trusklieve (Fig. 4.1a) is exposed in a NNE-SSW trending amphitheatre 

about 15m high, with an additional 7m of stepped exposure set back from the cliff top. 

The maximum sandbody thickness here is thus 22m. However, the entire thickness of 

the sandbody is not exposed at this locality, although the top surface does crop out a 

few hundred metres to the south. The entire thickness was given as 31.2m by Pulham 

(1987). At Trusklieve the Tullig Sandstone exhibits the fluvial/alluvial facies 

association described in Section 3.4.3. This is apparent from Fig. 4.1b, which shows 

the facies in~erpretation of the outcrop, and from the log correlation panel in Fig. 4.2 

(shown in detail in App. A2-A5). The facies encountered within the Tullig Sandstone 

at Trusklieve include Sm, Sme, Sh, She, Sp, St, Sl, Se, Sr, Ccm, and the non

bioturbated Flh, Fls and Flm facies. The log correlation panel shown in Fig. 4.2 

shows that the base of the Tullig Sandstone is erosional, cutting down into sediments 

belonging to the mouthbar facies association (described in Section 3.4.1). This erosive 

basal surface is accessible across the whole exposure; the upper part of the Tullig 

Sandstone, however, is only within reach for study in the southern half of the outcrop 

(see Figs 4.1a and b and 4.3a and b). The appearance of the sandbody is that of a 

channelised unit with conglomerates common near the base, and facies heterogeneity 

and mud to sand ratio decreasing upwards. The log correlation panel (Fig. 4.2) shows 

these trends; for example, log 2 exhibits facies Smc, Sh, and Fls in the lowest 3m of 

the Tullig Sandstone, before changing upwards to comprise only facies Sp. 
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NNE 

Upper section of cliff is inaccessible here 

r----------------------_____ ~ __________ -----------------~ 
Upper section of cliff is 
partly accessib le here 

.--------~ 

Fig. 4.1 a: Five-photo panorama of the Trusklieve outcrop of the Tullig Sandstone, looking ESE. The blue rectangle shows the location of Figure 4.5. 

1 
This section is shown in 
detail in Figure 4.3b 

3 
4 

... -- -" 

Fig. 4.1 b: As above, showing facies interpretation, major erosional surfac~s and beds. The red arrows indicate logged localities (Fig. 4.2, and App. A2-5). 
The yellow numbers correspond to the storeys described in Section 4.3. 1, and the numerals I, II and III correspond to the three sub-storeys in Storey 2. 

Key 
0 Smc, Shc Major erosional channel bases Cross-bed and Flh - .. --.... ... - - ... 

reactivation surfaces 0 Sm, Sh Sc - Fls Facies boundaries (frequently coincident 
~ with minor erosional channel or bedform bases) umbers of storeys 0 Sp, St, SI, Sr Ccm - Flm 

Marker horizon in mouth bar succession in Tullig Sandstone 

ssw 

.:: ... - .--
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These three fine-grained beds (the uppermost of which is only 
just visible due to the angle of the photo) continue laterally 
for between 16.55 and 40m. All three are eroded out in the 
northern part of the outcrop (see Figures 4.1 band 4.4a-e) 

Figure 4.3a. Five-photo panel showing the southern end of the Tullig 
Sandstone outcrop at Trusklieve, viewed looking northeast. 
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NNE 

G: Storey Four is very erosive, cutting down 
towards the south. To the north (dashed arrow) 
the base of the storey is 12m above the base 
of the sandbody; further south, the storey cuts 
out bed S and is only 4.5m above the sandbody 
base, giving an erosional relief of 7.5m. The 

L plain arrow points to the locatio~ of Fig. 4.8. 

F: Bed S (facies Flm, with Flh and Fls) is offset along 
a low-angle normal fault. Soft sediment deformation 
is seen elsewhere in the b d, in the form of load and 
flame structures, convolute lamination and fluidization 
structures. The onlapping relationship with the bed 
below (R) is clear. 

, ., _ ......... 

_ . .-'-

... .. . - .- _.-.-.-.-.- _.-.-.-.-..... . ....... - ' -..... -.-._._._.- .-.... '-... . _.- -.-.-

"-'-

H: The base of Storey Four 
is within 4.5m of the base 
of the sandbody at ths point. 

.-.-'-

.-.-.... 
.-.-.-.•.•.• --.- . - . -._~Qi.-4.. -._._ . _._._ ._ _.- '-..... ". ,---- ' ~.-.,-.-.-.--

' -._ • .L ..... - ' " . .... -

ssw 

c: This part of the third storey 
shows vertical accretion, exhibiting 
weB-developed planar cross-beds 
(see also Fig. 3.7 for a close-up). 

D: A partial dune form is 
preserved here, draped by 
laminated muds and silts 

A: Dipping accretion surfaces are visible 
within the second storey. The storey is 
draped with fine-grained :;ediment (beds 
H and I), and the gently undulating top 
surface of the storey is th11S preserved. 

B: Discrete beds of conglomerate 
occur at the base of erosional 
surfaces within the second storey. 

E: Bed R contains numerous fragments 
of plant material , which are described 
and interpreted in Section 3. 

i Figure 4.~b. Five-photo panel ~howing the southern end of the Tullig Sandstone outcrop at Trusklieve, viewed looking north-east. This fi.gure shows facies 
nterpretatlOns, bed. labels (used In Chapter 5) and storeys. Note the hete ogeneity of Storeys One and Three compared with the homog nelty of Storeys Two, 

Four and Flve. Captions referring to Storey Two are outlined in _ ellow, those for Storey Three in black, and those for Storey Four are in blue. 

Key 
0 Smc, Shc Major erosional channel bases Cross-bed and Flh - .. # 

, 

- - reacti vation surfaces 0 Sm, Sh Sc - Fls Facies boundaries (frequently 
umbers of storeys 0 Sp, St, SI, Sr - ~ coincident with minor erosional 

Ccm .. Flm channel or bedform bases) in Tullig Sandstone 
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There are five main storeys in the sandbody, which are identified on the basis of 

erosional relationships and intervening beds of fine-grained overbank or channel-fill 

facies (Flh, Fls, Flrii) representing periods of abandonment (see Section 3.4.3). Thick 

dashed lines mark the bases of the storeys on Figs 4.1 b and 4.3b; these surfaces are 

equivalent to the third-order surfaces of Allen (1983a) and Miall (1985), and the 

storeys they define are equivalent to the "element groups" of Jo and Chough (2001). 

The fine-grained units, found at the tops of three storeys (immediately below the 

erosional bases of the succeeding storeys), are not laterally continuous across the 

whole outcrop. Although one such fine bed reaches a stratigraphic thickness of 

4.70m, all three fine beds are absent in the northern half of the outcrop (compare Figs 

4.1b and 4.3b), due to erosion of the fines by succeeding channels. 

In the following sections, the Tullig Sandstone fluvial sandbody at Trusklieve is 

described and interpreted one storey at a time. A summary description and 

interpretation of the sandbody outcrop as a whole is given in Section 4.3.1.6. 

4.3.1.1 Storey one: description and interpretation 

The lowermost storey is seen in the northern half of the outcrop, where it reaches 

8.5m in thickness (Figs 4.1 b and 4.4a), but is eroded by the downcutting second 

storey in the southern half (Fig. 4.4a). The basal surface is erosive, cutting into 

underlying fine-grained mouthbar deposits (see logs in Fig. 4.2) with a total relief of 

2.5m, with local "steps" of up to 1m. The vertical nature of the cliff means that there 

are no overhangs where it is possible to study the basal contact for palaeocurrent 

indicators such as grooves or flutes. Facies are very varied in the first storey, with 

facies Sh, Shc, Sm, Smc, Sp, St, Sc, Cern, Fls and Flm present. Bed geometries alter 

from north to south, changing from parallel, but dipping, beds to horizontal lens

shaped erosively based beds (Fig. 4.4a). 

The northern end of the amphitheatre shows a succession of beds, on average 0.42m 

thick (App. B 1), which, when corrected for regional tilt, dip gently to the northwest 

and southwest (see rose diagram in Fig. 4.4a). This succession of dipping beds 

exhibits a progressive fining-up (App. A2) from basal conglomeratic facies (Ccm) 

through horizontally bedded sand~tone with clastic lag (Shc) to clean horizontally 

bedded and planar cross-bedded sandstone (Sh and Sp). The dips of the first order set 
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bounding surfaces (bounding surfaces are classified according to Allen's scheme, 

1983a), and those of the second order coset bounding surfaces (McKee and Weir, 

1953), average 10° to the WSW. The three steepest dips, which are easiest to measure 

accurately, are oriented due south. This stacked, dipping geometry, combined with 

the fining-up signature, indicates that these beds are part of a macroform or bar within 

the channel (other examples of such bars geometries are noted by Miall, 1996). Only 

two beds with measurable foresets were encountered; when corrected for regional tilt, 

these foresets show dips to the NNE (018° and 026°). These data suggest lateral 

accretion, because the angle between this NNE flow direction and the previously 

described WNW bar accretion direction is greater than 60°, meeting Miall's criterion 

for lateral accretion (Miall, 1996). An interpretation of this architectural element is 

shown in Figure 4.5. 

Towards the centre of the outcrop, the first storey changes character and becomes 

more heterogeneous (Figs 4.1b, 4.4a and App. A3). The beds are no longer arranged 

in a dipping, accretionary pattern but have more concave-up bases and show increased 

basal erosional relief. Facies occurring here include Ccm, Sh, Sc, Sp, Flm and Fls. 

The higher percentage areal occurrence of conglomeratic facies (Cern) and lag 

deposits (Sc) in this central part of the section (32% compared with 6%for the north 

section - see Chapter 5) may indicate frequent deposition from high-magnitude flood 

flows (a process described by Miall, 1977). The types of clasts seen are mainly 

angular rip-up clasts of parallel-laminated mud and silt, and the majority of these 

clasts are deformed. This deformation shows that the deposits ripped up by the flow 

were not lithified when eroded. The appearance of upper-stage plane beds (Sh) and 

dune-scale cross bedding (Sp) through this central part of the first storey also signifies 

a strong flow regime. 

The deposition of Cern, Sh and Sp facies, associated with strong flows, is interrupted 

by the deposition of fine-grained sediment from suspension. Fine-grained material 

occurs as thin (maximum thickness 0.5m) beds of laminated silt and mud (Fls and 

Flm) that are not laterally continuous, extending for between 4 and 28m (see Fig. 

4.4b). The intercalation of high and low energy facies shows that fluctuation in flow 

strength in the central part of the first storey was considerable. The occun;ence of 

lenses of sandstone within laminated muddy sediments (see Fig. 4.4a) is also an 

108 



indication of fluctuating flow strength. The relationship of the coarser facies to the 

finer ones, and to each other, is erosional, with each bed or bedset cutting into the 

preceding one. The geometries produced were measured (discussed in Chapter 5) and 

show a typical lens shape (Fig. 4.4a), with erosional slightly concave up bases (some 

showing sole marks). The original thicknesses and geometries of individual elements 

are impossible to determine because of the erosional relationships.' Existing cross 

beds average 0.35m thick (App. B2). It is understood that dunes scale to flow depth 

(Allen, 1968; Jackson, 1976a); using the relationship between flow depth and dune 

height observed byYalin (1972) 

Y-6h Eq.4.1 

(where Y is the flow depth and h is the height of a wholly preserved dune form or 

foreset), 'and assuming that 

h = 2.9 (±0.7) x d Eq.4.2 

(where h is the mean height of a wholly preserved dune and d is the mean cross set 

thickness - LeClair and Bridge, 2001), this mean thickness of 0.35m gives a dune 

height of 1.02m and a mean flow depth of 6.lm. The range of possible flow depths 

given from these equations is 4.62-7.56m. 

Flow direction in the central part of the first storey is given by cross beds and flutes, 

and is to the NE and ENE (see rose diagram in Fig. 4.4a). The angle between these 

flow directions and the bar accretion direction (WSW) described from the northern 

part of this first storey is greater than 60°, again meeting the criterion for lateral 

accretion (Miall, 1996). This confirms the interpretation of the macroform within this 

first storey as a laterally accreting bar. However, it should be remembered that many 

bars (such as mid-channel braid bars) accrete in more than one direction; downstream 

and lateral accretion can occur on different faces of the same bar. The outcrop of the 

first storey at Trusklieve is limited in extent, making identification of other faces of 

the first storey bar impossible. Nonetheless, lateral accretion surfaces have been 

identified, and their thickness can be used to estimate a channel depth. Since the 

lateral accretion package has a maximum thickness of 5m (see Fig. 4.4a), the 

guidelines proposed by Bristow (1987) that the height of a macro form is between 50 

and 100% of the bankfull channel depth yield an estimate of channel depth of 5-1 Om. 

The bankfull depth calculated from the height of the dune cross beds (6.09m) is also 

within this depth range. 
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b) Storey Two 
This storey ~ompri es Poorly-developed planar cro s
beds (so~etllne~ changing to Sh up through a bed) and 
~ateral1y Impersl~tent conglomeratic beds. The storey 
IS draped by lamll1ated mudstone and silt tone to the outh . 

a) Storey One 
T.his .storey shows well-developed 
dlppmg accretion surfaces in its northern 
half, before becoming more heterogeneous 
towards the centre of the outcrop. Bedding 

Vertical accretion 
Convex-up 
accretion 
surfaces 

r-------- -------------------------. 
I I 
I I 

Bedding 
Vector mean = 273 0 

Sample number = 5 
Average dip = 7.0° 

I 
I 
I 
I 
I 
I • I 

ssw 

N 

Figure 4.4. The storeys of the Tullig Sandstone at 
Tmsklieve have been separated and enlarged to 
enable detailed features to be picked out. Photo
graphic distortion was corrected for by drawing 
scale bars on the outcrop to ensure accurate mea
surements from photos. For a detailed interpretation 
of the southern half of the outcrop (outlined in red 
on the summary figure to the left) see Figure 4.3. 

N 

Groove marks ~I 
Mean orientation = 137-317° ~ 10 2'0, '. 

Sample number = 10 \ 

-----.L.---
4m 

~~~~~- .. =--.-- _ ll-------'-::::~- ~~? I 

Two major erosion surfaces are een within this storey, in The boxed section is the only accessible 
addition to the erosional base of the storey. The channel at part of the second storey; the beds here 
the top (III) is the most obvious; its geometry suggests a have sheer faces and afford very few 
flow direction perpendicular to the cliff (i.e. WNW-ESE). foreset measurements. However, groove 

______ ;-~~~nl1j'5iJV~~ mark are seen in the base ofthe storey. 

N 

Vector mean = 268° 
Sample number = 7 
Average dip = 9.90 

~~- . , =-. --

Cross-beds and flutes I 
Vector mean = 074° ttJ' '.20 10 ~ Sample number = 7 
Average dip = 13.0° U 

Beds in this northern 
section dip at 100to the W 
and SW. Fore et dip to the E. 

~75m 

. -. - ". --.. -- . -_. 

Note the alternation 
of Flm with lenses of 
Sp and Sc 

-- ,:---

Beds in this central section are 
lenticular and of varied facies 

Here, Storey I is 
erode;t by Storey2 
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Bedding 
Vector mean = 3290 

Sample numb r = 

Average dip = 7.1 0 

Foresets 
Vector mean = 0230 
Sample number = 9 
Average dip = 16.60 

r---------------------------------· , , , , , . . 
Figure 4.4 continued. The storeys of the Tullig 
Sandstone at Trusklieve have been separated and 
enlarged to enable detailed features to be picked 

'~out. Black and red cale bars are divided into 

I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ' O.5mincremen~. Fora detailed interpretation ~~~~~;;;~~~~~~j of the southern half of the outcrop, outlined in 
~ --------------: red on the summary figure (left), see Figure 4.5. 

Bedding 

Bedding 
Vector mean = 334" 
Sample number = 6 
Average dip = s.r 

Foresets 
Vector mean = 0 L 50 
Sample number = 12 
Average dip = 13.0° 

Vector mean = 3200 

Sample number = L 2 
Average dip = 8.20 

Foresets 
Vector mean = 920 

ample number = 8 
verage dip = 11.30 

Flutes 
Vector mean = 3200 

ample number = 15 
1~1: ~ 
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c) Storey Three 
Thi torey i more 
heterogeneou than the 
other in its outhern part 
( ee Fig. 4.3b) , but the 
northern ection shown here 
compri e mainly planar 
cro bedded and tone. 

e) Storey Five 
This torey exhibits a simple homogeneous succession 
of planar and trough cross-beds with set surface close 
to parallel to regional dip. The total thickne is not 
visible in this photograph. 

d) Storey Four 
T~is storey i composed of facies Sm, Smc and Sh, 
With. some low-angle cross-bedding (SI) and a strongly 
erosIOnal base. Several thin, laterally impersistant 
conglo~1erate beds also occur. The storey is capped 
by a thm «0.45m) bed of laminated silty mud. The 
low angle of the foresets encountered makes dip 
~e~surements less accurate than for steeper foresets, 
glvmg rise to a wide range of dip directions. 

Inte111al ero ion surfaces within the 
stacked succession of planar cross-beds 

Sm 

SSW 

.. .. . ...... - .... .... .. .. .... .. -- - .. 

Conglomeratic lag at 
the base of the storey 

These well-developed beds of Facies Sp are part 
of a bar-fom1, and contrast sharply with the complex 
channel-fill element in the south of the storey (here 
marked *), shown in greater detail in Figure 4.3b. 

~~~==~-~~~~~t~:;~~~~~~~~=~ J~- .-.. -- .. ~~~~ __ _ 
~ , ~""." .. * 

The storey shows well ~ 
developed bedding .... and is eroded by Storey Four above. 
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In light of the evidence presented above, the first storey is interpreted as a channel 

including a laterally accreting bar and a 5-10m deep channel experiencing large 

fluctuations in flow strength. Section 5.3.1.1 describes the first storey quantitatively. 

t 
N 

N 

? I.()o . ' QO 1.0 ~ 
,\ . '/ 

Bedding Cross beds and flutes 

Key 

--+ 
... ~ 

Main flow 

Subordinate flow, fluctuating 
strength 

Lateral accretion surfaces 
(LAS) 

Migrating dune crests 

Dip for LASs (black) and 
dune foresets (blue) 
Line of outcrop section 

Figure 4.5 . A plan view schematic diagram showing an environmental interpretation 

for the first storey, taking into account palaeocurrents and the geometries of 

architectural elements seen in outcrop. Lateral accretion surfaces form on both sides 

of a mid-channel bar, and planar cross beds form as dunes migrate across the bar. 

When flow to the northeast is strong, sands and gravels are deposited. During periods 

of lower flow in the right-hand channel, finer grained sediment is deposited. The 

channel-fill thus altemates between mud and sand with conglomeratic lag, as seen in 

the centre and south of the outcrop. For more palaeocurrent information, see Fig. 4.4. 

4.3.1.2 Storey two: description and interpretation 

The second storey cuts down progressively into the first storey from north to south 

across the outcrop (Fig. 4.1 b). In the southem half of the outcrop, the second storey 

erodes the first completely, so that the base of the Tullig Sandstone complex becomes 

the base of the second storey (see Figs 4.3b and 4.4b). The total erosional relief from 
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one end of the outcrop to the other is the same as ~he thickness of the first storey, i.e. 

8.Sm. Storey Two is 2m thick above the least erosive section of its basal contact (in 

the north of the outcrop), giving a total stratigraphic thickness of 10.5m. In contrast 

to Storey 1, the second storey is relatively homogeneous, comprising mainly planar 

cross-bedded sandstone (Sp), which sometimes changes gradationally to low-angle 

cross beds or horizontal bedding (facies Sl or Sh), with very occasional thin gravel 

lags (Fig. 4.3b, and App. AS). This considerable increase in homogeneity in the 

second storey (it comprises 89.3% Sp/Sl by area; see Chapter 5) implies a possible 

reduced fluctuation in flow strength; the decrease in clastic lag could alternatively be 

due to a lack of fine-grained material for erosion and deposition. 

The internal architecture of the second storey is somewhat different from that of the 

first. The second storey shows accretionary beds in the south (part of sub-storey II; 

see Figs. 4.3b box A, and 4.4b) that dip to the southwest and northwest at an angle of 

7° (average dip direction 273° - see Fig. 4.4b). This dip and direction are similar to 

those for the northern section of the first storey (lateral accretion surfaces dipping at 

9.9° to 267°). However, the accretion increments in the second storey are thicker than 

those in the first (averaging O.SOm rather than O.35m; see App. Bl) and clastic lags 

are less frequent (Fig. 4.3b, box B). It is difficult to tell whether the accretion is 

lateral or downstream, because the cross bedding is poorly developed in the accessible 

(southern) part ofthe storey, often changing upward within a set to low angle and then 

horizontal bedding, and does not provide many foresets from which to measure 

current direction. Three foreset dips taken from the base of the southern part of the 

storey give corrected dips of 6° towards 279°, which agrees with the bedding dip and 

therefore suggests flow-parallel rather than lateral accretion; however, the sample 

number of palaeo currents is too small to allow a definite conclusion. 

The northern half of the second storey, seen in the main cliff face (see Fig. 4.4b), 

shows marked erosion surfaces that delimit three sub-storeys, labelled I, II and III in 

Fig. 4.4b. The uppermost of the three erosional surfaces is concave-up and the sub

storey approximately 20m wide by 3.2m thick. The geometry of this top sub-storey is 

typical of a cross section through a small channel. This channel element shows a low 

width/depth ratio of 6.25 and appears narrow, scoop-shaped and symmetrical, 

suggesting that the cliff section provides a cross section close to normal to the channel 

113' 



axis. An oblique section would give a wider appearance to the channel, and a higher 

width/depth ratio. Since the cliff trends NNE-SSW, the channel axis is likely to be 

oriented WNW-ESE. Flow direction in the channel cannot be detennined, because 

the channel is within an inaccessible part of the outcrop, but through binoculars, the 

channel fill appears massive (facies Sm - see Fig. 4.1b). 

Sub-storeys II and I show discrete areas of conglomeratic lag deposits at their bases, 

but mainly comprise facies Sp and Sl (Figs 4.1 b and 4.4b). These sub-storeys do not 

have pronounced concave-up channel-shape cross sections, suggesting that unlike 

sub-storey III, their channel axes have oblique orientations with respect to the cliff 

face. In contrast to sub-storey III, sub-storeys I and II show horizontal bedding 

(facies Sh) and cross bedding (Sp and Sl) internally; sub-storey II also shows well

developed dipping accretion surfaces in the south of the outcrop (Fig. 4.3b, box A). 

The few cross beds in the accessible section of sub-storey II are 0.44m thick on 

average, which, using the method invoked in Section 4.3.1.1 (Yalin, 1972; LeClair 

and Bridge, 2001), gives a flow depth of7.7 (range 5.8-9.5~). The dipping accretion 

surfaces of sub-storey II and the convex-upward accretion surfaces of sub-storey I 

(labelled in Fig. 4.4b) are geometries commonly seen in mid-channel bar fonnslbraid 

bars (sensu Bristow and Best, 1993 and Bridge, 1993 respectively; see also Jo and 

Chough,2001). 

The upper surface of the second storey is a preserved depositional surface, exposed in 

the southern part of the outcrop (Fig. 4.3b, box A). The surface is flat to gently 

undulating and shows no features typical of erosional truncation. The storey is draped 

by parallel-laminated silt and mud (Fls and Flm), with two thin sandier lenses 

interbedded with these facies (Fig. 4.3b). This fine-grained interval is not laterally 

continuous and extends for only 32m; it thins and pinches out to the south and is 

truncated by the third storey to the north. The preservation and draping of the upper 

surface of Storey 2 indicates that this part of the channel system was abandoned, and 

experienced only fine-grained deposition for a time. 

From the evidence presented above it can be concluded that the second storey is a 

fluvial channel with sub-elements including a probable mid-channel bar (sub-storey I) 

that experienced another growth phase represented by sub-storey II, and a discrete 

114 



small channel with sandy fill (sub-storey III - possibly a third-order cross-bar 

channel, sensu Bridge 1993, or a channel resulting from a mass-flow related to 

channel bank collapse, as described from the Fell Sandstone Group by Tumer and 

Monro, 1987). Subsequent abandonment of this part of the channel system allowed 

the bar and sandy channel-fill deposits to be draped with fine-grained abandonment 

sediments, with occasional pulses of sandy sediment, possibly representing high-water 

stage wash-over from adjacent occupied channel(s). Figure 4.6, below, shows a 

schematic representation of this interpretation. 
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Figure 4.6. A plan view schematic diagram showing an environmental interpretation 

for Storey 2, taking into account palaeocurrents and the geometries of architectural 

elements seen in outcrop. a) Lateral accretion surfaces form on both sides of a mid

channel bar, with downstream accretion occurring at the downstream bar tip. The bar 

(representing sub-storeys I and II) is dissected by a shallow cross-bar channel (sub

storey III) . b) The southem part of the outcrop is draped by fine-grained deposits, due 

to abandonment of the right-hand channel in the diagran1. The cross-bar channel is 

filled by massive sands (facies Sm), probably from bank-collapse (a process described 

by Hjellbakk for braided river deposits in Norway, 1997). For more detailed 

palaeocurrent information, see Fig. 4.4b. 
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4.3.1.3 Storey three: description and interpretation 

The third storey is accessible only in the south of the outcrop, and is different from the 

first two storeys. The dune-scale planar cross bedding is better developed in the third 

storey than in preceding storeys, with steeper foresets that do not shallow out to 

horizontal bedding as in Storey 2 (e.g. in Fig. 4.3b, box C, and Fig. 3.7). In its 

southern half, Storey 3 exhibits greater facies variety than Storey 2, comprising facies 

types Ccm,. Sh, Sm, Shc, Sl, Sp, and Sc. The inaccessible northern part of the third 

storey, viewed through binoculars, appears more homogeneous than the southern part, 

. comprising only facies Sp/Sl and Sh. No conglomeratic lags are seen within the 

northern part of the storey. 

The basal surface of the storey is strongly erosive, cutting into the preceding fine

grained abandonment facies with a local relief of up to l.5m. From north to south 

across the entire outcrop, a total downcutting of 5.5m is present; the erosive base of 

Storey 3 is 8.5m from the base of the entire Tullig sandbody at its north end, but only 

3m from the base at its south end. At the northern end, the storey is 5.2m thick; 

adding this thickness to the 5.5m of erosional relief gives a total stratigraphic 

thickness of at least 10. 7m for Storey 3. The basal contact of the third storey also 

exhibits load structures where it erodes into the fine-grained abandonment deposits 

capping Storey 2 (beds H and I; see Fig. 4.3b), showing that the laminated muds and 

silts beneath were not lithified when deposition of the sandy facies commenced. 

These features indicate reoccupation of the abandoned stretch of channel before the 

fine-grained fill could be stabilised, for example by vegetation growth. Flute marks in 

one place on this basal surface show northeast and southeast directed flow, but are 

localised and limited in number (n = 3), and so cannot be taken as statistically 

representative of the channel orientation. Flute and tool marks represent localised 

flow directions in areas of net erosion, typically within channel thalwegs where 

cohesive mud is present (Bridge, 1993). It is thus possible that the southern section of 

the third storey, where the flutes were found, represents a channel thalweg and its fill. 

The southern part of the third storey is quite varied in its internal architecture. Beds J 

through P accrete vertically, but pinch and swell as successive beds erode into each 

other (see Fig. 4.3b). Contacts between beds are typically gently concave upwards 

(e.g. beds Land P in Fig. 4.3b), a common characteristic in channel-fill architectural 
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elements (Miall, 1985). Beds of facies Sh (e.g. J, L, P) alternate with facies showing 

clastic lags (Shc and Sc - e.g. beds K, M, N' and N). The clasts in these beds are 

flow-aligned, with alpha and beta (i.e. long and medium) axes parallel to bedding 

planes, and several "floating" clasts are also present that were deposited by 

overpassing (see Section 3.3.2). Because of the lack of current direction indicators , 
within facies Shc it is not possible to tell whether the clasts are oriented with their 

long (a) axes transverse or parallel to flow. Clast size varies, with laminated silt rip

up clasts reaching up to 250mm long. Occasional smaller (5-20mm) rounded pebbles 

of other lithologies also occur, as do pieces of plant material up to 0.7m long (see Fig. 

3.32, and App. AS). The lag is therefore a mixture of freshly eroded fines, less 

angular particles with a longer transport history, and organic material. Overall, the 

upper stage plane beds (Sh) and the large clast sizes in facies Shc and Sc indicate high 

flow velocities; this, together with the strongly erosional internal contacts and the lack 

of identifiable bar accretionary surfaces, is evidence to support the idea that beds J to 

P in the third storey represent a channel-fill succession. 

Figure 4.3b shows that above bed P there is an erosional surface at the base of bed Q, 

which cuts down to the north and truncates beds J, M, N', N and P. Bed Q shows 

horizontal bedding to rare low-angle planar cross bedding (Sh/Sl) and is succeeded by 

a conglomeratic bed (R) and, further to the north, a series of laterally and vertically 

accreting planar cross beds (labelled R' in Fig. 4.3b). The change from Sh and Shc 

(beds J-N) to Sp (beds labelled R') suggests a slight decrease in flow velocity, 

allowing dunes to form and migrate within the channel. The cross sets of these dunes 

are particularly well developed and average -0.20m thick (App. B2), with foresets 

dipping at 16.6° towards the north-northeast (008°-035° - see Fig. 4.4c). The bed 

boundaries dip towards the northwest (averaging 07° towards 329°), indicating 

probable downstream migration (the difference in dip direction between the foresets 

and beds is 55°, five degrees below the 60° suggested by Miall (1996) for positive 

identification of laterally accreting macroforms). The dip directions are very similar 

to those recorded by Williams and Soek (1993) for this storey. Using the method 

invoked in Section 4.3.1.1 (Yalin, 1972; LeClair and Bridge, 2001) the flow depth 

calculated from the cross bed thicknesses in Unit R' is 3.5m (range 2.64-4.32m). 

From observing the continuation of the cross beds northward into the inaccessible part 

of the cliff face (Figs 4.1a and b, and 4.4c), the accessible cross beds are seen to be 
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part of a thicker succession of vertically and laterally accreting beds. This succession 

forms the main part of the third storey; it extends laterally for over 72m, reaches Sm 

in thickness, and exhibits numerous internal accretion surfaces and a few obvious 

internal erosion surfaces (arro~ed in Fig. 4.4c). Walker and Cant (1984) and Miall 

(1985) state that planar cross bedding is commonly forme~ in shallow channels and 

on submerged bar tops or sand flats by straight-crested dunes, transverse bars or sand 

waves. It is probable that the deep erosion of the Storey 3 channel thalweg in the 

south of the outcrop (discussed above) led to the deposition of coarser channel-fill 

deposits in the south (including beds of facies Ccm, Shc and Sc), while decreased 

erosion in the northern half (Fig. 4.1 b) encouraged the formation and migration of 

straight-crested bedforms (facies Sp) in the shallower water depths. 

In the accessible southern part of the third storey, the depositional upper surface of 

one partial dune form is preserved at the top ofR', the planar cross-bedded succession 

(box D in Fig. 4.3b). This dune form, O.Sm thick, forms the top surface of the storey, 

but it is not laterally continuous, and further to the south pinches out against bed R, 

which then forms the top surface of the storey. The upper surface of bed R is also 

preserved, but in contrast to the smoothly convex surface of the dune, it is uneven and 

shows considerable topography. This topography is due to the nature of bed R, which 

comprises a matrix of fine to lower medium sandstone and large (up to O.6m) 

fragments of organic debris, mainly woody plant material (logs 3 and 4 in Fig. 4.2; 

box E in Fig. 4.3b). Burial compaction has transformed the plant material to coaly 

seams, but the original clumping of debris and associated build-up of sand is still 

apparent and gives the bed its uneven nature. Bed R is interpreted to represent a large 

flood deposit of broken-up plant material swept downstream by high stage flow 

conditions. The sudden abandonment of this part of the channel after deposition of 

bed R allowed the depositional topography to be draped by fines (bed S in Fig. 4.3b; 

see comment in box F in this figure). The topography was thus preserved intact. 

The fine-grained material of bed S, which drapes and onlaps the third storey, is 

parallel-laminated silty mud with a stratigraphic thickness of up to 4.70m. Due to 

both the uneven top and basal surfaces and the internal deformation of the bed, the 

total thickness of bed S is not wholly preserved in anyone place; the bed is no thicker 

than 2.90m at any given point. Bed S contains a O.3m thick parallel-laminated silty 
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sand layer 2.55m from its base (the lower "B" bed in Fig. 3.24). There are also 

occasional thin «15mm) sands between 1.75m and 2.55m within bed S, showing 

poorly developed ripple cross lamination. The bed returns to muddy silt above 2.S5m. 

Bed S also shows load structures and deformation (ball and flame structures, 

convolute lamination), low-angle faults with small offsets «O.2m) and slight rollover 

folding related to these faults (see Figs 3.24, 3.25 and 4.3b, box F). The faults are 

confined to bed S and are part of the limited soft sediment deformation seen within it. 

Bed S continues laterally for 35m before being cut out in both directions by the 

erosively based fourth storey above. Bed S is interpreted as an abandonment-stage 

channel-fill (Fig. 4.7), with silty and sandy intercalations deposited from turbulent 

eddies overspilling from the main channel (a process described by Miall, 1996). 
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In summary, the third storey comprises a strongly erosively based channel-fill element 

(beds J-P in the south of the outcrop), conglomeratic flood deposits (bed R, again in 

the south), and straight-crested bedforms migrating downstream and accreting 

vertically in shallower water depths of around 3.5m (in the centre and north of the 

outcrop). The channel was abandoned and subsequently infilled with fine-grained 

channel-fill and overbank deposits (Fig. 4.7), and colonised by plants (Fig. 3.30, and 

Fig. 4.2 at 9.3m in log 4). 

4.3.1.4 Storey four: description and interpretation 

The base of the fourth storey is strongly erosional, with up to 7.5m of relief (see Fig. 

4.3b boxes G and H, and Fig. 4.4d). This surface shows numerous clusters of sole 

marks, predominantly flute casts, which show current directions towards the WNW 

and ENE (see Fig. 4.4d). Load casts up to 0.2m deep are also seen on this surface 

where the denser sand above has sunk down into the silt below (Fig. 3.26). This 

indicates that the underlying abandonment fines were still water-saturated when the 

next' channel was incised, similar to the base of the third storey. Lenses of 

conglomeratic lag are seen at the base of the storey that contain clasts of ripped-up silt 

and fragments of woody plant material; these lags (facies Ccm) are laterally 

discontinuous, only extending laterally for one or two metres. These lenses represent 

initial fill of the scoured basal erosion surface. 

Internally, the fourth storey is less varied than the first and third storeys; it is 

dominated by facies Sm and Sh, with lesser amounts of facies Sl, Sp and Ccm. 

Within the lower two to four metres of the accessible part of the storey there is an 

upward, and sometimes a lateral, transition from massive and faintly parallel

laminated beds (Sm) to beds showing excellent parallel to low-angle bedding (Sh and 

Sl with rare Sp - see Fig. 4.8 overleaf). Beds of facies Sh within the fourth storey are 

0.7-0.9m thick, although individual bedding planes are difficult to follow, and are 

often cut out by minor gently concave-up internal erosion surfaces. Facies Sl and Sp 

occur in beds up to O.5m thick, but the average bed thickness is 0.26m for these facies 

(App. B2). Using the method from Section 4.3.1.1 (Yalin, 1972; LeClair and Bridge, 

2001) this cross set height gives a flow depth of 4.6m (range 3.4-5.6m). There is no 

overall fining-up trend, although there are coarse lags at the base of the storey (Figs 
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4.1b and 4.3b), a feature also noted by Cant and Walker (1978) in their descriptions of 

channel-fill deposits in the modem braided South Saskatchewan River. 

Figure 4.8 . A view of the fine-grained channel plug at the top of Storey 3, and the 

lower few metres of Storey 4. Notice the erosional relief on the base of Storey 4 

(thick dashed line), and the upward change in facies within this storey, from 

conglomerate (Ccm) through massive sandstone (Sm) to low-angle cross-bedded 

sandstone (Sl). Thin solid lines mark main bed boundaries; thin dashed lines mark 

laminae and cross laminae. 
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Low-angle cross bedding is well developed in beds close to the northern cut-off of the 

underlying abandonment facies (see Figs 4.3b and 4.8), and foresets dip towards the 

north-northeast (Fig. 4.4d). Bed set boundaries are more variable, dipping to the 

WNW and ENE at around 8° (Fig. 4.4d); this wide spread of dips could be due to the 

inherent inaccuracies associated with measuring and correcting such low angle dips. 

However, the wide range is similar to the range of flute directions mentioned above. 

When compared with the foreset dips to the NNE, bedding surface dip directions 

suggests possible lateral accretion, but with such low dip angles, and no obvious 

architectural evidence such as large-scale dipping surfaces, it is impossible to 

determine this conclusively. 

The fourth storey succession is more likely to be a channel-fill, with conglomeratic 

lag facies Cern and bank-collapse facies Sm followed by vertical accretion of dunes 

and planar bedforms (facies Sp and Sh) migrating downstream across broad, near flat 

bedding surfaces (a succession described by Jo and Chough, 2001, from channel-fill 

sequences in southeast Korea). The lateral and vertical transitions between facies Sh 

and Sl/Sp seen in Storey 4 match the description of the "CHS" (cross-stratified and 

horizontally stratified sets) architectural element of Jo and Chough (2001), and 

suggest a range of flow conditions producing dunes and upper-stage plane beds under 

highly aggradational conditions (Saunderson and Lockett, 1983; Chakraborty and 

Bose, 1992). The concave-up minor internal erosion surfaces are also characteristic 

of shallow scours within a channel-fill succession (Miall, 1985), and although they are 

not filled with any lag, the sandy fill shows bedding parallel to the scour surface (a 

feature described from other fluvial systems by Allen, 1963, Miall, 1977, Singh and 

Bhardwaj, 1991 and others). 

Overall, the fourth storey has a stratigraphic thickness of 8.5m, an estimated flow 

depth of 4.6m in parts, comprises mainly sandy facies, and can be interpreted as a 

fluvial channel with a strong flow regime that led to the dominance of facies Sh and 

S1. The outcrop of the storey is smaller than previous storeys, and does not provide 

sufficient area for positive identification of bar or channel geometries. However, the 

presence of hyperconcentrated flow deposits from bank collapse (facies SmlSmc; see 

Sections 3.3.1 and 3.3.2) and the well-developed Sl facies in scour fills suggest that 

the storey represents a channel-fill architectural element. 
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4.3.1.5 Storey five: description and interpretation 

A thin «0.45m) laminated silt layer (Fls) separates the fourth and fifth storeys (Fig. 

4.3b). This silt layer extends laterally for 16.5m and includes a small sand lens, O.1m 

thick and ,.., 1.5m long. The silt bed onlaps the upper surface of the fourth storey, and 

is eroded out in both directions by the downcutting base of the fifth storey. Storey 5, 

the uppermost present in this outcrop, is more homogeneous than those preceding it. 

The sandstones in this storey are clean, uniformly fine, and show no grading. Facies 

St dominates the storey, accounting for approximately 70% of the outcrop by area 

(see Chapter 5); facies Sp is the only other facies present, occurring immediately 

above the erosional surface at the base of the storey for a thickness of approximately 

1.3m. The total exposed thickness of this storey reaches a maximum of 6.55m, but 

the limited extent of outcrop means that the total relief on the basal erosion surface is 

not necessarily visible. Visible relief on this surface is less than 2m, the lowest seen 

on the basal surface of any storey at this locality. 

Bedding planes and coset boundaries, corrected for regional tilt, are close to 

horizontal, but show small dips (average 5.7°) towards the NNW (Fig. 4.4e). 

Corrected foresets show a migration direction towards the north and NNE (Fig. 4.4e). 

The angle between these directions is low and suggests downstream accretion, but the 

fact that the bedding dips are so low means that the measured dip directions could be 

inaccurate. To the careful observer there is no evidence of obvious dipping accretion 

surfaces, either lateral or downstream; however, as with the fourth storey, the outcrop 

(a stepped area set back from the cliff top) does not lend itself to observations of 

large-scale bedding architecture. Nevertheless, the apparent lack of lateral accretion 

surfaces and major convex-up bedding surfaces suggests that the succession 

represents fields or trains of individual bedforms (an architectural style described by 

Miall, 1985). Cross bed thicknesses range from 0.13 to 0.51m, with an average value 

of 0.27m (App. B2); employing equations 4.1 and 4.2 (Yalin, 1972; LeClair and 

Bridge, 2001) gives an average flow depth of 4.8m (range 3.6-5.6m). 

The vertical profile is also instructive, showing· a change from planar to trough cross 

bedding as previously described. These facies (Sp and St) are typical of the fill of 

channel scours by migrating straight- and sinuous-crested dunes (Miall, 1977; 

Collinson and Thompson, 1982; Singh and Bhardwaj, 1991; Jo and Chough, 2001). 
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Miall (1985) states that trough cross beds "characteristically occupy the deeper 

portions of active channels wherever the bedload is predominantly sand", indicating 

that this fifth storey represents deposition in a deep part of an active channel. 

The fifth storey can therefore be interpreted as a deep part of a channel with a strong 

but stable flow regime, with a field of straight- to sinuous-crested dunes migrating 

along it. The development of trough cross bedding is indicative of continuous 

sediment transport under sustained flow conditions, with curved-crested dunes 

developing from straight crested dunes over time (Leeder, 1999) or at times of 

increased flow speed (Miall, 1996). The homogeneity of this fifth storey in terms of 

facies exceeds that of all previous storeys, being dominated by faces St. The storey 

concludes a progression from mixed fine and coarse facies and complex architectures 

in the lower storeys (see Fig. 4.4a and b) to predominantly sandy facies and simpler 

architectures in the higher storeys (see Fig. 4.4c, d and e). 

4.3.1.6 Summary and discussion of the Trusklieve outcrop 

A storey-by-storey summary is given below. 

1) Storey I exhibits laterally accreting bar deposits up to Sm thick, and a laterally 

equivalent channel-fill succession comprising conglomerates, sands and silts. The 

storey -shows 2.5m of erosion on its basal surface, and is 8.5m thick (probably 

thicker before erosion by Storey 2). Flow depths of 6.1m are calculated from 

cross bed heights, and palaeo currents show flow to the northeast. 

2) Storey 2 comprises three sub-storeys representing a downstream accreting-mid

channel bar form and a minor cross-bar channel. The storey shows 8.5m of 

erosion on its basal surface, reaches a thickness of 10.5m, and gives flow depths 

of7.7m from Eq. 4.1. 

3) Storey 3 is composed of a channel-fill succession and, towards the north, planar 

cross beds comprising probable downstream accretion increments. Storey 3 

shows 5.5m of erosion on -its basal surface and is 1O.7m thick in outcrop. 

Calculations of flow depth give a value of 3.5m for the less deeply eroded 

northern part of the storey. Palaeo flow was to the north-northeast. 

4) Storey 4 represents a sandy channel-fill, with bank collapse facies (Sm), migrating 

- straight-crested dunes and planar bedforms, i~ternal scour surfaces, and 

conglomerat~c lags of limited extent at the base. The storey has a measurable 
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stratigraphic thickness of 8.5m and its basal surface erodes 7.5m into the 

underlying storey. Calculations of flow depth give a depth of 4.6m. 

5} Storey 5 is interpreted as a dune field migrating through an active channel, 

forming beds of facies Sp and St. Flow depths of 4.8m are calculated from these 

cross beds, which also show palaeo flow to the NNE. The exposed thickness of the 

storey is 6.55m, with 2m of erosion on the limited exposure of the basal surface. 

Based on the observations and interpretations in Sections 4.3.1.1 to 4.3.1.5, the 

outcrop of the Tullig Sandstone at Trusklieve is interpreted as a nearly flow-parallel 

section through a braided fluvial system flowing to the northeast. The occurrence of 

lateral and downstream accretion surfaces is evidence of the migration of mid-channel 

bars. Combined with the occurrence of a discrete, small, cross-bar channel (typical of 

braided systems; e.g. Williams and Rust, 1969, Bristow, 1987, Bridge, 1993), this 

evidence indicates a degree of braiding within the fluvial system (e.g. Miall 1977). 

The high proportion of channel-fill deposits (seen in all five storeys) relative to lateral 

accretion deposits (only positively identified in Storey I) is also indicative of 

braiding, since the proportion of channel-fill deposits relative to lateral accretion 

deposits is known to increase with increasing braiding parameter (Bridge, 1985). 

The low percentage of fine-grained deposits in vertical profiles (see Fig. 4.2) and by 

area (5.29% - see Chapter 5) also points towards a braided character, because braided 

systems are usually found to contain much less mud and silt than meandering systems 

(e.g. Walker and Cant, 1984). However, a low percentage of fines is not by itself a 

sufficient criterion for identifying braiding (Friend, 1983), since some braided 

systems contain over 40% by volume of fines (Bentham et al., 1993). Nonetheless, 

the typical fining-up meandering profile (Allen, 1970b) is not seen' anywhere within 

the outcrop; the grainsize is uniformly fine to medium sand, and apart from a general 

concentration of clasts at the base of individual storeys, there is no indication of 

changing grainsize within each storey. The observation that the mean grainsize of the 

channel-fills (e.g. Storey 4) is the same as the mean grainsize of the lateral accretion 

deposits (Storey I) conforms to Bridge's assertion (1985) that channel and lateral 

accretion elements should exhibit similar grainsizes in low-sinuosity channels, and 

thus increases confidence in the interpretation of the fluvial system as a low-sinuosity 

braided system. 
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From bedfonn measurements and dune heights, the flow depths of each channel 

storey are calculated to be between 3.5 and 7.7m. This agrees reasonably well with 

the measured range of channel storey stratigraphic thicknesses, from 6.55m for Storey 

5 to 10.7m for Storey 3, although original thicknesses would have been greater before 

compaction. Etheridge and Schumm (1978) and Lorenz et al. (1985) use an arbitrary 

decompaction of 10% for channel bars, which in the case of Trusklieve gives original 

channel thicknesses of between 7.28 and 11.89m. These thicknesses are greater than 

the flow depths, but it is quite reasonable for channel-fill and braid bar deposits to be 

thicker than the flows fonning them, due to vertical accretion over time. It is also 

important to remember that channel depth will vary across a channel, and that flow 

depths generating dunes in one part of the channel may be less than flow depths 

elsewhere; this observation is made in Storey 3 (Section 4.3.1.3). 

The bar fonns observed at Trusklieve are on a scale that allows their changing 

geometries to be seen in the outcrop, which is over 100m in length from north to 

south; this suggests that the bars are of a similar scale to the outcrop. The lateral 

accretion element in Storey 1 has a measured thickness of Sm. Channel widths are 

much harder to assess, since the channel edges are not visible in the outcrop, with the 

exception of the probable cross-bar channel (sub-storey III in Storey 2). The pitfalls 

of empirical methods of calculating channel widths from channel depths are discussed 

by Bridge and Mackey (1993) and Bridge (2003). Many empirical methods require 

some understanding of the sinuosity and meander wavelength of the channels (e.g. 

Leeder, 1973; Williams, 1986) and are therefore not suitable for application to the 

Trusklieve outcrop, where measurements of these characteristics are not possible. 

However, Bridge and Mackey (1993) use channel-belt width and bankfull depth data 

from modem rivers to construct a regression plot expressing the relationship between 

width and depth; on the resulting graph, the flow depths calculated from Trusklieve 

give channel-belt widths in the (very wide) range 250-15000m at 95% confidence, 

and (more realistically) between 650m and 2500m using Bridge and Mackey's 

combined equation (1993). It should be noted that the flow depths calculated for 

Trusklieve might not represent true bankfull depths. An alternative method of 

channel-belt width calculation would be to use the bar fonn height from Storey 1 (5m) 

to give a bankfull depth of 5-1Om (assuming macrofonn height is between one-half· 

and the total bankfull channel depth; Bristow, 1987). This bankfull depth range gives 
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a channel-belt width of between 1000m and 3000m from the regression plot of Bridge 

and Mackey (1993), similar to the width range generated by using the flow depths. 

The scale of the channel storeys is similar to that of channel bodies described by 

Marzo et al. (1988) from the lower sandstone complex in the Eocene Castissent 

Formation, Spain. These Eocene channel storeys are interpreted by Marzo et al. 

(1988) as part of a braided system, and are 0.5 to 5m thick; the sandbody they 

coalesce to form is 25m thick (similar to the 22m+ thickness measured for the Tullig 

Sandstone at Trusklieve). The channel dimensions seen in the Tullig Sandstone at 

Trusklieve are also very similar to those recorded by Jo and Chough (2001) in 

Cretaceous braided fluvial sequences in the Kyongsang Basin, southeast Korea, where 

individual channels are a few to 10m deep and 9m to several tens of metres wide; 

widths of the channel-belt are not given. 

The most obvious trends observed at Trusklieve are the increasing facies homogeneity 

and progressively simpler architecture with height (noted in Section 4.3.1.5). The 

increasing facies homogeneity is logical, since the sediment being eroded changes 

from delta front silts and muds to the channel sands over time (Le. with height), 

reducing the frequency of occurrence of conglomeratic facies. However, the upward 

progression to storeys increasingly dominated by trough cross bedding and simple 

channel-fill architectures cannot be explained by this. Instead, this trend may be due 

to the filling-up and shallowing of the channel system; Miall (1996) recognises that 

while shallow braided rivers are dominated by fields of dunes that produce facies St 

(or Sp), with simple sheet-like architectures, deeper braided rivers are more complex 

and varied in facies and architecture. This model would suggest that the more 

complex lower storeys at Trusklieve represent a deeper river than the simpler, more 

homogeneous storeys nearer the top of the Tullig Sandstone at Trusklieve. 

Comparisons between the Tullig Sandstone at Trusklieve and other Namurian fluvial 

systems of western Europe highlight some interesting differences. For example, 

Okolo's observations (1983) of postulated fluvial distributary channels in the 

Namurian Fletcher Bank Grit, Lancashire, England, are similar in some aspects to the 

observations discussed here, but differ markedly in terms of sandbody geometries and 

architecture. The channel storeys Okolo describes show similar thicknesses (3.6m to 
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29.0m) to those at'Trusklieve, but in general exhibit less than 4m of scour on their 

basal surfaces, and show architecturally simple fills that fine upwards; neither of these 

observations is true at Trusklieve. Nor is there an upward decrease in bedform size at 

Trusklieve, like that described by Okolo, 1983 (see graph of cross-bed thicknesses for 

each storey in App. B2). More detailed quantitative observations regarding facies 

percentages and vertical distributions will be presented and discussed in Chapter Five. 

Another example of Namurian fluvio-deltaic sediments is seen in the Pennine Basin in 

northern England, a basin that was created at the same time as the WINB and that was 

filled by a similar series of cyclothems defined by goniatite-bearing marine bands. 

The topmost Namurian cycle comprises the Rough Rock Group, which as a whole is 

interpreted as a sheet delta (Elliot, 1978); the uppermost unit in the Group is the 

Rough Rock. Bristow and Myers (1989) describe the Rough Rock as being mainly 

composed of trough and planar cross-bedded sandstone facies, with internal scours 

and occasional coarse intraformational conglomeratic lags; the authors interpret the 

succession to be a major braided fluvial distributary channel. They cite the cross

stratification style, the unidirectional palaeo currents and the lack of change in 

grainsize and sedimentary structures in either vertical or downstream directions as 

evidence for few macro forms and a braided channel pattern. This description agrees 

particularly well with Storey S at Trusklieve, and also resonates with sections of 

Storeys 3 and 4, overall supporting the interpretation of the Tullig Sandstone as a 

braided fluvial system. In addition, the individual channels in the Rough Rock are 

thought to be at least 6.5m deep, and the width of the channel-belt is estimated at 

around lkm (Bristow, 1987). Both dimensions are very similar to those calculated for 

the Tullig Sandstone channels from the Trusklieve outcrop (depths of 3.S-7.7m 

calculated from cross-beds, and 6.SSm-1O.7m measured from outcrop; channel-belt 

widths of between 6S0m and 2.Skm). 

However, there are some important differences between the Tullig Sandstone and the 

Rough Rock: the latter is known to be a maximum of SO-6Om thick (Maynard, 1992), 

around twice the thickness of the Tullig Sandstone, and is present over an area of 

. approximately 10,OOOkm2' in northern and central England (Bristow and Myers, 

1989), which is a far greater area than that covered by the Tullig Sandstone. 

Additionally, the grainsize of the facies is coarse to very coarse, and the cross sets are 
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larger scale, being up to 2m thick (a thickness about ten times greater than the 

majority of cross sets seen at Trusklieve. 

Work done on the Trusklieve outcrop by Pulham (1987) is less detailed than the 

research presented here, but he does mention some of the features noted in this 

chapter. For example, Pulham also observed five storeys within the outcrop (although 

he defined them slightly differently), and concluded that the overall palaeocurrent 

direction was to the NNE. Pulham also noted the presence of conglomeratic lags 

immediately above some of the storey bases, and observed the predominance of 

trough cross bedding in Storey 5. However, Pulham recorded a southeasterly 

palaeo flow direction for Storey 5, which is not apparent from the data presented here 

(see Fig. 4.4e); he also considered the storeys to increase in thickness upwards 

through the succession, which is not demonstrated by this research. Pulham's 

interpretation of the outcrop, based on the overall thickness and sedimentary context, 

is that it represents a section through a distributary channel complex, and as such is 

genetically linked with the underlying delta front deposits (Pulham, 1987 and 1989). 

The validity of this conclusion will be discussed in Section 4.4.1 

Overall, the architectural style, facies associations and channel dimensions seen 

within the Tullig Sandstone at Trusklieve favour the interpretation of the fluvial 

system as a low-sinuosity braided system, probably filling up and becoming shallower 

over time. The channel dimensions calculated or measured from the outcrop compare 

favourably with other documented braided systems (Marzo et al., 1988; Jo and 

Chough 2001), and the facies and channel dimensions are similar to those described 

by Bristow and Myers (1989) from the Namurian Rough Rock braided fluvial 

channels, although those at Trusklieve show a finer grainsize and smaller sedimentary 

structures. The Namurian channels of the Fletcher Bank Grit studied by Okolo (1983) 

also show some similarities to the Trusklieve channels in terms of facies, but the 

channel dimensions and erosional relief Okolo describes, although of a similar order, 

are nonetheless smaller than those measured and calculated from Trusklieve. 
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4.3.2 The Tullig Sandstone at Pulleen 

The exposure of the Tullig Sandstone at Pulleen is located 19km along the coast to the 

northeast of Trusklieve. The outcrop comprises a headland with an exposed stepped 

area of about 40m by 20m, showing the whole thickness of the Tullig Sandstone in a 

succession of dipping beds, and an inaccessible cliff face and sea stack, which were 

both photographed for additional architectural detail. The total thickness of the Tullig 

Sandstone from base to top is 22.5m, and comprises three storeys; a logged section 

through this entire thickness is shown in detail in App. A6, and in a summarised form 

in Fig. 4.9. As at Trusklieve, the facies association in the Tullig Sandstone at Pulleen 

matches the fluviaValluvial association described in Section 304.3; the sandbody is 

therefore interpreted to be fluvial in origin. The Tullig Sandstone at Pulleen is 

erosively based, cutting down into mouthbar-type fine-grained sediments. To the 

south of the cliff top exposure is a long inaccessible cliff section where the 

immediately underlying fine-grained sediments of the Tullig Cyclothem are exposed 

(Pulham, 1987). The beds below the Tullig Sandstone, and those within it, dip to the 

south (azimuth 186°) at an average angle of 24°(see Fig. 4.9). Palaeocurrent 

measurements from the Tullig Sandstone were corrected to remove this regional dip. 

4.3.2.1 Storey one: description and interpretation 

Immediately below the base of the first storey is an underlying sequence comprising 

around Sm of low-angle bedded and, ripple-laminated sandstones with interbedded 

siltstones (also recorded by Pulham, 1987). Although this underlying sandy sequence 

was inaccessible, its appearance in the cliff face (labelled M in Fig. 4.10) is very 

similar both in terms of bedding architecture and facies proportions to the appearance 

of the sandbody seen at Tullig Point, which is discussed in Section 4.3.6 and is 

interpreted as a fluvially dominated sandy mouthbar. For this reason the sequence 

underlying the Tullig Sandstone at Pulleen is interpreted here as a mouthbar sequence. 

The first storey of the Tullig Sandstone erodes into the mouthbar sequence with up to 

OAm of visible relief (label A in Fig. 4.1 Ob). The thickness of Storey 1 is variable; in 

the log location it was completely eroded by the downcutting base of the second 

storey, while in the photographs of the cliff face it is clearly visible and reaches a 

thickness of about 1.6m (the storey is labelled "1" in Fig. 4.1 0). Because it was not 

logged, the detailed sedimentology of Storey I was not determined, but from the cliff 
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exposure it appears very similar to the succeeding second storey, exhibiting 

discontinuous horizontal hedding and having a massive appearance. Massive 

sandstones are discussed in Section 3.3.1, and are considered to represent deposition 

from high-density flows such as those generated by bank collapse in fluvial systems 

or by very rapid deposition from flood-stage fluvial flows. 

The architecture of Storey 1 is not easy to see due to the discontinuous bedding and 

the lack of accessible outcrops. From views of the cliffs (Fig. 4.10) and the sea stack 

(Fig. 4.11) it appears that there is no discernible bar-type architecture (such as 

successive dipping beds). Instead erosional scours are visible (label B, Fig. 4.10), 

which, combined with the discontinuous bedding, suggest that the storey represents a 

channel-fill element formed by repeated scour and filled mainly by massive sands. 

At the top of Storey 1 is a bed that has been preferentially weathered back from the 

cliff face; although not accessible, this bed is darker than the surrounding sandstones 

and appears to be parallel bed~ed (label C, Fig. 4.10). The bed is therefore interpreted 

as a bed oflaminated siltstone or mudstone, similar to those seen at the top of Storeys 

3 and 4 at Trusklieve, which is more easily weathered than the surrounding massive 

sandstones. The occurrence of this fine-grained bed shows that a reduction in flow 

velocity led to the end of sand deposition and allowed the deposition of finer material 

from suspension. This indicates abandonment of the first channel storey of the Tullig 

Sandstone. 

4.3.2.2 Storey nvo: description and interpretation 

The second storey was logged in its entirety across the headland, and can be seen 

between 0 and 11.2m in Fig. 4.9. The base of the second storey is erosional, cutting 

into Storey 1 with up to 1.6m of relief (label D in Fig. 4.10) and, in places, completely 

cutting out the siltstone/mudstone bed at the top of Storey 1. At the base of Storey 2 

is an intraformational conglomerate (facies Cern), up to O.5m thick, which is massive 

in appearance and contains both angular and sub-angular clasts of deformed mudstone 

and siltstone (O-O.Sm, Fig.4.9). The top surface of the conglomeratic bed is uneven, 

and the topography is infilled by the succeeding bed of massive sandstone (facies 

Sm). This massive sandstone exhibits occasional scattered rounded clasts of siltstone 

up to sOmm in diameter, and has poorly developed bedding. 
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At a height of 5.5m from the base of Storey 2 (Fig. 4.9) a 0.3m thick bed of parallel

laminated sandstone (facies Sh) occurs, indicating the increased influence of traction 

currents, forming upper stage plane beds under conditions of high flow velocity. 

Massive sandstone (facies Sm) reoccurs above the parallel-laminated bed and, as in 

the Sm section below, shows laterally discontinuous bedding planes, internal scour 

surfaces and, in one place, a localised lag of siltstone clasts. With the exception of the 

planar laminated bed at 5.5m, the entire lower 9m of Storey 2 display poorly 

developed bedding (label E, Fig. 4.10b). Above 9.1m, however, the massive 

sandstone becomes better bedded, showing laterally continuous bedding planes with a 

spacing of around O.3m (label F, Fig. 4.10b). The transition between poorly and well

developed bedding within Storey 2 is clearly evident in the, offshore stack (Fig. 4.11). 

4.3.2.3 Storey three: description and interpretation 

Another transition that is very obvious in the sea stack cliff section is the change from 

the second to the third storey (label A, Fig. 4.11). The erosional base of Storey 3 

exhibits downcutting relief of up to 3m, visible in the stack cliff section (1.5m of 

relief was measured at the log location - label 0, Fig. 4.10b). Above this basal 

surface are 3.2m of planar laminated sandstone beds (facies Sh), that onlap and infill 

the erosional topography (see label B, Fig. 4.11). The bedding surfaces within this 

planar laminated succession are horizontal when corrected for regional dip, indicating 

purely vertical rather than lateral or downstream accretion. 

At the top of the planar laminated succession is a sharp, flat contact with overlying 

well-developed planar cross bed sets. Two sets, 0.7 and OAm thick, are followed by 

two significantly thicker tabular cross sets whose bedding surfaces are laterally 

continuous over tens of metres. These large tabular-planar cross sets reach up to 

O.85m in thickness and can be seen within the sea stack (label C in Fig. 4.11); using 

Eq. 4.2 the height of the bedforms they represent is calculated to be 2A7m. The large 

cross sets are likely to result from the migration of large dune bedforms termed cross

channel bars by Allen (1983a) and Cant and Walker (1978), and transverse bars by 

Levey (1978) and Miall (1977). Such bars are described from the South 

Saskatchewan River by Cant and Walker (1978), who record a height range of 0.3-

2.5m, which agrees with the original bedform heights calculated from the large cross 

sets at Pulleen. 
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Immediately above'these two large cross sets there is a change from planar to trough 

cross bedding. In some places the trough cross sets are deformed by intense 

dewatering (18-19.5m in Fig. 4.9). The trough cross sets are succeeded by several 

sets of planar cross bedding; the variation in thickness of the trough and planar cross 

sets is from 0.2 to 0.75m, with the average value being 0.36m. Using Eq. 4.1 and Eq. 

4.2 (Yalin, 1972; LeClair and Bridge, 2001) the flow depth associated with this mean 

cross set thickness is calculated to be 6.3m (with a range from 4.8m to 7.8m). This 

flow depth of 6.3m is very similar to the flow depths calculated for the five storeys at 

Trusklieve (which range from 3.5m to 7.7m). The flow depth necessary to form the 

larger, O.85m thick tabular cross sets discussed in the previous paragraph is calculated 

to be 14.8m, considerably greater than the flow depths calculated for Trusklieve. This 

increased flow depth shows that for at least a period of its existence, the second storey 

channel was sufficiently deep to allow formation of large straight-crested dune forms, 

known as cross-channel bars or transverse bars. It is important to note, however, that 

Eq. 4.1 (yalin, 1972) does not always give an accurate result for flow depth; for 

example Cant and Walker (1978) record dune heights of 105m in a flood stage mean 

flow depth of only 3m, meaning flow depth in that case was twice dune height, rather 

than six times dune height as in Eq. 4.1. Therefore, although the large cross sets 

indicate an increased flow depth compared with the smaller cross sets, it is possible 

that the very high flow depth of 14.8m is an inappropriate figure and that the actual 

flow depth in which the large cross sets formed was somewhat smaller. 

Above the cross-bedded succession, which continues up to 21.5m in Fig. 4.9, two 

sheets of ripple-laminated sandstone occur. The first sheet is 0.25m thick; within the 

second sheet, only the lowermost O.lm shows ripple lamination, while the upper 

0.35m appears massive. The ripples are unidirectional, with cross lamination showing 

flow to the northeast (see rose diagram in Fig. 4.9). The occurrence of ripple 

lamination indicates a decrease in flow velocity compared with the underlying cross 

beds. The massive upper part of the second rippled sheet could have been formed by 

the burial of the rippled laminae by a slurry flow from a collapsing sandy bank. 

The upper half of the second rippled sheet is scoured in places, with trough-like 

depressions up to 0.3m deep occurring in its top surface (see Fig. 4.9, at 22m and 

above). These troughs are infilled by sandstone displaying either laminae parallel to 

136 



the trough sides or ripple lamination. The top of the third storey, which is also the top 

of the Tullig Sandstone at Pulleen: is the surface comprising the tops of the trough 

fills and the top of the second ripple laminated sandstone sheet. This top surface of 

the sandbody exhibits both vertical and horizontal trace fossils. The vertical 

structures are either holes left by rootlets, or more probably some form of unidentified 

burrow; none of the structures were visible in cross section and from the top view 

alone it was not possible to determine the origin of the features unequivocally. The 

horizontal structures, which are rare, are identified as Thalassinoides traces. 

4.3.2.4 Summary and discussion of the Pulleen outcrop 

A storey-by-storey summary is given below. 

1) Storey 1, though not accessible, is interpreted as a channel-fill succession, and 

exhibits internal scour surfaces and massive sandstones. It reaches a maximum 

thickness of 1.6m in this outcrop. 

2) Storey 2 is 11.2 m thick and shows over 1.6m of erosional relief on its basal 

surface. The dominant facies is Sm, becoming better bedded upwards; no cross 

beds are present so calculations of flow depth cannot be made. 

3) Storey 3 is II.3m thick and erodes up to 3m into Storey 2 below. Storey 3 

comprises planar and trough cross beds, the latter becoming more dominant 

upwards, and is capped by rippled sandstones showing bioturbation on the top 

surface. The flow depth is calculated as 6.3m. Palaeocurrents are directed to the 

east-northeast. The bioturbated top surface indicates abandonment and flooding. 

The first obvious difference between the Tullig Sandstone at Pulleen and Trusklieve, 

separated by a distance of 19km, is the lower number of storeys at Pulleen, which has 

three rather than five. The thicknesses of Storeys 2 and 3 are comparable between the 

outcrops, though - 11.2m and 11.3m at Pulleen, and 10.5m and to.7m at Trusklieve. 

The other marked difference between the two localities is in the facies distributions; at 

Trusklieve each storey typically shows a variety of facies (with the exception of 

Storey 5, which is entirely cross-bedded), whereas at Pulleen Storeys 2 and 3 are 

characterized almost entirely by massive sandstones and cross-bedded sandstones 

respectively. This apparent homogeneity of facies within each storey at Pulleen 

suggests that the outcrop exhibits only single architectural elements within each 
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storey, rather than several elements (as occurs at Trusklieve, for example, the channel

fill, cross-bar channel and bar fonn elements seen within Storey 3). 

It is apparent from the flat-lying accretion surfaces within the Pulleen outcrop that no 

downstream or laterally accreting bar fonns are present. No dipping bed surfaces 

(other than scour surfaces) are measured in the logged section, and the surfaces seen 

in the sea stack confonn to the regional dip and would therefore be horizontal after 

structural restoration. The interpretation of Storeys 2 and 3 is that they each represent 

vertically accreting channel-fill elements; the facies in both stories are common 

channel-fill facies (Miall, 1977, 1996; Collinson and Thompson, 1982; Singh and 

Bhardwaj, 1991; Jo and Chough, 2001), as discussed in Sections 4.3.3.3 and 4.3.3.5. 

The very low amount of fine-grained facies preserved in the Pulleen outcrop indicates 

either that this section of the channel system was continually active, and not 

abandoned at any point, or that the erosion at the bases of the storeys was sufficient to 

remove any fine-grained abandonment facies that may have been deposited between 

storeys. However, the absence of fine-grained rip-up clasts within the third storey 

suggests that no fine-grained facies were present (draping Storey 2) that could have 

provided material for reworking into lag conglomerates. 

The flow depth calculated for Storey 3 is, at 6.26m, just over half the thickness of the 

storey. This apparent discrepancy between channel size and flow depth can be 

explained by continuing aggradation of the channel, without avulsion; if the channel 

remained in the same position while continually aggrading, the thickness of the 

deposits of a single storey could exceed the flow depth. There are a number of factors 

that could cause a channel to remain in a fixed position: Structurally controlled 

subsidence can "pin" a channel in a particular place, as can confining topography, for 

. example if the channel is flowing through a previously-incised valley (e.g. Bridge, 

2003). Further implications of the relative thicknesses and depths of the storeys and 

flow depths will be discussed in Section 4.4. 

Without evidence of lateral or downstream accretion it is not possible to draw 

conclusions about the geometry of the channel system represented by the Pulleen 

outcrop, although the absence of any fining-upward grainsize trends and general lack 

of fine-grained material favours a low-sinuosity, braided system (as discussed in 
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Section 4.3.1.6). The only place that waning flows are indicated is the upper metre of 

Storey 2, where rippled sandstones indicate a reduction in flow velocity compared 

with the cross beds beneath. The bioturbated upper surface of the Tullig Sandstone 

indicates the final abandorunent of the channel system. 

4.3.3 The Tullig Sandstone at Killard 

At KiUard, the Tullig Sandstone crops out on both limbs of an ENE-WSW trending 

syncline (Fig. 3.1). The total thickness of the sandbody is exposed at this locality, and 

measures 18.65m on the southern limb and 21.38m on the northern limb, with the top 

of the sandbody being marked by a rootlet horizon and coaly organic-rich mudstone. 

Logs in App. A7 and A8 show the north and south limbs respectively, and Fig. 4.12 

shows a summary log correlation panel, hung from the top of the sandbody. At 

KiUard, as at Trusklieve, the sandbody has an erosional base, cutting into fine-grained 

delta front muds and silts similar to those underlying it at Trusklieve (compare Fig; 

4.1a and b with 4.13a and b). The internal architecture of the sandbody at Killard is 

significantly different from Trusklieve; instead of several storeys eroding into each 

other, there are only two, and the second storey does not cut down more than a metre 

into the first. However, the facies seen at Killard are the same fluvial facies as those 

seen at Trusklieve, although coarse lag material is less prevalent, fewer fine-grained 

deposits are preserved, and planar, low-angle and trough cross bedding dominate. 

4.3.3.1 Storey one: description and interpretation 

The first storey, as seen on the northern limb (see Fig. 3.1), averages 4.5m thick, and 

maintains a near-constant thickness (±O.6m) in the eastern half of the section (Fig. 

4.13a and b). The western half of the storey is thinner, decreasing to 3.5m thick at the 

logged locality'(see Fig. 4.12). Storey 1 is also thinner on the southern limb (-O.5m), 

where it is partly eroded by the downcutting second storey (Fig. 4.12). The base of 

Storey 1 (i.e. the sandbody base) is erosional but does not cut down strongly where it 

is exposed; it erodes parallel to bedding in the laminated silty mudstones beneath, 

with rare discrete erosional cuts with a maximum relief of only O.1m. Relief on the 

base of the north limb totals less than O.25m over a horizontal distance of more than 

150m. The base of the first storey on the southern limb of the fold exhibits similarly 

low erosional relief. From the marker bed in the mud and siltstones below the 

channel (see log correlation in Fig. 4.12) it can be seen that there is no more than 
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0.25m difference in downcutting across the two limbs, which are about 500m apart. 

This low relief basal surface contrasts markedly with the Trusklieve outcrop, where 

obvious erosional "steps" cut down up to 1m over distances of less than Sm, and the 

total relief on the base of the sandbody is 2.5m. No erosional sole marks were found 

on the southern limb at Killard, and only two were seen on the north limb, directed 

towards the northeast. 

The first storey on the north limb is dominated by facies Sh and Sl; the western half of 

the limb also shows facies Cern, Sc, Shc and Flm. Several thin (-50mm) lag deposits 

and conglomeratic beds (facies Ccm, Smc, Shc and Sc) occur within the lowermost 

metre on both limbs, immediately above internal erosional surfaces (see logs in Fig. 

4.13). Clasts are characteristically 30-100mm in length and vary between angular, but 

distorted, laminated mudstone rip-ups and rounded mud clasts. Organic material is 

prevalent, including woody coalified clasts up to 0.6m in length (Fig. 4.14). On the 

southern limb, clasts appear both at the base of beds (Shc and Sc facies) and 

occasionally as "floating" clasts in massive to faintly horizontally laminated 

sandstone beds (facies Smc, as discussed in Sections 3.3.2.1 and 3.3.2.2; see 6.6-7.0m 

in App. A 7). Neither occurrence is laterally continuous; "floating" clasts are usually 

isolated, and conglomeratic lags grade into the fine clean sands of Sh, Sl or Sp facies 

over horizontal distances of 3-4m. These sandy facies form laterally continuous sets 

0.1 to 0.6m thick with rare thin «20mm) silty/muddy layers between sets. 

The finer facies present within the sandbody occur mainly near the base of the first 

fluvial channel storey (between 10m and 13m in Fig. 4.12). In the outcrop on the 

northern limb, a thin (-0.3m) layer of laminated mudstone occurs at a height of 2m 

from the base of Storey 1. This bed is laterally continuous over a distance of over 

20m,afier which it thins and pinches out to drape a set oflow-angle cross beds. For 

part of its length, the mudstone encloses a thin (O.lm), contorted, matrix-supported 

mudclast conglomerate (see App. A8 at 10.9m).- The laminated mudstone bed 

represents a period of lower flow stage, allowing fine-grained deposition, prior to the 

resumption of sandstone deposition by higher-stage flow. The small thickness and 

limited lateral extent of the mudstone indicate that it is unlikely to represent a 

prolonged, widespread period of abandonment. The enclosed conglomerate is related 

genetically to the muds; its sandy, deformed matrix appears to have been injected into 
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Figure 4.14. Base of the Tullig Sandstone on the north limb of the syncline at Killard. 

Note the flat base of the storey, parallel to the mudstone laminae, and the plant fossil 

in the base of the overhanging bed. 

the muds, contorting and ripping them up in the process to produce a sand-supported 

jumble of angular, deformed mud clasts. The base of the sandstone bed immediately 

overlying the mudstone is loaded and erosive, suggesting that the conglomerate is 

actually a result of sand injection into the mudstone bed below. The sandstone bed 

above the mudstone incorporates a large amount of organic matter in the form of 

coalified plant material (at 10.9m on the north log in Fig. 4.12). This organic 

signature is seen at the base of several other erosively based beds close to the base of 

Storey 1 (at 8.8m, 9.0m and 9.4m in Fig. 4.12). The large size of some of the plant 

fragments (Fig. 4.14) suggests that these organic debris-rich beds are the result of 

high-stage flood flows. 

Above the conglomeratic lags, clean well-bedded sandstones of facies Sl and Sh 

dominate Storey 1. Each co-set of low-angle cross bedding is traceable laterally for 

more than SOm, and in most cases coset-bounding surfaces can be followed for the 
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length of the outcrops on each limb (160m+). Set and coset boundaries, when 

restored from the regional dip, are around horizontal. 

Both the lateral continuity and the horizontal bedding differ substantially from the 

architectural characteristics of the Trusklieve outcrop; at Killard there is no sign of 

strong erosional downcutting or lateral/downstream macro form accretion, as there is 

at Trusklieve. Restored foresets from low-angle cross sets show dips consistently 

towards the north and northeast on both limbs of the fold (see palaeocurrent arrows on 

Fig. 4.12, and rose diagrams in Fig. 4.13), and illustrate a north-northeasterly flow (a 

vector mean of 020°). The orientation of the outcrop (WSW-ENE) is such that one 

would expect lateral and downstream accretionary macro forms to be visible in oblique 

and cross section respectively if present. The lack of any obvious dipping set or coset 

boundaries or lateral/downstream accretionary geometries indicates that the bedforms 

here comprise vertically accreting channel-fill deposits dominated by dunes, rather 

than larger bars or macro forms. The low-angle and planar bedding indicates current 

velocities close to, and at times within, the upper flow regime. Beds and cross bed 

sets of Sl and Sh average 0.58m thick. Because the cross beds dip at such a low angle 

(often 3_5°) and are formed in a different way from steeper dune cross beds, it is not 

appropriate to use the set heights given above to calculate dune height or flow depth. 

A silty mudstone bed appears close to the top of Storey 1 on the southern limb of the 

outcrop, directly below the transition to Storey 2 (6.Sm in App. A7). The bed 

contains abundant plant debris, and may therefore correlate with the similarly plant

rich mudstones seen near the base of Storey 1 on the north limb (e.g. at 10.SSm in 

App. A8), although potential correlations cannot be walked out in the field. 

In the eastern, seaward, part of the northern limb (Fig. 4.13a and b), the upper surface 

of Storey 1 is a bedding surface draped by a thick, laterally continuous laminated silty 

mudstone (facies FlmIFls - see Fig. 4.12, and at 12.2Sm in App. A8). This mudstone 

bed varies between 0.3 and 0.8m thick for most of its length, reaching a maximum of 

0.92m thick, and extends for over 150m before being cut out by Storey 2 towards the 

west. Internally, the silty mudstone shows occasional soft sediment deformation in 

the form of distorted, but not comprehensively convoluted, bedding, and also exhibits 

infrequent lenticular bedding and silty sand lenses up to O.ISm thick and 2-3m in 

144 



lateral extent (facies Flh). The laterally extensive silty mudstone bed can be 

interpreted as representing a sudden abandonment of the channel, which silted up 

before being reoccupied by the channel represented by Storey 2. 

The difference in thickness of Storey 1 across the fold hinge (-4.5m thick on the 

northern limb, -O.Sm on the southern limb) implies that Storey 2 cuts down at least 

three metres more into the first storey on the south limb than on the north limb (see 

Fig. 4.12). This increased erosion on the south limb accounts for the non-occurrence 

of the silty mudstone that drapes Storey 1 on the north limb. Overall, Storey 1 is 

interpreted as a channel-fill succession, due to the occurrence of numerous scours and 

conglomeratic lags, and the absence oflateral and downstream accretion surfaces. 

4.3.3.2 Storey two: description and interpretation 

The base of the second storey is marked by a strongly erosive contact that, on the 

southern limb, is immediately succeeded by a clastic lag with deformed mudstone rip

up clasts derived from the underlying fine-grained abandonment deposits, and organic 

debris (see Fig. 4.12, or App. A7 at 6.6m). Above this basal surface, on both limbs of 

the fold, the second storey comprises clean, well-bedded sandstones of facies Sh, Sp 

and St (Fig. 4.13a and b), with very occasional thin (maximum 50mm) laterally 

discontinuous laminated silts (facies Fls). The thin silts appear at the base of some 

cross bed sets (see Storey 2, Fig. 4.12) and extend for less than 30m (in most cases 

less than 10m) before pinching out. There are no floating clasts, conglomeratic lenses 

or lags, other than the basal lag, although transitions from Sp and St to Sh, and vice 

versa, indicate that fl~w strength does fluctuate slightly (cf. Jo and Chough (2001) in 

other fluvial sequences). The Sp to Sh transition can happen laterally and vertically 

within sets (see the 0.35m-thick bed in Fig. 3.8), as seen at Trusklieve (Section 

4.3.1.4) and observed by Jo and Chough (2001) in the Kyongsang fluvial system. 

The overall trend in Storey 2 is an upward transition from planar cross bedding (Sp) to 

trough cross bedding (St). Bed sets are of a similar thickness throughout, with set 

heights varying from 0.07m to 0.8m but mostly ranging from 0.25m to OAm (e.g. Fig. 

3.8). Using Eq. 4.1 (Yalin, 1972) and Eq. 4.2 (LeClair and Bridge, 2001), the average 

cross bed height of 0.32m gives a mean dune height of 0.93m and a flow depth of 

5.6m (range 4.2-6.9m). As in Storey 1, set and coset bounding surfaces do not show 
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downstream or lateral accretion geometries, but are laterally continuous over tens of 

metres to over 100m. This lateral continuity of beds and sets decreases slightly 

towards the top of Storey 2 as trough cross bedding starts to dominate, and individual 

cross sets scour into each other (Fig. 3.9). The restored palaeocurrents throughout 

Storey 2 show horizontal set boundaries and foresets that dip to the NNW to NE, very 

similar to the first storey (see Fig. 4.14). 

Within the uppermost 3.5m of Storey 2 on ~oth limbs, a bed of intensely deformed 

sandstone occurs, I-2m thick (see Figs 3.12 and 4.12, and App. A7 and A8 for more 

detail). The base of this bed (seen at 27.2m in A8) is erosive in nature and also 

displays load structures in places, with pillows and balls sinking into the bed below. 

The highly deformed bed exhibits internal load structures, convolute bedding, patches 

appearing structureless and massive, and also discrete areas or layers that still retain 

traces of original undeformed bedding (Fig. 3.12). The internal structure becomes 

more coherent within the upper O.2-0.Sm of the bed on the northern limb, where 

planar cross bedding is seen (at 28.4S-28.95m in AS). The top surface is loaded by 

the less-deformed bed above, which shows slightly distorted horizontal lamination 

(Sh) on the south limb of the outcrop and planar cross bedding (Sp) on the north limb 

(see Apps A7 and AS respectively). The remaining 2-3m from the top of the intensely 

deformed horizon to the top of the sandbody show beds with loaded bases, which 

exhibit occasional intemalloaded layers with up to O.4m of relief (in the form of load 

and flame structures) but no comprehensive obliteration of bedding. Both the 

intensely deformed bed and those above it with loaded bases are laterally extensive, 

continuing across both limbs for the whole extent of the outcrop (150m along strike 

and -4S0m from one limb to the other). 

The interpretation of the deformed beds is that they were originally sets of facies Sh, 

Sp and/or St that were liquefied shortly after deposition, whilst still uncompacted and 

water-saturated. The thickness of the less-deformed beds is very similar to the 

thicknesses of undeformed beds. It is probable that the intensely deformed bed was 

more water-saturated than those above it, or was subjected to a greater load, and was 

therefore more susceptible to liquefaction and deformation. The deformation of the 

upper three or four beds of Storey 2 is evidence of a process other than simple fluvial 

deposition. While it is possible that the liquefaction and deformation were caused by 
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a depositional process (for example, by very rapid sedimentation leading to loading 

and instability, or by the hydraulic head developed between bar top and channel. 

floor), the very wide area over which the deformation occurs (the entire outcrop, 

-160m by 450m) makes an alternative explanation more likely. Post-depositional 

liquefaction, caused by localised seismic activity (Allen and Banks, 1972) probably 

related to faulting in the underlying unstable deltaic sequence (Pulham, 1987, see also 

Section 2.2.4) is the preferred explanation. 

The upper surface of Storey 2 forms the top of the Tullig Sandstone on both limbs of 

the fold. The surface is gently undulating due to the presence of numerous in situ 

fossilised roots (Stigmaria) more than a metre long and other pieces of fossilised plant 

debris up to O.5m in length (e.g. Fig. 3.33). In places, poorly defined impressions 

have been left from much larger plants; on the top of the south limb, an elongate 

concavity around O.8m wide stretches for Sm. This depression shows traces of 

carbonaceous material on its inner surface, and appears to be the imprint left by a 

(now removed) fallen tree. Above this rooted surface the succession changes 

dramatically. The top 2.8m of the log in'App. A8 (the south log in Fig. 4.12) starts 

with a metre of highly organic-rich carbonaceous laminated mudstones containing 

rootlets. This bed shows internal deformation in the form of small-scale folding and 

faulting, and also exhibits numerous thin «50mm) layers and lenses of coal. The 

carbonaceous mudstone is followed by an erosively based silty fine sand than fines up 

to muddy siltstone. This silty sand erodes into the mudstone with a maximum relief 

of less than 30mm; it includes discrete patches of convolute lamination and, near the 

top, where the background sediment has fined to muddy siltstone, rare sandy silt 

lenses with ripple cross lamination. A 50mm thick mudstone layer separates the 

fining-up silty sand from a O.9m thick bed of laminated siltstone. The end of fluvial 

sandstone deposition, the growth of vegetation on the abandonment surface, and the 

formation of humic organic-rich carbonaceous and coaly deposits testify to the 

abandonment of the second channel storey and the change of the environment from 

fluvial channel to swamp-like floodplain. 

4.3.3.3 Summary and discussion of the Killard outcrop 

1) Storey 1 exhibits well-developed horizontal and low-angle cross bedding with 

horizontal set and co-set surfaces indicating channel-fill by vertical accretion 
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rather than bar migration. Palaeo currents are to the north-northeast. Lateral 

variation within the storey shows the well-bedded facies to be occasionally 

interrupted by internal erosion surfaces and conglomeratic lags, rich in plant 

material and deformed mudstone rip-up clasts; these scours and coarser facies 

(Cern, Sc) indicate flood-related erosion and deposition, and may signify 

individual channel bases within the storey. Storey I shows less than O.25m of 

erosion on its basal surface, and reaches a maximum thickness of 5.lm before 

being abandoned and draped by a laterally persistent laminated silty mudstone 

averaging 0.45m thick. 

2) Storey 2 erodes into the first storey with relief of up to 4m. Internally Storey 2 is 

similar to the first, with vertical accretion of facies Sp, Sh and st. The main 

differences are the lack of conglomeratic facies (Cern, Sc), and the reduced 

amount of fine-grained facies (Flm, Fls) in Storey 2 compared with the first 

storey. Flow depth is calculated to be around 5.6m. Palaeo currents are again to . 

the north-northeast, and Storey 2 is thicker than the first, reaching a maximum of 

18.2m on the north limb. The top surface of Storey 2 is an abandonment surface, 

with in situ roots and rootlets, and organic rich coaly muds above. 

Based on the observations and interpretations in Sections 4.3.3.1 and 4.3.3.2 above, 

the outcrop of the Tullig Sandstone at Killard is interpreted as a section through a 

fluvial depositional system flowing to the northeast. The differences between Killard, 

Pulleen and Trusklieve include the decrease in number of storeys (two rather than 

three or five), and the reduced erosional relief at the base of the first storey (O.25m 

compared with 2.5m at Trusklieve). It is difficult to make any convincing correlation 

between the storeys at the three localities, although the heterogeneity of the first 

storey at Trusklieve and Killard indicates that these outcrops could show different 

sections of the same storey. The second storey at Killard resembles the fifth storey at 

Trusklieve, in that both are dominated by planar and trough cross bedding, although 

there is no way of physically confirming them as the same storey in the field. Storey 

2 at Killard is also very similar in appearance and facies to Storey 3 at" Pulleen, 

showing the same dominance of cross bedding and a similar upward transition from 

planar to trough cross bedding. Flow depths at each locality are of the same order of 

magnitude, 5.6m for Killard, 6.3m for Pulleen, and 3.5-7.7m for Trusklieve, 

suggesting that the scale of the channels did not vary significantly along palaeo flow 
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from one locality to the next (an overall distance of 20km). As at PuIIeen, the flow 

depths calculated for Killard are significantly less than the storey thickness, which 

again could be related to continuing aggradation of the channel in the same position. 

Another way in which Killard and Trusklieve differ is that the architecture of the 

Killard storeys is much simpler than that at Trusklieve, and more like that at PuIIeen. 

The lack of dipping accretion surfaces in the Killard outcrop (which covers an area of 

around 160m by 450m) is evidence that neither downstream nor laterally accreting bar 

forms are represented in the outcrop, unlike at Trusklieve, where both of these types 

of macroform occur (Section 4.3.1). At Killard, only vertical accretion of facies Sp, 

Sl, Sh and St is seen, suggesting channel fill by a combination of migrating straight

crested dunes (facies Sp), and sinuous-crested dunes (facies St), with upper-stage 

plane beds (facies Sh) forming as bed shear stress and sediment transport rate 

increased in fast but still sub-critical flows (Bridge, 2003). There is no upward fining 

of grainsize or other indication of waning flow, which suggests that the channels were 

not cut, abandoned, and then filled, but that channel deposits accumulated during the 

active life of the channel. The high proportion of channel-fill deposits (seen in both 

storeys) relative to lateral accretion deposits (not seen in either storey) is indicative of 

braiding, since the ratio is known to increase with increasing braiding parameter 

(Bridge, 1985). There is no palaeocurrent evidence to support a meandering channel 

style in this ,outcrop, with all the current indicators pointing towards the north

northeast, in agreement with those from Trusklieve and similar to the ENE-directed 

palaeoflow recorded for Pulleen. More detailed quantitative observations regarding 

architectures will be presented and discussed in Chapter 5. 

Another difference between Killard and Trusklieve is the difference in facies. While 

both localities exhibit the fluvial facies association described in Section 3.4.3, the 

Tullig Sandstone at Killard is less heterolithic than at Trusklieve, being dominated by 

well-bedded sandstone facies and having a lower percentage of fine-grained deposits 
, 

(see Chapter 5 for quantification). At Killard, as at Trusklieve and Pulleen, the typical 

fining-up meandering profile (Allen, 1970b) is absent. Coarse-grained facies (Cern, 

Shc, Smc, Sc) are also less prevalent at Killard than at Trusklieve, with 5.12% 

calculated from the log, compared with 10.73% at Trusklieve (see Chapter 5). 
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.vertical trends seen within the Tullig Sandstone at Killard are limited to increasing 

facies homogeneity with height, as at Trusklieve (quantified in Chapter 5). 

From the abundance of plant material and the in situ roots seen in the uppermost bed 

of Storey 2, it is apparent that the top surface of this storey records the abandonment 

and subsequent colonisation by plants of this part of the fluvial system. On this 

occasion the abandonment was permanent; no re-occupation of the channel system 

occurred, and after the interval of coaly and organic-rich mudstones indicative of 

swamp-type freshwater conditions, a succession of shallow to deeper water mouthbar 

sediments are succeeded by a goniatite bearing marine band that heralds the start of 

the next cyclothem (e.g. Pulham, 1987; see also Section 2.2.5.1). 

4.3.4 The Tullig Sandstone at Carrow more Point 

The exposure of the Tullig Sandstone at Carrowmore Point is across Doughmore Bay 

from Killard, to the northeast, and crops out on the limbs of an open ENE-WSW 

trending anticline (Fig. 3.1). The total thickness of the sandbody was measured on 

both the northern and southern limbs of the anticline, being 22m thick on the northern 

limb and 21.64m on the southern limb. The sandbody is erosively based, cutting 

down into sediments interpreted as delta front facies based on the numerous 

coarsening-up cycles and the lack of any in situ plant fossils (see the log correlation 

panel in Fig. 4.15). The lowermost few metres of the sandbody thickness are exposed 

in a 1-4m high cliff section that exceeds 150m in lateral extent on the northern limb. 

A photomontage was constructed for this cliff (Fig. 4.16), and a second montage was 

made for the top of the Tullig Sandstone on the south limb. Other parts of the outcrop 

(the south limb, and the western (seaward) end of the north limb) are flatter exposures 

in which the dipping beds cannot be seen from the distances required to take photos. 

These unevenly eroded flatter parts of the outcrop are difficult to take architectural 

measurements from, but it is nonetheless clear that the internal architecture of the 

sandbody at Carrowmore is similar to the Killard outcrop. The Tullig Sandstone at 

Carrowmore can be subdivided into two storeys separated by a strongly erosive 

contact. The facies association displayed conforms to the fluviaValluvial facies 

association detailed in Section 3.4.3, although within the topmost three to four metres, 

the association changes to include wave-reworked deposits. 
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Conglomeratic facies are rare within the Tullig Sandstone at 
Carrowmore. Where the facies Ccm and Smc occur, it i always 
at the base of a massive to horizontally laminated bed, and the 

surface they occur above is strongly erosive. 

Major erosional channel/storey bases 

Facies boundaries (frequentl 
coincident with minor erosi nal 
channel or bedform bases) 

Figure 4.16. Panorama of the north 
limb of the Carrowmore Point 
outcrop, showing facies interpret
ations and bed labels. Display is 
from west to east from top to 
bottom. There is a slight overlap 
from one section to the next to 
improve visual continuity. Note 
the erosional base of the second 
storey as it cuts into the generally 
well-bedded Sp and Sh facies of 
the first torey. 
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4.3.4.1 Storey one: description and interpretation 

The thickness of the first storey is greatest at the western (seaward) end of the 

northern limb of the outcrop, where the storey reaches 2.5m before being cut out by 

Storey 2. To the east, within 50m of the eastern limit of the outcrop, the first storey is 

completely cut out by the second. The basal· surface of the first storey is strongly 

erosive, showing a total relief of 4m between the north and south limbs of the 

anticline. A bed in the silts below the sandbody, chosen because of its recognisable 

proud-weathering appearance, was traced across the outcrop to act as a marker bed. 

The base of the sandbody is 4m closer to this marker bed at the southeast end of the 

outcrop than at 'the northeast end (Fig. 4.15). In terms of discrete areas of erosion, 

downcuts or steps of between 0.08 and 0.25m are seen over short horizontal distances 

(e.g. 0.1-2.0m) on the north limb. The orientation of the "hinges",ofthese steps varies 

between 108°-288° and 143°-323°. On the south limb a deeper discrete scour occurs, 

which cuts down 1.41m and back up 1.19m over a total horizontal distance of only 

3.5m. The orientation 'of the scour is not possible to determine because it is only 

exposed in 2-D., A similar problem prevents useful data being obtained from flutes or 

grooves; only a few were found in 2-D profile, and the poor exposure of the basal 

surface made orientations difficult to measure with any certainty. One measured 

groove was oriented 008~-188°, suggesting flow to the north (or south). 

Storey 1 consists mainly of facies Sp and Sl, with low and variable amounts by area of 

Sh, Cern, Sm, and Fls (see Fig. 4.16). The internal sandbody architecture is variable 

through the first storey; the majority of beds have sharp to erosive contacts that cut 

into preceding beds and give lens-shape geometries and low lateral continuity (this 

low continuity is quantified in Chapter 5). When corrected for the regional dip, most 

beds are flat, but some bedding surfaces (labelled in Fig. 4.16) dip down gently 

towards the northeast (e.g. 06%84°, 08%42°), tapering off against the basal erosion 

surface. These dipping surfaces could be downstream accretion surfaces, because 

they dip in the same direction as the northeast-dipping cross bed foresets (see rose 

diagram in Fig. 4.16). However, the wide spacing and low angle of the surfaces, 

together with the limited vertical exposure due to the low thickness of the first storey, 

makes it difficult to state unequivocally that the dipping surfaces define a macro form. 

The limited thickness also makes it impossible to see any vertical trends in either 

facies or geometries within the first storey. The only change with height is the loss of 
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conglomeratic facies Cern, two beds of which are found above the basal erosion 

surface; none are found higher in the first storey. 

The thicknesses of cross bed sets in the first storey provide the only indication of 

channel depth. Sets of cross bedding vary in thickness from 0.15m to 0.5m, with an 

average thickness of 0.29m. Using Equations 4.1 and 4.2 (Yalin, 1972; LeClair and 

Bridge, 2001) this thickness gives a dune height of 0.84m and a mean flow depth of 

5.Om (range 3.8-6.3m). This flow depth is within the same range as flow depths for 

the channels at Trusklieve, Pulleen and Killard. 

4.3.4.2 Storey two: description and interpretation 

The base of the second storey is strongly erosional and irregular, cutting down into the 

first storey with relief of up to 3m. Immediately above the erosion surface is a thick 

(I-7m) unit of massive sandstone (facies Sm), frequently exhibiting randomly 

distributed rounded and angular clasts of mudstone and siltstone (facies Smc), and 

occasional lenses of intraformational mudclast conglomerate (facies Cern) at its base. 

The massive sandstone shows very poorly developed bedding that frequently 

disappears along strike and is impossible to follow for lateral distances over 10-15m. 

Dividing the unit into beds has therefore not been attempted for most parts of the 

photomontage in Fig. 4.16, although in individual logs some bedding surfaces have 

been recorded (see 11.5-13m in App. A9, and 2.5-9.0m in App. All). Occasionally, 

intervals of parallel lamination appear within the massive sandstone, dying out over a 

few metres laterally (e.g. 11.55-13.10m in App. A9). These laminated intervals are 

occasionally associated with thin «50mm) layers of angular to sub-rounded rip-up 

clasts; the clasts are less than 60mm in length and lie with their alpha and beta axes 

parallel to bedding. It is not possible to tell the flow direction in these faintly 

laminated sandstones in order to work out the clast orientation relative to flow. 

The conglomeratic lenses immediately above the basal erosion surface, like those seen 

within the Tullig Sandstone at other localities, comprise deformed rip-up clasts of 

laminated siltstone and mudstone. At Carrowmore the clasts have been stretched and 

elongated parallel to flow to such an extent that the conglomerates frequently take on 

a "fluid" appearance, looking more like mud and silt "flowing" through a sandy 
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matrix than discrete flow aligned clasts in a sand matrix. This suggests that the clasts 

were ripped up and deformed when still very soft. 

Trends within the second storey include an upward increase in bedding definition, and 

a decrease in clast numbers, within the massive sandstone facies on both sides of the 

fold. Another important change is seen in the second storey, at a height above the 

base of the sandbody of between 6.73m and 7.65m on the northern limb, and of 

14.49m on the southern limb. At this point there is a sharp transition from massive or 

faintly laminated poorly bedded sandstone (Sm) to very well-bedded cross-bedded 

sandstone. On the northern limb, planar and low-angle cross bedding (Sl, Sp) occur 

above the transition, while on the southern limb planar and trough cross bedding 

dominate (see logs SE and NW in Fig. 4.15). The transition from massive to cross

bedded sandstone is not accompanied by a marked erosion surface or any coarse lag 

or fine-grained deposition, and this level is not therefore considered to be the start of a 

third storey but rather simply a facies change within Storey 2. However it is possible 

that a third storey, showing very little erosional relief and no conglomeratic lag, 

begins at this level. 

The cross beds within the middle part of Storey 2 are well-developed and laterally 

continuous, with set bounding surfaces easily traceable for up to 80m on the north 

limb; the scoop-shaped trough cross strata on the southern limb makes individual beds 

more lenticular and therefore harder to follow, but set poundaries are still traceable for 

tens of metres laterally (see Fig. 4.17 for a montage of the top of the southern limb, 

and Fig. 4.18 for detail of the northern limb cross beds). There is limited evidence of 

downcutting internal erosion surfaces within this homogeneous middle section of the 

second storey on the northern limb, with a rare example being an erosively based 

lenticular sandstone bed (Fig. 4.18). Set-bounding surfaces throughout this cross

bedded interval, when restored, are horizontal. No evidence of dipping accretion 

surfaces or bar forms is seen, suggesting that the beds are part of a vertical channel

fill succession rather than part of a macroform such as a mid-channel or bank-attached 

bar. Trough cross bedding, commonly the main component of channel-fill sequences 

rather than bars (e.g. Cant and Walker, 1978; Collinson, 1986; Galloway and Hobday, 

1996), dominates the southern pari of the second storey and helps to confirm the 

storey as an aggradational channel-fill succession. 
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Figure 4.17. a) Photomontage of the upper part of the south limb exposure at Carrowmore Point. 
b) As above, with facies interpretations, faults and bedding added. 
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Figure 4.18 . Part of the second storey of the Tullig Sandstone, on the northern limb of 
the Carrowmore anticline. Note the lateral continuity of the beds and well-developed 
bedding, both horizontal (Sh) and cross-bedding (Sl and Sp). The notebook is O.2m tall. 

Figure 4.19. View of Storey 2 on the southern limb of the Carrowmore anticline, showing 
laminated siltstones between sandstone beds within 3m of the top surface of the sandbody. 
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Cross bed heights in the second storey are between 0.15 and 0.60m. Although there 

are no recognisable macroforms or lateral accretion surfaces to aid calculation of 

channel depth, Equations 4.1 and 4.2 (Yalin, 1972; LeClair and Bridge, 2001) can be 

used to reconstruct channel depth from cross bed heights. The result, taking an 

average bed thickness of Oo4Om, is a flow depth of 7.0m (range 5.3-S.6m). This 

figure is similar to the 5.Om calculated for Storey 1, and is also close to the values 

calculated for Trusklieve, Pulleen and Killard. As at the latter two localities, the flow 

depth for Storey 2 at Carrowmore is considerably less than the storey thickness, which 

could be achieved if the channel was aggrading in a fixed position during subsidence 

(see Section 404.1). 

The upper part of Storey 2 is different from the lower and middle sections described 

above. For the first time within the sandbody at Carrowmore, significant amounts of 

finer material are present. On the northern limb, the succession is interrupted by two 

lenses of laminated muddy siltstone (Fls), neither of which is laterally continuous. 

The western lens continues laterally for 4m, reaching a maximum thickness of 0.S5m 

(see App. All at 13.S to 14.2m); the lens to the east is traceable for 7m and has a 

maximum thickness of O.67m. These two fine-grained beds are not at the same level 

within the sandbody. Each lens represents a brief period of low flow, in at least part 

of the channel system, during which suspended load was deposited within the 

channel, being partially eroded at a later time. 

Within the top 4m of the sandbody on the northern limb there is a return to fine

grained facies, with the occurrence of a silty mud bed between 1.3 and I.55m thick, 

which is laterally continuous for the extent of the outcrop (-SOm). This bed coarsens 

up from silty mud to fine sandstone, and is, succeeded by fine-to-medium planar cross

bedded sandstone, which has a thickness of between 1.3 and 2.57m (see App. All, 

between 20.1 and 23.9m). This final sandy interval is interrupted by thin beds of silty 

sand «2Omm thick), and is characterized by thin layers of current ripples within the 

sandy intervals, showing current directions to the north and northeast. 

The second storey on the southern limb shows no fine-grained facies until the top 4m, 

where a bed of thinly laminated muddy silt with silty sand intervals occurs (labelled Z 

in Figs 4.17 and 4.19; see 25.5-26.45m in App. A9). The bed is between 0 and 2.S6m 
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thick and is probably equivalent to the laterally continuous silty mud bed near the top 

of the northern limb, although it is not possible to trace the bed across the fold hinge 

because the outcrop is eroded out in the hinge region. However, while the lithology 

and thickness of Unit Z remain similar across the two limbs, its internal geometry is 

different between the southern and northern outcrops. Within Unit Z on the south 

limb, the laminae are often convoluted, and small faults and associated minor folds 

occur (Fig. 4.20a, b). This soft-sediment deformation suggests some water escape, 

slumping or sliding within the bed, probably resulting from loading or bank collapse. 

Unit Z is eroded out to the east and replaced by a lens of intraformational 

conglomerate (Fig. 4.17) but continues for the whole length of the outcrop to the west. 

A westward-thickening lens, 1.5 to 3m thick, of coarsening-up interbedded mud, silt, 

and sand occurs within Unit Z (labelled X in Figs 4.17 and 4.1 ~), and marks the top of 

the Tullig Sandstone in the western half of the southern outcrop. To the east, where 

Unit X pinches out, a second sandy lens occurs at a slightly higher stratigraphic level 

within Unit Z (see unit labelled Y in Fig. 4.17). This sandy lens Y shows well

developed trough cross beds and, at its eastern end, some liquefaction and loading 

features within its top two metres, similar to those seen at the top of the Tullig 

Sandstone at Killard (Fig. 3.12). Moving west, Unit Y develops a coarsening-up bed 

within its upper metre, showing climbing ripples and well-developed wave ripples at 

the top before thinning towards the centre of the outcrop and pinching out. The top 

surface of Unit Y marks the top of the sandbody in the eastern half of the southern 

outcrop. Above Units X and Y, Unit Z continues in the form of a thick laminated 

muddy silt that marks the final abandonment of the channel'system (Fig. 4.17). 

The interfingering geometries of Units X, Y and Z suggest contemporaneous 

deposition of sandy and silty/muddy facies within a small area (the outcrop area of the 

south limb is no more than 50m by 150m). The climbing ripples (facies Src) within 

the upper bed of Unit Y (28.0-28.3m, App. A9) indicate very rapid deposition from 

decelerating, sediment-laden unidirectiona,l currents. The interpretation of the 

uppermost 3-4m of the Tullig Sandstone is that it represents the abandonment of the 

fluvial channel system, the development of fine-grained channel-fill and overbank 

deposits, and the deposition of the last sandy beds from overbank flows of limited 

areal extent (facies Src). The bi-directional ripple lamination at the top of the 
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sandbody (28 .0-m, App. A9) indicates wave reworking of the last fluvial and alluvial 

deposits. This wave reworking shows either that the abandoned channel was a quiet 

body of standing water affected by waves, or that it was exposed to basinal waves, 

due to subsidence of the area or a rise in relative sea-level. 

Figure 4.20. Sketches showing details of internal structure of 
unit Z top of southern limb, Carrowmore Point. 

a) Significant internal deformation within fine layer, 
e.g. recumbant folding of mud!siltstone laminae, 
and small-displacement faults . 

Here a recumbant fold is faulted along its hinge line 

O.3m 

b) Sandy patch within laminated fine-grained bed, exhibiting 
mud! ilt clasts and layers. This is similar to the intraformational 
conglomeratic facies seen above the base of the second storey 
on the northern limb 

Clasts ripped up and stretched! 
deforn1ed parallel to flow 

4.3.4.3 Summary and discussion of the Carrowmore Point outcrop 

A storey-by-storey summary is given below. 

1) Storey 1 exhibits well-developed low-angle and planar cross bedding with 

northeast-dipping internal erosion surfaces and co-set surfaces, indicating 

probable macroform migration to the northeast. Palaeocurrents from cross beds 

are also directed northeast, suggesting downstream rather than lateral accretion. 

Rare conglomeratic lags of deformed mudstone rip-up clasts are seen. Basal 

erosional relief totals 1.41 m, with up to 4m of erosion implied by correlation 
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between the two limbs of the outcrop. The storey reaches a maximum thickness 

of 205m before being eroded out by the downcutting base of the second storey. 

Flow depths of around 5.0m are calculated from the cross bed thicknesses. 

2) Storey 2 reaches a maximum thickness of 21.65m, and erodes into Storey 1 with 

relief of up to 3m, cutting it out completely to the east. Storey 2 has three main 

intervals showing different facies: i) massive sandstone with intraformational 

conglomerates; ii) well-bedded sandstone (Sh, Sl, Sp and St) with horizontal 

bedding surfaces; iii) finer-grained facies (Fls, Flh) interbedded with trough and 

planar cross-bedded sandstones (St, Sp), climbing unidirectional ripples and wave 

ripples (Src and Srw). The three intervals within the third storey are not separated 

by strongly erosional surfaces or by abandonment facies, indicating that it is not 

three separate storeys. The horizontal bedding throughout Storey 2, and the 

absence of any clear dipping bounding surfaces, suggests that the storey represents 

within-channel aggradation rather than lateral or downstream macro form 

accretion. Palaeo currents within the cross-bedded units are again to the northeast, 

and cross bed thicknesses give a flow depth of7.0m. The top surface of Storey 2 

on the northern limb is an abandonment surface, with in situ rootlets. 

The Tullig Sandstone at Carrowmore is similar to the previously discussed outcrops at 

Trusklieve and Killard in part, but significantly different in some aspects. Storey 1, 

with its dipping downstream accretion surfaces and well-developed cross bedding, is 

similar to the Storey 2 at Trusklieve, and may represent the downstream migration of 

a bar form within a fluvial channel. The erosion of Storey 1 by Storey 2 makes 

calculations of channel depth from macro form height impossible, but the flow depth 

of 5.0m obtained from cross set heights is similar to flow depths calculated for other 

Tullig Sandstone outcrops. 

The second storey is initially very similar to the fourth storey at Trusklieve, with a 

strongly erosive base and an upward transition from massive to planar and trough 

cross-bedded sandstone. The two storeys can be interpreted in a similar way, as 

channel-fills formed under flow conditions conducive to dune formation, but with no 

evide~ce for macro forms such as mid-channel bars. The palaeocurrents from 

Carrowmore show palaeo flow was to the northeast (Fig. 4.16), similar to Pulleen, 

Killard and Trusklieve. Channel depth is calculated from cross bed heights as 7.0m. 
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The main differences between the Carrowmore outcrop of the Tullig Sandstone and 

the Trusklieve and Killard outcrops are at the base and top of the sandbody. The base 

is more erosive in places at Carrowmore (4m of scour relief) than at Killard (O.25m) 

and Trusklieve (2.5m). However, the generally flat basal surface, similar to that seen 

at these other localities, is a typical feature of sand-rich low-sinuosity channel systems 

(Galloway and Hobday, 1996). The top of the Tullig Sandstone at Carrowmore shows 

a more gradual transition to abandonment than at Killard, with interbedded muds, silts 

and fine sands (facies Flh) interrupting sand deposition. These finer-grained facies 

are evidence of prolonged periods of abandonment during the later stages of channel 

evolution, prior to its permanent abandonment. The wave reworking seen within the 

sandy and silty facies near the top of the sandbody (Unit Y) is further evidence of 

abandonment, and could indicate the influence of basinal waves. 

4.3.5 The Tullig Sandstone at Furreera, Liscannor Bay 

The outcrop at Furreera, a further twenty kilometres northeast along the coast from 

Carrowmore, consists of a south-facing cliff face up to 6m high, showing the basal 

contact of the Tullig Sandstone. Although similar in appearance to the Carrowmore 

outcrop, the sandbody at Furreera cuts into interdistributary bay facies (Fig. 4.21 and 

App. A14) rather than mouthbar facies as at other localities. At Furreera the 

sandbody is also much thinner than at the other localities, reaching a maximum 

thickness of only 4.8Om before it is capped by finer material. The range of facies is 

also much reduced, comprising only cross-bedded (Fig. 4.22) and horizontally 

laminated beds (St, Sp and Sh), and the architecture is simple, with only one storey. 

4.3.5.1 Storey one: description and interpretation 

The basal contact of the Tullig Sandstone at Furreera is very flat, following the 

bedding in the fine-grained facies below (Fig. 4.23), and has no apparent sole marks. 

Instead of commencing with conglomerates, massive sands and low-angle cross 

bedding, as at other localities, the Furreera outcrop shows well-developed trough 

cross bedding from the base and throughout the storey (Figs 4.22 and 4.23), with 

occasional beds of facies Sp, Sl and (rarely) Sh. Foresets, dip towards the northwest 

and northeast (Fig. 4.21). Set boundaries can be continuous laterally, but are more , 

often lens-shaped over horizontal distances greater than about 10m, due to the 

dominance of trough cross bedding (Fig. 4.23). Set heights range from 0.15 to O.7m, 
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Erosive ly ba ed Tulli g Sandstone, predominantly 
trough cross-bedded with orne planar cross-bedding, 
showing dune fo rmation within fluvial channel. 

Interdistributary bay laminated muds and ilts, 
interrupted by crevas e play sands with climbing 
ripples and wave reworked current ripples. 

N 

Cross bed foresets 
(Tullig Sst.) 
Vector mean = 347° 
Sample number = 16 
Average dip = 18° 

N 

Unidirectional current ripples 
(interdistributary bay) 
Vector mean = osr 

ample number = 15 

Figure 4.21. Rose diagrams and sedimentary log fro m the Tulli g 
Sandstone and underl ying inte rdistributary bay ediments, from 
the Furreera Bay outcrop, Li cannor. See Table 3. 1 fo r fac ie 
codes and colours, App. A 1 fo r key to log, and App. A 14 fo r 
detailed interpretation. Sca le: 20mm represents 1 m. 

Figure 4.22 . Photo of the Tullig Sandstone at Furreera, howing we ll -developed 
trough cross-bedding, with foresets picked out in colour to how detailed geometries. 
Notebook is O.2m tall. 
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Broken blocks cover the base of 
the sandbody towards the west. 

W 
b) 

Key 

o p, t, I 
- , __ ". Major erosional channel ba e 

~ Bedding planes, erosional 
contact and reactivation surfaces 

_ _ _ _ - Fore et and lamination 

Beds are often lenticular in shape as they are eroded by 
the downcutting bases of the trough cross sets above. 

The basal surface is very flat , following the 
be ding in the laminated muds and silts below. 

Figure 4.23 . Four-phot panorama of a section of the Tullig andstone outcrop at Furreera, Liscannor Bay. The shadowed 
areas of the photos have been artificially lightened to allow the bedding details to be s ... en. ote the dominance of trough 
cross bedding and the lack of any conglomeratic or mud/si lit facies . 
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clustering around 0.3Om. The calculated average cross bed thickness for the outcrop 

is 0.29m, which gives a figure for flow depth of 5.0m (range 3.8-6.3m) using 

Equations 4.1 and 4.2 (Yalin, 1972; LeClair and Bridge, 2001). This is consistent ~ith 

the maximum measured thickness of the sandbody at Furreera, which is 4.8m, and is 

within the range calculated for the other Tullig Sandstone outcrops (3.5-7.7m). 

The amount of fine-grained material in this outcrop is very small, with silts and muds 

restricted to occasional thin layers at the base of cross bed sets, often partially draping 

the foresets and coalescing at the bed base. These layers are usually 5-30mm thick 

and are laterally discontinuous even within a single cross bed set. The thickest 

example (50mm thick) extends for only 3.62 metres before grading into the sandy 

cross beds immediately above. The uppermost parts of the sandbody are completely 

vegetated, so if there is any finer material above the sandbody, it cannot be seen. 

Coarse material is not prevalent at this locality either. A very few large, rounded 

clasts of siltstone are seen in isolated occurrences at the bases of trough cross beds 

and are probably the result of particle overpassing (Allen, 1983b). No lags or 

conglomeratic beds are present. 

4.3.5.2 Summary and discussion of the Furreera outcrop, Liscannor Bay 

The single storey at Furreera is dominated by trough cross beds and lenticular bed 

geometries, with very small amounts of fine-grained and coarse-grained sediment. 

Channel depth is calculated to be 5.0m, and foresets show flow directions towards the 

northwest, north and northeast. The measured thickness of the sandbody is 4.80m. 

The interpretation of this outcrop is that it is part of the same fluvial system as the 

other localities, but that it is in a different position relative to the delta front. The 

decreased thickness, coupled with low volume of fines, show that it represents a 

single storey fluvial channel. It is therefore likely that this channel represents a 

location either close to the margins of the fluvial system, or a locality close to the 

river delta, where the trunk river has diverged into numerous smaller channels (an 

interpretation advocated by Rider, 1969 and 1974). There is considerable support in 

the literature for thicker, multistorey fluvial complexes to represent upstream parts of 

fluvial systems, while thinner, single storey channels have been shown to represent 

sections of fluvial systems in downstream, deltaic, locations (Dreyer, 1990; Dreyer et 
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al., 1990; Flores et al., 1991; Olsen, 1993; Reynolds, 1999). It is even possible to 

distinguish upper and lower delta plain facies by the architecture of the channel 

sandbodies, with those in the lower delta plain commonly being thin, single storey 

channels while those in the upper delta plain are thick, multi storey channel sandstones 

(Home et al., 1978). According to the observations of the above authors, Liscannor 

would be expected to represent a downstream location within the Tullig Sandstone 

fluvial system, and probably a location within the lower delta plain. Observations 

made in this chapter support this interpretation because the palaeocurrents from all 

outcrops show north to northeast directed flow, meaning that Liscannor is 

downstream of the other locations, and could represent a part of the fluvial system 

close to the river mouth in a lower delta plain environment. 

The marked differences between Liscannor and the other localities show that the 

Tullig Sandstone fluvial system changed in style downstream. If the Liscannor 

outcrop represented a channel on the margins of a fluvial system, rather than in a 

deltaic setting, it would be expected to show a higher percentage of fines than axial 

locations such as KiUard and Trusklieve, since the margins of channel-belts show 

finer-grained channel-fills and low-permeability strata (Pryor, 1973). In fact the 

Liscannor outcrop of the Tullig Sandstone exhibits a higher percentage of sand by 

area than any of the other localities (99.9%), making a marginal setting very unlikely. 

The interpretation of the Liscannor outcrop as a stretch of channel closer to the mouth 

of the fluvial system is therefore a better one. 

4.3.6 Tullig Cyclothem mouthbar sandbody at Tullig Point 

Tullig Point is located on the coastline of County Clare, 2.Skm to the southwest of the 

Trusklieve outcrop (Fig. 3.1). At Tullig Point, just over ten metres below the base of 

the Tullig Sandstone, a second sandbody is exposed within the Tullig Cyclothem in an 

inaccessible cliff section. This sandbody was photographed from an adjacent cliff 

top, and a section through it was logged at the only place it is accessible, where it 

intersects with the cliff edge (Fig. 4.24). The geometries, thicknesses and detailed 

sedimentology were interpreted by extending the logged.interpretation to the rest of 

the sandbody using the photographic evidence. The cliff was also viewed with 

binoculars and detailed sketches were made to help tie the logged details to the visible 

sedimentary structures through the rest of the outcrop. 
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Figure 4 .24. a) Photomontage of the Tullig Point outcrop, 
showing a mouthbar sandbody (centre of cliff) and the Tullig 
Sandstone (cropping out at the top left of cliff). b) As above, 
showing facies interpretation, bed labels (capital letters for 
sandstones lower case letters for fine-grained beds), and , 
marker bed in silts beneath to demonstrate very slight erosion 
on the base of the sandbody. See text for further explanation. 
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Figure 4.25. edimentary log from the sharp base to 
the top of the mouthbar sandbody at Tullig Point. 
Capital and lower case letters relate to labels in Fig. 4.24b· 1 
Scale: 15mm represents 1 m. 
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4.3.6.1 Lowermost 2-3m of the sandbody: description and interpretation 

The base of the sandbody is sharp and slightly erosional, cutting down less than O.7m 

into the fine-grained distal mouthbar facies beneath (see Fig. 4.24a and b, and Fig. 

4.25). No sole marks or directional indicators were found on the base at the logging 

point. The architecture ofthe first two to three metres of the sandbody is simple, with 

beds dipping gently towards the basal surface (Fig. 4.24a and b, and App. AI5). 

Because the cliff only provides a two-dimensional exposure of the sandbody, it is 

difficult to measure precisely the depositional dip direction of the lowermost beds. 

They appear to dip gently, between 5° and go, to the east (Fig. 4.24), but could also 

dip more steeply to the northeast, which would produce the same gentle easterly dip 

seen in the east-west section exposed in the cliff. The palaeocurrent measurements 

obtained from the cross bed foresets within the first 2m of the sandbody show currents 

directed to the NNE (Fig. 4:25), suggesting that the gently dipping surfaces are 

downstream accretion surfaces, showing progradation of a bar form. 

The dominant facies over the first 2-3m are Sh and Sl, horizontally bedded and low

angle cross-bedded sandstones. The presence of these facies attests to the occurrence 

of high stage but sub-critical flow, and therefore signifies the influence of strong 

unidirectional currents. The occurrence of facies Sm (massive sandstone) indicates 

rapid deposition from waning currents. 

4.3.6.2 Upper 6-7m of the sandbody: description and interpretation 

The upper six to seven metres of the sandbody are also dominated by facies Sh. Three 

more facies, SP2, Flh and Fls, also become important components of the succession 

(Fig. 4.25). The first two beds within the upper part of the sandbody, labelled a and C 

in Fig. 4.24b, are facies FIs and SP2 respectively. The cross bed set (C) extends across 

the outcrop, while the fine-grained bed (a) pinches out half way across (reaching a 

visible lateral extent of 40m). Neither bed dips towards the basal surface of the 

sandbody. In fact the entire upper two-thirds of the sandbody shows a vertical (rather 

than lateral or downstream) aggradational bedding architecture. Throughout the upper 

6-7m no dipping surfaces are present, and there is only limited internal erosion. The 

bases of three of the beds (B, F and J) are erosional but not strongly downcutting (Fig. 

4.25), and in addition the outcrop photos show that the penultimate bed of facies Flh 

(Bed e) is erosively based. From Fig. 4.24a and b it is clear that there are two areas 
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(labelled £ and $) where the fine-grained facies of Bed e fill erosional scours in the 

top of Bed J beneath. These discrete areas of erosion are the only significant 

interruptions of the aggradational sequence. 

While the architecture is simple, the facies patterns of the upper part of the sandbody 

are slightly more complex. Upper stage, subcritical flow dominates, producing beds 

of facies Sh, but there are also three intervals of cross bedding that can be traced 

across the whole cliff outcrop (Bed C, Beds F and G, and Bed K - see Fig. 4.24b). 

All three cross-bedded intervals are capped or underlain (or both) by thin fine-grained 

beds of facies Flh or Fls, which are no thicker than O.37m, and usually less than 

0.15m (see log, Fig. 4.25). Bed K is sandwiched between two beds ofFlh (Beds e and 

f) while the middle cross-bedded interval is divided into two cross sets, Beds F and G, 

by a thin siltstone (b), and is also draped with a laterally extensive bed ofFlh (c). The 

lowermost cross bed set (Bed B) is immediately underlain by a bed of laminated 

siltstone (a). The three cross-bedded intervals are roughly evenly spaced vertically 

throughout the section, being I-2m apart. The pattern produced by the repetition of 

paired Sp/St and FlhIFls beds indicates a recurring fluctuation between fine-grained 

deposition in the absence of tractional currents, and unidirectional flows with 

tractional currents creating dune bedforms. The cross beds themselves show a shorter 

time-scale high flow-low flow fluctuation, with the foresets draped by thin «3mm) 

layers of silt and mud, which represent periods of reduced current activity and 

deposition from suspension (sub-facies SP2, discussed in Section 3.3.6). 

The scours or channels seen in the top of Bed J (Fig. 4.24a and b) are further evidence 

of tractional current influence on the sandbody. These scours both occur in the same 

bed and were therefore formed at around the same time, suggesting a period of 

increased flow velocity that caused erosion. These discrete areas of erosion were 

subsequently filled by parallel-laminated fine-grained sediments, indicating a switch 

to deposition from suspension in the absence of tractional currents. The cutting and 

filling ofthe scours is further evidence for fluctuating flows. 

A final feature of the upper part of the Tullig Point sandbody is the occurrence of 

wave ripples at the top of two of the beds, with crests oriented NW-SE. Although not 

widespread throughout the sandbody, wave ripples indicate that basinal waves are 
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influencing the environment of deposition, and are approaching from either the 

northeast or southwest. Wave approach from the northeast implies that the basin is to 

the northeast, which is consistent with the northeasterly progradation direction 

implied by the cross bed foreset dip directions. 

4.3.6.3 Summary and discussion a/the Tu/lig Point outcrop 

1) The basal surface of the sandbody is sharp but only slightly erosive, showing less 

than O.7m of relief. The lower 2-3m are dominated by horizontally laminated 

sandstone (facies Sh) and display dipping accretion surfaces indicating 

progradation to the northeast. 

2) The upper 6-7m of the sandbody are again dominated by facies Sh and also 

exhibit repeated high flow-low flow bed couplets - beds of dune-scale cross 

bedding (facies Sp/Sp2/St) immediately succeeded by parallel-laminated fine

grained sediment (facies FlslFlh). Facies architecture represents vertical, rather 

than lateral or downstream aggradation, with some evidence of limited erosion, 

apparently concentrated on the level of Bed E. Wave ripples indicate occasional 

reworking by basinal waves. 

The facies association seen in the Tullig Point sandbody initially appears similar to 

the fluvial facies association discussed in Section 3.4.3. The dominance of facies 

formed in the sub critical upper flow regime (Sh and Sl) indicates action of strong 

unidirectional tractional currents. However, the significant amount of fine-grained 

material, the very good lateral continuity of the beds, and the lack of pronounced 

scour and downcutting testify to an environment where erosion is limited and 

deposition from suspension, with little or no tractional current influence, is important. 

The fluctuation between tractional unidirectional processes and non-tractional settling 

processes can occur in a purely fluvial environment, but usually fine-grained deposits 

in such an environment are restricted to abandoned channel reaches and floodplains. 

The thin, laterally extensive fine-grained beds seen in this outcrop are not channel 

fills, show none of the features associated with fl~odplains (rootlets, bioturbation), 

and are dissimilar to the fluvial abandonment facies seen in the Tullig Sandstone at 

Trusklieve. 

170 



In light of these observations, the Tullig Point sandbody is interpreted as a fluvially 

dominated mouthbar deposited in a delta front environment. The crest of a mouthbar, 

for example, experiences very strong sediment-laden traction currents during flood 

stage flow (Wright and Coleman, 1974). Deposition and subsequent reworking by 

waning fluvial currents causes the mouthbar to prograde (Coleman et al., 1974) and 

produces beds of facies Sh, Sl and Sp (Wright and Coleman, 1974). The prograding 

accretionary geometries of the lowermost beds fits with this understanding of 

mouthbar progradation (e.g. see Wright, 1977). During low river stage a mouthbar 

crest is subject to fine-grained deposition from the plumes of suspended sediment 

extending from the mouth of its feeder distributary channel (e.g. Wright, 1985). The 

repeated fluctuation between high and low flow is responsible for the repeated facies 

pattern seen in the outcrop. The lateral continuity of the beds is explained by the 

spreading out of the plume of sediment from the distributary mouth into the receiving 

basin, which allowed fine-grained deposition over a wide area and also led to a 

reduction in average bed thickness compared with the Tullig Sandstone (see App. 

B3). 

The sharp but low-relief base of the sandbody probably reflects the avulsion of a 

feeder channel into the area, causing erosion and an increase in depositional grainsize. 

The discrete scours higher in the sequence represent a period of erosion, probably 

during a particularly high flood stage. The limited occurrence and depth of erosion 

elsewhere is explained by the deceleration of the river waters as they enter the 

receiving basin, leading to deposition rather than erosion. The occurrence of wave 

ripples in the succession can be explained by the action of basinal waves, reworking 

the sediment during low flow stage. The apparent absence of trace fossils, which are 

seen in other mouthbar sequences (see Section 3.4.1), could- be due to a rapid rate of 

sedimentation and reworking, which is what would be expected in an active mouthbar 

crest environment. 

The sandbody at Tullig Point is therefore interpreted to represent the crest of a sandy 

mouthbar prograding towards the northeast. The facies represent mouthbar crest 

deposition and reworking, and are principally the result of flood flow from the 

distributary channel supplying the mouthbar. For this reason, facies formed by 

tractional fluvial processes dominate the succession, while fine-grained sediments 
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deposited from the effluent plume make up a lesser proportion of the sequence. The 

sandbody architecture indicates progradation to the northeast followed by 

aggradation. This interpretation agrees with detailed logging work by Pulham (1987), 

who considered the sandbody to represent an axial river mouthbar. 

4.3.7 Tullig Cyclothem mouthbar sandbody at Killard 

Below the base of the Tullig Sandstone at Killard is a coarsening-up succession of 

interbedded muds, silts and sands. This succession was logged (Fig. 4.26) on the 

southern limb of the outcrop (Fig. 3.1), starting from an arbitrary point where the 
" 

succession started to change from laminated mudstone to interbedded laminated 

mudstone, siltstone and fine sand. The log was continued up to the sharp upper 

surface of the coarsening-up succession, marked by a strongly bioturbated 

abandonment surface. Above this surface is an interval of laminated mudstone and 

siltstone 9-10m thick, which is terminated by the erosional base of the Tullig 

Sandstone. The upper part of the coarsening-up succession is dominantly sandy, and 

has a sharp, erosive base (Fig. 4.27a and b). The discussion below focuses first on the 

lower part of the sequence, and then on the sharp-based sandy upper part. 

4.3.7.1 Lower part of sequence: description and interpretation 

The lower part of the succession (0-6.5m in Fig. 4.26 and App. 16) comprises a series 

of coarsening-up beds of interlaminated mud, silt and fine sand (facies Flh), 

interspersed with ungraded beds of parallel-laminated fine sandstone (facies Sh2), 

siltstone (Fls) and mudstone (Flm). The sandier beds frequently contain asymmetric 

current ripples, showing flow to the northeast (Fig. 4.26), and/or wave ripples (facies 

Sr and Srw), mainly approaching from either the northeast or southwest (Fig. 4.26). 

The thickness and frequency of sandy laminae and beds increases upwards. 

Bioturbation occurs within the tops of three of the sandy beds, suggesting a brief 

pause in or slowing of sedimentation, enabling colonisation of the newly deposited 

sediment. The trace fossils include Asterichnus, Lockeia and Monocraterion; all three 

are typical of Carboniferous upper delta slope and delta front environments (Eager et 

al., 1985), and Monocraterion is characteristic of the marine to brackish shallow 

water Skolithos ichnofacies of Frey and SeHacher, 1980 (see Section 3.3.19 and Figs 

3.20,3.21,3.26 and 3.27). 
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The facies architecture of this lower part of the sequence is dominated by simple 

parallel bedding with frequent wave- and current-ripp!ed intervals, and shows no 

•• • • Co P 1 eo currents from current ripples are directed dlppmg accretlOn or erosIon surlaces. a a 

towards the northeast (010°, 04S~, and wave ripples show a dominant wave approach 

from the northwest or southeast (Fig. 4.26). 

The interpretation of this lower part of the sequence is that it represents a section 

through the distal to intennediate deposits of a prograding mouthbar. The facies 

assemblage and coarsening-up signature are both typical of a progradational 

mouthbar-type delta front environment, as discussed in Section 3.4.1. The purely 

vertical stacking architecture, with only rare current-generated bedforms (current 

ripples, facies Sr), confirms deposition from suspension in the almost total absence of 

tractional currents, indicating that the environment is that of a distal bar (sensu Wright 

and Coleman, 1974). The ichnofacies and wave ripples support the environmental 

interpretation, since they are indicative of shallow, brackish, basinal waters (Frey and 

Seilacher, 1980) and shallow-water basinal waves respectively. 

4.3.7.2 Upper sandy part of sequence: description and interpretation 

The sandy upper interval of the coarsening-up sequence at Killard (6.5-20.75m in Fig. 

4.26 and App. 16) is 14.25m thick, and shows very laterally continuous bedding (Fig. 

4.27a and b). The base is erosive, with numerous sole marks but no distinct flutes, so 

a definite flow direction is not possible to measure. The flow trends shown by the 

sole marks vary considerably, from 004°.184° through 097°-277 ° to 146 °_326°, and 

so provide no conclusive evidence for flow direction. The architecture of the 

sandbody is typified by a lack of dipping accretion surfaces and a purely vertical 

stacking pattern of laterally continuous beds (Fig. 4.27). Sandy facies are laterally 

continuous for the entire extent of the outcrop (1 OOm+), while fine-grained facies tend 

to die out laterally (see Chapter 5 for details). Bed boundaries are flat to slightly 

undulating, and when corrected for regional dip, are horizontal. 

The facies present include horizontally laminated sandstone (Sh2), trough and planar 

cross bedding (St, Sp, Sp2), current, wave and climbing ripples (Sr, Srw, Src), 

laminated interbedded sands, silts and muds (Flh), and laminated siltstone (Fls). A 

summary log (Fig. 4.26) shows a series of coarsening-up packages of fine to medium 
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sandstone with numerous wave-rippled beds and some unidirectional current ripples. 

The wave ripples in this sandbody show wave approach from the northeast or 

southwest, unlike those in the finer-grained lower part of the succession (which show 

southeast-northwest wave approach - see Section 4.3.7.1). The current ripples give a 

flow direction towards the northeast (see rose diagram, Fig. 4.26). The dominant 

facies throughout the first 7.Sm of the sandbody is Sh2, with Flh and Fls also 

comprising a significant proportion of beds (6.5-14.0m, Fig. 4.26). Dune cross beds 

do not appear until the upper 6-7m of the sandbody. The cross-bedded units have 

erosional bases, in some cases cutting out the finer-grained FlhIFls beds beneath them 

(Fig. 4.26 and Fig. 4.28). The dune foreset dip data, when corrected for regional dip, 

show the same palaeoflow direction as the current ripples - towards the northeast (see 

rose diagram, Fig. 4.26). 

The top 3m of the sandbody, while still dominated by sandy facies, exhibit evidence 

of changing processes. The facies change from sandy cross beds to wave reworked 

beds and finer-grained deposits (Fig. 4.26; see also Fig. 3.19, which shows the logged 

section from 18m to the top). Two laterally continuous fine-grained beds occur (at 

18.6 and 19.4m in.Fig. 4.26), indicating pauses in tractional current influence. The 

presence of hummocky cross stratification and wave ripples within the upper 2m of 

the sandbody. (Figs 3.18, 3.19 and 4.26) shows that the top of the sandbody was 

reworked by waves during periods of reduced fluvial influence. Bioturbation is also 

seen in these beds, although it is not prevalent elsewhere in the sandbody. Trace 

fossils are concentrated on the upper surface of the sandbody, which is intensely 

bioturbated, indicating abandonment of the sandbody and non-deposition. The trace 

fossil assemblage (Monocraterion, Asterichnus and Lockeia) shows that the 

abandoned surface was colonised by brackish shallow water fauna. Between the top 

of the mouthbar sandbody and the base of the Tullig Sandstone is a succession around 

9-10m thick comprising facies Sr, Flh, Fls and Flm, and exhibiting numerous layers of 

siderite concretions - evidence of organic-rich, sulphate-rich and iron-poor waters 

(Fig. 4.12, App. A7). This dominantly fine-grained succession capping the mouthbar 

is interpreted to represent a delta front interdistributary bay environment that 

developed after mouthbar abandonment. 
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Figure 4.28. Top of the Killard mouthbar (15-l7.5m in Fig. 4.26), looking west, with 
the Tullig and stone in the distance (solid yellow line marks base). Note the well
developed cross b dding (facies Sp) and the eroded fine-grained bed (yellow dotted 
outline) that pinches out to the left as it is eroded out by the base of the cross bed 
above. The notebook is O.2m tall. 

4.3.7.3 Summary and discussion of the Killard mouthbar outcrop 

A summary of the sandbody is given below. 

1) The lower finer grained part of the coarsemng-up mouthbar succession is 

dominated by facies Flh, Fls and Sh2. Wave ripples show northwest or southeast 

wave approach, and current ripples show flow to the northeast. Bedding 

architecture is purely vertical stacking, with little erosion and no large-scale 

dipping accretion surfaces. 

2) The upper sandy part of the coarsening-up mouthbar sequence is dominated by 

facies h2 and p, with numerous wave-rippled beds showing wave approach 

from the northeast or southwest. The basal surface of the sandbody is sharp and 

erosive. Palaeocurrent data from dune foresets shows flow to the north-northeast. 

Bedding architecture i again purely vertical stacking, with well-developed lateral 

continuity, particularly of sandy beds. The top surface shows abandonment, wave 
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reworking, and bioturbation by a brackish ~hallow water fauna. The overall 

thickness of the sandbody is 14.25m. 

The architecture and facies described above are interpreted in Section 3.4.1 as 

exemplifying the coarsening-up succession seen in prograding mouthbars. Fine

grained laminated facies and parallel-laminated sandstones are formed by sediment 

settling out of suspension from an effluent plume in front of a distributary mouth (see 

Sections 3.3.15 to 3.3.18, and 3.4.1). The cross beds at the top of the succession 

indicate the action of tractional currents, evidence of unidirectional current influence 

in the bar crest and bar back regions of the mouthbar. The wave ripples seen 

throughout indicate significant wave influence, and the action of storm waves is 

evidenced by the hummocky cross stratification at the top of the sequence. The 

mouthb~ is finally abandoned and reworked by wave action and bioturbation. 

The mouthbar is also exposed on the northern limb of the Killard outcrop. The main 

difference between the two limbs is that the northern outcrop of the mouthbar shows a 

marked decrease in sandy facies compared with the southern outcrop (Fig. 4.29). At 

the eastern end of the northern outcrop, only the top 3-4m of the mouthbar comprise 

sand-rich beds, while below this the succession is finer grained, comprising mainly 

facies Flh, Fls and Flm. This thin sandy interval contrasts markedly with the southern 

limb described above, where sandy facies dominate the upper 14m of the succession, 

and where thick cross-bedded facies indicate the influence of tractional unidirectional 

currents. There is comparatively less cross bedding on the north side (compare Fig. 

4.28 with Enlargement a) in Fig. 4.29), showing a decreased influence of tractional 

unidirectional currents. A further decrease in sand facies occurs from east to west 

along the northern limb; the sandy upper part of the mouthbar succession, 3-4m thick 

at the eastern end, thins and becomes increasingly fine-grained to the west (Fig. 4.29a 

and b), changing gradationally to silty and muddy parallel-laminated beds. The east

to-west decrease in sand content indicates that the environment to the west is a more 

distal part of the mouthbar, further away from the influence of the distributary feeder 

channel. The change from thick sandy mouthbar crest facies on the southern limb to 

fine-grained distal mouthbar facies at the western end of the northern limb occurs over 

a distance of about I km, which suggests that the mouthbar is about 2km wide normal 

to palaeoflow, assuming a similar change from crest to distal facies to the east. 
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Figure 4.29. Photomontage of the northern limb of the Killard syncline, with two areas of the outcrop 

enlarged to show details of the facies. Enlargement a) shows the east end of the outcrop, showing beds 

of facies Sh2 and Srw at the top of a coarsening-up mouthbar succession, with interbedded silts and sands 

(facies Flh and Sh2) immediately below. Enlargement b) shows the western end of the outcrop, where 

sandy facies are absent and where the upper few metres of the mouthbar comprise laminated silts and 

muds (facies Fls and Flm). The change from bar front to distal bar facies from a) to b) occurs over a 

distance of just five hundred metres. The rapid reduction in sandy facies towards the east indicates that 

the mouthbar is limited in its lateral extent; see text for more detail. 

a) 

This map, taken from Fig. 3.1 , shows 0 1.5 .... ~ ..... 
the location of the Killard outcrop 

and, highlighted by a thick black dashed 

line, the part of the coastline shown in 

the photo-panorama below. 

Carrowmore Point 

b) Top of mouth bar, here no lOnge:~r;s:an~d~y~.~~~S;~~~~~~~! 
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4.4 Summary and palaeoenvironmental interpretation 

This section draws together the observations and interpretations made in this chapter 

and compares them with literature to arrive at a comprehensive interpretation of the 

palaeoenvironment in which the Tullig Sandstone and associated mouthbar sandbodies 

were deposited. 

4.4.1 The Tullig Sandstone 

From the outcrops of this sandbody seen at Trusklieve, Pulleen, Killard, Carrowmore 

and Furreera, it is apparent that the Tullig Sandstone is a thick, multistorey fluvial 

sandbody, which is oriented northeast-southwest along the coastline of County Clare 

and is interpreted to have a low sinuosity braided pattern. The palaeocurrent data 

consistently show flow to the north and northeast, as seen in Fig. 4.30 below, and give 

Figure 4.30. Palaeocurrent data from the 
Tullig Sandstone, recorded at each of the 
field localities. Numbers at base of roses 
indicate number of measurements. Note 
the consistent north-easterly palaeoflow, 
with slight change to the NNW at Liscannor. 
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All localities 
Vector mean = 0280 

N 

N 

. 181 



·a vector mean of 0.2So. The downstream distance over which the Tullig Sandstone 

extends exceeds 50km from Tullig Point to Liscannor; over this distance the sandbody 

changes character, which can be seen by comparing features between outcrops. 

At Trusklieve, the bases of the individual storeys are strongly erosive, showing up to 

8.5m of downcutting. The storeys themselves reach thicknesses of up to 10.7m (see 

Table 4.1 below). Moving downstream, to the northeast, the outcrop at Pulleen exhibits 

fewer storeys (3 in total), which show decreased erosional relief on their basal surfaces; 

the maximum downcut positively identified is 1.6m. Storey thickness at Pulleen is 

slightly greater than at Trusklieve, reaching a maximum of II.3m. Moving further 

downstream, to Killard, the number of storeys decreases to two, and the storey thickness 

increases, reaching IS.2m for the second storey. Erosional relief on the storey bases is 

up to 4m. Further to the northeast, at Carrowmore, the number of storeys remains 

unchanged at two, while thicknesses are similar (up to 21.65m for the second storey). 

Downcutting measured in the field does not exceed 4m. Finally at Furreera, Liscannor 

Bay, there is a dramatic reduction in thickness of the Tullig Sandstone, with the single 

storey reaching a thickness of only 4.8m in outcrop. Relief oh the basal surface is also 

reduced, to less than a metre. 

Table 4.1. Summary of statistics from the Tullig Sandstone at each locality. 

Locality Erosional Maximum Flow Total sandbody 
relief(m) thickness (ml depth(m) thickness (m) 

Trusklieve: Storey I 2.5 8.5 6.1 
Storey 2 8.5 10.5 7.7 
Storey 3 5.5 10.7 >3.5 
Storey 4 7.5 8.5 4.6 
Storey 5 2.0 >6.55 4.8 
Avera2es for locality 5.2 8.95 5.3 31.2 
Pulleen: Storey I > 1.0 > 1.6 I 
Storey 2 1.6 11.2 I 
Storey 3 3.0 11.3 6.3 
A vera2es for locality 2.3 11.25 6.3 22.5 
Killard: Storey 1 0.25 5.1 I 
Storey 2 4.0 IS.2 5.6 
A vera2es for locality 2.125 11.65 5.6 21.4 
Carrowmore: Storey I 4.0 2.5 5.0 
Storey 2 >3.0 21.65 7.0 
Averages for locality 3.5 12.075 6.0 22.0 
Furreera: Storey I <I 4.S 5.0 4.S 
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From these data, a general trend is apparent, of decreasing number of storeys, 

decreasing erosional relief and increasing storey thickness in a downstream 

(northeasterly) direction. There is also an accompanying decrease in the total thickness 

of the Tullig Sandstone, which changes from around 31 m thick at Trusklieve (Pulham, 

1987) to only 4.80m thick at Liscannor. The flow depths remain similar from southwest 

to northeast. The interpretation of these trends is that the fluvial system is changing 

from a vertically stacked braided fluvial channel succession, in an upper coastal plain 

alluvial environment, to a diverging network of single storey distributary channels in a 

delta-top environment. This interpretation agrees with the observation made by many 

researchers (e.g. Horne et al., 1978 Dreyer, 1990; Dreyer et al., 1990; Flores et al., 

1991; Olsen, 1993; Reynolds, 1999) that multi storey sandbodies and single storey 

sandbodies represent upstream environments and downstream, lower deltaic plain 

environments respectively, as discussed in Section 4.3.5.2. The reduction in erosional 

relief on channel bases downstream complies with this theory, being consistent with the 

dominance of depositional processes over erosional processes in the lower delta plain. 

The fact that in most cases storey thickness is greater than flow depth can be attributed 

to the continued aggradation of individual channels in the same location, without 

aVUlsing. A low rate of avulsion is favoured by low relative sea-level, as observed from 

the Quaternary hist~ry of the Mississippi fluvial system (e.g. Autin et al., 1991; Saucier, 

1994). The increased erosional potential of rivers rejuvenated by base level fall 

encourages down cutting rather than avulsion, and causes channels to tend to remain in 

the same places (e.g. Bridge, 2003). At low to slightly rising relative sea-level, 

deposition will occur, but the channels may still remain relatively fixed in their courses, 

allowing individual channels (represented by storeys in outcrop) to aggrade and create 

thick vertical sedimentary successions. 

An alternative explanation of the storey thickness has been offered by Pulham (1989), 

who considers that the southern part of the basin was subsiding rapidly during the 

deposition of the Tullig Sandstone, leading to the formation of thick, stacked channel 

sandstones (e.g. at Trusklieve). However, Pulham (1989) also states that the channels 

were relatively fixed, which is unusual, since avulsion frequency is known to increase 

with the increasing accommodation space that would result from subsidence, and 

avulsion would favour lateral, rather than vertical stacking of the channels. Pulham also 
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proposes that during a later stage of delta evolution, high subsidence rates did indeed 

lead to high avulsion rates, which he invokes to explain the extensive coastline-parallel 

''width'' of the Tullig Sandstone. However, Pulham considers the system to be oriented 

close to nonnal to the NE-SW trending coastline, and so considers the coastal outcrops 

to represent an across-channel-belt, rather than downstream, section. There is no need 

to explain the extensive coastline-parallel sandstone deposition by avulsion and lateral 

migration if the coastal section is an along-channel section, as it is inferred to be here. 

The characteristics of the Tullig Sandstone show some marked similarities to the 

characteristics of the Mississippi during the Pleistocene, which were documented by 

Autin et al. (1991) and Saucier (1994), and are summarised by Bridge (2003). The 

Pleistocene history of the Mississippi includes a period of low sea-level during the last 

glacial maximum, and a subsequent deglaciation and sea-level rise. The coastal plain 

section of the Mississippi river system during the glacial maximum was characterized 

by a low avulsion frequency, a braided channel pattern, a high channel-belt depth and a 

high proportion of channel deposits (as opposed to floodplain deposits). All these 

attributes have been either observed directly (e.g. the high proportion of channel-fill) or 

interpreted (e.g. braided pattern, low avulsion frequency) in the Tullig Sandstone fluvial 

system, and would be consistent with a low to rising relative sea-level. Since the Upper 

Carboniferous was a time of glacio-eustasy (Caputo and Crowell, 1985) it is reasonable 

to conclude that the deposition of the Tullig Sandstone, like the similar Pleistocene 

Mississippi system, coincided with a glacial period when relative sea-level was low. 

Similarities can also be drawn between the Tullig Sandstone and the Namurian Rough 

Rock Sandstone Fonnation of the Pennine Basin, northern England, which is considered 

by some (e.g. Maynard, 1992a, 1992b; Maynard and Leeder, 1992) to represent a pro

gradational fluvio-de1taic wedge that fonned during sea-level lowstand to transgression. 

Like the Tullig Sandstone, the Rough Rock is underlain by an erosional surface deemed 

a sequence boundary by the above authors, and is overlain by early transgression coals 

and then by'a marine band indicating maximum flooding by marine waters. As noted in 

Section 4.3.1.6, the Rough Rock contains planar and trough cross-bedded sandstone 

facies, scours and coarse lags, which are interpreted by Bristow (1988) to comprise a 

stack of multi storey braided fluvio-deltaic channels, agreeing with the interpretation of 

the Tullig Sandstone given in this Chapter. A marine band under-lying the Rough Rock 
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is calculated to represent a sea-level rise of 40m (Maynard and Leeder, 1992), and the 

erosional base of the Rough Rock is linked to a sea-level fall, because the sediments 

comprising the unit are from a renewed source area (Collinson et al., 1992). 

Incision of the Tullig fluvial system has effected a local seaward facies shift from delta 

front to fluvial, which can be observed in the outcrops. This facies shift is not very 

dramatic, since the incised sediments (mouthbar and interdistributary bay sequences) . 

are related to the incising fluvial system, which has been inferred in this Section to 

represent a multistorey trunk channel to the southwest and a distributary channel 

network to the northeast. Some writers (e.g. Hampson et al., 1997; see Section 2.2.3.4) 

contend that the Tullig Sandstone represents a fluvial incised valley-fill complex, and 

that the facies shift and basal erosion surface mark a period of incision related to sea

level fall, a theory that would fit well with the Mississippi and Rough Rock analogies 

discussed above. The 35m thickness of the Tullig Sandstone could then be seen to 

signify the fill of an incised valley 35m deep. Incision on this scale would suggest sea

level fluctuations of tens of metres, which is consistent with sea-level changes 

calculated from other Namurian basins in the UK (e.g. Maynard and Leeder, 1992). 

However, in any delta system a shift from delta front to fluvial facies can be generated 

solely by auto cyclic processes such as progradation and avulsion, and channel incision 

can be related simply to erosional scour (Best and Ashworth, 1997). In the Ganges 

delta, for example, scour at the Jamuna-Ganges River confluence, located nearly 200km 

inland of the delta front, is sufficiently deep (up to 30m) to incise delta front sediments 
• 

buried beneath what is now the upper delta plain (Best and Ashworth, 1997). The flow 

depths calculated for the multistorey Tullig Sandstone outcrops, which are between 3.5 

and 7.7m, are similar to the mean channel depth upstream of the Jamuna-Ganges 

confluence (6m; Best and Ashworth, 1997), and indicate that scour depths of up to 30m 

are not impossible, or even improbable, in the Tullig system. Such depths of scour, if 

present, could account for the superposition of thick, stacked multi storey sandstones on 

delta front sediments, removing the need for incision caused by sea-level fall. 

Overall, it is probable that both scour-related, autocyclic incision and allocyclic incision 

related to falling sea-level were influential in the incision and deposition of the Tullig 

Sandstone. The field data, though abundant, is inconclusive, so neither alternative can 

be ruled out entirely. 
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4.4.2 Tullig Cyclothem mouth bar sandbodies 

The mouthbar successions of the Tullig cyclothem are coarsening-up packages of 

muddy to sandy sediments, which in the case of Tullig Point and Killard, are capped by 

sandbodies that are interpreted to represent the mouthbar crests. The thicknesses of the 

Tullig Point and Killard mouthbar sandbodies are 10m and 14m respectively. The 

palaeo currents measured at both localities show flow and progradation to the northeast. 

The facies and architecture of these sandbodies are evidence of the discharge of 

distributary channels into a basin experiencing wave, and occasional stomi, influence. 

Dimensions measured from the Killard mouthbar show a sandbody on the order of 2km 

wide normal to palaeoflow, suggesting that the width of the channel forming it was in 

the order of 0.5 to lkm. This is a similar channel width to that calculated in Section 

4.3.1.6 from the flow depths at Trusklieve, using Bridge and Mackey's combined 

equation (1993), i.e. between 6s0m and 2s00m wide. The fact that the interpreted 

channel widths correspond to the mouthbar dimensions supports the argument that the 

channels are genetically related to the mouthbars, rather than representing an unrelated 

incised valley-fill succession. Pulham (1989) did not consider the channels to be as 

narrow as is interpreted here, because he interpreted the system to be prograding from 

northwest to southeast, meaning that channel-belt width in his model had to encompass 

the entire coastal section from Trusklieve to Carrowmore, a distance of over 22km. 

Reynolds (1999), in his paper collecting and classifying paralic sandbody data, found 

that "mouthbars commonly characterize strongly prograding conditions and are often 

developed in late highstand and early lowstand", an observation that is supported by a 

number of writers (Weise, 1979; Ryer, 1981; Bhattacharya and Walker, 1991; Shanley 

and McCabe, 1993; Fitzsimmons, 1994). If the Tullig mouthbars were formed during 

this part of the sea-level cycle, it would compliment the interpretation that the 

succeeding Tullig Sandstone was deposited during a subsequent lowstand of sea-level. 

It is possible that the Tullig fluvial sandbody was deposited in continuing late highstand 

conditions, but this is less likely, considering that the sediments succeeding the Tullig 

Sandstone indicate a drowning of the fluvial system and an accompanying 

retrogradation of parasequences during transgression (e.g. Wignall and Best, 2000). For 

a period of sea-level highstand to be followed by a further sea-level rise would be 

unusual; therefore the interpretation of mouthbar formation during highstand, channel 

erosion and deposition during a succeeding lowstand to early transgression, and 
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retrograding parasequence deposition during further transgression is the preferred 

interpretation. While not undennining the role of channel scour in the incision of the 

Tullig Sandstone fluvial system, the above argument supports the influence of sea-level 

changes on the sedimentary succession. 

4.4.3 The Tullig Cyclothem palaeoenvironment 

A summary ofthe palaeoenvironment of the Tullig Cyclothem mouthbars and the Tullig 

Sandstone is shown in Figure 3.31 a to d. The main points are as follows: 

1) The depositional environment interpreted for the mouthbars is a fluvial

dominated, wave-influenced delta front, which prograded to the northeast, with 

wave approach from the northeast. 

2) The Tullig Sandstone is interpreted as a braided, low-sinuosity fluvial channel 

system that flowed to the northeast and incised the previous delta front by a 

combination of autocyclic scour and allocyclic incision related to sea-level fall. 

3) The drowning of the Tullig Sandstone system, and subsequent retrogradation, 

prior to the onset of marine conditions and the deposition of the Reticuloceras 

stubblefieldi marine band, relate to a subsequent rise in relative sea-level. 

This interpretation is based on the observations discussed in Chapters 3 and 4, and on 

the large body of literature that concerns the Tullig Cyclothem. The different 

vieWpoints expressed in previous work show that despite the good outcrop evidence, 

there is more than one possible interpretation of the data. From the extensive 

architectural study presented here it is the conclusion of this study that Fig. 30 

represents the model that most closely corresponds to the available evidence. The bar 

form and channel geometries presented, in particular, as well as the many palaeocurrent 

measurements and coastline-parallel facies progressions strongly suggest that the 

sedimentary system was braided and was flowing and prograding towards the north

northeast. 
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Figure 4.30a. Schematic block diagram showing the environment prevailing at the time of mouth bar 
formation and progradation in the Tullig Point and Killard areas. A fluvially dominated delta front 
with discrete, small-scale mouth bars progrades to the northeast. 

Figure 4.30c. Sch~matic block diagram showing the environment prevailing at the time of the Tullig 
Sands~one formation. A braided, l~w sinuosity fluvial system incises the pre-existing delta front 
depOSits, and the locus of delta plam/delta front deposition has shifted over 50km to the northeast. 
Trusklieve now represents a location in the upper delta plain, while Furreera is in the lower delta plain. 

....sOkm 
P Z Killard 

~~.~-,. / Carrowmore 
Point .. 

. . t ·1· g at the time of mouth bar Figure 4.30b. Schematic block diagram. sho,":,mg the e~vlfonmen P~~~lt~~ resent-day coastline of 
formation and progradation in the Tulhg Pomt adnd K.ltl.lard ft~~sdelta relati~e to the field localities. 
County Clare superimposed to show the propose POSI Ion 0 

. . ·1· after the abandonment Figure 4.30d. Schematic block diagram showmg the envlron~ent prev.al l~g. 1 waters The three 
of the Tullig Sandstone and the flooding of the a~e by ?raCkI~h to ~1arlDe asm:

h 
T lli ~ Sandstone 

cartoon cross-sections (i , ii and iii) show the stratIgraphIc relatIOnshIps between e .u 1 
and the underlYing deltaIC sediments at Trus leve, arrow . .. kl · C more and Furreera respectIve y. 
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Chapter 5 

Quantification of fluvial and deltaic facies distribution and 

sedimentary architecture 

5.1 Introduction 

From the perspective of a reservoir geologist, although facies interpretation is a very 

important tool, it means little without an additional, quantified, understanding of 

facies distribution within a potential reservoir sandbody. This chapter concerns the 

quantification of the facies distributions and architectures described and interpreted in 

Chapter 4, and presents a statistical analysis of the data collected in the field. 

Existing literature gives many examples where detailed measurements of architecture, 

bed lengths, facies distributions and permeability have been used to inform geological 

model-building (e.g. Haldorsen and Chang, 1983; Hearn et aI., 1986; Jackson et al., 

1991). In many cases these data came from onshore hydrocarbon fields, where 

closely spaced wells provided a dense picture of subsurface facies distributions and 

porosity and permeability characteristics, which were used to create models to help 

understand and predict fluid flow within the reservoir. More recent attempts have 

involved the use of outcrop analogues (e.g. Willis and White, 2000), where the data 

gathered are not primarily from well logs or cores but from cliff faces. In such cases 

the measurements made are designed to capture the geological characteristics of the 

outcrops in a way that is easy to transfer to computer models. For example, Willis 

and White (2000) used photomosaics to digitally map beds and facies in the Frewens 

Sandstone of the Cretaceous Frontier Formation of central Wyoming, USA. The 

results were used to build flow simulation models that recreated the outcrop specifics. 

The measurement methods used for this thesis, described below, were also designed 

to capture the charact~ristics of the studied outcrops for reproduction in models. 

5.2 Methodology 

5.2.1 Quantification of sedimentary architecture 

Individual architectural elements within the accessible parts of each sandbody outcrop 

were identified based on an examination of bounding surfaces and facies changes, and 
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were marked in chalk on the outcrops (see Chapter 4). The length of each bed was 

measured, and thickness measurements were made at intervals (typically every 2m) 

along each bed, with maximum, minimum and mean thickness being recorded. These 

data were used to calculate a continuity index (length/maximum thickness), which is 

useful for comparing lateral continuity between facies types and between outcrops. 

The lengths of basal contacts for each sandstone bed that were sand-on-sand versus 

sand-on-mudlshale were also measured, and tabulated as percentages, which were 

used to calculate a mean value for each sandbody outcrop, representing the 

~onnectivity within the sandbodies. These data revealed the extents of facies types 

and their stacking patterns and connectivity relationships. Thicknes~es of whole 

sandbodies were measured if possible, at several places laterally along each outcrop. 

The reasoning behind the connectivity and continuity calculations is that these two 

characteristics are of prime importance in understanding fluid flow in hydrocarbon 

reservoirs. Although modelling can provide answers to questions about fluid 

behaviour, it is additionally useful to have an indication of how interconnected the 

sandy facies of a reservoir body are, prior to more detailed modelling; hence the 

connectivity calculations.. Measuring bed lengths is also useful, especially in the case 

of fine-grained beds, which hinder flow and make flow pathways tortuous. Much 

work has been done to quantify shale length distribution (Haldorsen and Chang, 1986; 

Haldorsen et al., 1987; Geehan and Underwood, 1993), and generating a database of 

shale lengths is not the objective of this thesis. However, the continuity index is a 

simple way of quantifying bed length and thickness and is a useful statistic for 

comparing outcrops. The disadvantage of measuring lengths from outcrop is that the 

length of any bed is simply a cross-section through it in one place; as pointed out by 

Geehan and Underwood (1993), this depends on outcrop orientation and facies 

geometries and orientations, and is very unlikely to be the longest or shortest possible 

cross-section, meaning that measurements of individual beds cannot be fairly 

compared. Additionally, not all bed lengths can be measured completely, since many 

beds are limited by the edges of the outcrop and cannot be seen in full. Geehan and 

Underwood (1993) suggest methods to combat such problems, but for this chapter the 

intention is not to derive a statistically "correct" shale length distribution, but simply 

to record lengths seen in outcrop for comparison with the results of the modelling 

process described in Chapter 6. 
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5.2.2 Quantification of facies distribution 

The scaled maps of the outcrops produced from photomontages allowed vertical 

sampling lines to be constructed at regular intervals (every 2m) along each exposure. 

Facies type was recorded every O.Sm along these lines, from the base to the top of 

each sandbody. These data were used to create vertical proportion graphs, showing 

how the percentages of each facies type vary with height in the sandbody. Horizontal 

proportion curves were also created for Trusklieve and Carrowmore Point. The 

percentage area of each outcrop by facies was calculated from these data, allowing net 

to gross values to be calculated. The facies percentages thus calculated were put into 

the RMS models described in Chapter 6. In this way the relative proportions of each 

facies occurring in the model matched the proportions observed in outcrop. 

5.3 Architecture and facies distribution quantification: results 

The following tables and graphs present the quantitative results of each outcrop study. 

The related photomontages were presented in Chapter 4; the facies colour key used 

there is applied here to make the results easy to compare. Where bed labels are 

referred to, the labels and beds are shown in App. C, and some also appear in Ch. 4. 

5.3.1 The Tullig Sandstone 

5.3.1.1 Trusklieve 

Data from accessible parts of the outcrop in Storeys 1 and 2 are shown in Table 5.1. 

The data show that the likelihood of a sandstone bed being in contact with another 

sandstone bed is 70.7%, reflecting the high percentage of sandy beds in the first 

storey. Data in Table 5.2 shows that the third storey has an almost identical 

connectivity, of 70.6%. For the other three storeys, detailed bed measurements were 

not made in the field due to lack of accessibility; estimates from the photomontages 

indicate a sand-on-sand connectivity of 80-100%, making the overall estimated value 

for the entire sandbody outcrop close to 80%. The mean and maximum bed 

thicknesses average 0.38m and 0.58m respectively across Storeys 1 and 3 (see Tables 

5.1 and 5.2 for individual storey data). Mean lateral bed extent is 13.5Sm across the 

two measured storeys, and the continuity index is low, averaging 27.5 across the two 
; 

storeys, showing that the beds are not very laterally continuous, but more lens-shaped. 

These data confirm the erosive nature of the contacts within Storeys 1 and 3. The 
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range of continuity is large for both these storeys (Table 5.1), confinning their 

architectural heterogeneity, since they both comprise channel-fill and bar elements. 

Table 5.1. Sandstone bed data for the accessible part of the cliff section, first storey. 
Bed labels are in alphabetical order from the base of the sandbody upwards and from 
south to north. Some labelled beds are shown in Fig. 5.1, others in Fig. 4.3b and App. 
el. The sand-on-sand and sand-on-mud percentages of mean bed contacts exclude 
beds along the base (marked I), since these contacts are not internal to the sandbody. 
Where beds contacts change from basal to internal, only the internal part of the 
contact is considered in the percentages. 

Bed Contact type Thickness (m) . Bed Continuity 
%s/s %s/m Mean Max. length (m) (length/thick) 

C; 100 0 0.54 0.87 >37 >42.5 
E 100 0 0.28 0.33 7.2 21.8 
0 100 0 0.30 0.36 12.4 34.4 
? 100 0 0.48 0.62 >17 >27.4 
13 100 0 0.34 0.44 >14 >31.8 
a 100 0 0.25 0.31 9.6 31.0 
z 100 0 0.50 0.71 >23 >32.4 
y 100 0 0.26 0.36 >12.3 >34.2 
x 100 0 0.17 0.26 10.7 41.2 
w I I 0.55 0.57 >8 >14.0 
v I I 0.48 0.58 10.4 17.9 
u I I 0.30 0.45 8.9 19.8 
t 100 0 0.55 0.91 10.1 11.1 
s 100 0 0.47 0.56 23.6 42.1 
r 0 100 0.20 0.35 7.7 22.0 
q 0 100 0.12 0.15 2.5 16.7 
p 0 100 0.15 0.35 4.9 14.0 
0 60 40 0.25 0.42 2.9 6.9 
n 0 100 0.17 0.74 18.1 24.5 
m 0 100 0.43 0.51 10.9 21.4 
I 0 100 0.21 0.39 4.0 10.3 
k 100 0 0.20 0.50 18.4 36.8 
j 100 0 0.45 0.65 34.0 52.3 
i 51 49 0.36 0.48 9.9 20.6 
h 76 24 0.25 0.40 10.5 26.3 
g 100 0 1.80 2.66 ? ? 
f 60 40 0.70 0.90 13 14.4 
@ 80 20 0.25 0.53 4.0 7.5 
e 0 100 0.40 0.67 15.0 22.4 
€ 100 0 0.24 0.50 13.7 27.4 
# 65 35 0.40 0.47 22.0 46.8 
d 100 0 0.30 0.55 30.0 54.5 
c 100 0 0.65 0.97 13.0 13.4 
b 100 0 0.15 0.34 1.0 2.9 
a I. I 0.25 0.45 6.0 13.3 
Ran2e 0-100 0-100 0.12-1.80 15-2.66 1-36+ 2.9-54.5 
Mean 70.7% 29.3% 0.38 . 0.58 12.73 24.5 
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Figure 5.1. Four-photo panel showing a close-up of the central section of the Trusklieve outcrop of the 
Tullig Sandstone, showing facies interpretation, bed labels and measurements described in Section 5.2. 
X = bed length. Y = evenly-spaced bed truckness measurements. See Table 3.1 for facies definitions. 
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Table 5.2. Sandstone bed data for the Tullig Sandstone, Trusklieve: Storey 3, southern 

half of cliff. See Fig. 4.3 for the photomontage and interpretation of this outcrop. 

Bed labels are shown in Fie:. 4.3b. 

Bed Contact type Thickness (rn) Bed Continuity 
% sIs %s/rn Mean Max. len2th (rn) (len2th/thick) 

R 100 0 0.50 0.75 -29 38.7 

~ 85 15 0.27 0.50 37? 74.0 
P 95 5 0.55 0.82 lOA 12.7 
0 100 0 0.30 0.55 -3 5.5 
N 0 100 0.28 0.42 >23 >54.8 
N' 90 10 0.42 '0.81 7 8.6 
M 100 0 0.26 0.52 20.5 39.4 
L 65 35 0.19 0.38 >4 >10.5 
K 0 100 0.45 0.72 >17 >23.6 
Range 0-100 0-100 0.19-0.55 0.38-0.82 3-37 5.5-54.8 
Mean 70.6% 29.4% 0.36 0.61 16.8 30.5 

The data on which the vertical proportion curve (Fig. 5.2) is based are shown in Table 

5.3. The percentages at each O.5m height interval were calculated from the 

observations made at these heights every 2m across the whole width of the outcrop. 

The data show that the dominant facies in the Tullig Sandstone at Trusklieve are 

SmlSh and Sl/Sp/St, comprising 34.1 % and 49.9% respectively of the outcrop area. 

The distribution of facies SmlSh shows relative increases near the top and base of the 

outcrop, while facies SlISp/St dominate the middle section; thus, there is a crude 

inversely proportional relationship between the abundance of these two facies. It 

should be noted, however, that because the fifth storey, comprising entirely cross

bedded facies, was set back from the cliff top and therefore not visible in the 

photomontages, the statistics do not reflect the return to cross-bedded facies at the top 

of the sandbody. 

The vertical proportion curve shows clearly that finer-grained material is more 

abundant in the lower three-quarters of the sandbody, while conglomeratic facies are 

mostly confined to the lower two-thirds (Fig. 5.2). There is an overall decrease in 

heterogeneity upwards within the Tullig Sandstone (Fig. 5.2), which would be more 

pronounced if the homogeneous Storey 5 (facies Sp/StlSI) was represented in the 

vertical proportion curve. The overall net to gross of the outcrop (considering facies 

SmlSh, SlISp/St, Smc/Shc and Sc as pay and the other facies as non-pay) is 91.5%. 
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Table 5.3. Trusklieve, whole outcrop: Tullig Sandstone vertical facies proportions. 

See Figs 4.1 and 4.3 for relevant photomontages and interpretations. The data for the 

Naph appears in App. C2. 

Height % of facies D D D D r I D I-from occurrence 
base of D sand- SI/Sp/ Smc/ 
body (m) Sm/Sh St Shc Se Cern Flh Fis Flm 
13.5 57.14 42.86 0 0 0 0 0 0 
13 .0 40.00 50.00 0 0 0 0 0 10.00 
12.5 27.78 72.22 0 0 0 0 0 0 
12.0 45.24 47.62 4.76 0 0 0 0 2.38 
11.5 51.16 27.91 20.93 0 0 0 0 0 
11.0 50.00 30.43 19.57 0 0 0 0 0 
10.5 39.13 41.30 19.57 0 0 0 0 0 
10.0 46.00 48.00 4.00 0 0 0 0 2.00 
9.5 36.54 53.85 0 0 1.92 0 0 7.69 
9.0 27.78 62.96 1.85 0 1.85 0 0 5.56 
8.5 24.08 68.52 0 0 1.85 3.70 0 1.85 
8.0 18.87 71.70 0 0 5.66 0 0 3.77 
7.5 25.00 66.07 0 0 5.36 1.79 0 1.78 
7.0 24.07 64.82 0 0 3.70 0 0 7.41 
6.5 31.48 57.41 0 0 3.70 0 0 7.41 
6.0 25.45 60.00 1.82 1.82 1.82 0 0 9.09 
5.5 22.64 66.04 3.77 1.89 1.89 0 0 3.77 
5.0 23.64 58.18 5.45 3.64 1.82 0 0 7.27 
4.5 20 61.82 7.27 3.64 1.82 0 0 5.45 
4.0 24.07 57.41 3.70 5.56 3.70 0 0 5.56 
3.5 20.37 53 .70 5.56 5.56 0 0 5.55 9.26 
3.0 32.14 41.07 1.79 12.50 0 3.57 1.79 7.14 
2.5 45.31 23.44 6.25 6.25 9.3 8 0 0 9.37 
2.0 47.62 39.68 1.59 0 3.17 0 0 7.94 
1.5 49.21 38.10 3.17 0 3.17 0 0 6.35 
1.0 55 .56 34.92 4.76 0 1.59 0 0 3.17 
0.5 35.48 35.48 4.84 11.29 11.29 0 0 1.62 
0 31.75 30.16 0 23.81 14.28 0 0 0 
Total % 34.09 49.89 4.30 3.18 3.25 0.35 0.28 4.66 

The horizontal proportion curve for Trusklieve gives a visual representation of the 

lateral facies distribution across the outcrop (Fig. 5.3). Since the outcrop cliff-face is 

oriented almost parallel to the dominant flow direction (northeast), the graph 

represents the facies variability in a flow-parallel direction (Om being at the 

downstream, northeastern end of the outcrop and 124m being the upstream, 

southwestern, end). 
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Figure 5.2. A histogram of the data in Table 5.3 , showing the percentage of each 

facies at different heights within the Tullig Sandstone at Trusklieve. 
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The primary feature apparent from the horizontal proportion curve is that the very fine 

and very coarse facies are not evenly distributed across the width of the outcrop. The 

fine-grained facies (FIh, Fls, Flm) are more areally abundant at the south-southwest 

end of the amphitheatre, and the conglomeratic facies (Cern, Smc, Sc) are most 

abundant in the southern half of the outcrop. The peak in conglomeratic facies around 

12m from the northeast end of the outcrop is slightly misleading, since the exposed 

vertical thickness for the first 16m along the outcrop is only 3m (rather than between 

11 and 15 m as elsewhere along the outcrop), meaning that only one or two thin beds 

of Cern and Smc were sufficient to give high percentages for these two facies. 

Areal percentages of facies Sm/Sh and Sl/Sp/St are crudely inversely proportional , 

one increasing when the other decreases and vice versa. There is no apparent trend in 
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Figure 5.3. Horizontal proportion curve for the Tullig Sandstone outcrop at Trusklieve. Facies percentages were recorded every two metres 
along the cliff section, showing how facies changes along the length of the exposure. The outcrop is oriented close to parallel with 

palaeo flow, so the facies variability reflects flow-parallel changes within the channel system. Outcrop heights are noted above the graph . 



the abundance of these facies from one end of the outcrop to the other. The apparent 

absence of a trend may be because the facies represent channel fills and bar forms, 

since the width and length scales of these architectural elements are close to or greater 

than the size of the outcrop, meaning that any facies changes associated with passing 

from one element to another would not be apparent within the outcrop. In addition, 

the superposition of one storey upon another, each of which may represent different 

architectural elements, means that facies trends associated with these elements will be 

overlain in the horizontal proportion curve and will not be separately distinguishable. 

5.3.1.2 Pulleen 

The style of the outcrop at Pulleen made detailed continuity and connectivity 

. measurements difficult; nonetheless, estimates of. these two properties and 

calculations of net to gross were made using the log (Fig. 4.9) and outcrop 

photomontages (Figs 4.10 and 4.11). Of the beds visible in the cliff section (Fig. 

4.10), 36.5% are continuous across the extent of the outcrop. Continuity values could 

not be estimated for other beds due to the impossibility of making accurate 

measurements from such a long distance away from the cliff-face exposures on the 

headland and in the stack. A visual comparison with Trusklieve puts the continuity 

index at Pulleen higher, estimated at -56 (beds extending for an estimated 20m with 

average thicknesses of 0.36m; see Section 4.3.2.3), meaning better lateral continuity. 

No low permeability facies (Flh, Fls, Flm) were encountered within the Tullig 

Sandstone in either the log or the cliff sections; all bed contacts were sand-on-sand 

giving a connectivity value of 100%. The facies distribution was calculated from the 

sedimentary log and photomontages shown in Figs 4.9, 4.10 and 4.11. Table 5.4 and 

Fig. 5.4 show the facies distribution data. To highlight the change in facies between 

storeys, the facies groupings have been modified; facies Sh and SI, and facies Sp and 

St, have been grouped together since they are commonly associated with each other. 

In summary, the outcrop at Pulleen is very homogeneous, comprising facies Sm, Sh, 

Sp, St and Sr to the exclusion of all other facies except minor amounts of Ccm. There 

is an upward change from massive sandstone (facies Sm) to planar and trough cross

bedded sandstone (facies Sp and St). The net to gross for the outcrop is 98.48%. 
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Table 5.4. Tullig Sandstone vertical facies proportions, Pulleen outcrop. See Figs 

4.9, 4.10 and 4.11 for a log, photomontages and interpretations of this outcrop. 

Height from base % of facies occurring 
D D of sand body (m) Sh/SI CJ Sp/St Ccm 

22.5 0 100 0 
22.0 0 100 0 
21.5 0 100 0 
21.0 0 100 0 
20.5 0 100 0 
20.0 0 100 0 
19.5 0 100 0 
19.0 0 100 0 
18.5 0 100 0 
18.0 0 100 0 
17.5 0 100 0 
17.0 0 100 0 
16.5 0 100 0 
16.0 0 100 0 
15.5 0 100 0 
15.0 0 100 0 
14.5 100 0 0 
14.0 100 0 0 
13.5 100 0 0 
13.0 100 0 0 
12.5 100 0 0 
12.0 100 0 0 
11.5 100 0 0 
11.0 100 0 0 
10.5 100 0 0 
10.0 100 0 0 
9.5 100 0 0 
9.0 100 0 0 
8.5 100 0 0 
8.0 100 0 0 
7.5 100 0 0 
7.0 100 0 0 
6.5 80 0 20 
6.0 100 0 0 
5.5 100 0 0 
5.0 100 0 0 
4.5 100 0 0 
4.0 100 0 0 
3.5 100 0 0 
3.0 100 0 0 
2.5 100 0 0 
2.0 100 0 0 
1.5 100 0 0 
1.0 100 0 0 
0.5 100 0 0 
0 50 0 50 
Total % 63.70 34.78 1.52 
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Figure 5.4. A histogram of the data in Table 5.4, showing the percentage of each 

facies at different heights within the Tullig Sandstone at Pulleen. Note the good 

homogeneity of the outcrop, and the upward change in facies. 
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5.3.1.3 Killard 
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The simple, laterally continuous bed geometries and architecture of the Killard 

outcrop made detailed measurements of bed data unnecessary. Nearly all beds, with 

very few exceptions (detailed in Section 4.3.3), are continuous for the length of the 

outcrop (50-160m), giving a very high continuity index and indicating a higher degree 

of lateral continuity compared with Trusklieve. The continuity index is estimated to 

be ~150 (using the mean bed thickness of 0.32m from Section 4.3.3.2, and a 

conservative mean bed length estimate of SOm). Regarding connectivity, 90-100% of 

the contacts are sand on sand within each storey, again significantly different from 

Trusklieve. 
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Table 5.5. Tullig Sandstone vertical facies proportions: northern limb of syncline at 

KilJard (see Fig. 4.l3a and b). For graph see Fig. 5 .5. 

Height % of facies 
D D D D -from 0 

base (m) Sh/SI Sp/St Sme/She Se Cern FlslFlm 
21.5 100 0 0 0 0 0 
21.0 0 100 0 0 0 0 
20.5 0 100 0 0 0 0 
20.0 0 100 0 0 0 0 
19.5 0 100 0 0 0 0 
19.0 0 100 0 0 0 0 
18.5 85 .71 0 0 0 0 0 
18.0 92.86 7.14 0 0 0 0 
17.5 57.14 42.86 0 0 0 0 
17.0 92.86 7.14 0 0 0 0 
16.5 92.86 7.14 0 0 0 0 
16.0 78.57 21.43 0 0 0 0 
15.5 0 100 0 0 0 0 
15.0 0 100 0 0 0 0 
14.5 0 85.71 0 0 0 0 
14.0 0 100 0 0 0 0 
13.5 0 71.43 0 0 0 0 
13.0 0 100 0 0 0 0 
12.5 0 100 0 0 0 0 
12.0 0 100 0 0 0 0 
11.5 0 100 0 0 0 0 
11.0 0 100 0 0 0 0 
10.5 0 100 0 0 0 0 
10.0 0 100 0 0 0 0 
9.5 0 100 0 0 0 0 
9.0 0 100 0 0 0 0 
8.5 0 100 0 0 0 0 
8.0 0 100 0 0 0 0 
7.5 0 100 0 0 0 0 
7.0 0 100 0 0 0 0 
6.5 0 100 0 0 0 0 
6.0 14.285 85.71 0 0 0 0 
5.5 7.14 71.43 0 0 0 21.43 
5.0 35.71 7.14 0 0 0 57. 14 
4.5 92.86 0 0 0 0 7.14 
4.0 100 0 0 0 0 0 
3.5 92.86 0 0 0 0 7.14 
3.0 100 0 0 0 0 0 
2.5 100 0 0 0 0 0 
2.0 85.71 0 0 0 7.14 7.14 
1.5 85.71 0 14.29 0 0 0 
1.0 85.71 0 14.29 0 0 0 
0.5 85.71 0 0 14.29 0 0 
0 85.71 0 14.29 0 0 0 
Total % 35.72 59.25 0.97 0.33 0.16 3.57 
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The lack of heterogeneity in the outcrop allowed quantitative assessments to be made 

in the field, without requiring extensive bed measurements. Facies distributions were 

quantified for part of the outcrop (see Fig. 4.13), whilst the rest of the outcrop was 

quantified using the logs, which could be extrapolated across the outcrop due to the 

excellent lateral continuity. The results of the facies distribution quantification can be 

seen in Table 5.5 and Fig. 5.5. To highlight the change in facies between storeys, the 

facies groupings have been modified; facies Sh and Sl, facies Sp and St, and facies Fls 

and Flm have been grouped to give three facies groups rather than six separate facies. 

The most apparent change within the Tullig Sandstone at Kinard is the transition from 

horizontal and low-angle bedding in the lower third to trough and planar cross 

bedding in the upper two-thirds (Fig. 5.5), a change also seen in the Pulleen outcrop. 

Another similarity between the two localities is the concentration of coarse facies 

(SmclShc, Sc, Cern) at the base of the sandbody. The distribution of fine-grained 

facies at Killard is concentrated into a few thin beds interspersed throughout the 

sandbody; however, there is a clear decrease in fine-grained facies from base to top. 

As with previous localities, the outcrop at Killard is dominated by facies Sh, Sp and , 

St, with the addition of facies Sl and Sd, which were not abundant at Trusklieve or 

Pulleen, and with the almost complete loss of facies Sm. 

An overall net to gross of95.5% can be calculated by adding the percentages of sandy 

facies given in Table 5.5 above. This value is comparable with the 98.6% calculated 

for Pulleen. The high net to gross at Killard, combined with the good connectivity 

and lateral continuity, would indicate an excellent reservoir potential in such a 

sandbody. The Killard outcrop of the Tullig Sandstone is also significantly more 

homogeneous than the Trusklieve outcrop. 

5.3.1.4 Carrowmore Point 

Bed measurements at Carrowmore Point were made through the lowennost, and most 

heterogeneous, few metres of the outcrop on the north limb (see Table 5.6). The rest 

of this outcrop exhibited a simple architecture similar to Kinard, with a very high 

degree of lateral continuity and regular bed thicknesses, and measurements of bed 

data were therefore not made through it. 
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Figure 5.5. A histogram of the data in Table 5.5 , showing the 
percentage of each facies at different heights within the Tullig 
Sandstone at Killard, north limb. 
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Figure 5.6. A histogram of the data in Table 5.7, showing the 
percentage of each facies at different heights within the Tullig 
Sandstone at Carrowmore Point, north limb. 



Table 5.6. Sandstone bed data for a 35m section of the Tullig Sandstone: cliff 
exposure on northern limb ofantic1ine at Carrowmore Point (see Fig 4.16), 
Bed Contact type Thickness (m) Bed Continuity 

%s/s %s/m Mean Max. lem~th (m) (Ienethlthick) 
0 1 1 0.30 0.50 6.0 12.0 
N 1 1 0.25 0.27 2.5 9.3 
M 1 1 0.20 0.26 2.2 8.5 
L 72 28 0.50 0.58 9.2 15.9 
K 100 0 0.42 0.50 7.5 15.0 
J 100 0 0.70 0.80 13.0 16.3 
I 100 0 0.23 0.32 2.8 8.8 
H 100 0 0.75 1.10 9.0 8.2 
G 100 0 0.70 1.15 35.0 3004 
F 1 1 0.55 1.35 14.0 lOA 
E 100 0 0.30 0.80 12.2 15.3 
D 100 0 0.40 0.72 13.9 19.3 
C 100 0 0.90 1.55 33.0 21.3 
B 100 0 0.55 0.75 13.0 17.3 
A 93 7 0.65 1.55 43.0 27.7 
Range 72-100% 0-28% 20-90 26-115 2.2-43.0 8.2-27.7 
Mean 96.8% 3.2% 0.49 0.81 14.42 15.7 

Table 5.6 above shows that even in the most heterogeneous part of the outcrop, the 

connectivity is still very high, at 96.82%. Connectivity continues to be high in the 

upper three-quarters of the sandbody, with all but four beds having values of 100%; of 

those four, one has an estimated value of 90% while the other three have values of 

0%. The overall connectivity for the whole outcrop can be estimated by according a 

value of 96.8% to each of the lowest three metres of the sandbody (taken from the 

mean for those three metres, from Table 5.6), taking 0% for two metres of the 

thickness (to represent the beds resting on muds or shales - see the NW log in Fig. 

4.15) and taking 100% for the remaining 17m, and dividing the total by 22m (the 

sandbody thickness). The result is a connectivity value for the whole outcrop of 

90.5%. The high connectivity in most of the outcrop is therefore slightly reduced by 

the laterally extensive fine-grained beds near the top of the sandbody (see Fig. 4.15). 

The poor lateral continuity of the beds within the first 3m of the Tullig Sandstone at 

Carrowmore Point is expressed by the low value of the continuity index, the mean 

being 15.7 (Table 5.6). The value shows that the beds at the base of the sandbody 

tend to be lenticular and not laterally continuous, confirming the observations of 

numerous erosional contacts discussed in Section 4.3.4.1, and the relatively low mean 
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bed length (14.42m). However, the overall lateral continuity improves greatly above 

the first 3m, with the great majority of beds continuing across the outcrop (-80m). 

From the log, 48 beds are counted through the upper 19m; adding together their 80m 

lengths and the lengths listed in Table 5.6, the mean bed length for the whole outcrop 

is calculated to be 64.4m. Bed thicknesses decrease upwards from the 0.49m average 

calculated for the lowermost 3m; the mean bed thickness of the 48 beds over the 

upper 19m is 0.39m, and the mean cross bed thickness is 0.29m (Section 4.3.4.1). 

The continuity index for the upper 19m is calculated as 205.1 (for a representative bed 

0.39m thick and 80m in length). The outcrop average for continuity index is therefore 

estimated to be 179.3, taking 15.7 to represent the lower 3m and 205.1 to represent the 

upper 19m ({3 x 15.7 + 19 x 205.1 }/22 = 179.3). As a whole, the outcrop thus shows 

high lateral continuity, similar to Killard. 

It was not possible to photograph the whole outcrop, therefore for facies distribution 

calculations, six transects were made through the part of the outcrop where the full 

thickness of the sandbody was exposed. This revealed that the beds in the upper two

thirds were very laterally continuous, and could be traced across the entire length of 

the exposure (8Om+). For this reason, the log was used to extrapolate facies across 

the outcrop, with the transect observations added to the data where they differed from 

the log observations. The resulting data is shown in Table 5.7, and in the 

accompanying vertical proportion graph in Fig. 5.6. A horizontal proportion curve 

was also produced from the data, and is shown in Fig. 5.7. The data table for the 

horizontal proportions is shown in App. C3. 

Table 5.7 and Figure 5.6 show that within the lower few metres of the sandbody at 

Carrowmore, there is an upward increase in homogeneity and in the areal percentage 

of sandy facies. The net to gross ratio for the sandbody, obtained by summing the 

total percentages of sandy facies given in Table 5.7, is 96%, a very high value, similar 

to Killard and Pulleen. The high degree of connectivity (Table 5.6), when taken 

together with this high net to gross ratio, would give an excellent reservoir potential. . 

The horizontal proportion curve (Fig. 5.7) reveals no pronounced trends along the 

length of the outcrop. The lateral continuity discussed above means that facies are 

continuous across the outcrop, and the percentages of each facies remains quite 

consistent from one side of the exposure to the other, a distance of over 160 metres. 
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Table 5.7. Tullig Sandstone vertical facies proportions: northern limb of anticline at 
C (F 4 16) F' 5 6 h h f thi d t arrowmore see 19. 19ure sows a grapl 0 s a a. 
Height from % offaeies D D D II base (m) 

Sm/Sh D Sp/St She/Sme Cern Flh FlslFlrn 
22.0 0 54.76 0 0 33.33 11.91 
21.5 0 61.90 0 0 38.10 0 
21.0 0 91.67 0 0 2.38 5.95 
20.5 0 71.43 0 0 26.19 2.38 
20.0 2.38 80.95 0 0 16.67 0 
19.5 0 95 .24 0 0 0 4.76 
19.0 0 91.67 0 0 0 8.33 
18.5 0 97.62 0 0 0 2.38 
18.0 0 100 0 0 0 0 
17.5 0 100 0 0 0 0 
17.0 0 100 0 0 0 0 
16.5 0 100 0 0 0 0 
16.0 0 100 0 0 0 0 
15.5 0 100 0 0 0 0 
15 .0 0 91.67 0 0 0 8.33 
14.5 0 96.43 0 0 0 3.57 
14.0 0 100 0 0 0 0 
13.5 0 92.86 0 0 0 7.14 
13 .0 0 95.24 0 0 0 4.76 
12.5 0 100 0 0 0 0 
12.0 0 100 0 0 0 0 
I 1.5 0 100 0 0 0 0 
1l.0 0 100 0 0 0 0 
10.5 0 100 0 0 0 0 
10.0 0 100 0 0 0 0 
9.5 0 100 0 0 0 0 
9.0 0 100 0 0 0 0 
8.5 0 100 0 0 0 0 
8.0 7.14 92.86 0 0 0 0 
7.5 90.48 9.52 0 0 0 0 
7.0 100 0 0 0 0 0 
6.5 100 0 0 0 0 0 
6.0 100 0 0 0 0 0 
5.5 100 0 0 0 0 0 
5.0 100 0 0 0 0 0 
4 .5 100 0 0 0 0 0 
4.0 100 0 0 0 0 0 

3.5 100 0 0 0 0 0 
3.0 100 0 0 0 0 0 
2.5 100 0 0 0 0 0 
2.0 96.43 0 3.57 0 0 0 
1.5 78.57 15.48 5.95 0 0 0 
1.0 45.24 46.43 5.95 2.38 0 0 
0.5 34.52 53 .57 2.38 7. 14 0 2.38 
0 42.86 50.00 0 7. 14 0 0 
Total % 31.06 64.21 0.40 0.37 2.59 1.37 
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Figure 5.7. Horizontal proportion curve for the Tullig Sandstone outcrop at Carrowmore Point. Facies percentages were recorded every two 
metres along the cliff section, showing how facies changes along the length of the exposure. From 0 to 80 metres the whole thickness of the 
sandbody is exposed, and the measurements are from actual observations; from 80m to 168m the sandbody is on1y exposed for its lower few 

metres, and the log has been used to extrapolate observations into the area of no exposure. The outcrop is oriented close to perpendicular 
to palaeoflow, so the facies variability reflects changes across the width of the channel system. 



The facies distribution at Carrowmore Point is similar to the preceding localities in 

two main ways: firstly, the coarse facies (SmclShc, Sc, Ccm) are concentrated at the 

base of the sandbody; secondly, there is a marked change from facies SmlSh in the 

lower third to cross-bedded facies (Sp, St) in the upper two-thirds (compare Fig. 5.6 

with Figs 5.4 and 5.5, and see logs in Fig. 4.15). The most notable difference between 

the Tullig Sandstone at Carrowmore Point and at previously discussed localities is the 

occurrence of fine-grained facies near the very top of the sandbody at Carrowmore 

Point. At Trusklieve, Pulleen and Killard the upper parts of the Tullig Sandstone 

comprise only a low percentage of fine-grained facies (or none at all), whereas at 

Carrowmore Point up to 45% by area is facies Flh and FlslFlm within the uppennost 

4m. The fact that the fine-grained beds are frequently laterally continuous reduces the 

connectivity within this upper 4m, and the reservoir quality is also reduced as a result. 

5.3.1.5 Furreera, Liscannor Bay 

The homogeneity of the single storey Tullig Sandstone at Furreera made gathering 

bed measurement and detailed vertical proportion data unnecessary. It was apparent 

from observation that there is almost no fine-grained material within the sandbody (as 

discussed in Section 4.3.5.1), giving it a net to gross of close to 100%. The 

connectivity is therefore also 100%. Observation reveals that lateral continuity is low, 

because the dominant facies type at Furreera is trough cross bedding, and the outcrop 

orientation (east-west) is nonnal to palaeo flow (mean direction 347°; Section 4.3.5), 

so that numerous trough-shaped internal erosion surfaces that fonn the base of beds 

are displayed in the cliff. Measurements made from the photomontage in Fig. 4.23 

give a mean bed length of7.16m, and the mean bed thickness is 0.29m (see Section 

4.3.5.1), giving a continuity index of25. This value is similar to the 27.5 calculated 

for Trusklieve. 
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5.3.2 Tullig Cyclothem mouth bar sandbodies 

5.3.2.1 Tullig Point mouthbar 

The mouthbar sandbody at Tullig Point is exposed in an inaccessible cliff section, as 

described in Section 4.3.6, but it was possible to calculate most values for the bed data 

using the accurately scaled interpreted photomontage, and the log taken at Tullig 

Point (Table 5.8). Mean bed thickness calculated from the photomontage is 0.66m, 

but when calculated from the log, mean bed thickness is found to be 0.18m, and the 

modal thickness is lower still (OJ-O.lSm; see App. B3). The discrepancy is likely to 

be due to the difficulty of picking out individual thin beds from the cliff 

photomontage, the photos for which were taken from a long distance away. In some 

cases, thin beds of the same facies have been combined in the interpreted 

photomontage. This artificial amalgamation of beds for measurement purposes causes 

a decrease in the continuity index. 

Table 5.8. Sandstone (andjine-grained) bed data for the mouthbar sandbody at Tullig 

Point (Fig. 4.24). Minimum bed thicknesses are shown because, unlike for Tullig 

Sandstone outcrops, the majority of beds are continuous across the whole outcrop and 

do not taper to zero. Continuity indices are only calculated for the sandstone beds. 

Bed Contact type Thickness (m) Bed Continuity 
%s/s %s/m Min. Mean Max. length (m) (length/thickl 

M 100 0 0.48 0.74 1.05 >80 >76.2 
L 0 100 0.45 0.80 1.00 >80 >80.0 

f - - 0.07 0.12 0.23 >80 
K 0 100 0.55 0.70 1.00 >80 >80.0 
e - - 0.12 0.19 0.54 >80 
J 100 0 0.05 0.40 0.67 >80 >119.4 
d - - 0.05 0.08 0.15 >80 
I 100 0 0.55 0.60 0.75 >80 >106.7 
H 0 100 0.18 0.22 0.35 >80 >228.6 
c - - 0.03 0.12 0.23 >80 
G 0 100 0.27 0.50 0.73 >80 >109.6 
b - - 0 0.09 0.11 32 
F 100 0 0.13 0.29 0.82 >80 >97.6 
E 100 0 0.28 0.40 0.53 >80 >150.9 
D 100 0 0.35 0.60 0.70 >80 >114.3 
C 47.4 52.6 0.41 0.50 0.68 >80 >117.6 
a - - 0 0.16 0.22 40 
B 100 0 0 0.40 1.87 45 24.1 
A 1 1 0 1.10 1.52 68 44.7 
Range 0-100 0-100 0-0.55 0.22- 0.35- 45->80 24.1-228.6 

1.10 1.87 . 
Mean 62.3% 37.7% 0.13 0.66 0.72 76.08 >103.8 
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The beds in the mouthbar sandbody are very laterally continuous in comparison to 

those seen in the channel sandbodies, with a high mean continuity index of > 1 03 .8 

(which would be higher if the bed thicknesses observed from the log, rather than from 

the photomontage, were used). The connectivity, at 62.3%, is much lower than for the 

fluvial channel sands, because the laterally continuous fine-grained beds interrupt the 

vertical sand connectivity. The net to gross for this outcrop, calculated by summing 

the percentages of sandy facies given in Table 5.9, is 91.8%, although it is likely that 

if millimetre-scale grainsize variations were considered this figure would be slightly 

lower. The lower vertical connectivity, as compared with the Tullig Sandstone, also 

reduces the quality of the mouthbar in terms of reservoir potential of such sandbodies. 

Table 5.9. Tullig Point mouthbar sandbody vertical facies proportions (see Fig. 4.23). 

See Fig. 5.8 for corresponding vertical proportion curve. 

Height from % chance of facies 

D -erosive base of occurring D 
r,: JJ 

sandbody (m) Sh/Sh2/Sh Sp/SP2/St Flh FlslFlm 
10.0 100 0 0 0 
9.5 100 0 0 0 
9.0 100 0 0 0 
8.5 93.1 6.9 0 0 
8.0 67.65 17.65 14.7 0 
7.5 29.41 64.71 5.88 0 
7.0 31.43 31.43 37. 14 0 
6.5 71.43 8.57 20 0 
6.0 66.67 5.55 16.67 I 1.1 I 
5.5 36.11 33.33 5.56 25 
5.0 22.22 66.67 0 I 1.1 1 
4.5 55.56 38.89 0 5.55 
4.0 83.33 16.67 0 0 
3.5 59.46 32.43 0 8.11 
3.0 59.46 29.73 0 10.81 
2.5 86.49 13.51 0 0 
2.0 91.89 8.11 0 0 
1.5 100 0 0 0 
1.0 100 0 0 0 
0.5 100 0 0 0 
0 100 0 0 0 
Total % 74.01 17.82 4.76 3.41 
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Figure 5.8. A graph of the data in Table 5.9, showing 
the percentage of each facies at different heights within the 
mouthbar sandbody at Tullig Point. 

Horizontal proportion curve, Tullig Point 

.Fls/Flm 

I ~ Flh 
D Sp/Sp2lSt 

o Sm/Sh/Sh2lS12 

~ ~ ,,'), ,,'0 ~ f")~ f")~ ~ .... '0 ~ ~\) ~~ ,,'), 

Distance along outcrop (m) 

Figure 5.9. A graph of the data in App. C5, showing 
the percentage of each facies at every two metres along the 
length of the outcrop of the mouthbar sandbody at Tullig Point. 
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The vertical proportion curve in Fig. 5.8 (data shown in Table 5.9) shows the 

distribution of facies within the Tullig Point mouthbar sandbody; the dominant facies 

in the outcrop are horizontally laminated sandstone and low-angle cross-bedded 

sandstone (facies Sh/Sh2/SIISh). Fine-grained facies (Flh and FislFlm) are more 

common within the upper half of the unit, and are clustered away from the very top 

and base. Both the vertical proportion curve (Fig. 5.8) and the photomontage (Fig. 

4.23) show the apparent pattern of distribution of facies Flh, FlslFlm and Sp/SP2/St, 

with the three facies groups occurring at roughly regular intervals, associated with 

each other. As discussed in Section 4.3.6.3, this association and apparent regular 

distribution of facies may make the occurrence of fine-grained facies easier to predict. 

The horizontal distribution of facies (Fig. 5.9, data table in App. C4) is fairly even 

along the whole outcrop, and the percentage of each facies is quite consistent, never 

varying by more than 20% within each facies. The even facies distribution reflects 

the high lateral continuity, shown by the high continuity index (Table 5.8). 

5.3.2.2 Killard mouthbar 

The mouthbar at Killard is more heterogeneous than the mouthbar at Tullig. Beds 

were measured on the southern limb of the Killard syncline (Fig. 4.27 and Table 

5.10), where the mouthbar is exposed from its sharp base to its abandoned top surface. 

Limited data from the smaller exposure on the north limb are also tabulated (Table 

5.11). The tables include measurements of fine-grained beds, because of the high 

proportion of finer facies within the sandbody, but the fine-grained beds are not 

included in the means and ranges, so that only the sandy, reservoir facies are taken 

into account in the statistics. 

The connectivity for the Killard mouthbar sandbody is calculated as 67.2% (Table 

5.10), very similar to the figure for the Tullig Point mouthbar (Table 5.8), although 

not as high as the values for the Tullig Sandstone (Tables 5.1, 5.2 and 5.6). The 

marked difference in connectivity between the two mouthbars and the Tullig 

Sandstone outcrops indicates that the two types of sandbody clearly represent 

different styles of facies architecture and different facies percentages and, by 

extension, different depositional environments. Bed thicknesses within the Killard 

mouthbar are similar to those from the Tullig Point mouthbar, although the mean is 

212 



slightly higher at Killard, because "Bed V" was not separated out into its constituent 

cross beds (compare Tables 5.S and 5.10). Bed lengths in the Killard mouthbar are 

similar to those in the Tullig Point mouthbar, with beds extending across the entire 

south limb outcrop (SOm+). A discontinuous bed at the base brings the mean bed 

length figure down to 76.8m, again very similar to the mean bed length for beds in the 

Tullig Point mouthbar. The continuity indices for the beds are high (mean >100.4), 

very similar to Tullig Point (Table 5.S), indicating high lateral continuity and few 

lenticular beds, although as at Tullig Point, amalgamation of some beds for 

measurement purposes results in an artificial reduction in values. 

Table 5.10. Sandstone (and fine-grained) bed data for Killard mouthbar, south limb. 

Ranges and means apply to sands only. *Bed V comprises 10-20 cross beds, which 

were not measured separately; minimum, maximum and mean values are for to "Bed 

V" as a whole. 

Bed Contact type Thickness (m) Bed length Continuity 
%s/s %s/m Min. Mean Max. (m) (Iemrth/thick) 

Z 15 85 0.60 1.45 1.99 >80 40.2 
Y - - 0.12 0.30 0.34 >80 
X 0 100 0.12 0.50 0.58 >80 137.9 
W - - 0.09 0.30 0.40 >80 
V* 30 70 2.16 4.25 6.24 >80 12.8 
U - - 0 0.20 0.41 -17 
T 65 35 1.48 2.00 2.42 >80 33.1 
S - - 0.04 0.10 0.20 23 
R 100 0 0.48 1.26 1.74 >80 
Q 100 0 0.18 0.37 0.66 >80 121.2 
p 100 0 0.15 0.38 0.53 >80 150.9 
0 100 0 0.29 0.45 0.56 >80 142.9 
N 0 100 0.21 0.52 0.59 >80 135.6 
M - - 0.06 0.10 0.15 >80 
L 100 0 0.11 0.20 0.28 >80 285.7 
K 100 0 0.14 0.20 0.26 >80 307.7 
J 100 0 0.13 0.24 0.30 >80 266.7 
I 0 100 0.09 0.21 0.33 >80 242.4 
H - - 0.35 0.60 0.82 >80 
G 100 0 0.40 0.67 ' 0.77 >80 103.9 
F 100 0 0.12 0.23 0.45 >80 177.8 
E 100 0 0.22 0.41 0.53 >80 150.9 
D 0 100 0.16 0.26 0.49 >80 163.3 
C - - 0.03 0.09 0.17 >80 
B 100 0 0 0.18 0.58 20 34.5 
A I I 0.35 0.49 0.78 >80 102.6 
Range 0-100 0-100 0.12-2.16 0.50- 0.58- 20->80 12.8-307.7 

4.25 6.24 
Mean 67.2% 32.8% 0.38 0.73 1.06 76.84 >100.4 
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The statistics from the northern limb outcrop of the Killard mouthbar are similar to 

those from the southern limb (compare Tables 5.10 and 5.11 ). The main difference is 

the connectivity, which is 0% for the northern outcrop. The lack of connectivity is 

because on the northern limb only the top I-3m of the mouthbar are sandy (Fig. 4.29 

and Section 4.3.7.3), and the sandstone beds are separated by muddy beds, so there 

are no sand-on-sand contacts. The mean continui ty index across both limbs is 117.5. 

Table 5.11. Sandstone (and fine-grained) bed data for Killard mouthbar, north limb 

of syncline. Ranges and means are calculated using sand bed data only. 

Bed 

M 
L 
K 
J 
Ra nge 

Mean 

14 

13 

12 -E 11 -(I) 

10 VI 

"' .0 
9 >-

"0 
0 8 
.0 
"0 7 c: 

"' VI 6 
E 
0 5 ... .... - 4 .:: 
.2l 
(I) 3 J: 

2 

1 

0 

Contact type Thickness (m) Bed length 
%s/s %s/m Min. Mean Max. (m) 

0 100 1.34 1.44 1.54 - 100 
- - 0.30 0.40 0.49 - 100 
0 100 0.32 0.40 0.49 - 100 
- - 0.30 0.37 0.52 - 100 
0 100 0.32-1.34 0.40-1.44 0.49- -

1.54 
0% 100% 0.83 0.92 1.02 - 100 

Vertical proportion curve, Killard mouthbar 
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Fig. 5.10. Graph showing the facies distri bution for the Killard mouthbar, based on 

the sedimentary log (starting from 6.5m n F ig. 4.26). 
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Due to the impossibility of creating a photomontage of this part of the outcrop that 

would allow facies distribution measurement (Fig. 4.29 is viewed from too far away), 

no directly measured vertical proportion data was generated. However, the continuity 

of the beds (see Tables 5.10 and 5.11) is high, meaning that the vertical distribution is 

very consistent across the outcrop. A vertical proportion curve (Fig. 5.1 0) based on 

the log (Fig. 4.26) shows: SmlSh/Sh2/Sh = 43.5%; Sp/Sp2/St = 43.2%; Flh = 9.l %; 

FlslFlm = 4.2%. The resulting net to gross ratio is high at 86.8%, although the 

moderate vertical connectivity (67.2%) reduces the reservoir quality of the sandbody. 

5.4 Summary and discussion 

The statistics calculated in this chapter complement the observations and descriptions 

of Chapter 4 to give a fuller understanding of the characteristics of the Tullig 

Sandstone and the mouthbar sandbodies. Tables 5.12, 5.13 and 5.l4 summarise the 

bed measurements and facies distribution observations, and facilitate comparisons 

between the different outcrops. The trends along palaeoflow (southwest to northeast) 

and other major observations apparent from these comparisons are presented below. 

Table 5.12. The results of bed measurements made at each field locality, for both the 

Tullig Sandstone outcrops and the mouthbar outcrops. All figures given are the mean 

values for each locality, and can be seen in the relevant tables and associated text in 

Sections 5.3.1 and 5.3.2. Where bed measurements were not taken, mean bed 

thicknesses have been calculated from 102S 

Locality Connectivity Thickness (m) Mean bed Continuity 
(%s/s bed length (m) index 
contacts) Mean Max. (length/thick) 

Tullig 
Sandstone: 
Trusklieve 80 0.37 0.58 13.55 27.5 
Pulleen 100 0.36 NA -20 -56 
Killard 95 0.32 NA -50 .... 150 

Carrowmore 90.5 0.39 0.81 64.4 179.3 
Point 
Furreera 100 0.26 NA 7.l6 25 
Mean 93.1 0.34 0.70 31.0 87.6 
Mouthbar 
sandbodies: 
Tullig Point 62.3 0.66 0.72 76.08 >103.8 
Killard 67.2 0.73 1.06 76.84 >117.5 
Mean 64.75 0.695 0.89 -76.46 >110.6 
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5.4.1 Internal architecture statistics 

• The connectivity within the Tullig Sandstone is very high, averaging 93.1 %. 

There is no apparent trend in connectivity along palaeo flow (Le. from southwest 

to northeast along the present coastline), with values peaking at both Pulleen, mid

way between Trusklieve and Furreera, and at Furreera, which is the 

northeasternmost outcrop (Fig. 5.11). 

• The mean bed thicknesses are similar at all five outcrops, varying between O.26m 

and O.39m. A possible trend of slightly decreasing bed thickness along 

palaeoflow is interrupted by the value for Carrowmore (Fig. 5.12). 

• Mean bed lengths increase along palaeo flow from Trusklieve northeastwards, 

although not in a smooth trend (Fig. 5.13). Furreera is an exception to the 

northeasterly increase in bed length. This is because the Furreera outcrop, which 

trends east-west, is close to normal to palaeoflow (the mean direction at Furreera 

is 347°), while the other outcrops, which trend either NE-SW or ENE-WSW and 

show flow to the ENE, NE and NNE, are parallel to sub-parallel to palaeoflow, 

and therefore show along-channel, rather than across-channel, bed dimensions. 

The Tullig Sandstone at Furreera is dominated by trough cross bedding, which, 

when viewed in cross-section, produces lenticular bed geometries, leading to a 

reduction in observed bed lengths compared for example with Killard, where the 

trough cross beds are seen at an oblique angle and thus appear longer. The overall 

increase in bed length may reflect a decrease in erosional scour downstream, 

meaning that the preservation potential of individual beds is increased. However, 

it is important to remember that bed length measurements are also partly 

dependent on the size of the outcrop (Geehan and Underwood, 1993). Caution 

should therefore be used when looking for trends in the data, although the outcrop 

scales at the localities visited were similar to each other (generally -100m), so that 

effects of outcrop dimensions on the bed length data should be similar as well. 

• The continuity index increases from southwest to northeast, reflecting the increase 

in bed lengths from Trusklieve to Carrowmore Point (see Fig. 5.14). Again, the 

outcrop of the Tullig Sandstone at Furreera is the exception to this trend, for the 

same reasons as those given above. 
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• Within the majority of outcrops, beds show increasing lengths and increasingly 

simple geometries towards the top of the Tullig Sandstone, with a decrease in 

erosional scour and lenticularity. 

There are immediate and obvious differences between the architectural statistics of the 

two mouthbar sandbodies and those of the Tullig Sandstone. These differences are 

highlighted in the points below, with corresponding data displayed in Table 5.12. The 

statistics presented here show that the two mouthbars are very similar. 

• The mean bed length of the two mouthbars is 76.5m, higher than for the Tullig 

Sandstone outcrops (31.0m). The beds lengths are in excess of 80m throughout 

the thickness of both mouthbars, whereas the Tullig Sandstone outcrops, even 

when they do show beds with comparable lengths, do not show these bed lengths 

throughout the sandbody thickness. In addition, the orientation of the Tullig Point 

mouthbar is east-west, at a higher angle to palaeo flow than the Killard mouthbar, 

and yet both show very similar bed lengths, which implies that the beds are 

laterally extensive in all directions rather than just in a downstream direction. 

• The lateral continuity index for the mouthbars at Tullig Point and Killard is high 

(>110.6) compared with the Tullig Sandstone outcrops (averaging 87.6). The 

mouthbars would have even higher values if all the beds had been individually 

identified, rather than sometimes amalgamated to make facies mapping easier. 

• The mean connectivity of the mouthbars (64.8%) is lower than for the Tullig 

Sandstone (93.1%) by over 28%. This difference is due both to the increased 

percentage of fine-grained facies and the increased lateral continuity of the beds in 

the mouthbars compared with the fluvial Tullig Sandstone. 
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Fig. 5.11. Graph showing 
changing connectivity values 
along the coastline from 
Trusklieve to Furreera, 
parallel to palaeo flow. 

Fig. 5.12. Graph showing 
changing mean bed thickness 
values along the coastline 
from Trusklieve to Furreera, 
parallel to palaeoflow. 

Fig. 5.13. Graph showing 
changing mean bed lengths 
along the coastline from 
Trusklieve to Furreera, 
parallel to palaeo flow. 

Fig. 5.14. Graph showing 
changing continuity indices 
along the coastline from 
Trusklieve to Furreera, 
parallel to palaeo flow. 
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5.4.2 Facies distribution statistics 

• The percentage of sandy facies in the Tullig Sandstone outcrops remains 

consistent along palaeo flow from southwest to northeast, varying by less. than 9% 

and remaining between 91 % and 100%. 

• The variation in type of sandy facies creates a trend parallel to palaeo flow and to 

the. present-day coastline, with massive sandstone and horizontally bedded 

sandstone percentages reducing from southwest to northeast while trough and 

planar cross-bedded sandstone percentages increase to compensate (see Fig. 5.15). 

This suggests that the processes generating facies Sm and Sh, bank collapse and 

high velocity sub critical flow respectively, become less important downstream, 

while the formation and migration of dune forms becomes more common. 

• There is an overall decrease in the percentage of coarse-grained facies from 

southwest to northeast (Fig. 5.16). The trend is fairly smooth, decreasing sharply 

from Trusklieve to Pulleen and continuing to fall more gently to Furreera. This 

decrease in conglomeratic facies is interpreted to reflect a decrease in erosive 

potential of the fluvial system in a downstream direction, which agrees with the 

observation in Section 4.4.1 (Table 4.1) that the channels show progressively less 

erosional relief in a downstream direction. 

• There is no overall trend in the percentage by area of fine-grained facies from 

southwest to northeast (Fig. 5.16). Peaks in abundance occur both at Trusklieve 

and Carrowmore Point. 

• Within individual outcrops, there is a vertical trend of increasing facies 

homogeneity towards the top of the Tullig Sandstone (e.g. Figs 5.2, 5.4, 5.5). 

Cross-bedded facies are more prevalent towards the top, at the expense of fine and 

coarse-grained facies, in all outcrops except Carrowmore Point. At Carrowmore, 

although cross bedding becomes more dominant upwards, there is also an increase 

in fine-grained facie~ near the top of the Tullig Sandstone. The reduction in 

conglomeratic facies with height is probably due to the reduced availability of 

fine-grained material to erode as the channel storeys aggrade. Over time, 

succeeding channels erode and rework underlying sandy channel deposits, rather 

than the fine-grained delta front material at the base of the Tullig Sandstone. 
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Figure 5.15, Graph showing the percentage by outcrop area of the two sandy facies 
categories along the Co, Clare coastline, which parallels the palaeo flow direction 
(southwest to northeast). . 
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Table 5.13. Summary of facies distribution statistics from all Tullig Sandstone 

outcrops, from southwest (Trusklieve) to northeast (Furreera). 

Locality % of facies D D D D D • Net to 
I I gross 

Sm/Sh/SI Sp/St Smc/Shc Sc Ccm Flh Fls/Flm 
Trusklieve 34.09 49.89 4.30 3.18 3.25 0.35 4.94 91.46 
Pulleen 63 .70 34.78 0 0 1.52 0 0 98.48 
Killard 35 .72 59.25 0.97 0.33 0. 16 0 3.57 96.27 
Carrow- 31.06 64.21 0.40 0 0.37 2.59 1.37 96.04 
more Point 
Liscannor 0 100 0 0 0 0 0 100 
Mean 32.9 61.6 1.1 0.7 1.1 0.6 2.0 96.5 

Table 5.14. Summary of facies distributions statistics from the two mouthbar 

sandbodies at Tullig Point and J(jIlard. 

Locality % offacies D l I • Net to gross 
I I 
Sm/Sh/SI Sp/St Flh Fls/Flm 

Tullig Point 74.01 17.82 4.76 3.41 92.86 
Killard 43.49 43 .27 9.07 4.17 86.76 
Mean 58.8 30.5 6.9 3.8 89.8 

In terms of architecture and facies distribution, the mam trends in the Tullig 

Sandstone apparent from the data presented in this chapter are the decrease in 

erosional scour and abundance of conglomeratic facies, and the increase in bed length, 

in both downstream and vertical directions. These observations suggest a downstream 

increase in deposition relative to erosion, which supports the view that the delta front 

is to the northeast and that the fluvial deposits have an increased preservation 

potential in the area closest to the delta front. Preservation potential is increased by 

higher subsidence rates, which are often a feature of deltas and have been postulated 

for the deltas of Co. Clare by several writers (e.g. Rider, 1978; Pulham, 1989). The 

data also suggest a decrease in erosional scour over time, leading to thicker upper 

storeys (e.g. at Pulleen, Killard and Carrowmore) and increased bed lengths with 

height within the Tullig Sandstone. This reduction in erosion with time suggests an 

increase in accommodation space over time, which would increase the aggradation 

rate of the fluvial system and simultaneously reduce the overall rate of erosion. An 

increase in accommodation space could be caused either by increasing subsidence 
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rates or rising eustatic sea-level, or by a combination of both. Either factor would 

result a rise in relative sea-level and the eventual drowning of the delta, if sediment 

supply was not sufficient to allow aggradation to keep pace with relative sea-level 

rise. The occurrence of the R. stubblefieldi marine band in the succession above the 

Tullig Sandstone is evidence of the drowning of the delta and the eventual 

introduction of marine conditions throughout the field area (e.g. Pulham, 1987), which 

supports the attributing of the trends discussed above to rising relative sea-level. 

5.4.3 Other potential uses of the data 

In addition to using the data gathered from the outcrops along the coast of Co. Clare 

for building reservoir models, they could be used for generating populations of shale 

bed lengths and distributions, and for testing both the models presented in Chapter 6 

and other models of fluvio-deltaic successions. The detailed measurements and 

description of the Tullig Sandstone and associated Tullig Cyclothem mouthbar 

sandbodies provide a useful resource with which to compare other fluvio-deltaic 

successions, especially those influenced by similar controls such as glacio-eustasy. 
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Chapter 6 

Outcrop-based reservoir modelling of fluvial facies architecture 

6.1 Introduction 

To see how the data presented in Chapters 4 and 5 can be used to predict reservoir 

characteristics and the distribution of heterogeneities, it is necessary to use the software 

available in the petroleum exploration and production industry to create three

dimensional models from the outcrop data. In this way, the possible impact of detailed 

field studies on models of analogous subsurface reservoirs can be better understood. 

The dual aims of the modelling were: 1) ,to construct static models of the Tullig 

Sandstone geology, to assist outcrop-based interpretation; and 2) to assess the utility of 

the modelling program and its applicability to outcrop data. This chapter describes the 

design and construction of reservoir models based on the results of fieldwork (Chapters 

4 and 5), presents the results of such models, and discusses ~heir importance for 

reservoir evaluation. 

6.2 Background to reservoir modelling 

6.2.1 The definition and importance of geological reservoir models 

Reservoir modelling, according to Seifert and Jensen (2000), "refers to the development 

of a numerical model of a given reservoir and provides a gridded framework that is 

filled with lithofacies or genetic unit values, each of which can in turn be associated 

with effective flow, acoustic, or other properties". The purpose of a model is to 

represent realistically the available information and use this information as a basis for 

simulating the spatial distribution of the properties or attributes being studied, such as 

facies type or permeability. 

In the past it has been observed that oil recovery predictions are very sensitive to 'the 

way in which the geology of a reservoir is understood and represented in a model 

(Hearn et al., 1986). A detailed reservoir description is necessary, particularly when the 

reservoir is heterogeneous in terms of rock properties (porosity, permeability) and/or 

lithology, because a poor description leads to large errors in predictions of hydrocarbon 

volumes, flow pathways, well locations and extraction efficiencies. Geological models 
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need to incorporate the different types and scales of heterogeneity in order to quantify 

uncertainties in predictions, and to reduce the economic risk associated with pursuing a 

hydrocarbon prospect (Hatley, 1994). Even small, bed-scale variations, although 

seldom modelled, must be understood so that their effects can be incorporated into 

large-scale models. Reservoir heterogeneities are known to have a major impact on 

fluid flow (Holden et al., 1998), and modelling fluid flow through heterogeneous 

reservoirs requires the integration of reservoir architectures and geometries, rock 

properties and quantitative predictions of variations in the petrophysical properties 

(Willis and White, 2000). 

Discontinuous shales have often presented problems for reservoir engineers trying to 

understand their effect on fluid flow (Haldorsen and Chang, 1986). The discontinuity of 

sandbodies in many fluvial reservoirs, for example such as the Snorre field in the North 

Sea, has also led to low recoveries due to poor understanding of sandbody architecture 

(Holden et al., 1998). Changing the architectural model or correlation model used for 

reservoir modelling can have a dramatic impact on volumetric estimates; Ainsworth et 

al. (1999) showed that for the Sikrit oil field, Thailand, using a lithostratigraphic 

correlation model led to a 43% overestimate of the recovery factor relative to a 

chronostratigraphic model. Uncertainties relating to the spatial correlation of 

permeability (strongly related to facies distribution) are easily transferred into 

predictions of reservoir performance (Kupfersberger and Deutsch, 1999), making the 

economics of a hydrocarbon prospect difficult to evaluate accurately. To combat all of 

the above problems, the construction of an accurate, representative geological model is 

essential. 

6.2.2 Use of outcrop data 

To help construct an accurate and realistic geological model, data from analogous field 

outcrops can be used to reduce uncertainty. The detailed information that can' be 

gathered from a field outcrop is especially useful, considering that computer mo~els 

have shown that even small-scale features, such as shale drapes and variations in 

permeability within a facies, have statistically significant effects on flow simulations 

~Wi11is and White, 2000). Data is available in field outcrops at this small scale, and, 

when used to refine 3-D reservoir models, can significantly reduce uncertainty. The 

excellent understanding of permeability distribution and continuity needed for a 
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successful, detailed, 3-D simulation (Weber and van Geuns, 1990) can often be 

achieved by studies of field analogues (e.g. Willis and White, 2000). Although the 

centimetre- and meter-scale variations seen in the field cannot practically be 

incorporated into models covering many cubic kilometres, the effects of those small

scale variations (for example on permeability and porosity) can be quantified and 

averaged and thus "scaled up" to be useful in a model. If estimates of reservoir 

properties were made without looking at the small-scale variations, the resulting model 

could be significantly different from the real situation. 

Field analogues are also very useful in understanding the larger-scale architecture and 

geometry of a sandbody or system of linked sandbodies. With a limited number of 

wells, the way in which reservoir bodies are connected in the subsurface is difficult to 

predict. Comparing well-logs and core from a subsurface reservoir with sedimentary 

logs from field examples, where patterns of connectivity are described and quantified, 

enables better prediction of connectivity and correlation in the subsurface. Another use 

of field analogues is in testing models. Testing a particular modelling process on 

known outcrop· data can help identify and correct any problems or limitations within 

that modelling process, as demonstrated by MacDonald and Aasen, 1994, who tested a 

stochastic model on two Cretaceous parasequences in the Book Cliffs, Utah. Testing a 

modelling process is a very important step before the process is used to model potential 

hydrocarbon prospects. 

The types of data needed from fieldwork include vertical and horizontal facies 

distributions, measurements of grainsize, permeability, thicknesses of different facies 

types, lengths and thicknesses of fine-grained impermeable facies, connectivity, and 

architecture. All these properties and characteristics potentially affect the flow of fluid 

through a reservoir. 

6.2.3 Different modelling methods 

Before computers were capable of handling large quantities of data, models necessari~y 

had to be quite simple, and were often two-dimensional. One method employed within 

the hydrocarbon exploration and production industry was that of constructing 2-D 

permeability and flow models between a 3-D network of known wells. This method is 

particularly suited to large onshore fields where reservoirs are drained by numerous 
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closely spaced wells (e.g. Jackson et al., 1991). Other relatively simple models focus 

on sand and shale body geometries, using statistical databases of measurements to 

populate models; Haldorsen and Chang, for example, use outcrop studies to obtain a 

distribution of shale lengths that are then digitised and used to populate a 2-D flow 

model (Haldorsen and Chang, 1986; Haldorsen et al., 1987). 

The majority of models constructed today, however, are three-dimensional. The 

advantages of 3-D modelling include the ability to easily visualise spatial relationships, 

the increased accuracy in modelling faults and volumes, the better representation of 

three-dimensional heterogeneity, and the easier integration of data from mUltiple 

locations across the study area (Roxar, 2003a). 3-D models are of two main types, 

deterministic. and stochastic. Deterministic modelling produces a single result from a 

particular set of input data and, although it can be useful, this approach cannot easily 

take into account the uncertainty associated with the input data or simulate the potential 

real-world variability in the resulting model. 

Stochastic modelling is a method that generates numerous realisations from a single set 

of input data; from these multiple, equally probable ("equiprobable") realisations, the 

likelihood of best-case, worst-case and intermediate scenarios can be calculated, and the 

uncertainty :relating to any particular result can be quantified (e.g. Sharif et al., 2000). 

In an industry where risk is a crucial factor and must be assessed as accurately as 

possible, this ability to quantify uncertainty is very useful. Other advantages of 

stochastic modelling include the ability of the technique to produce a realistic level of 

heterogeneity on even small scales (Eschard et al., 1998), and to incorporate a wide 

range of complex input data. Numerical simulation in a stochastic model also allows 

the spatial distribution of input data to be reproduced within the model, using 

variograms, which are graphs showing how values vary in space (Roxar, 2003b). 

Experimental variograms are calculated from data that has had any linear trends 

removed by transformation. Once a variogram has been calculated, a variogram model 

(which can be spherical, Gaussian or exponential) that fits the experimental variogram 

is selected and put into the reservoir model, so that the spatial distribution of data 

generated by the modelling process mimics the spatial distribution of the input data. 

Horizontal and vertical variograms can be used, to take into account the variability of 

the data in all three dimensions (Ravenne and Beucher, 1988). The transformations 
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perfonned on the original data are back-applied, after simulation using the variograms 

has been perfonned, to ensure that real trends in the input data are not lost. 

Reservoir models can incorporate some detenninistic data - for example a network of 

faults, the positions and geometries of which are known accurately through seismic 

imaging - and can still use stochastic techniques to model other properties such as facies 

type, penneability, porosity, and sandb~dy geometry. Stochastic models can be 

grouped into object-based and pixel-based models: object-based models will create 

objects, for example sandbodies, channels and shale breaks that are fitted into the 

modelling grid (e.g. Hjort and Omre, 1994); pixel-based models use variograms to 

populate the grid with values, unrelated to any facies bodies of particular dimensions 

(e.g. Seifert and Jensen, 2000). More advanced models allow the combination of both 

techniques; for example if a reservoir comprises channel bodies that show internal 

heterogeneities, the object method will generate the channel bodies and the pixel 

method will generate the internal heterogeneity of those bodies using variograms (e.g. 

Hatley, 1994). The model used in this study is capable of combining the two 

techniques, and uses the Metropolis-Hastings simulation algorithm to fit the objects into 

the grid. Many other algorithms can be used (e.g. sequential indicator simulation, 

probability field simulation, truncated Gaussian simulation etc.). The impact of the 

simulation method on the final model is investigated by Joumel et al. (1998) and Seifert 

and Jensen (2000), and the latter authors conclude that using a model which combines 

pixel-based and object-based simulation methods is the most appropriate way to model 

braided fluvial systems. 

6.2.4 Summary 

A basic understanding of the principles involved in reservoir modelling is important, 

because the modeller needs to be aware of how the input data is used to produce the 

model and how the outcomes can be affected by changes in input data and modelling 

method. Some techniques will be better suited to correctly modelling particular 

reservoirs than others; this means that a good understanding of the geology of the 

reservoir is also of prime importance, so that a modelling method that will be able to 

take account of the geological model can be chosen. In summary, reservoir modelling 

can greatly help reduce the uncertainties and risks associated with developing a 

hydrocarbon prospect, but a model is only as good as the sum of its parts. Care must be 
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taken to use all available data to infonn the modelling process; analogue data from field 

studies can be vital in this regard, providing an improved understanding of reservoir 

geology and increasing the amount of data available for conditioning a reservoir model. 

6.3 Methodology 

The software used for the modelling presented here is Roxar's !RAP reservOIr 

modelling system (RMS), version 7.0. The program is a powerful 3-D modelling tool, 

which incorporates structural, stratigraphic and rock property modelling, and allows 

reservoir and flow simulation. RMS incorporates the possibility of both detenninistic 

and stochastic modelling, the later allowing numerous equiprobable realisations to be 

generated from one set of input data. This stochastic approach allows the probability of 

any particular outcome to be calculated, which means that the uncertainty involved in 

prediction of reservoir properties and behaviour can be quantified. Other advantages of 

RMS are its ability to produce realistic heterogeneity models through stochastic 

techniques, and its honouring of complex data; detailed field data can thus be input to 

the model without requiring upscaling that would render such detail insignificant. 

I) The first step in creating the models presented here was the construction of a 

structural framework and 3-D modelling grid. Using ready-made horizons (which are 

groups of myriad points, each with x, y and z values) included in the software package, 

three stratigraphic horizons were created for the models. This was done by flattening a 

ready-made horizon (making z = 0 for every point) and then extrapolating it to make it 

correspond in size to the area from which the outcrop data to be input was gathered. 

The extrapolation was done by creating a polygon with its four comers at the required 

locations of the comers of the new horizons, and then perfonning a gridding operation 

on the flattened horizon to extrapolate it out to meet the polygon edges. The resulting, 

larger, horizon was then duplicated twice, and operations were perfonned on these two 

duplicates to translate one to a z value of 25m, and the other to 50m. The horizon at a 

depth of Om was named TopTullig; the horizons at 25m and 50m were named 

BaseTullig and horizon A respectively. The maximum and minimum x, y, z co

ordinates and dimensions for the three horizons are listed in Table 6.1 below. 

It must be noted that although the top surface of the Tullig Sandstone can be assumed to 

be flat, since it represents a flooding surface, the base is not flat, and is seen in the field 
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to have erosional relief of up to several metres. However, without data to describe the 

three-dimensional shape of the basal surface (which is impossible to gather from the 

fiel?), any attempt to "shape" the BaseTullig horizon in the model would be very 

subjective and the resulting horizon would not necessarily bear any resemblance to the 

real shape of this surface. Therefore no attempt has been made to give topography to 

the BaseTullig, and it has been modelled as a flat surface. 

Horizon Min. x Max. x Min.y Max.y x dist. y dist. z(m) 
name (m) (m) (m) (m) (m) (m) 
TopTullig 452500 472500 5924800 5950000 20000 25200 0 
BaseTullig " " " .. .. .. 25 
Horizon A " " " " " .. 50 

Table 6.1. Horizon names and dimensions. In this model, x increases to the southeast, 

y increases to the northeast and z increases vertically upwards. 

2) The second step in creating the models was to create a geological grid within which 

the modelling could be carried out. Most geological models created in RMS contain 

between 1 million and 10 million cells, compared with simulation grids (used for 

example for flow simulation), which are scaled up from geological grids and typically 

comprise around 50,000 cells. In order to keep the number of cells below 10 million, 

but to include the four main studied outcrops of the Tullig Sandst<;me, (Trusklieve, 

Pulleen, Killard and Carrowmore, spread over 25km from southwest to northeast), it 

was necessary to specify cells of certain dimensions. These cell dimensions, together 

with the grid dimensions and comer-point locations, are listed in Table 6.2. The 

Furreera outcrop could not be included in the model, since it is 20km further north than 

Carrowmore Point and its inclusion would increase the grid size by several million 

cells. To reflect the orientation of the Tullig Sandstone, the y-axis of the geological grid 

was oriented northeast-southwest, aligned with the dominant palaeoflow. Figure 6.1 

shows how the grid corresponds to the Co. Clare coastline. The TopTullig and 

BaseTullig horizons were specified as defining the top and base of the grid, but also 

extend beyond the area covered by the grid. 

A second grid, also oriented parallel to palaeo flow but covering a much smaller area, 

was designed to model solely the Trusklieve outcrop. Making the area of interest so 
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Figure 6.1. Map of County Clare (after Wignall and Best, 2000), showing the 

location of the horizons and modelling grids created in RMS relative to the coastline. 

The solid black line represents the extent of horizons TopTullig and BaseTullig, while 

the red dashed lines delimit the large and small modelling grids. While the large grid 

covers four of the main localities at which the Tullig Sandstone was logged and photo

graphed, the small grid (shown in the enlarged inset map of Trusklieve) covers an 

area of 500m by 500m, encompassing the four logs from the Trusklieve outcrop. 
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much smaller (500m by 500m) enabled the sizes of cells to be reduced while still 

keeping the number of cells below 10 million, which in tum allowed more detailed 

modelling of heterogeneities in both the vertical and horizontal directions. The corner

point locations, grid and cell dimensions of this second grid are listed in Table 6.2, and 

the relationship of the grid to the Trusklieve outcrop is shown in Fig. 6.1 (inset) . 

Grid Corner-point loc. Corner-point loc. Grid dim.s Cell dim.s 
x, y and z (min) x, y and z (max) x, y, z (km) x,y,z (m) 

Large 455900,5924800, 0 465900,5950000,25 10 x 25.2 x 0.025 50,50,1 
Small 459750,5924800,0 460250,5925300,25 0.5 x 0.5 x 0.025 5, 5, 0.1 

Table 6.2. Corner-point locations, grid and cell dimensions of the two modelling grids. 

3) The third step in fonning the geological model was to enter the sedimentary log data 

from each outcrop into the model. Firstly, since modelling every facies defined in 

Chapter 3 would be very complex, and also unnecessary because of similarities in 

petrophysical properties between some facies, a set of composite facies was established. 

These composite facies, their codes, and the facies that comprise them are listed in 

Table 6.3. Porosities were assigned to each facies code (Table 6.3), using well-log and 

core data from the El Wastani formation in the Nile Delta system, which is described in 

Chapter 2 as a potential analogue for the Tullig Sandstone system (Section 2.5). Nile 

Delta data was used because the rocks of the Tullig outcrops are so compacted and 

cemented that their porosities do not reflect those seen in typical reservoir sandbodies. 

The sedimentary logs taken from each locality were then converted into facies logs 

based on the new composite facies. The logs created are listed in Table 6.4; logs with 

vertical resolutions of 1m were created for Pulleen, Killard and Carrowmore. Two logs 

were created for each sedimentary log at Trusklieve, one with a vertical resolution of 

O.1m to include all the heterogeneity of the original logs, and one with a vertical 

resolution of 1m to be suitable for the larger 25km by 10km grid. The specific format 

for well-log data that can input to RMS is shown in App. DI-13, where the logs derived 

from the sedimentary logs shown in App. A are displayed. The data file for each well 

log consists of a header giving the well location and the key to the facies in the log, and 

a list of depths and corresponding facies within the log. Figure 6.2 gives an example of 

how an original sedimentary log is converted to a facies log for the model. The set of 
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Figure 6.2. Diagram showing the 
conversion of an original sedimentary log 
(Trusklieve 4, see App. A 5) to a facies 
log for input to an RMS geological model. 
A = original log 
B = facies log (vertical resolution O.lm) 
C = facies log (vertical resolution 1 m). 
Log scale: 2Smm represents 1 m 

Colour key used in modelling 

D 1 (Sm/Sh) D 4 (Sh/ Sp/ SI2) 

2 (Sp/StlSI) 5 (Flh) 

• 3 (Ccm) • 6 (FlslFlm) 

For key to sedimentary log see Table 3.1 
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coarser-resolution logs were imported and associated with the large modelling grid, and 

the finer-resolution logs were imported and associated with the smaller modelling grid. 

Facies codes Incorporated facies Reasoning 
for model 
(and assigned 
porosity) 
1 Sm, Sh, upper (non-lag) These two clean sandy facies are both 

(35%) parts of Smc and Shc parallel bedded and show no grading 

2 Sp, St, Sl, upper (non- These three clean sandy facies all have 

(35%) lag) parts of Sc foresets, indicating very slight changes in 

grainsize within the facies. 

3 Cern, conglomeratic lags Cern and the lag deposits all comprise 

(18%) of facies Smc, Shc and mud/siltstone clasts in a sandy matrix 

Sc 

4 Sh2, SP2, Sh These sandy facies contain a higher 

(25%) proportion of fine-grained sediment than 

the sandy facies included in codes 1 & 2 

5 Flh This facies comprises interbedded sands, 

(10%) silts and muds 

6 Fls, Flm Both these facies are impermeable to 

(0%) hydrocarbons on a production timescale, 

and have very low porosities 

Table 6.3. Composite facies created for modelling. 

4) The fourth step in the modelling process was to condition the models based on the 

quantitative data relating to facies distribution and architecture within the Tullig 

Sandstone. Within RMS there are two separate modules for facies modelling: Geomod, 

which employs a simple object-based tool called 'Facies Elementary'; and Geoplex, 

which contains three more advanced modelling tools, 'Facies Channels', 'Facies 

Composite' and 'Facies Belts'. 'Facies Elementary' and 'Facies Belts' are not used 

here, the former because it is insufficiently complex, the latter because it is primarily 

designed for modelling pro-and retro-gradational systems such as shorefaces, delta 

fronts and carbonate environments, in which faces belts are elongate normal to the 
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prjncipal flow/slope direction. However, the tools 'Facies Channels' and 'Facies 

Composite' are both useful; both are object based, and deal with complex channel 

environments and geological objects respectively. 

Logs created for the Large Grid Logs created for the Small Grid 

Trusk1LS Trusk1SS 

Trusk2LS Trusk2SS 

Trusk3LS Trusk3SS 

Trusk4LS Trusk4SS 

Pulleen 

KillardN 

KillardS 

CarrowmoreSE 

CarrowmoreNW 

Table 6.4. List of names oflogs input to the two geological modelling grids. 

6.4 Modelling specifications 

'Facies Channels' was the modelling tool used to create facies distribution models 

within the large and small modelling grids. Appendices D14 to D20 show the different 

options that can be selected for the modelling process, with the options chosen 

highlighted with red boxes. The specifications chosen were based on the data collected 

in the field; for example, a maximum value of 35m was used for channel-belt thickness, 

and a value of 5 was used as the maximum number of channels per channel-belt (to 

represent the maximum of 5 channel storeys seen in the field). Each modelling grid will 

be discussed separately below. 

6.4.1 Large modelling grid: Trusklieve to Carrowmore Point 

The size of this modelling grid necessitated a large cell size and therefore a coarse (1m) 

vertical resolution in the blocked wells (as explained in Section 6.2). The blocked wells 

are shown in Figs 6.3 and 6.4, whilst the facies thickness distributions based on these 

blocked wells are displayed as histograms for individual facies in App. D 21 to D26; 

these graphs are summarised in the histogram in Fig. 6.5. The volume fraction of 

channel facies to be modelled, 0.936, was taken from the blocked wells (see Table 6.5), 
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Figure 6.3. Four of the nine 
blocked wells created for 
the large modelling grid; 
these wells represent the 
four Trusklieve logs. The 
dimensions of grid cells are 
5001 x SOm x 1m (X, Y, Z). 
The extreme vertical exagg
eration in this figure allows 
the individual grid cells and 
their facies codes to be seen. 
Dimensions are in metres. 

Figure 6.4. Five of the blocked wells created for the large modelling grid. Unlike 
Fig. 6.3, the grid lines are not displayed in this view, but individual cells can still be seen 
where a facies code occupies only one cell before a different code replaces it (labelled). 
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and is the total of facies SmlSh, Sp/StlSI, and Ccm. A subdivision of the channels into 

'channel-fill' facies and 'barrier' facies can also be made within the model. Facies 

SmlSh was used to represent channel-fill facies, because the basal parts of individual 

stories in the field were usually filled with massive sandstone (see Sections 4.3 and 5.3). 

The 'barrier' facies elements of the model are often assigned low permeabilities and 

used to represent impermeable channel barriers such as fine-grained channel fill, but in 

this case the 'barrier' facies was specified to be the Sp/StiSI facies and assigned a 

porosity of 35% (see Table 6.3), to represent the bars withi~ the channels, which (as 

noted in Section 4.3.1.2) primarily comprise cross-bedded facies and would not be 

barriers to flow in a reservoir. The volume fraction of the channels occupied by 

'barrier' facies (Sp/StlSI) was set to 0.568, (0.532/0.936 = 0.568; 'see Table 6.5). 

Crevasse facies in the model were specified to be facies Flh, the characteristics of which 

correspond to typical crevasse splay facies (see Section 3.4.2), and were assigned a 

volume faction of 2.7 (Table 6.5). The background facies was assigned a volume 

fraction of3.7 (Table 6.5), and was specified to be FlslFlm, which is seen in the field to 

be the prevailing background sediment in the absence of sandbody facies. 

Blocked Facies % 
Well SmlSh Sp/StiSI Ccrn Sh2iSp2/Sh Flh Fls/Flrn 
Truskl 19.0 76.2 4.8 0 0 0 
Trusk2 9.5 76.2 9.5 0 0 4.8 
Trusk3 30 60 0 0 0 10 
Trusk4 33.3 52.4 0 0 0 14.3 
Pulleen 54.2 41.7 4.1 0 0 0 
KillardN 40.9 50.0 4.55 0 4.55 0 
KillardS 63.1 31.6 5.3 0 0 0 
CarSE 50 33.3 0 5.6 11.1 0 
CarNW 31.8 54.5 4.5 0 4.5 4.5 
Totals (%) 36.7 53.2 3.2 0.5 2.7 3.7 

Table 6.5. The percentages of each facies in each blocked well, derived from the 

blocked wells for use in the large modelling grid. 

The stacking pattern was specified as clustered rather than dispersed (see Table 6.6, and 

App. D16) to correspond to the close superposition of channels seen in the field, with 

limited intervening background sediment. Channel-belt width and thickness were 

specified to correspond to the field outcrops, which show thicknesses up to 32m 
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(Pulham, 1987) and suggest a channel-belt width within the range 2S0-1S000m (see 

Section 4.3.1.6). A single channel-belt in the model was therefore sufficient to cover 

the modelling grid completely, representative of the single channel system seen in the 

field. Channel-belt amplitude and sinuosity were given values of SOOm and 1.1 

respectively, both low values, but values that correspond with the conclusions in 

Chapter 4, where the Tullig Sandstone is interpreted as a braided, low-sinuosity channel 

system. The number of channels in each belt was set as five, to match the maximum 

number of storeys (each a separate channel) seen at anyone outcrop in the field. 
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Figure 6.5. Histogram showing the distribution of facies thicknesses in metres, taken 

from the blocked wells of the large modelling grid and colour coded by facies . Cell 

thickness for this grid is 1 m, making 1 m the minimum possible bed thickness. 

Individual channel thickness was specified to be similar to the mean storey thickness 

recorded in the field. Individual channel width was also based on field evidence, and 

because no clear channel margins were seen in any outcrop, the value given was wider 

than the widest outcrop to account for this. A correlation strength of 0.5 between width 

and thickness was chosen as an arbitrary value to express a medium amount of 
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correlation between the two dimensions. Amplitude and sinuosity of individual 

channels were assigned arbitrarily but with a low-sinuosity braided interpretation as a 

basis; ideally, mUltiple realisations could be run to see what effect changing these 

values would have on the final model, but this was precluded by time constraints here. 

The channel-belt orientation was set similar to the mean palaeocurrent direction 

calculated from the field data. The y-axis of the grid is oriented at 000° - 180°, but 

represents a direction of 045° in the real world. The real world mean palaeocurrent 

direction of 028° (Section 4.4) thus translates to a direction of 3420 in the model, which 

is within the 10° range of the 350° chosen for the channel orientation in the model. 

The channel form chosen was the default Basic shape (deepest in the centre, shallowing 

to the edges; see App. D 17) since the field data was insufficient to define an alternative 

specific shape, and the Basic shape is considered a good representation of field 

observations. RepUlsion between channel-belts, which controls the spacing between 

channel belts, was specified as strong, because only a single channel-belt was wanted 

within the model (to conform to the field observations). On the CrevasselBarriers tab, 

crevasses were specified as isolated bodies, rather than continuous along both edges of 

the channel-belt, to represent the low amounts of fine-grained facies seen within the 

Tullig Sandstone in the field. A relative thickness of 0.25m (standard deviation O.1m) 
• 

was assigned to the crevasse splay lobes, which is the mean thickness of facies Flh 

calculated from the sedimentary logs, because only one bed occurred in the blocked 

wells and the histogram of facies thickness was therefore not very informative (App. 

D24). The percentage of the channel-belt margins covered by crevasse splay facies, and 

the crevasse splay lobe widths and lengths, were assigned arbitrarily, but influenced by 

Following page: Table 6.6. Specifications used for facies modelling using the Facies 

Channels tool in the large grid. The 'jobs" panels, and individual tabs, where these data 

are specified are shown in Apps. D14 to D20. Reasons for the specifications shown 

here are given in the text. *"Barrier" as used in the modelling job set-up refers to 3-D 

facies objects within the channels (rather than outside them, like crevasses). These in

channel objects can be barriers to hydrocarbon flow (if they are specified as non-porous, 

impermeable lithologies) but in this model they represent in-channel bars of facies 

Sp/StiSI and are thus not barriers to flow. 
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Preference Choice 
General 
Blocked wells used for conditioning Truskl, Trusk2, Trusk3, Trusk4, Pulleen, 

KillardN, KillardS, CarSE, CarNW 
Condition on well data/and raw logs Yes, yes 
Channel system Multi-channel mode 
Auxiliary facies Crevasses, barriers* 
Channel facies SmlSh 
Crevasse facies Flh 
Barrier* facies Sp/StiSI 
Background facies FlslFlm 
Volume fraction 
Channel system volume fraction: type Global 
- value 0.9 (Le. 90% of volume is channel system) 
- tolerance 0.005 
Crevasse volume fraction: Fraction of channel system volume 
-type Global 
- value 0.05 (Le. 5% of volume is channel system) 
- tolerance 0.02 
Barrier* fraction of channel volume 0.57 
Stacking pattern Clustered 
Belt width 5000m 
Belt thickness 35m 
Belt amplitude 500m 
Belt sinuosity 1.1 
Number of channels in a belt 5 
Tolerance 1 
Channel thickness 10m2 s.d. 
Channel width 700m 100 s.d. 
Correlation width/thickness 0.5 
Amplitude of individual channels 400m, 50 s.d. 
Sinuosity 1.1 
Orientation 3500 100 variation 
Form/repulsion 
Channel form Basic 
Repulsion Strong 
Crevasselbarrier 
Crevasse geometry: Isolated crevasses 
- relative thickness 0.25m, 0.1 s.d. 
- channel margin coverage 0.4 
- relative lobe width normal to channel 1 
- absolute lobe length parallel" " 400m 
Number of crevasse belts per channel 2 
Vertical position Random 
Barriers: thickness 5.5m,2 s.d. 
-width 200m, 25 s.d. 
-length 250m, 50 s.d. 
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observations of the extent of beds of facies Flh in the field. The number of crevasse 

belts per channel (2) and their vertical position (random) were left as the default values 

because no information on crevasse geometries was discovered in the field. For the 

'barrier' facies within the channels, representing b~-forms comprising facies Sp/StlSl, a 

thickness of 5.5m was specified, with a standard deviation of 2; both values were taken 

from the bed thickness histogram generated from the blocked wells (App. D 22), and 

the thickness corresponds well to the thickness of probable bar-forms measured in the 

field (e.g. Section 4.3.1.1). The width (200m, s.d. 25) and length (250m, s.d. 50) of the 

'barrier' facies were chosen based on field observations of the lateral and downstream 

continuity of beds of facies Sp/StiSI. 

The final two tabs that could be set up to simulate field observations were the 

Correlation tabs (see App. Dl9 and D20), which can be opened from the Geometry tab 

(App. D 16). Using the Correlation tabs, correlations between logs that were either 

walked out in the field or postulated based on' sedimentary characteristics could be 

included in the model. The only drawback of the tool is that it only allows correlations 

between beds of the specified channel facies (in this case Sm/Sh). Nonetheless, the tool 

enabled correlations between the two Killard wells (App. 019) and the four Trusklieve 

wells (App. D20) to be specified. 

6.4.2 Small modelling grid: Trusklieve 

The small size of this modelling grid (500m x 500m x 25m) allowed a small cell size 

and therefore a fine (O.lm) vertical resolution in the blocked wells. The blocked wells 

are shown in Fig. 6.6, and the facies thickness distributions based o~ these blocked 

wells are displayed as histograms for individual facies in App. D 27 to D30; these 

graphs are summarised in Fig. 6.7. Facies percentages for the small grid are given in 

Table 6.7. 

For facies modelling in the small grid, the Facies Channel tool was used, in the same 

way that has been described for the large modelling grid in Section 6.4.1. Where there 

are differences in input values, these differences are explained; otherwise the set-up and 

preferences remain the same as those already described. Table 6.8 lists the 

specifications used for the small grid. 
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Figure 6.6. The four blocked wells created for the small modelling grid (focu sed on the 
Trusklieve outcrop) are shown here. Each interval of a blocked well is a ingle grid cell. 
The dimensions of the grid cells in the Trusklieve grid are 5m x 5m x 0.1 m (X, Y, Z). 
There is strong vertical exaggeration in this figure to allow individual cells to be seen. 
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Figure 6.7. Histogram showing the distribution of facies thicknesses, taken from the 
blocked well of the small modelling grid and colour coded by facies. CeJl thickness 
for this grid i 0.1 m, making 0.1 m the minimum possible bed thickness. 
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Blocked Facies % 
Well Sm/Sh Sp/St/SI Cern Sh~Sp2/Sh Flh Fls/Flrn 
TrusklSS 33.1 59.5 6.6 0 0 0.8 
Trusk2SS 25.0 59.2 8.3 0 0 7.5 
Trusk3SS 38.2 45.5 4.9 0 0 11.4 
Trusk4SS 52.5 29.2 5.0 0 0 13.3 
Totals (%) 37.2 48.3 6.2 0 0 8.3 

Table 6.7. The percentages of each facies in each blocked well, derived from the 

blocked wells for use in the small modelling grid. 

The main difference between the specifications for the small and large grids is the 

channel geometry. The channel-belt width and thickness were changed to correspond to 

the smaller size of the small grid, because values much greater than the grid size caused 

errors. As long as a single belt could cover the grid, the difference in belt width would 

not impact the number of belts in the small grid. The thicknesses of individual channels 

and barrier facies had to be changed as well, to correspond to the facies thicknesses 

observed in the blocked wells (see histograms in App. D27-30). The facies thicknesses 

were thinner than for the large grid, because the resolution of the blocked wells in the 

small grid was finer, thus allowing thinner beds to be modelled. The other values were 

kept the same as in the large grid model, with the exception of the channel volume 

fraction and background facies fraction, which were changed slightly to match the 

volume fractions calculated for these facies from the blocked wells in the small grid 

(Table 6.7). Crevasse facies were not included in this model, because no crevasse facies 

(chosen as facies Flh in the large modelling grid) were present in the Trusklieve blocked 

wells. 

242 



Preference Choice 
General 
Blocked wells used for conditioning TrusklSS, Trusk2SS, Trusk3SS, Trusk4SS 
Condition on well data/and raw logs Yes, yes 
Channel system Multi-channel mode 
Auxiliary facies Barriers* 
Channel facies SrnfSh 
Barrier* facies Sp/S tiS I 
Background facies FlslFlm 
Volume fraction 
Channel system volume fraction: type Global 
- value 0.895 (Le. 89.5% of volume IS channel 

system) 
- tolerance 0.03 
Barrier* fraction of channel volume 0.537 
Stacking pattern Clustered 
Belt width 500m 
Belt thickness 25m 
Belt amplitude 500m 
Belt sinuosity 1.1 
Number of channels in a belt 5 
Tolerance 1 
Channel thickness 1m 0.7 s.d. 
Channel width 200m 20 s.d. 
Correlation width/thickness 0.5 
Amplitude of individual channels 400m, 50 s.d. 
Sinuosity 1.1 
Orientation 3500 100 variation 
Form/repulsion 
Channel form Basic 
R_epulsion Strong 
Crevasselbarrier 
Barriers: thickness 1.66m, 1.467 s.d. 
-width 120m, 25 s.d. 
-length 250m, 50 s.d. 

Table 6.8. The specifications listed in this table are those used for facies modelling 

using the Facies Channels tool in the small grid. Reasons for the specifications shown 

here are given in the text. 
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6.5 Modelling results 

6.S.1 Resu lts from the large modelling grid 

Once all the specifications had been set up as described In ection 6.4. 1 above, the 

modelling job for the large grid wa executed. The facie model to k about 36 hour to 

be completed, during which time channel objects were repeatedly generated, put into the 

grid, and either accepted or rejected depending on whether they fitted the blocked we lls; 

this process was monitored by the modelling tool, and example of the graphs created 

can be seen in App. D31-35 (which are for the small grid). By the end of the modelling, 

the grid was populated by channel and other facie object. Figure 6. 8 show the 

finished model and Fig. 6.9 shows a cross- ection that goe through th northernmo t 

well locations to how how the model matche the blocked well . 

Figure 6.8 . An image of the facies model created for the large modelling grid, viewed 

from the west. Note the northeast-southwest orientation of the channels (facies 1 and 2) 

and the intervening areas of fine-grained ediment (facies 5 and 6). cales are in metre. 

The red line shows the approximate position of the cross-section in Fig. 6.9 
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A second simulation was conducted on the completed facies model, in order to calculate 

the drainable volume of t~e populated grid. The drainable volume is the volume of 

reservoir-quality facies that are in contact with each other and could in theory be 

drained of any hydrocarbons that may be present. Facies Sm/Sh, Sp/StlSI, Ccm and 

Sh2/Sp2/Sh were specified as the reservoir facies, with facies Flh and FlslFlm as sealing, 

non-reservoir facies. Figure 6.10 shows the results of this simulation; the drainable 

volume corresponds to the volume of the reservoir facies, indicating that the sealing 

facies are not sufficiently continuous or interconnected to prevent complete drainage of . 

the reservoir facies. This lack of lateral continuity in the fine-grained facies mirrors the 

observations made in the field. Figure 6.11 shows a cross-section that goes through the 

nine wells. 

One surprising result of the model is the vertical thicknesses of fine-grained facies 

generated. Figs 6.8 and 6.9 show blocks of facies Fls, Flm and Flh that extend for up to 

20m vertically, something that is never seen in the field outcrops. Fig. 6.8 also shows 

that fine-grained facies extend in an along-channel orientation for up to 5km, another 

discrepancy with the field data, which show limited lateral extents of fine-grained beds. 

Nonetheless, the large volumes of continuous fine-grained facies do not affect the 

connectivity of the reservoir, shown by the fact that the entire sandstone volume is 

drained (Fig. 6.10). 

6.5.2 Results from the small modelling grid 

Once the specifications listed in Table 6.8 had been entered, the modelling job was 

executed, and took about 32 hours. The graphs that record the modelling process for the 

small grid can be seen in App. D31-35, showing the cumulative frequency with which 

the channel objects were accepted by the model. By the end of the modelling, the grid 

was populated by channel objects and background facies (Fig. 6.12). A simulation to 

calculate the drainable volume was performed on the finished model (Fig. 6.13). 

Overall, the results of the small modelling grid are similar to the large grid in that the 

entire volume of sandstone facies was drained. However, there is an important 

difference in the facies architecture between the two models; the small modelling grid 

shows no large vertical thicknesses of fine-grained facies, with most occurrences of 

facies Flm, Fls and Flh being less than 2m thick (Fig. 6.12). Lateral extents of fine

grained facies also appear reduced compared with the large grid, with many fine-
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grained intervals extending for less than half the grid length (<250m). The differences 

in architecture between the two models are partly due to the fact that in the smaller 

model, the vertical resolution of the blocked wells is finer. 

6.6 Discussion 

6.6.1 Similarity of models to field observations 

A visual inspection of the large and small grid models (Figs 6.8, 6.9, 6.12) reveals that 

the large model produces sandstone facies architectures closer to those observed in the 

field. The large grid model displays thick "units" of facies SrnlSh and Sp/StlSI, 

replicating the thick (ll-22m) upper storeys seen at Killard, Carrowmore and Pulleen, 

which comprise predominantly one or other of these two facies. The reason the large 

grid models these sandy storeys so well is because the coarse 1m vertical resolution of 

the blocked wells in the large model allowed the channel body thickness to be specified 

as a value close to the thickness of the individual stories seen in the field. Therefore 

individual channels put into the model closely resembled the storeys measured in the 

field. 

In contrast, the fine (O.lm) resolution of the blocked wells in the small grid meant that 

the bed thickness statistics from those wells showed reduced channel facies thicknesses 

(SrnlSh) compared with the large grid (compare Figs 6.9 and 6.12). The channel-belt 

thickness specified in the simulation set-up had to be very close to the mean thickness 

of the designated channel facies calculated from the blocked wells in order for the 

model to be populated successfully with channel sandbodies. As a result, the model 

produced had unrealistically thin ~hannels that did not resemble the channel stories seen 

in the field. Effectively, individual beds were being modelled rather than individual 

storeys/channels. A visual comparison of the large and small grid models shows that 

while the large grid exhibits storey-scale architectural similarity to the actual outcrops, 

the small grid displays a close resemblance to the small-scale facies/bedding "maps" of 

the field outcrops presented in Chapter 4 (e.g. Figs 4.1, 4.3 and 4.16). 

The field observations regarding the architecture of the fine-grained facies is simulated 

well only in the small model. At outcrop, laterally persistent, thick, fine-grained facies 

are not encountered within the Tullig Sandstone, and even where fine-grained beds can 

be traced for tens of metres along strike, they cannot be positively identified in nearby 
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Figure 6.10. The facies model for the large grid, displayed in terms of drainable volume. 
The green areas are interconnected (and therefore drainable) reservoir facies (Sm/Sh, 
Sp/StlSl, Cern, Sh/ Sp/ SI2); the pinky-purple areas are impermeable facies (Flh, Fls!Flm). 
The grid is viewed from the south. 

Figure 6.11. A cross-section through the drainable volume for the large grid. The section 
line goes from one blocked well to the next and is effectively a slice along the real-world 
coastline. The colour scheme is as in Fig. 6.10 above. The section is viewed from the 
west-northwest. 
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Figure 6.12. Image showing the volume generated by the Facies Channels simulation 
for the small modelling grid, viewed from the west. The facies distribution takes 
account of the blocked wells and fits the volume fractions specified in the job set-up. 
Well locations are shown in red. 

Figure 6.13. An image 
ofthe small grid, viewed 
from the WNW, showing the 
drainable volume (i.e. the 
volume of the facies model 
that is both interconnected 
and of reservoir quality. In 
this model, facies 1 (SmlSh) 
and 2 (Sp/StlS!) were spec
ified as reservoir-quality 
facies (green) while facies 5 
and 6 (Flh, FlslFlm - purple) 
are the impermeable, sealing 
facies. 
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outcrops (for example the fine-grained facies within the upper few metres of the outcrop 

at Carrowmore cannot be found at Killard, 4km away; see Sections 4.3.3 and 4.3.4) and 

must therefore be of limited areal extent. The dimensions of fine-grained facies in the 

small grid model show close resemblance to the field observations, outcrop photographs 

and facies maps, with mud/silt beds that are no more than two metres thick and that 

show lateral extents typically less than 200m (see Fig. 6.12). Within the large grid, 

however, the fine-grained facies are considerably more areally extensive than those seen 

in the field, often being several metres thick and stretching for hundreds or even 

thousands of metres. This dissimilarity between large model and outcrop is likely to be 

the result of the coarser vertical resolution of the logs and grid cells in the large grid. It 

is likely that the designation of facies FlslFlm as "background" (i.e. floodplain) in the 

model (there is no option for designating it as "fine-grained channel abandonment 

facies", which is how it is interpreted in Chapters 3 and 4) means that the facies is 

modelled as an areally extensive facies type, accounting for the disparity between model 

and outcrop. It should be noted that, despite the mismatch in fine-grained facies 

architecture between the large grid model and the outcrops, the total percentage of fine

grained facies was the same in the model as in the field, having been specified in the 

modelling set-up. This means that the large model is grouping the fine-grained fraction 

into volumetrically large "patches", and is therefore not reproducing the thinner but 

laterally extensive silts and mudstones seen at outcrop, which would result in reduced 

tortuosity of flow paths within the model compared with the outcrop. 

Interestingly, the discrepancy in fine-grained facies architecture between the large grid 

model and the outcrops does not appear to adversely affect the connectivity or reservoir 

potential of the system as a whole. Comparing the large and small grid models shows 

that in both models, the entire volume of sandy facies is interconnected and drainable 

(Figs 6.10,6.11 and 6.13). The way in which both models predict a very high degree of 

connectivity within the sandy facies of the Tullig Sandstone system agrees with the 

connectivity measurements made in the field and confirms that the models agree with 

the field data regarding connectivity. It is therefore concluded that differences in scale 

of vertical resolution of the models, and the architectural dissimilarity between the large 

model and the outcrops, are not necessarily significant in terms of volumetric 

hydrocarbon recovery, as long as net to gross ratios are high. However, the ease of 

extraction, particularly for oil, is expected to vary significantly depending on how 
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realistically the fine-grained facies are modelled, with a more realistic (Le. finer

resolution) model resulting in increased difficulty of extraction. It is expected that an 

analysis of fluid flow through the large and small modelling grids would reveal 

dissimilarities in flow pathways, demonstrating an increased tortuosity of flow paths 

and therefore an increased difficulty of oil extraction in the smaller, finer-resolution 

model. The far lower viscosity of gas would mean that gas extraction would not be 

affected as significantly as oil extraction, so for the El Wastani gas-filled sands either 

model would represent a reasonable simulation of the reservoirs, since the connectivity 

is high in both, and the recoverable volume is not affected by the differences between 

the models. 

6.6.2 Limitations of models 

The problem of accurately modelling numerous facies using the Facies Channels tool is 

demonstrated by the differences between the large and small models, and by the 

differences between the models and the outcrops. For example, within the confines of 

the model it is not possible to have more than one facies designated as "channel" facies, 

meaning that the main channel-fill facies seen in the field (Sm, Sh, Sp, St, Sl, Smc and 

She) had to be combined and modelled as "channel" and "intra-channel barrier" facies. 

The result is that the architecture of the channel storeys seen in the field is not 

accurately reproduced within either the small or the large modelling grid. The large 

grid has the correct channel geometries, but the channels comprise only one facies; the 

small grid shows the correct distribution and interbedding of facies, but cannot 

reproduce the storey architecture. 

If the modelling tool allowed several facies to be grouped into the "channel" facies, the 

architectures of individual beds and individual storeys could be simulated within a 

single model, whereas only one or the other can be modelled at a time using the existing 

modelling tool. The problem is not so acute when considering fluid flow and 

drainability, because in this study the porosities of the main channel-fill facies are very 

similar, so considering them all as a single facies will not affect reservoir properties. 

However, if trends were seen within channels in an outcrop, for example fining-up, the 

facies changes seen in the vertical profile (e.g. Ccm to Sm to Sp to Sr to Flh to Flm) 

could be accounted for by specifying a vertical trend in porosity and/or permeability 

within a single channel body prior to the modelling of fluid flow. 
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Another way to tackle the problem of modelling multiple facies would be to combine 

facies codes 1, 2 and 3 (facies SmlSh, Sp/St/Sl and Ccm) and designate the resulting 

single facies as "channel" facies in the blocked wells and in the modelling set-up. 

However, combining these three facies would reduce the amount of detailed facies 

distribution information in the models and would lessen the ability of the model to 

realistically simulate the field observations. The visual appearance of the model and 

the distribution of sandy channel-fill facies are of less significance in terms of 

hydrocarbon considerations than the distribution and geometry of the impermeable 

facies. The finer resolution ofthe small grid allows more precise simulation of the areal 

extents, thicknesses and distributions of the fine-grained facies than the large grid, and 

therefore will provide a more detailed, and conceivably more accurate, picture of fluid 

flow pathways and drainable volumes than the large grid model. 

A final problem encountered while using RMS concerned the mouthbar sandbodies seen 

in the field (at Tullig Point and Killard). Mouthbar sandbodies are frequently good 

reservoirs for oil and gas and the heterogeneities within them are of immediate concern 

to those companies with hydrocarbon prospects in deltaic environments. It is not 

possible to model mouthbars (or any discrete non-channel sandbody) using the Facies 

Channel tool, although this might be useful, considering the fact that, in the real world, 

fluvial channels often cut into mouthbar deposits (as seen at Pulleen - see Section 

4.3.2). Facies Composite would be a more appropriate modelling tool for mouthbar 

simulation. While Facies Channels allows a number of different architectural elements 

within a channel system to be modelled, Facies Composite uses simple objects that can 

be specified to resemble channels (elongate, with convex-down bases) or spheroidal 

shapes that could represent mouthbars. Each object type is associated with a particular 

facies. However, using the Facies Composite modelling tool, the internal complexity of 

the mouthbar sandbodies studied in the field can not be modelled; all that would be 

possible is the addition of a petrophysical trend to the mouthbar objects, for example a 

coarsening-up signature of increasing porosity and permeability with height. The 

detailed internal architecture and facies distribution would be lost in the modelling 

process. 
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Chapter 7 

Conclusions and recommendations for further work 

7.1 Conclusions 

The fieldwork conducted on the Namurian fluvial and deltaic sediments that crop out 

along the coast of the County Clare allowed the description, quantification and 

interpretation of the internal architectures and facies distributions of the Tullig 

Sandstone, and of two smaller sandbodies stratigraphically lower in the Tullig 

Cyclothem. An interpretation of the palaeoenvironment in which the Tullig 

Cyclothem sediments were deposited was made, and compared with existing models ' 

of the Western Irish Namurian Basin. 

The interpretation of facies seen in the field area was consistent with previous work 

(e.g. Pulham, 1987) and allowed the identification of three main facies associations: a 

coarsening-up mouthbar facies association, a shallow-water interdistributary bay 

facies association, and a fluvial facies association. The studies of the Tullig 

Sandstone allowed identification of channel-fill and bar-form architectural elements. 

Channel-fill deposits were variable in terms of facies and architecture, exhibiting: 

1) internal scour surfaces and associated lags of intraformational conglomerate; 

2) massive sandstones interpreted as bank-collapse deposits; 3) organic-rich massive 

sandstones interpreted as flood-related deposits; 4) fine-grained intervals interpreted 

as abandoned channel fills showing in situ plant material and internal deformation; 

and 5) thick successions of dune-scale cross bedding interpreted to represent the 

migration of dune fields along the channels. All such channel-fills were characterised 

by an absence of dipping accretion surfaces. One particular element in the Trusklieve 

outcrop (Storey 2, sub-storey III) was interpreted as a cross-bar channel based on its 

geometry, orientation and facies. Bars (macroforms) were identified in the Trusklieve 

outcrop, and both downstream and lateral accretion geometries were recognised. 

Downstream macro form accretion was also interpreted for the lower few metres ofthe 

Carrowmore ,Point outcrop. The macro forms seen in outcrop were interpreted as mid

channel bar forms (also known in the literature as braid bars), and displayed a range 

of facies but were dominated by cross-bedded sandstones. 
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The geometries, facies and architectures seen in the Tullig Sandstone led to its 

interpretation as a low sinuosity braided fluvial system, based on the' high percentage 

of channel-fill compared with macrofonn deposits, the occurrence of downstream 

accretion and limited lateral accretion, the similar mean grainsize of the bar deposits 

and channel-fill deposits, consistently north- to northeast-directed palaeocurrents, and 

the absence of a fining-up signature that characterises meandering fluvial systems. 

Palaeocurrent data from throughout the Tullig Sandstone indicated overall flow to the 

north-northeast, with a range of flow directions from north-northwest to east

southeast. Flow depths were calculated to be within the range 3-8m, with depths of 

erosion at storey bases up to 8.5m but decreasing downstream, and thicknesses of 

individual stories up to 22m. The lower stories of the Tullig Sandstone were found to 

be thinner than the upper stories. Sandbody thickness decreases sharply at the 

northernmost locality (Furreera), which is considered to represent a location in the 
.' 

lower delta plain where channels are no longer stacked in a multi storey pattern but 

have diverged and are single-storey distributaries. 

Facies distribution data showed downstream and vertical trends of 1) decreasing 

percentages of conglomeratic facies 2) decreasing percentages of massive sandstones 

3) increasing facies homogeneity. Together with the decrease in depth of erosion 

downstream, and the increase in storey thickness towards the top of the Tullig 

Sandstone, these facts are interpreted to represent an increasing rate of generation of 

accommodation space over time, and in a downstream (NNE) direction. The overall 

percentage of fine-grained facies in the Tullig Sandstone is low, at 3.5%, and the 

connectivity between sandstone facies within the sandbody is high, calculated to be 

93%. 

The upper parts of the coarsening-up mouthbar facies associations at Tullig Point and 

Killard show sharp-based sandy successions between 8 and 15m thick, dominated by 

argillaceous planar laminated and cross-bedded sandstones, and showing evidence of 

wave and stonn reworking and bioturbation by fauna typical of shallow, brackish 

water delta front environments. The mouthbar at Killard is calculated to be about 

2km wide nonna! to palaeoflow. The mouthbar sandbodies have a higher percentage 

of fine-grained facies than the Tullig Sandstone, at 10%, and show a lower 

connectivity of sandy facies (65%). 
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The field observations support the basin model advocated by Wignall and Best 

(2000), which considers the Tullig Cyclothem to represent a fluvio-deltaic system 

prograding to the NNE into a northward-deepening basin. The controls on the erosion 

and deposition of the Tullig Sandstone are not able to be resolved unequivocally, with 

effects of autocyclic incision induced by fluvial scour, and allocyclic incision induced 

by relative sea-level fall (as proposed by Hampson et ai., 1997), both considered to 

have had an effect. 

A study of available data, from both published literature and unpublished reports, 

revealed a distinct similarity between the deltaic cyclothems of the Namurian of 

County Clare and the Plio-Pleistocene El Wastani Formation of the Nile Delta. 

Controls on the Nile Delta depositional system are interpreted to have been similar to 

controls on the Co. Clare delta, both systems being fluvially dominated and wave 

influenced and displaying sedimentary cyclicities controlled by glacio-eustatic sea

level fluctuations, linked to -100ka periodicity Milankovitch orbital eccentricity 

cycles. The comparison of facies between the Co. Clare outcrops and the FM! logs 

from the Rosetta 3 well show that the sedimentary characteristics of the two 

depositional systems are also similar. For all these reasons the analogy between the 

two systems is considered to be good. 

Using the detailed field data from the Tullig Sandstone outcrops to condition the 

modelling process resulted in models that reproduced some aspects of the outcrops, 

but failed to simulate others. Using smaller grid cells made modelling facies 

thicknesses more accurate and gave a distribution of fine-grained facies that 

realistically corresponded to the outcrops. However, larger-scale architectures were 

not reproduced successfully in the high-resolution model. The lower-resolution 

model, while unable to accurate simulate the distribution of fine-grained facies, was 

more successful in reproducing the channel storeys and stacking patterns, but could 

not repeat the downstream decrease in number of storeys. Despite these discrepancies 

between the outcrops and the models, the high net· to gross ratio of the Tullig 

Sandstone meant that the connectivity within both models was high, regardless of the 

different distributions of fine-grained facies within each model. This means that the 

recoverable hydrocarbon volume would theoretically remain unaffected, although the 

ease of extraction, particularly of oil, would be reduced in the high-resolution model. 
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7.2 Recommendations for further work 

The exhaustive quantitative study of the Tullig Sandstone and mouthbar sandbody 

outcrops proved helpful in confirming theories of palaeoenvironment and basin 

orientation. Similar studies may be possible for the sandbodies of the succeeding 

Kilkee and Doonlicky cyclothems, and would help to improve understanding of the 

changes in palaeoenvironment of the WINB over time. Using the same quantitative 

approach would aid interpretation of any ancient fluvial system, particularly if 

sections through different parts of the system in a downstream direction were visible 

in outcrop. 

To complement the modelling results presented in this thesis, it would be interesting 

to model flow through the facies models created from the outcrop data. An additional 

function of the RMS package is the ability to model fluid flow, and simulating flow 

through the models would improve understanding of how important the architectural 

discrepancies between the models and the outcrop data really were. For example, 

although the connectivity remained unaffected by the differences in architecture and 

facies distributions between the two models, fluid pathways could be significantly 

impacted. Data about the behaviour of fluid within sandstone reservoirs is vital in the 

positioning of wells and for reservoir management during the producing life of a field. 

A fluid flow/streamlines simulation would show how the distribution of fine-grained 

impermeable facies would affect the streamlines (flow pathways) of hydrocarbons 

being drained from a reservoir with the characteristics ofthe Tullig Sandstone. 

The models produced were the first results of a complex stochastic modelling process. 

One of the primary reasons for using computer models of geological data is to enable 

numerous simulations, based on the same input data, to be created. Due to time 

constraints this was not possible within the scope of this thesis, but repeat runs of the 

modelling process would be the logical next step in both the testing of the model's 

capability of reproducing outcrop characteristics, and in analysing the range of 

outcomes possible from the data. It would also be interesting and valuable to change 

the input parameters away from the outcrop values, to test the effects of increasing 

percentages of fine-grained facies and increasing facies thicknesses on connectivity 

and drainability. Such methods could be used to discover an upper percentage limit 
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of fine-grained facies beyond which the connectivity of a fluvial sandbody would 

become significantly reduced. At present the results show that a net-to-gross of 

around 90% does not adversely affect connectivity, but an investigation of the affect 

of net-to-gross on connectivity would be a valuable extension of the modelling 

experiments presented here. 

Another possible piece of work is the testing of the models on outcrop data not 

included in the original model construction. For example, at Trusklieve there is a 

second exposure of the Tullig Sandstone, in a steep-sided and inaccessible coastal 

inlet perpendicular to the main studied 'outcrop. This second outcrop could be 

evaluated using photomontage techniques and by correlation with the documented 

accessible outcrop, and could then be compared with a corresponding section through 

the models, to see if the models had accurately predicted the facies architecture and 
\ 

distribution for that outcrop. Such a process would provide a useful test, giving an 

indication, beyond the general observances made in Chapter 6, of the ability of the 

models to reproduce reality. 

The Co. Clare data could also be used to inform construction of reservoir models for 

the sandbodies of the EI Wastani Formation, or indeed, for any subsurface reservoir 

model where the depositional environment and characteristics were considered to be 

similar to those of the Tullig Cyclothem. The field data presented here would be 

useful in constraining models for fluvial and deltaic sandbodies that were not well- , 

understood in terms of their architectures and facies distributions. 
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Appendix AI. Key to sedimentological, trace fossil, and other miscellaneous symbols 
used in the logs throughout this thesis. 

Sedimentary 
structures 
Symbol Meaning' 

Unidirectional current 
ripples 
Asymmetric ripples, 
no internal structure 
visible 
Bidirectional wave 

~ ripples 

or 

I I 

or 

Symmetric ripples, no 
internal structure 
visible 
Single set of climbing 
rippJes 
Multiples sets of 
climbing ripples 
Climbing ripples, no 
stoss sides preserved 
Unidirectional 
lenticular bedding 
Bidirectional 
lenticular bedding 
Wavy lamination 

Parallel lamination 

Horizontal bedding 
(large scale) 
Planar cross bedding 
(and faint planar cross 
bedding) 

Sedimentary 
structures 
Symbol 

- -""" ,--~ ----..,-

Trace fossils 

j 
I::::~::;>'~~;.:'~~:::~::~:l Trough cross bedding Miscellaneous 
~: .. , '. '. . .......... ,d (and faint trough cross features 

Meaning 
I Massive, structureless 

Convolute lamination 

Deformed bedding 
(more pervasive than 
convolute lamination) 
Beds deformed by load 
and flame structures 

Internal loading/pillow 
structures 
Siderite nodules 

. Fractured but in situ 
rock 
Conglomeratic clasts, 
mostly fine lithologies 
Conglomeratic clasts, 
mostly sand lithologies 
Deformed clasts 

Flow aligned clasts 

Arenicolites 

Monocraterion, 
Skolithos 
Curvolithus, 
Asterichnus or 
Pelecypodichnus 
Unclassified vertical 
burrows 

~ bedding) 
or~~~~~------------~~-~-----------~----~S~m~ru~lp~l~an-t~fl~rn-gm--en-t-s~ 

~ ::..... (often broken up) 
Hummocky cross 

~q:::-::::::=-~ stratification 

Larger plant fragments 
(for example, trunks or 
limbs oflarge plants) 
In situ rootlets/plants 
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:n ~ () (j) 
~ ~ Sond m. 

Lithology Interpretati on 
Dune-scale cross-bedded sand- Fluvial channel ti ll , dune bedforms. 

Istone. 

Mass ive sandstone with basa l lag. Rapid depo ition in channel. 

Eros ively based tine sand tone Base of Storey I channel eroding 
with deformed mudstone clast . into unlithi tied de lta front muds 

and sil ts . 

Current-rippled sandstone, 
preserved foreset . 

Interl aminated mud , silts and fin e 
sands with infrequent bioturbation. 

Interlaminated muds and silts, Delta fro nt quiet water depos ition, 
infrequent bioturbation. ome wave and current influence. 

Fast enough depos ition to 
di scourage bioturbation. 

Aggradational current ripples; fast 
deposition . 

Laminated grey silts, some bi o-
turbation. 

A2. Log ] , taken at northern end of Truskl ieve outcrop. 
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Lithology Interpretation 

Erosively based ma sive sandstone. Rapid deposition from bank 
co llap e lurry flow. 

Eros ive ly based parallel bedded 
sandstone. 

Fine sandstone with planar cro -
bedding and sharp base. 

Thin si lt layer. 

Para llel bedded and tone. 

Upper stage plane beds indicate 
rapid flow. 

Migration of stra ight cre ted dunes 
with in channel. 

Depo ilion from u pension during 
low flow. 

Where visible, appear to be planar M igral ion of straight crested dunes 
cross-bedded sandstone. within channel. 

Erosively based parallel bedded 
sandstone with conglomeratic lag. 

Minor internal erosion surface 
probably formed during flood 
stage fl ow. 

~ ~ :n ~ 0 (J) A2. Log 1, taken at northern end ofTru klieve outcrop. 
0. Sond i 
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:n ~ 0 (j) 

Sand i 

Litho logy 

Erosively ba ed conglomerate 
with deformed mud rip-up cia ts 
and organic materi al. ucceeded 
by finin g-up mass ive sand tone. 

Lenticular bedding with oppo mg 
cross- lam ination direction . 

Interlaminated muds and si tl s with 
thin ( 1-3mm) sand layer and rare 
thin «50mm) current-rippled 
fine sandstone . 

Interlaminated muds and silts with 
spar e bioturbated horizon . 

Mid-grey/cream laminated ilts; 
layer of sinuous asymmetric 
current ripples. 

Interpretati on 

Ba e of torey I: fluvia l channe l 
erod ing into mouth bar depos its. 

Mouth bar front, wave influence 
cau ing bi -directional eros -
lam ination. 

Depo ition of coarser ediment 
from currents during period of 
higher fl ow. 

Relatively fas t rate of depos ition 
from suspension discourages 
bioturbation. 

Delta frontldi tal mouth bar; quiet 
wa ter depo ition. 

A3 . Log 2, taken at centre-north ofTrusklieve outcrop. 
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Lithology r nterpretation 

. .... . 
-J -:-.:- - ....... -:-t:--

...... 
-~--:~~'::":::...':" . . . '. 

Ero ional base to thick planar Channel fill compri ing succe sive 
cross-bedded unit. traight-cre ted dune . 

" . 

,:~:~~'.:~~:':". 
. . '. 

I-

8 

Rip-up clast conglomerate with Base of torey 3: flood stage flow 
erosional base. Succeeded by erodes new channel storey and 
planar cross-bedded unit. deposits coarse cia tics before flow 

velocity wanes to allow traight-
crested dune formation . 

7 

Planar laminated silt, sharp but Fine-grained channel plug forms 
non-erosive base. during abandonment. 

Planar bedded sandstone. 

A3. Log 2, taken at centre-north ofTru klieve outcrop. 
Sand 
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Lithology 
Erosively based sandstone with 
fai nt laminat ion. 

Laminated mudstone. 

Horizontally bedded and planar 
lam inated sandstone with planar 
cross sets at top. Merges laterally 
with organic-rich sandstone bed 
seen at same leve l ( 13m) in log4 . 

Medium-fine sand tone with 
planar cross-bedding, fining up. 
Grades into mass ive sand with 
faint cross-bedding and rare cia ts. 

Erosively based channel with 0.3 m 
channel relief. Coarse lag of 
deformed mud/s ilt clasts. Capped 
by thin silt. 

Interpretation 
Base of torey 4 channe l element. 

Abandonment of channel, fill ed 
with fine -grained sedim ent. 

Flood flow deposi t organic debris 
and form upper-stage plane bed 
before fl ow velocity decreases, 
allow ing straight-ere ted dunes to 
form and migrate within channel. 

traight-cre ted dunes form and 
migrate within channel, and bank 
collap e cau es ma Ive and tone 
beds to form from slurry flows .. 

Internal erosion surface and congl
omeratic lag within third channel 
storey, probably caused by flood 
tage flow. 

Medium sandstone with faint Very strong flow causing upper 
lamination. Shows lateral thickness stage plane bed format ion . 
changes. 

Eros ive and loaded base to sand
stone, parallel laminated. Capped 
by thin silt/fine sand. 

Base of Storey 3, eroding into still 
soft abandonment deposits . Filled 
by upper stage plane bed , causing 
load ing of still-soft muds below. 

Laminated muds, no bioturbation. Abandonment of channel, filled 
with fine-grained sediment. 

~ :n s: 0 G) A4. Log 3, taken at centre-south ofTrusklieve outcrop. 
~ i 
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Lithology 

Inaccess ible for logging purposes. 

Laminated base to sandstone with 
loca li sed cross-lamination. 

Undulating contact with rna ive 
sandstone with clast lag and 
foresets at base which follow 
undulation. 

Erosively based parallel laminated 
sandstone with clast horizon; fines 
at top, also planar cro s-bedding. 

Parallel laminated sandstone with 
silt/mudstone cap. 

Mass ive sandstone coarsens up, 
with mud clasts at top. 

Interpretat ion 

Migration of straight-ere ted dunes 
within channel, followed by depos
ition of rn a ive ands from bank 
collap e lurry fl ow . 

Upper stage plane beds followed 
by waning flow and minor fine
grained deposition . 

Fourth channel storey fill, rapid 
deposition from slurry flows 
probably due to bank collapse. 

~ :n ~ 0 (j) A4. Log 3, taken at centre-south ofTrusklieve outcrop. 
Sand i 
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I I Lithology Interpretation 
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Laminated muds/silts with very Delta front quiet water deposition, 
rare bioturbated horizons grading occasional current influence; 

I I I I 
I I I I 

I I I I 

very gradually upwards into relatively fast deposition discour-
laminated muds, silts and sands ages bioturbation . 

I I I I 

I I I I 
with some current ripples. 

I I I I 

I I I I 
I I I I 

I I I I 
'r------I~ I I I I 

E::=::l E:::::: I I I 

I I I 

I I I 

I I I 

I I I 
I I I 

I 

I 
I 

I 

I 

I 
I 

I 
I 

I 
I 

I 

I 
I 

~ 
I 

~~ 
I 

I I 
I I I 

I I I Grey silt, some lamination, one Delta fron t/distal mouth bar, some 
I I I 
I I I 

layer with current ripples. current influence. 
I I I 

I I I 

I I I 

~ ~ :n s:: 0 (j) AS . Log 4, taken at south end of Trusklieve outcrop. 
Q. Sand ~ 
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0. Sand 

Lithology Interpretation 

Erosive ly based mas ive sandstone Rapid deposit ion of bank co llapse 
with clast lag, capped by silty sand material followed by slower fl ow 

allowing fin e-grained deposi tion. 

Thin sil ty sand lens. 

Fa int fo resets and conglomeratic 
layers with in sandstone. 

ilt lens with mud clasts. 

Erosive ly based, loaded sandstone Third storey of channel body 
with faint parallel bedding and with dune bedfo l111 and flu ctua-
flow-a I igned clast lag. ting fl ow trength . 

Laminated mudstone with in SifU 
ligmaria rootlets at ba e. Shows 

intel11al deformation in place. 

Low-relief scour surfaces with 
bedding running parallel; 
occasional large wood and plant 
fragments at base and near top . 

Channel abandonm ent and fine
grained fill , with orne vegetation 
growth . 

Low-angle bedding show fa t 
flow within channel; organic 
matter from flood deposition . 

Scour marks at base of coarsening- Upper-stage plane beds formed in 
up sandstone; faint paralle l lam- fast flow conditions within second 
ination and thin conglomeratic storey of fluvi al channel (erodes 
layer (mudstone and iltstone out first storey). 
clasts, <20mm and flow-a ligned). 

Increa ed sand content towards Shallowing, with increased wave 
top; bi -directional lenticular cross- influence. 
lamination. 

AS. Log 4, taken at south end ofTrusklieve outcrop. 
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Lithology Interpretati on 

Inaccess ible part of ection 

Sharp based sandstone with wood Reoccupation of channel, 
fragments at base; fa int bedding forming fourth storey. 

14 
with some ripple lamination. 

Laminated muds, in situ Stigmaria Abandonment of channel, fill ed 
roots, no bioturbation . with fine-grained sediment and 

co lonised by plants. 

Mass ive sandstone with randomly Channel fill with variable 
oriented clasts; organic materi al flow and fl ood depo ition prior to 
at top. abandonment. 

Faint lamination; conglomerati c 
layer with flow-aligned cia ts up 
to O.25m long. 

~ :n ~ (> (j) AS. Log 4, taken at south end of Trusklieve outcrop. 
Sand i 
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6 Lithology Interpretation 
Planar laminated sandstone. Fast flow creates upper stage 

plane beds. 

4 

.5 
..... 
oJ:: 
Ol) ..... 
Q) 

::r:: 

3 

Massive sandstone with rare Very rapid deposition from high 

2 scattered rounded siltstone clasts density slurry flows, probably due 
up to 50mm in diameter. to bank collapse. 

Mud-clast conglomerate, showing High flow stage deposits, clasts 
lenticular bedding in places. eroded from underlying unconsol-

idated muds and silts. 

A6. Log taken through the Tullig Sandstone at Pulleen. 
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Sand 

I 
I Lithology Interpretation 
I 
I 
I Parallel laminated sandstone above Upper stage plane beds deposited 
I 
I 1.5m deep scour surface. Laminae after erosion by flood-stage flow. 
I 
I 

parallel to scour base. 

Massive sandstone, well-bedded Repeated cycles of very rapid 
with beds averaging O.3m thick. deposition from high density 

flows. 

Massive sandstone above cour Erosion followed by very rapid 
surface. deposition from high density 

slurry flows . 
I 
I 
I 
I 

I 
I 
I 
I 
I 

I 
I 

I 
I 
I 
I 
I Massive sandstone with rare Very rapid deposition from high 
I 
I scattered rounded siltstone clasts density slurry flows, probably due 
I 
I 

up to 50mm in diameter. to bank collapse. 

I 
I 

(j) 

i 
A6. Log taken through the Tullig Sandstone at Pulleen. 
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Lithology lnterpretation 

Massive sandstone filling scour, Erosion by flood flow , followed 
passing up into trough cross-beds by rapid deposition of 3-D dunes, 
showing intense dewatering in deformed soon after deposition. 
places. 

Large tabular cross-sets with Large dunes formed under high 
bedding surfaces continuous over flow stage conditions. 
tens of metres. 

Two sets of planar cross-bedded 2-D dunes deposited during high 
sandstone. flow stage. 

Paralle l laminated, well-bedded Plane beds deposited during upper 
sandstone. Beds ~ O.2m thick. stage flow. 

~ ~ :n ~ 51 (j) A6. Log taken through the Tullig Sandstone at Pulleen. 
5;;;d i 
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Lithology Interpretation 

Massive sandstone with ripples at Bank-collapse sands drape bed 
base drapes surface of massive below, and some discrete scour 
sandstone below. Lateral to this, and fill shows presence of 
trough cross-set scours into bed erosional currents. Final abandon-
below instead. Top surface shows ment and bioturbation. 
rare Thalassanoides traces and 
numerous vertical burrows/rootlets. 

Ripples at base of massive sand- Low stage flow produces ripples; 
stone sheet, local doming on top a pulse of rapid deposition gives a 
surface. massive sand bed, deformed by 

subsequent dewatering. 

Cross-laminated sandstone sheet. Lower stage flow produces ripples 
as flood wanes. 

Sheets of planar cross-bedding. 2-D dunes, formed by high stage 
flow, possibly waning after flood. 

Plant material (leaves, logs) at top Flood debris deposited at top of 
of final cross-bed set. cross-bedded flood stage deposits. 

Well-developed trough cross-beds. 3-0 dunes, formed by high stage 
flow . 

Trough cross-beds showing intense Rapid deposition of 3-0 dunes, 
dewatering in places. deformed by fluidization soon 

after deposition . 

A6. Log taken through the Tullig Sandstone at Pulleen. 
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6 Lithology Interpretation 

Laminated mudstone. Deposition in quiet water 
environment (interdistributary 
bay?) due to abandonment. 

5 

4 

fI) 
Laminated mudstone with Mouthbar abandonment followed 

~ 
Q) 

E 
. 5 

concretion layers, coarsening up by a pulse of flood-related coarser 
to silts and fine sand with parallel deposition. 
laminations and current ripples . 

..... 
..c 
.~ 
Q) 

::c: 

3 

2 
Interbedded mud/siltstone and Pulses of flood-related deposition 
fine sand, coarsening up, with in minor mouthbar or inter-
organic matter and trace fossils distributary bay, with intervening 
(Skolithos, Asterichnus) in some quiescent periods allowing 
horizons. bioturbation. 

Interbedded silt and fine sand Minor mouthbar progradation, 
with wave and current ripples in with occasional wave and current 
silty sand layers and planar influence. 
lamination throughout the rest; 
limited bioturbation 
(Monocraterion and Asterichnus) 
in some horizons. 

'-...--' 

Sond 

A7. Log taken on southern limb of Killard outcrop. 
N.B. Top surface of Killard mouthbar (A16) is below this log. 
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Lithology Interpretation 

11-
Shl-------i 

Planar bedded sandstone. Deposition in fast-flowing channel 
giving upper stage plane beds. 

10-

Vl 

~ 
(1) 

8 
. 5 I--!-."-~...,,_..,__...,,., 

Fine sandstone with planar cross- Channel fill with straight-crested 

..... .. : ..... . '. 
bedding, with thin mudstone inter- bedforms and brief periods of 
beds of limited lateral extent . abandonment and fine fill. 

. ', ' ..... ' 

Erosive channel with organic lag Second channel storey erodes into 
and faint cross-bedding; deformed abandonment deposits. Rapid 

7 mudstone rip-up clasts. Massive deposition gives massive structure. 
sandstone for most of thickness. 

Thin organic-rich mud. Temporary abandonment and 
fine-grained deposition. 

Erosively based massive sandstone First storey of fluvial channel. 
with some faint planar bedding. 

A7. Log taken on southern limb of Killard outcrop. 
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18 ". --:-::-" -::~ :"'. Lithology Interpretation 

' . \ 

17 

16 

" ' " .... ', " 

:;~~.~; ..:~~ .. ~:~;~ 

,;~~:~~f;~1i:1 t 
" ..... .... ", 

Planar cross-bedded sandstone, Channel-fill sediments, with 
fmer at base, with undulating top straight-crested dune bedforms 
surface overlain by similar sands. and occasional periods of 

abandonment and tine-grained 
deposition. 

Sandstone with faint planar 
bedding. 

Sh 

14 

Thin laminated silty sandstone . 

.c 
13 t 

en 
Erosively based massive sand-
stone with planar bedding at top. 

Sh~---~ 

~ :-n ~ 0 (j) A7. Log taken on southern limb of Killard outcrop. 
8. ~ i 
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Lithology Interpretation 

Loaded base to lam inated sand-
stone, grading into planar bedded 
sandstone with loaded layers 
nearer top. 

Liquified sandstone with deformed Fast deposition leading to 
and loaded appearance. Some instability and liquefaction of 
undeformed faint planar bedding. channel sands, possibly initiated 

by seismic activity. 

Planar cross-bedded sandstone. Channel-fill sediments, with 
straight crested dune bedforms. 

~ 0 G) A7. Log taken on southern limb of Killard outcrop. 
~ i 
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25 

Lithology Interpretation 

Loaded layers within horizontally Fast deposition leading to 
laminated sandstone, grading into instability and liquefaction of 
planar bedded sandstone at top. channel sands, possibly initiated 

by seismic activity, 

:-n:5::, n, '" ~I A7. Log taken on southern limb of Killard outcrop. 
~ i 
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6 Lithology Interpretation 

Laminated mudstone with silt and Delta front transitional to distal 
fine sand intercalations, getting mouth bar. Below storm wave 
coarser and more frequent base, but pulses of current 
towards top before mudstone deposition, slow enough to allow 
dominates again. Continues bioturbation. 
overleaf. 

Erosive and loaded base to Proximal prograding mouth bar 
parallel and low angle bedded showing pulsed deposition, with 
sandstone with moderate pauses allowing bioturbation. 
bioturbation, particularly on top Mouthbar subsequently 
abandonment surface (Skolithos, abandoned. 
Arenicolites, Monocraterion, 
Asterichnus) . Thin (few mm) 
organic and silty layers. 

Organic-rich horizon (plant Plant debris is sourced from 
fragments). vegetated delta top nearby. 

Parallel but wavy laminated Distal mouth bar setting. Pauses 
interbedded silt and fine sand with in deposition allow bioturbation. 
occasional 1-4mm thick mud Wave influence indicated depths 
layers. Wave rippled layers with above storm wave base. 
current influence in some cases. 
Bioturbation intense but only in 
certain horizons (Skolithos, 
Asterichnus, ?Curvolithus). 
Overall coarsening-up trend, then 
gets finer near top. 

A8. Log taken on northern limb of Killard outcrop. 
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Lithology 

Erosive and loaded base to low 
angle cross-bedded sandstone 
with thin flow aligned clast lag 
and organic debris. 

Laminated mudstone cut by 
erosively based conglomerate 
containing deformed rip-up clasts 
of lam ina ted mudstone. 

Erosively based planar bedded 
sandstone with conglomeratic lag, 
organic debris and occasional 
"floating" clasts. Ripple cross-
lamination at top . 

Erosively based sandstone with 
conglomeratic lag and planar 
cross bedding. 

Erosively based massive sandstone 
with conglomeratic lag (rip-up 
clasts of mud/silt, up to IOcm). 

Laminated mudstone with silt and 
fine sand intercalations, getting 
coarser and more frequent 
towards the top until mudstone 
dominates again. Current ripples 
are seen in silty sand layers. 
Limited bioturbation (Skolithos, 
ASlerichnus) . 

Interpretation 

Flood deposits eroding into un-
consolidated muds, fining-up to 
swept-out dune-style channel fill , 

Brief channel abandonment and 
fine fi II , interrupted by flood 
deposits before further mudstone 
deposition. 

Deposits from waning flood flow, 
fi II ing scour. 

Straight-crested dunes filling 
second channel scour. 

Strongly erosive fluvial channel, 
with very rapid deposition. 

Distal mouthbar sedimentation 
with occasional thin sands from 
flood events and bioturbation 
during periods of slower, fine-
grained deposition. Lack of wave 
ripples indicates depth below 
storm wave base. 

~ :n ~ 0 (j) A8. Log taken on northern limb ofKillard outcrop. 
~ i 
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Lithology Interpretation 

Fine to medium sandstone with Channel fill , straight crested dune 
planar cross-bedding, some bedforms. Occasional brief 
planar bedding and occasional abandonment and subsequent 
trough cross bedding, especially reoccupation of channel. 
nearer top. Occasional internal 
erosion/scour surfaces and thin 
mud/siltstone beds, more towards 
top. 

Flow slows slightly to allow dune 
formation and migration . 

Erosively based horizontally Channel scour, strong currents 
bedded sandstone with thin silt form upper stage plane beds 
lens and occasional primary with a brief lull for silt deposition . 
current lineation. Lateral to this, Laminated mudstone indicates 
base of Sh sandstone is in erosi ve period of abandonment before 
contact with a laminated silty second storey of fluvial sandbody 
mudstone (O-O.8m thick, and partially erodes it. 
laterally continuous over 100m). 

A8. Log taken on northern limb of Killard outcrop. 
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Lithology Interpretation 

23 

22 

Fine to medium sandstone with Channel till , with straight and 
excellent planar cross-bedding sinuous crested dunes ; occasional 

21 and occasional trough cross- brief abandonment and subsequent 
bedding, especially nearer top. reoccupation of channel. 
Occasional internal erosion/scour 
surfaces and thin mud/siltstone 
beds, more towards top. 

20 

19 

~ ;T1 ~ 0 (j) A8. Log taken on northern limb of KiJlard outcrop. 
~ ~ i 
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Lithology Interpretation 

Sh l--___ _ Loaded and erosive base to Fast pulses of deposition lead to 
parallel laminated sandstone, only loading. 
deformed near base. 

Loaded base to otherwise Reduced rate of deposition allows 
undeformed planar cross-bedded bedding to remain intact and 
sandstone. dunes to form. 

Deformed and convoluted Rapid deposition causing 
bedding with load features . instability and deformation within 
Changes to planar cross-bedded channel. 
sandstone nearer top . 

Increase in flow velocity creates 
upper stage plane beds. 

Sh~---~ 

c a. 
~ 0 (j) A8. Log taken on northern limb of Killard outcrop. 
~ ~ 
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Lithology Interpretation 

Parallel laminated silt, no bioturb-
ation. 

Erosively based sandstone fining- Small channel or crevasse splay-
up to silt, with lenticular bedding type sedimentation. 
and occasional deformed clasts. 

Highly organic-rich shaley bed Channel abandonment and lake-
with convoluted bedding. No type sedimentation with lots of 
apparent bioturbation. organic material. 

Planar laminated sandstone with End of channel fill sedimentation, 
abundant plant debris and in situ abandonment and colonisation 
Stigmaria roots. by plants. 

A8. Log taken on northern limb of Killard outcrop. 
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Lithology Interpretation 

5 

4 

CIl 

~ 
OJ 
E 
.5 
...... 

~ ~~~~~: 
::r:: 

3 
I .... ~l.'" ___ ',,, .......... 

Generally coarsening-up cycles Distal mouthbar sequence with 
(mud to silt) with heterolithic pulses of current influence; some 
bedding. Current ripples and periods of slower deposition allow 
lenticular bedding in the silt! silty bioturbation. 
sands. Intense bioturbation in 
some horizons (Skolithos. Aster-
ichnus. Monocraterion) and some 
siderite nodules. No apparent 
overall trend. 

2 
i 

1 

Mudstone with convoluted Rapidly deposited sediment 
laminations. liquefies and deforms. 

Laminated mudstone with siderite Delta front deposition, below storm 
nodules. wave base. 

;n ~ 0 (j) A9. Log from south-east end of Carrowmore outcrop. 
'Sc;;d i 
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Lithology Interpretation 

E 
(I) 

Faint planar bedding in fine to Fast deposition within same active 
medium massive sandstone. channel. 

11 

~~7}~:'_i~: t 
~ "" - J 

~ I II 

Erosively based sandstone with Fluvial channel with straight-
thin clast lag (clasts 40-S0mrn, crested dune bedforms. 
aligned) with planar cross bedding 
above. 

CIl 
OJ tJ -
OJ 
E 
t:: ..... .... 

..t:: 
OJ) 

• a:) 

::r:: 

9 

tl 
Generally coarsening-up cycles Distal mouthbar sequence; some 
(mud to silt) with current ripples periods of slower deposition allow 
and lenticular bedding in the silts. bioturbation. 
Lots of bioturbation and siderite. 
No apparent overall trend. 

8 

7 

i i 

~ ~ :n ~ 0 (j) A9. Log from south-east end of Carrow more outcrop. 
§. ~ i 
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Lithology Interpretation 

.' . 
.... ... .. " 

st 

..... . ,-: 

17-

- Faint planar and trough cross Post-depositional dewatering 
bedding. makes bedding indistinct. 

16 

C/l 
()) 

b 
()) 

E 
c .-..... ..c 

E .~ (/) 
()) ? ::c (/) 

15 

Faint planar bedding grades into Fast deposition within same active 
clearly planar bedded unit, then channel. 
massive sandstone. 

14 

-
13 

A9. Log from south-east end ofCarrowmore outcrop. 
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Lithology Interpretation 

Sharp base to very well-bedded Sinuous crested dunes dominate 
unit showing well-developed channel deposition. 
trough cross bedding. 

2J- - .: --" 

22 

.5 .... 

..s:: 
00 

' 0) 
::r: 
21 

20- ii5 
? 
(J) 

19 

. -- ' 

. - _ .. - - • ',' I 

.. ... -

... ......... 
:::::. :::::: .... :.:.:::: ::::::.: :::. I 

.. 
. -

..... ... : " 

.... 

:: ........ . . 

.. ' 

.... .. .. 

..' 

Sharp base to low angle cross- Strong current influence leads to 
bedded unit which changes to sweeping out of bedforms before 
trough cross bedding upwards . waning to give troughs. Still faint 

bedding, indicating dewatering? 

Faint planar beds and trough Post-depositional dewatering 
cross bedding . makes bedding indistinct. 

I ~ ;n~. 0 '" A9 L fr th t d f C t 0. - ~/. og om sou -eas en 0 arrowmore ou crop. 
~ ~ 

~ 

305 



29 

28 

.5 
..... 

...s:: 
co 

.0:) 

::c: 

27 

26 

25 

t: 
I 
I 

I I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 

I 

~~+~ 
I 

I 

~ 
I 

I 

t 
I 

I 
I 
I 
I 
I 
I 
I 
I ! 
I 
I 
I 

I 
I I I 

I 
I Y' : 

Lithology Interpretation 

Aggradational ripples with upper Waning currents allow deposition 
surface showing bidirectional from suspension prior to channel 
ripples. Deformation and abandorunent and later wave 
convoluted laminations seen reworking of upper surface. 

D lateral to this log. 

Interlaminated sand and silt; Deposition from suspension as 
coarsens up to parallel laminated current influence wanes. 
sandstone . 

Interval of well-developed trough Stronger currents causing dune 
cross bedding, appearing formation, with wave reworking 
hummocky in places. causing hummocky cross 

stratification. Flooding of fluvial 
channel by basinal water? 

lnterlaminated muds and silts Channel abandorunent and fine-
with a few thin «3mm) silty sand grained fill with pulses of faster 
layers, infilling topography of bed flow delivering coarser sediment. 
below. Sand lenses thicken (up to 
O.2m) laterally, but pinch out. 

Very well-bedded unit showing Sinuous crested dunes dominate 
excellent trough cross bedding. channel-fill. 
Upper surface shows preserved 
depositional topography. 

A9. Log from south-east end of Carrowmore outcrop. 
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Lithology Interpretation 

4 

CIl 
Q) 

b 
Q) 

E 
c: .- Parallel laminated mudstone with Delta front/distal mouth bar, with 
..... 
..c: 
OJ) 
.~ 

::r: 

occasional silt ripples ; increasingly occasional current deposition . 
silty towards top, including Evidence of wave influence. 
lenticular bedding with bi-
directional cross-lamination. 

3 t Several concretion layers. 

Parallel laminated mudstone with Delta front quiet water deposition 
occasional siderite concretion with increasing current influence. 
layers; coarsens up to current 
rippled silt. 

AIO. Log from south-west end of Carrowmore outcrop. 
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Lithology Interpretation 

E 
(/) . .. Erosively based sandstone with Second channel cut, very rapid 

10 conglomeratic lag of deformed deposition slowing upwards. 
mudstone clasts (up to IOcm). 

CIl 

j; Faint parallel bedding. 

~ 

E 
s::: .-

Sp · .. : 

Erosively based massive sand- Fluvial channel eroding delta 

8 ~ stone (1 m relief) with faint planar front; very rapid deposition 
cross-bedding near top. slowing to give dune migration. 

7 Parallel laminated mudstone with Delta front/distal mouth bar, with 
occasional silt ripples ; several occasional current deposition. 
concretion layers. Evidence of wave influence. 

:n ~ 0 G) A10. Log from south-west end of Carrow more outcrop. 
~ i 
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Lithology Interpretation 

5 

4 

(Il 
(1) 

!:l 
(1) 

a Erosively based sandstone with Strong erosion and rapid 

.5 conglomeratic lag of deformed deposition within channel, 
...... ...= 
.~ -. 

mudstone rip-up clasts up to probably coupled with some 
O.15m long. Fines up, with dewatering (giving rise to the 

(1) 

::r: - occasional flow-aligned clasts more massive structure) 
and massive structure with 

3 occasional faint lamination 

Erosively based sandstone (2m Fluvial channel eroding delta 
relief) with rip-up clasts aligned front; shows dune bedforms 
along foresets of the planar cross-

2 bedding 

Two coarsening-up cycles (overa ll More current influence, but 
filling up) with current ripples, decrease in silt. 
siderite nodules and lenticular 
bedding. 

1 

Laminated mud/siltstone with Delta front quiet water deposition , 
occasional nodular layers . below storm wave base. 

A 11. Log from north-west end of Carrowmore outcrop. 
Sand 
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Lithology Interpretation 

Very well-developed planar to low Fluvial channel with straight-
angle cross-bedding crested dune bedforms and a flow 

regime close to the transition from 
dunes to upper-stage plane beds .. 

Planar lamination appears within 
the top half metre of the bed . 

Massive appearance with some Rapid deposition and possible 
faint planar laminations and dewatering. Some slight current 
occasional floating clasts. influence. 

A 11. Log from north-west end of Carrowmore outcrop. 
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Lithology Interpretation 

Very well-developed planar to low Fluvial channel with straight-
angle cross bedding crested dune bedforms and 

constant flo w regime. 

Laterally impersistant laminated Brief abandonment and silting-up 
mudstone, cut out by erosive of part of channel prior to re-
base of next cross-bedded uni t. commencement of straight-

crested dune formation . 

A 11 . Log from north-west end of Carrowmore outcrop. 
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Lithology Interpretation 

Rootlets occur on top surface. Final abandonment of channel, 
and formation of swamp-type 
environment.. 

Storey becomes increasingly Finer-grained deposition and 
rippled towards the top, with thin ripple lamination fTom waning 
silty interca lations. Occasional flows. 
trough cross-beds also occur. 

Laterally persistant laminated Temporary abandonment of 
mudstone, succeeded by chalUlel prior to recomrnencement 
coarsening-up cross-bedded unit. of straight-crested dune formation 

and later, final , abandonment. 

A II . Log from north-west end of Carrowmore outcrop. 
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Lithology Interpretation 

Base of mass ive sandstone is Second storey cuts down into 
strongly erosive. first; rapid deposition g ives 

mass ive sandstone. 

Erosive base with 1 m relief to Migration of straight and 
trough cross-bedded unit. Grades sinuous cres ted dune bedforms. 
to more massive sandstone with 
occasional planar cross-bedding. 

Ero ively based sandstone wi th Fluvial channel with numerous 
low-angle cross bedding. internal erosion surfaces; base 

cuts into delta front sediments . 

Erosively based sandstone with 
large scale planar bedding . 

Erosively based planar bedded 
sandstone. 

Laminated mud/siltstone with Delta fron t/distal mouth bar with 
occasional current ripple cross- occasional current deposition. 
lamination. Lenticular bedding 
and sideri te nodules nearer top . 

A 12. Log from north-centre of Carrowmore outcrop. 
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Lithology Interpretation 

Sparse bioturbation in some stra ta Slow overall rate of sedimentation 
(Scolitho5). Occasional rippled with occasional current and/or 
beds within silty layers. wave influence. 

Parallel laminated mud/s iltstone Distal mouth bar-type equence, 
in a series of coarsening-up with current influence. 
cycles, with siltier layers showing 
lenticular bedding or current 
ripples. Overall heterolithic 
appearance. 

Highly fractured laminated Pro-delta deposition from 
mudstone, with nodules developed suspension. Fractures form soon 
along cracks. after deposition, as nodules 

develop shortly after sediment-
ation. Related to liquefaction? 

Al3. Log from north-east end of Carrow more outcrop. 
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Lithology Interpretation 

Erosively based massive sandstone Fluvial charulel, strong erosion and 
with lag of mud clasts and faint initially rapid deposition, waning 
planar cross-bedding nearer top . lightly toward top. 

Finely interbedded mud and silt- Incresed current and wave 
stone with current ripples in silty influence, probably shallower. 
intervals and occa ional lenticular 
bedding (very fine sand/silt). Wave 
ripple cross-lamination at top. 

AI3. Log from north-east end of Can ow more outcrop. 
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Lithology Interpretation 

Erosively based medium-coarse Fluvial channel cutting through 

sandstone with dune-scale planar delta front deposits . 
cross-bedding and occasional 
ripple lamination at intervals. 

1 

~ 

Laminated mud/siltstone with Quiet water deposition in inter-
horizons brecciated/collapsed in distributary bay. Collapse a more 
situ . Siderite nodules formed recent feature . 
before brecciation. 

1 
1 1 

: ~ 
,---'+ 
1 I 

Erosive and loaded base to fine Deposit from waning overbank 
cross-bedded sand with current flow, with subsequent exposure 
ripples at top . Fine clast lag with allowing plant colonisation. 
organic material. Stigmaria rootlets 

1 
1 1 

CIl 
:..-{-

Convolute lamination in mud. 

Q) 

b 
Q) 

E 1 1 

t: I+-i" 
I 1 
1 1 
I+--r" 

:~ 

Coarsening-up cycles, parallel Interdistributary bay with crevasse 
laminated with silty sand tops splay sands. Overall fining-up 
showing climbing ripples or trend indicates relative increase in 
current ripples . Some bioturbation distance from feeder channel. 
(Skolithos , ?Curvolithus) and 
organic material. 

3 

1 

: ~ 
I 

Slightly finer grainsize with Rapid deposition from sand-laden 
climbing ripples and aggradational currents - interdistributary bay 

1 ripples. invaded by crevasse splay. 

A I 

1 

2 /. 
1 
I 

~ Fine sandstone with ripple cross- Rapid deposition from sand-laden 
lamination and climbing ripples, currents - interdistributary bay 

I 

:~ 
whole form preserved. invaded by crevasse splay. 

1 1 
I I 

I ....... 

Parallel laminated mud/siltstone Interdistributary bay quiet water 
with sideritic nodules. Coarsens up environment with some wave re-
to silt with wavy laminations. Finer working. Organic-rich, iron-rich 
top shows wave ripples. waters cause siderite precipitation. 

:n ?= 0 (j) A 14. Log from east end of Furreera outcrop, Liscannor Bay. 
~ i 
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Lithology 

Horizontally bedded units, one 
with wave reworked top. 

Silt with two very thin sand layers. 

Planar cross-bedded with silt at 
base, draping lower parts of 
fore ets. 

Trough cross-bedded unit, 
erosional base. 

Blocky, parallel bedded unit. 

First laterally continuous planar 
cros -bedded et. 

Horizontally bedded unit with 
erosive base, cuts out bed below. 

Ma ive, becoming faintly cro s
bedded toward top. 

Low angle cro -bedding to 
parallel bedding, with sharp 
straight erosive base. 

Interpretation 

Increase in flow strength causes 
upper tage plane beds. Reworking 
by basinal waves. 

Decrease in flow strength causes 
silt deposition from suspension 
from effiuent plume . 

Continued fluvial influence and 
tractional currents give dune 
bedforms. 

Deposition in axial mouth bar 
crest setting, strong tractional 
current. 

Frictional, fluvial influence shown 
by migration of dune bedforms. 

Frictional, fluvial influence shown 
by erosive contact and upper stage 
plane beds. 

Rapid depo ition from suspension 
in the presence of tractional 
currents in an axial mouthbar crest 
setting. 

A IS. Log from Tullig Point outcrop (below Tull ig Sst). 
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Lithology Interpretation 

Parallel to wavy bedded sandstone Final pulse of high flow stage 
with occasional thin silt interbeds. deposition prior to abandonment 

of mouth bar. 

Interlaminated silt and mud coars-
ening up to silt and then fine sand . 

Single set of planar cross-beds, Stronger fluvial influence, with 
lower angle towards top . unidirectional current-formed 

dune bedforms. 

Interlaminated silt and fine sand Finer sediments deposited during 
with mud partings and sparse lower flow stages . 
lenticular bedding. 

Parallel to wavy bedded units with Tractional , fluvial influence shown 
slightly erosional bases. by erosive contacts and plane beds. 

Interlaminated fine sand and silt Decreasing flow strength leads to 
draping rippled top of bed deposition of fine grained 
beneath . sediment from effluent plume. 

Low angle cross-bedding. Wave reworking of mouth bar 
crest sands . 

A 15 . Log from Tullig Point outcrop (below Tullig Sst). 
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Lithology Interpretation 

Vertical burrows (Monocraterion) 
in laminated fine sand. 

Parallel laminated silty sand, 
sand layers becoming more 
frequent and thicker upwards. 

Coarsening-up bed becomes 
structure less upwards. Top is 
wave reworked. 

Convolute lamination at top of Minor dewatering of rapidly 
fine sand bed. deposited, very wet sediment. 

Lenticular bedding, symmetric 
wave ripples at top. 

Bioturbation (Skolithos, ? Pelecy-
podichnus) and wave reworking 
of top surface of bed suggests 
brief pause in sedimentation. 

Coarsening-up sequence of muds Prograding mouth bar facies , 
and silts, interlaminated on mm bar back area within storm wave 
scale, with occasional thin (5-35 base. Material deposited from 
mm) layers offine sand. Some suspension. 
wave ripples; current ripples in 
sands. Parallel to irregular 
lamination. Few trace fossils 
(? P /anolites). 

A16. Log through Killard mouthbar (south limb). 
Killard location: N 52°45.073 ' W 09°32.920'. Accuracy Sm. 
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Lithology Interpretation 

Bivalve resting traces (Pelecy-
podichnus) on wave-rippled 
surface, linked to vertical escape 
shafts. 

Parallel bedded fine sand with Rapid deposition from suspension 
sharp but non-erosive base. Wave with periodic wave reworking. 
ripples at intervals throughout. 
One layer of plant material. 

Muddy silt interlaminated with 
fine sand, coarsening up to fine 
sand. Wave and some current 
ripples in upper half. Top shows 
internal loading and deformation. 

Low angle cross bedding near 
top. Top surface wave reworked. 

Interlaminated silt and mud Rapid deposition, possibly related 
coarsens up into parallel bedded to crevasse splay channel influence 
sandstone with many symmetrical 
aggradational ripples and some 
current ripples. 

Erosive and loaded base (with Sharp transition into proximal 
directional sole marks) to massive mouthbar facies , suggesting pulse 
sand which becomes cross-bedded of rapid progradation. Sudden 
towards top. Wave ripples show decrease in silty beds. 
reworked top surface. 

Silt and fine sand interlaminated 
on mm scale 

Convolute lamination and 
loading features in top of sand 

A16. Log through Killard mouthbar (south limb). 
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Lithology Interpretation 

Planar cross-bedded medium Cross bedding indicates stronger 
". to fine sandstone. flow as depositional environment 

approaches channel mouth. 

16 I 

~I 
CIl I I 

Interbedded fine silt and sand, 
sandy layers show wave ripples. 

(\) 

~: b ~ (\) I a Sp 
~ ~: c:: .-..... ..c:: I I 

bl) I I 

Cut out laterally by bed above. 

'a) 
Srw --------------- ~I ::r: Fine to medium erosively based Progradation of axial mouthbar 

15 Srw 
~ I 

~ 
I 

sandstone, cuts out silt below. facies, with significant wave 
Planar cross bedded, strongly reworking. Strong traction 
wave rippled in places. currents give erosional surfaces 

and cross bedding, indicating 

~ 
friction-dom inated deposition. 

I 

Sp ~ :1 
I 

~ I 

14 I 
I lnterlaminated muddy silt and 

~ fme sand, with wave ripples. 
23m lateral extent. 

Some current ripples, northeast 
directed current. 

13 Deformed and loaded unit, max . 
1.8m thick, dies out laterally 
(15m lateral extent). 

? 
I I 

I I 

A16. Log through Killard mouthbar (south limb). 
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Lithology Interpretation 

Erosively based parallel bedded Strong flow causes sinuous 
sandstone with trough cross- dune formation and migration, 
bedding in upper third, and before the mouthbar is abandoned, 
hummocky cross-stratification in storm and wave reworked, and 
the upper O.Sm. Wave ripples bioturbated. 
near top surface, which is 
intensely bioturbated showing 
abandonment (Asterichnus, 
Skolithos). 

Fine silt, parallel laminated. Brief quiescent periods, possibly 
caused by temporary channel 
avulsion. 

Erosively based sandstone with 
wave and current ripples. 

Muddy siltstone with sandy, wave 
rippled interbeds. 

Hummocky cross stratification, Pause in deposition, allowing 
with top surface rippled and storm and wave reworking and 
bioturbated, (Monocraterion, bioturbation. 
Asterichnus) 

A16. Log through Killard mouthbar (south limb). 
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A 17. Graph showing distribution of cross bed thicknesses in the Tullig Sandstone for all 

localities. 

Distribution of cross bed thicknesses in the Tullig Sandstone 
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AI7 cont. Table of data relating to graph 

Cross bed thickness (mm) 
Trusklieve Killard (north) Killard (south) Carrowmore Liscannor All localities 

80 60 100 130 140 
120 70 160 150 150 
120 70 170 170 150 
130 100 175 190 150 
130 100 180 200 150 
140 100 200 210 150 
150 100 200 220 170 
150 110 220 250 170 
150 130 240 250 180 
170 130 240 300 190 
175 150 250 310 195 
180 150 250 380 200 
180 170 260 400 200 
180 180 270 500 200 
185 190 270 850 200 
200 200 290 205 
200 200 300 210 
210 205 310 210 
215 205 350 220 
220 210 450 220 
225 220 630 230 
240 220 800 250 
245 225 950 300 
250 230 330 
250 250 330 
310 260 335 
540 270 340 

270 340 
280 450 
290 600 
290 650 
290 
300 
300 
300 
305 
305 
310 
310 
310 
320 
380 
390 
400 
400 
405 
410 

Total 5345 11070 7265 4510 7815 36005 
Mean 197.962963 235.5319149 315.8695652 300.66667 244.2188 250.034722 
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A18. Graph showing distribution offoreset dip angles for cross beds at all localities. 

Distribution of foreset dips 
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A18 cont. Table of data relating to graph 

Angles of foreset dips in degrees at each locality (corrected for reQional diD) 
Trusklieve Carrowmore Killard (north) Killard (south) Liscannor All localities 

3 5 5 .3 14 
6 6 5 4 14 
7 7 5 6 14 
7 12 5 8 15 
7 12 6 9 15 
8 13 7 9 15 
8 14 8 10 16 
8 16 8 10 16 
8 17 9 11 17 
9 19 9 11 17 
9 19 9 12 19 
9 20 10 12 20 
9 20 10 12 21 

10 21 10 12 22 
10 23 12 12 22 
11 23 12 13 32 
11 24 13 14 
12 26 14 14 
12 26 14 15 
12 29 15 16 
12 30 15 16 
14 15 16 
14 16 16 
15 16 16 
16 16 16 
16 16 17 

19 16 17 
19 17 17 
20 17 17 
20 17 18 
21 18 18 
21 19 19 
21 20 20 
21 20 20 
23 20 21 
25 20 21 

20 25 
21 
21 
22 
22 
22 
22 
23 
23 
23 
24 
24 
25 
25 
26 
28 
29 
30 
36 

Total 473 382 930 523 289 2597 
Mean 13.13888889 18.19047619 16.90909091 14.13513514 18.0625 15.73939394 

326 



A 19. Graph of ripple index di stributions, from all localities 
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A 19 cont. Data table to accompany graph . 

Localitv Current riDDles 
Wavelength (mm) Height (mm) Ripple index 

Trusklieve 70 6 11 .66666667 
75 10 7.5 
55 4 13.75 
50 6 8.333333333 

100 10 10 
60 3 20 
60 4 15 
75 4 18.75 

Carrowmore 110 4 27 .5 
80 4 20 
75 4 18.75 

100 8 12.5 
80 6 1333333333 

100 10 10 
60 4 15 
62 2 31 
60 2 30 
50 2 25 

Liscannor 75 3 25 
150 8 18.75 
120 8 15 
120 10 12 
140 4 35 
85 6 14.16666667 
70 6 11 .66666667 

Wave ripples 
Killard mouth bar 70 6 11.66666667 

55 4 13.75 
55 6 9.166666667 
60 6 10 
60 10 6 
60 8 7. 5 
60 6 10 

Liscannor 200 16 12.5 
200 30 6.666666667 
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B 1. Bed thickne data e eluding cros bed) from Trusklieve. 
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Table to accompany graphs in Bland B2. 

1100-1149 

1150-1199 

Storey 1 beds 

Storey 2 low angle cross beds 

Storey 3 beds 

Storey 4 beds 
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B2. e ro bed thicknes data from Trusklieve. 

Cross bed thickness 
distribution, Trusklieve 
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Cl. Bed outlines and labels used in Table 5.1. Dotted rectangle shows'location of Fig. 5.1. 
Compare this line drawing with the full colour version of this diagram, seen in Fig. 4.1b. 
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,C2. Horizontal proportion facies distribution data, Tullig Sandstone, Trusklieve outcrop. 

Distance %SmlSh %Sp/St %Smc %Sc %Ccm %Flh %Fls %Flm 
along 
outcrop (m) 
0 100 0 0 0 0 0 0 0 
2 100 0 0 0 0 0 0 0 
4 100 0 0 0 0 0 0 0 
6 100 0 0 0 0 0 0 0 
8 66.66 0 16.67 0 16.67 0 0 0 
10 66.66 0 16.67 0 16.67 0 0 0 
12 42.86 0 28.57 0 28.57 0 0' 0 
14 42.86 14.29 28.57 0 14.28 0 0 0 
16 57.14 14.29 14.29 0 14.28 0 0 0 
18 75 16.67 8.33 0 0 0 0 0 
20 45.45 45.46 9.09 0 0 0 0 0 
22 40.91 59.09 0 0 0 0 0 0 
24 39.13 60.87 0 0 0 0 0 0 
26 33.33 66.67 0 0 0 0 0 0 
28 29.17 70.83 0 0 0 0 0 0 
30 29.17 70.83 0 0 0 0 0 0 
32 20.83 79.17 0 0 0 0 0 0 
34 16.67 83.33 0 0 0 0 0 0 
36 16.67 83.33 0 0 0 0 0 0 
38 20 80 0 0 0 0 0 0 
40 20.83 79.17 0 0 0 0 0 0 
42 24 72 0 0 4 0 0 0 
44 24 76 0 0 0 0 0 0 
46 23.08 73.08 0 3.84 0 0 0 0 
48 26.92 69.23 0 3.85 0 0 0 0 
50 23.08 69.23 0 7.69 0 0 0 0 
52 20.83 70.84 0 8.33 0 0 0 0 
54 20.83 66.67 0 8.33 4.17 0 0 0 
56 12 72 0 12 4 0 0 0 
58 12.5 70.83 0 8.33 4.17 0 0 4.17 
60 24 60 0 4 8 0 0 4 
62 44 40 0 4 4 0 0 8 
64 52 32 0 4 4 4 0 4 
66 52 32 0 4 0 4 0 8 
68 42.31 42.31 0 7.69 3.85 0 0 3.84 
70 34.62 50 0 3.84 3.85 0 0 7.69 
72 34.62 46.15 0 7.69 3.85 0 0 7.69 
74 42.31 42.31 0 7.69 3.84 0 0 3.85 
76 38.46 34.62 7.69 7.69 7.69 0 0 3.85 
78 34.62 38.46 7.69 7.69 7.69 0 0 3.85 
80 28 36 12 8 8 0 0 8 
82 18.52 51.85 11.11 7.41 7.41 0 0 3.7 
84 15.38 57.69 11.54 3.85 3.85 0 0 7.69 
86 11.54 65.38 15.38 0 3.85 0 0 3.85 
88 15.38 65.38 15.39 0 0 0 0 3.85 
90 11.54 80.77 7.69 0 0 0 0 0 
92 11.54 80.77 7.69 0 0 0 0 0 
94 15.38 73.08 7.69 0 0 0 0 3.85 
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C2 cont. 

96 18.52 66.67 3.7 0 0 0 0 11.11 
98 28.57 57.14 0 0 3.57 0 0 10.72 
100 46.43 35.71 0 0 7.14 0 0 10.72 
102 57.14 28.57 0 3.57 3.57 0 0 7.15 
104 39.29 25 3.57 7.14 7.14 3.57 0 14.29 
106 32.14 28.57 3.57 7.14 10.72 3.57 0 14.29 
108 32.14 28.57 7.14 7.14 3.58 3.57 3.57 14.29 
110 39.29 25 10.71 0 3.57 0 3.57 17.86 
112 37.04 18.52 3.7 3.7 11.11 0 7.41 18.52 
114 38.46 23.08 11.54 3.85 7.69 0 0 15.38 
116 50 26.92 15.38 3.85 0 0 0 3.85 
118 58.33 16.67 8.33 4.17 0 0 0 12.5 
120 65.22 17.39 8.69 4.35 0 0 0 4.35 
122 69.57 17.39 8.69 0 0 0 0 4.35 
124 70.83 20.83 0 0 4.17 0 0 4.17 
Totals (%) 34.16 49.93 4.17 3.18 3.18 0.36 0.28 4.74 

C3. Horizontal proportion facies distribution data, Tullig Sandstone, Carrowmore Point 
outcrop. 

Distance %SmlSbI % Sp/St %Smc %Ccm %FIh % FIsIFlm 
along Sl 
outcrop (m) 
0 30.95 64.29 0 0 2.38 2.38 
2 28.57 66.67 0 0 2.38 2.38 
4 28.57 66.67 0 0 2.38 2.38 
6 28.57 66.67 0 0 2.38 2.38 
8 28.57 66.67 0 0 2.38 2.38 
10 30.95 64.29 0 0 2.38 2.38 
12 30.95 64.29 0 0 2.38 2.38 
14 30.95 64.29 0 0 2.38 2.38 
16 30.95 61.91 0 2.38 2.38 2.38 
18 30.95 61.91 0 2.38 2.38 2.38 
20 33.33 61.91 0 0 4.76 0 
22 30.95 64.29 0 0 4.76 0 
24 30.95 64.29 0 0 4.76 0 
26 30.95 64.29 0 0 4.76 0 
28 28.57 69.05 0 0 2.38 0 
30 28.57 66.67 0 0 4.76 0 
32 28.57 66.67 0 0 4.76 0 
34 28.57 69.05 0 0 2.38 0 
36 30.95 64.29 0 0 4.76 0 
38 30.95 66.67 0 0 2.38 0 
40 30.23 62.79 2.33 0 4.65 0 
42 30.95 64.29 0 0 4.76 0 
44 28.57 66.67 0 0 4.76 0 
46 30.95 64.29 0 0 4.76 0 
48 30.95 64.29 0 0 4.76 0 
50 33.33 61.91 0 0 4.76 0 
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C3 cont. 
52 30.95 64.29 0 0 4.76 0 
54 29.55 61.36 0 0 2.27 6.82 
56 29.55 61.36 0 0 0 9.09 
58 33.33 57.14 0 0 0 9.53 
60 29.55 59.09 2.27 0 2.27 6.82 
62 31.82 56.82 2.27 0 0 9.09 
64 31.82 54.55 2.27 2.27 0 9.09 
66 31.82 54.54 0 4.55 0 9.09 
68 31.11 53.33 2.22 4.45 2.22 6.67 
70 34.09 54.55 2.27 0 0 9.09 
72 34.09 54.55 0 2.27 2.27 6.82 
74 35.72 59.52 0 0 4.76 0 
76 35.72 57.14 2.38 0 4.76 0 
78 34.15 60.97 2.44 0 2.44 0 
80 30.95 61.91 2.38 0 4.76 0 
82 29.27 63.41 4.88 0 2.44 0 
84 30.95 61.91 2.38 0 4.76 0 
86 30.95 64.29 0 0 4.76 0 
88 33.33 61.91 0 0 4.76 0 
90 30.95 61.91 2.38 0 4.76 0 
92 29.27 63.41 2.44 2.44 2.44 0 
94 32.5 65 2.5 0 0 0 
96 31.71 63.41 0 2.44 2.44 0 
98 31.71 65.85 0 0 2.44 0 
100 30.95 64.29 0 0 4.76 0 
102 32.5 67.5 0 0 0 0 
104 29.27 68.29 0 0 2.44 0 
106 28.57 66.67 0 0 4.76 0 
108 30.95 64.29 0 0 4.76 0 
110 30.95 61.91 0 2.38 4.76 0 
112 34.15 60.97 0 2.44 2.44 0 
114 35.72 57.14 0 0 4.76 2.38 
116 35.72 57.14 0 0 4.76 2.38 
118 39.02 58.54 0 0 2.44 0 
120 39.02 58.54 0 0 2.44 0 
122 39.02 58.54 0 0 2.44 0 
124 38.1 57.14 0 0 4.76 0 
126 39.02 58.54 0 0 2.44 0 
128 39.02 58.54 0 0 2.44 0 
130 39.02 58.54 0 0 2.44 0 
132 40 60 0 0 0 0 
134 40 57.5 0 0 2.5 0 
136 38.46 58.98 0 0 2.56 0 
138 36.58 58.54 0 0 4.88 0 
140 39.02 58.54 0 0 2.44 0 
142 39.02 58.54 0 0 2.44 0 
144 40 60 0 0 0 0 
146 40 60 0 0 0 0 
148 39.02 58.54 0 0 2.44 0 
150 39.47 60.53 0 0 0 0 
152 35.9 61.54 0 0 2.56 0 
154 37.5 60 0 0 2.5 0 
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C3 cont. 
156 40 60 0 0 0 0 
158 39.02 58.54 0 0 2.44 0 
160 40 60 0 0 0 0 
162 39.02 58.54 0 0 2.44 0 
164 39.02 58.54 0 0 2.44 0 
166 40 60 0 0 0 0 

Totals (%) 33.45 ·61.61 0.43 0.34 2.8 1.37 

C4. Horizontal proportion facies distribution data, mouthbar sandbody, Tullig Point. 

Distance along % SmlSblSI % Sp/St %Flh % FlslFlm 
outcrop (m) 
0 76.47 11.76 11.77 0 
2 70.59 17.65 11.76 0 
4 70.59 17.65 5.88 5.88 
6 70.59 11.77 5.88 11.76 
8 77.78 16.67 5.55 0 
10 73.69 15.79 5.26 5.26 
12 73.68 10.53 5.26 10.53 
14 73.68 15.79 10.53 0 
16 68.42 21.05 0 10.53 
18 73.69 21.05 0 5.26 
20 73.69 21.05 0 5.26 
22 80 20 0 0 
24 70 25 5 0 
26 68.42 15.79 5.26 10.53 
28 73.68 26.32 0 0 
30 68.42 15.79 5.26 10.53 
32 63.16 21.05 10.53 5.26 
34 68.42 26.32 5.26 0 
36 73.69 21.05 5.26 0 
38 73.69 15.79 5.26 5.26 
40 73.69 21.05 5.26 0 
42 73.69 21.05 5.26 0 
44 70 15 5 10 
46 61.91 28.57 9.52 0 
48 66.67 28.57 4.76 0 
50 80.95 9.52 0 9.53 
52 65 20 5 10 
54 65 15 10 10 
56 65 25 10 0 
58 70 25 5 0 
60 70 30 0 0 
62 75 20 5 0 
64 73.69 21.05 5.26 0 
66 82.35 11.77 0 5.88 
68 66.67 20 13.33 0 
70 76.92 15.39 0 7.69 
72 87.5 12.5 0 0 
Totals (%) 71.72 19.39 5.1 3.79 
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( 
D1. Log Trusklieve 1, formatted for importing into RMS, for the large modelling grid. 

~ 

1.0 
Vertical 
Trusk1LS 460000 5925120 
1 
FACIES DISC o Undefined 1 Sm_Sh 2 Sp_St_Sl 3 Cem 4 Sp2_Sh2_Sl2 5 Flh 6 
Fls_Flm 
460000 5925120 5 2 
460000 5925120 6 2 
460000 5925120 7 2 
460000 5925120 8 2 
460000 5925120 9 2 
460000 5925120 10 2 
460000 5925120 11 2 
460000 5925120 12 2 
460000 5925120 13 2 
460000 5925120 14 2 
460000 5925120 15 2 
460000 5925120 16 2 
460000 5925120 17 1 
460000 5925120 18 1 
460000 5925120 19 1 
460000 5925120 20 1 
460000 5925120 21 2 
460000 5925120 22 2 
460000 5925120 23 2 
460000 5925120 24 2 
460000 5925120 25 3 

D2. Log Trusklieve 2, formatted for importing into RMS, for the large modelling grid. 

1.0 
Vertical 
Trusk2LS 460000 5925080 
1 
FACIES DISC o Undefined 1 Sm_Sh 2 Sp_St_Sl 3 Cern 4 Sp2_Sh2_Sl2 5 Flh 6 
Fls_Flm 
460000 5925080 5 2 
460000 5925080 6 2 
460000 5925080 7 2 
460000 5925080 8 2 
460000 5925080 9 2 
460000 5925080 10 2 
460000 5925080 11 2 
460000 5925080 12 2 
460000 5925080 13 2 
460000 5925080 14 2 
460000 5925080 15 2 
460000 5925080 16 2 
460000 5925080 17 1 
460000 5925080 18 1 
460000 5925080 19 2 
460000 5925080 20 2 
460000 5925080 21 2 
460000 5925080 22 2 
460000 5925080 23 3 
460000 5925080 24 6 
460000 5925080 25 3 
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03. Log Trusklieve 3, formatted for importing into RMS, for the large modelling grid. 

1.0 
Vertical 
Trusk3LS 460010 5925040 
1 
FACIES DISC o Undefined 1 Srn_Sh 2 Sp_St_SI 3 Ccrn 4 Sp2_Sh2_S12 5 Flh 6 
FIs_Flm 
460010 5925040 6 2 
460010 5925040 7 2 
460010 5925040 8 2 
460010 5925040 9 2 
460010 5925040 10 2 
460010 5925040 11 2 
460010 5925040 12 2 
460010 5925040 13 2 
460010 5925040 14 1 
460010 5925040 15 2 
460010 5925040 16 1 
460010 5925040 17 1 
460010 5925040 18 6 
460010 5925040 19 2 
460010 5925040 20 2 
460010 5925040 21 2 
460010 5925040 22 1 
460010 5925040 23 6 
460010 5925040 24 1 
460010 5925040 25 1 

04. Log Trusklieve 4, formatted for importing into RMS, for the large modelling grid. 
'\. 

1.0 
Vertical 
Trusk4LS 460010 5925000 
1 
FACIES DISC o Undefined 1 
FIs_Flm 

Srn Sh 2 Sp_St_SI 3 Ccrn 4 Sp2_Sh2_S12 5 FIh 6 

460010 5925000 5 2 
460010 5925000 6 2 
460010 5925000 7 2 
460010 5925000 8 2 
460010 5925000 9 2 
460010 5925000 10 2 
460010 5925000 11 2 
460010 5925000 12 2 
460010 5925000 13 2 
460010 5925000 14 2 
460010 5925000 15 2 
460010 5925000 16 1 
460010 5925000 17 1 
460010 5925000 18 6 
460010 5925000 19 1 
460010 5925000 20 1 
460010 5925000 21 1 
460010 5925000 22 6 
460010 5925000 23 6 
460010 5925000 24 1 
460010 5925000 25 1 
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DS. Pulleen log, formatted for importing into RMS, for the large modelling grid. 

1.0 
Vertical 
Pulleen 459240 5942864 
1 
FACIES DISC o Undefined 1 Sm_Sh 2 Sp_St_Sl 3 Ccm 4 SP2_Sh2~S12 5 Flh 6 
Fls_Flm 
459240 5942864 2 2 
459240 5942864 3 2 
459240 5942864 4 2 
459240 5942864 5 2 
459240 5942864 6 2 
459240 5942864 7 2 
459240 5942864 8 2 
459240 5942864 9 2 
459240 5942864 10 2 
459240 5942864 11 2 
459240 5942864 12 1 
459240 5942864 13 1 
459240 5942864 14 1 
459240 5942864 15 1 
459240 5942864 16 1 
459240 5942864 17 1 
459240 5942864 18 1 
459240 5942864 19 1 
459240 5942864 20 1 
459240 5942864 21 1 
459240 5942864 22 1 
459240 5942864 23 1 
459240 5942864 24 1 
459240 5942864 25 3 

D6. Killard N log, formatted for importing into RMS, for the large modelling grid. 

1.0 
Vertical 
KillardN 460440 5944943 
1 
FACIES DISC o Undefined 1 Sm_Sh 2 Sp_St_S1 3 Ccrn 4 Sp2_Sh2_S12 5 Flh 6 
Fls_Flrn 
460440 5944943 4 1 
460440 5944943 5 2 
460440 5944943 6 1 
460440 5944943 7 1 
460440 5944943 8 1 
460440 5944943 9 1 
460440 5944943 10 1 
460440 5944943 11 2 
460440 5944943 12 2 
460440 5944943 13 2 
460440 5944943 14 2 
460440 5944943 15 2 
460440 5944943 16 2 
460440 5944943 17 2 
460440 5944943 18 2 
460440 5944943 19 2 
460440 5944943 20 1 
460440 5944943 21 1 
460440 5944943 22 5 
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D7. Killard Slog, fonnatted for importing into RMS, for the large modelling grid. 

1.0 
Vertical 
KillardS 461200 5945544 
1 
FACIES DISC o Undefined 1 Sm Sh 2 Sp_St_Sl 3 Ccm 4 Sp2_Sh2_Sl2 5 Flh 6 
Fls_Flm 
461200 5945544 7 1 
461200 5945544 8 1 
461200 5945544 9 1 
461200 5945544 10 1 
461200 5945544 11 1 
461200 5945544 12 2 
461200 5945544 13 2 
461200 5945544 14 2 
461200 5945544 15 2 
461200 5945544 16 2 
461200 5945544 17 1 
461200 5945544 18 5 
461200 5945544 19 1 
461200 5945544 20 1 
461200 5945544 21 1 
461200 5945544 22 1 
461200 5945544 23 2 
461200 5945544 24 1 
461200 5945544 25 1 

D8. Carrowmore SE log, fonnatted for importing into RMS, for the large modelling grid. 

1.0 
Vertical 
CarSE 462540 5949552 
1 
FACIES DISC o Undefined 1 Sm_Sh 2 Sp_St_Sl 3 Cern 4 Sp2_Sh2_Sl2 5 Flh 6 
Fls_Flm 
462540 5949552 8 4 
462540 5949552 9 5 
462540 5949552 10 2 
462540 5949552 11 5 
462540 5949552 12 2 
462540 5949552 13 2 
462540 5949552 14 2 
462540 5949552 15 2 
462540 5949552 16 1 
462540 5949552 17 1 
462540 5949552 18 1 
462540 5949552 19 1 
462540 5949552 20 1 
462540 5949552 21 1 
462540 5949552 22 1 
462540 5949552 23 1 
462540 5949552 24 1 
462540 5949552 25 2 
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D9. Carrowrnore NW log, fonnatted for importing into RMS, for the large modelling grid. 

1.0 
Vertical 
CarNW 462240 5949853 
1 
FACIES DISC o Undefined 1 Sm Sh 2 Sp_St_Sl 3 Ccm 4 Sp2_Sh2_Sl2 5 Flh 6 
Fls_Flm 
462240 5949853 4 2 
462240 5949853 5 2 
462240 5949853 6 5 
462240 5949853 7 6 
462240 5949853 8 2 
462240 5949853 9 2 
462240 5949853 10 2 
462240 5949853 11 2 
462240 5949853 12 2 
462240 5949853 13 2 
462240 5949853 14 2 
462240 5949853 15 2 
462240 5949853 16 2 
462240 5949853 17 2 
462240 5949853 18 1 
462240 5949853 19 1 
462240 5949853 20 1 
462240 5949853 21 1 
462240 5949853 22 1 
462240 5949853 23 1 
462240 5949853 24 1 
462240 5949853 25 3 

DIO. Log Trusklieve 1, formatted for importing into RMS, for the small modelling grid. 

1.0 
Vertical 
Trusk1SS 460000 5925120 
1 
FACIES DISC o Undefined 1 Sm_Sh 2 Sp_St_Sl 3 Ccm 4 Sp2_Sh2_Sl2 5 Flh 6 
Fls Flm 
460000 5925120 13 2 
460000 5925120 13.1 2 
460000 5925120 13.2 2 
460000 5925120 13.3 2 
460000 5925120 13.4 2 
460000 5925120 13.5 2 
460000 5925120 13.6 2 
460000 5925120 13.7 2 
460000 5925120 13.8 2 
460000 5925120 13.9 2 
460000 ,5925120 14 2 
460000 5925120 14.1 2 
460000 5925120 14.2 2 
460000 5925120 14.3 2 
460000 5925120 14.4 2 
460000 5925120 14.5 2 
460000 5925120 14.6 2 
460000 5925120 14.7 2 
460000 5925120 l4.8 2 
460000 5925120 14.9 2 
460000 5925120 15 2 
460000 5925120 15.1 2 
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460000 5925120 15.2 2 
460000 5925120 15.3 2 
460000 5925120 15.4 2 
460000 5925120 15.5 2 

\j 460000 5925120 15.6 2 
460000 5925120 15.7 2 
460000 5925120 15.8 2 
460000 5925120 15.9 2 
460000 5925120 16 2 
460000 5925120 16.1 2 
460000 5925120 16.2 2 
460000 5925120 16.3 2 
460000 5925120 16.4 2 
460000 5925120 16.5 2 
460000 5925120 16.6 2 
460000 5925120 16.7 2 
460000 5925120 16.8 2 
460000 5925120 16.9 2 
460000 5925120 17 1 
460000 5925120 17.1 1 
460000 5925120 17.2 1 
460000 5925120 17.3 1 
460000 5925120 17.4 1 
460000 5925120 17.5 1 
460000 5925120 17.6 1 
460000 5925120 17.7 1 
460000 5925120 17.8 1 
460000 5925120 17.9 1 
460000 5925120 18 1 
460000 5925120 18.1 1 
460000 5925120 18.2 1 
460000 5925120 18.3 1 
460000 5925120 18.4 1 
460000 5925120 18.5 1 
460000 5925120 18.6 1 
460000 5925120 18.7 1 
460000 5925120 18.8 1 
460000 5925120 18.9 1 
460000 5925120 19 1 
460000 5925120 19.1 1 
460000 5925120 19.2 2 
460000 5925120 19.3 2 
460000 5925120 19.4 2 
460000 5925120 19.5 2 
460000 5925120 19.6 6 
460000 5925120 19.7. 1 
460000 5925120 19.8 3 
460000 5925120 19.9 1 
460000 5925120 20 1 
460000 5925120 20.1 1 
460000 5925120 20.2 1 
460000 5925120 20.3 1 
460000 5925120 20.4 2 
460000 5925120 20.5 2 
460000 5925120 20.6 2 
460000 5925120 20.7 2 
460000 5925120 20.8 2 
460000 5925120 20.9 2 
460000 5925120 21 2 
460000 5925120 21.1 2 
460000 5925120 21.2 2 
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460000 5925120 21.3 2 
460000 5925120 21.4 2 
460000 5925120 21.5 2 
460000 5925120 21.6 2 
460000 5925120 21.7 2 
460000 5925120 21.8 2 
460000 5925120 21.9 2 
460000 5925120 22 2 
460000 5925120 22.1 2 
460000 5925120 22.2 2 
460000 5925120 22.3 2 
460000 5925120 22.4 2 
460000 5925120 22.5 2 
460000 5925120 22.6 2 
460000 5925120 22.7 2 
460000 5925120 22.8 2 
460000 5925120 22.9 1 
460000 5925120 23 1 
460000 5925120 23.1 1 
460000 5925120 23.2 1 
460000 5925120 23.3 1 
460000 5925120 23.4 1 
460000 5925120 23.5 1 
460000 5925120 23.6 1 
460000 5925120 23.7 1 
460000 5925120 23.8 1 
460000 5925120 23.9 3 
460000 5925120 24 2 
460000 5925120 24.1 2 
460000 5925120 24.2 2 
460000 5925120 24.3 1 
460000 5925120 24.4 1 
460000 5925120 24.5 3 
460000 5925120 24.6 3 
460000 5925120 24.7 3 
460000 5925120 24.8 3 
460000 5925120 24.9 3 
460000 5925120 25 3 

D 11. Log Trusklieve 2, fonnatted for importing into RMS, for the small modelling grid. 

1.0 
Vertical 
Trusk2SS 460000 5925080 
1 
FACIES DISC o Undefined 1 Srn_Sh 2 Sp_St_SI 3 Ccrn 4 Sp2_Sh2_S12 5 Flh 6 
FIs Flm 
460000 5925080 13.1 2 
460000 5925080 13.2 2 
460000 5925080 13.3 2 
460000 5925080 13.4 2 
460000 5925080 13.5 2 
460000 5925080 13.6 2 
460000 5925080 13.7 2 
460000 5925080 13.8 2 
460000 5925080 13.9 2 
460000 5925080 14 2 
460000 5925080 14.1 :2 
460000 5925080 14.2 2 
460000 5925080 14.3 2 
460000 5925080 14.4 2 
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460000 5925080 14 .5 2 
460000 5925080 14.6 2 
460000 5925080 14.7 2 
460000 5925080 l4.8 2 
460000 5925080 14.9 2 
460000 5925080 15 2 
460000 5925080 15.1 2 
460000 5925080 15.2 2 
460000 5925080 15.3 2 
460000 5925080 15.4 2 
460000 5925080 15.5 2 
460000 5925080 15.6 2 
460000 5925080 15.7 2 
460000 5925080 15.8 2 
460000 5925080 15.9 2 
460000 5925080 16 2 
460000 5925080 16.1 1 
460000 5925080 16.2 1 
460000 5925080 16.3 1 
460000 5925080 16.4 1 
460000 5925080 16.5 1 
460000 5925080 16.6 1 
460000 5925080 16.7 1 
460000 5925080 16.8 1 
460000 5925080 16.9 1 
460000 5925080 17 1 
460000 5925080 17.1 1 
460000 5925080 17.2 1 
460000 5925080 17.3 1 
460000 5925080 17.4 1 
460000 5925080 17.5 1 
460000 5925080 17.6 1 
460000 5925080 17.7 1 
460000 5925080 17.8 1 
460000 5925080 17.9 1 
460000 5925080 18 1 
460000 5925080 18.1 2 
460000 5925080 18.2 2 
460000 5925080 18.3 2 
460000 5925080 18.4 2 
460000 5925080 18.5 2 
460000 5925080 18.6 2 
460000 5925080 18.7 2 
460000 5925080 18.8 2 
460000 5925080 18.9 2 
460000 5925080 19 2 
460000 5925080 19.1 2 
460000 5925080 19.2 2 
460000 5925080 19.3 2 
460000 5925080 19.4 2 
460000 5925080 19.5 2 
460000 5925080 19.6 2 
460000 5925080 19.7 2 
460000 5925080 19.8 2 
460000 5925080 19.9 2 
460000 5925080 20 2 
460000 5925080 20.1 2 
460000 5925080 20.2 2 
460000 5925080 20.3 2 
460000 5925080 20.4 2 
460000 5925080 20.5 2 
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460000 5925080 20.6 2 
460000 5925080 20.7 2 
460000 5925080 20.8 2 
460000 5925080 20.9 2 
460000 5925080 21 2 
460000 5925080 21.1 2 
460000 5925080 21.2 2 
460000 5925080 21.3 2 
460000 5925080 21.4 2 
460000 5925080 21.5 2 
460000 5925080 21.6 2 
460000 5925080 21.7 2 
460000 5925080 21.8 2 
460000 5925080 21.9 2 
460000 5925080 22 2 
460000 5925080 22.1 2 
460000 5925080 22.2 3 
460000 5925080 22.3 3 
460000 5925080 22.4 3 
460000 5925080 22.5 3 
460000 5925080 22.6 3 

,,( 
460000 5925080 22.7 6 
460000 5925080 22.8 6 

-. 460000 5925080 22.9 6 
460000 5925080 23 6 
460000 5925080 23.1 6 
460000 5925080 23.2 6 
460000 5925080 23.3 6 
460000 5925080 23.4 6 
460000 5925080 23.5 6 
460000 5925080 23.6 1 
460000 5925080 23.7 1 
460000 5925080 23.8 1 
460000 5925080 23.9 1 
460000 5925080 24 1 
460000 5925080 24.1 1 
460000 5925080 24.2 1 
460000 5925080 24.3 1 
460000 5925080 24.4 1 
460000 5925080 24.5 1 
460000 5925080 24.6 3 
460000 5925080 24.7 3 
460000 5925080 24.8 3 
460000 5925080 24.9 3 
460000 5925080 25 3 

D12. Log Trusklieve 3, formatted for importing into RMS, for the small modelling grid. 

1.0 
Vertical 
Trusk3SS 460010 5925040 
1 
FACIES DISC o Undefined 1 Srn_Sh 2 Sp_St_Sl 3 Cern 4 Sp2_Sh2_Sl2 5 Flh 6 
Fls Flrn 
460010 5925040 12.8 2 
460010 5925040 12.9 2 
460010 5925040 13 1 
460010 5925040 13.1 1 
460010 5925040 13.2 1 
460010 5925040 13.3 1 
460010 5925040 13.4 1 
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460010 5925040 13.5 1 
460010 5925040 13.6 1 
460010 5925040 13.7 1 
460010 5925040 13.8 1 
460010 5925040 13.9 1 
460010 5925040 14 1 
460010 5925040 14.1 2 
460010 5925040 14.2 2 
460010 5925040 14.3 3 
460010 5925040 14.4 2 
460010 5925040 14.5 2 
460010 5925040 14.6 1 
460010 5925040 14.7 1 
460010 5925040 14.8 6 
460010 5925040 14.9 6 
460010 5925040 15 1 
460010 5925040 15.1 1 
460010 5925040 15.2 1 
460010 5925040 15.3 1 
460010 5925040 15.4 1 
460010 5925040 15.5 1 
460010 5925040 15.6 3 
460010 5925040 15.7 3 
460010 5925040 15.8 1 
460010 5925040 15.9 1 
460010 5925040 16 1 
460010 5925040 16.1 1 
460010 5925040 16.2 1 
460010 5925040 16.3 1 
460010 5925040 16.4 1 
460010 5925040 16.5 1 
460010 5925040 16.6 1 
460010 5925040 16.7 1 
460010 5925040 16.8 1 
460010 5925040 16.9 1 
460010 5925040 17 6 
460010 5925040 17.1 6 
460010 5925040 17.2 6 
460010 5925040 17.3 6 
460010 5925040 17.4 6 
460010 5925040 17.5 6 
460010 5925040 17.6 6 
460010 5925040 17.7 6 
460010 5925040 17.8 2 
460010 5925040 17.9 2 
460010 5925040 18 2 
460010 5925040 18.1 2 
460010 5925040 18.2 ' 2 
460010 5925040 18.3 2 
460010 5925040 18.4 2 
460010 5925040 18.5 2 
460010 5925040 18.6 1 
460010 5925040 18.7 1 
460010 5925040 18.8 1 
460010 5925040 18.9 1 
460010 5925040 19 1 
460010 5925040 19.1 1 
460010 5925040 19.2 1 
460010 5925040 19.3 2 
460010 5925040 19.4 2 
460010 5925040 19.5 2 
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460010 5925040 19.6 2 
460010 5925040 19.7 2 
460010 5925040 19.8 2 
460010 5925040 19.9 2 
460010 5925040 20 2 
460010 5925040 20.1 2 
460010 5925040 20.2 2 
460010 5925040 20.3 2 
460010 5925040 20.4 2 
460010 5925040 20.5 2 
460010 5925040 20.6 2 
460010 5925040 20.7 2 
460010 5925040 20.8 2 
460010 5925040 20.9 2 
460010 5925040 21 2 
460010 5925040 21.1 2 
460010 5925040 21.2 3 
460010 5925040 21.3 3 
460010 5925040 21.4 3 
460010 5925040 21.5 1 
460010 5925040 21.6 1 
460010 5925040 21.7 1 
460010 5925040 21.8 1 
460010 5925040 21.9 1 
460010 5925040 22 1 
460010 5925040 22.1 1 
460010 5925040 22.2 1 
460010 5925040 22.3 1 
460010 5925040 22.4 6 
460010 5925040 22.5 6 
460010 5925040 22.6 6 
460010 5925040 22.7 6 
460010 5925040 22.8 2 
460010 5925040 22.9 2 
460010 5925040 23 2 
460010 5925040 23.1 2 
460010 5925040 23.2 2 
460010 5925040 23.3 2 
460010 5925040 23.4 2 
460010 5925040 23.5 2 
460010 5925040 23.6 2 
460010 5925040 23.7 2 
460010 5925040 23.8 2 
460010 5925040 23.9 2 
460010 5925040 24 2 
460010 5925040 24.1 2 
460010 5925040 24.2 2 
460010 5925040 24.3 2 
460010 5925040 24.4 2 
460010 5925040 24.5 2 
460010 5925040 24.6 2 
460010 5925040 24.7 2 
460010 5925040 24.8 2 
460010 5925040 24.9 2 
460010 5925040 25 2 
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013. Log Trusklieve 4, formatted for importing into RMS, for the small modelling grid. 

1.0 
Vertical 
Trusk4SS 460010 5925000 
1 
FACIES DISC o Undefined 1 Srn_Sh 2 Sp_St_Sl 3 Cern 4 Sp2_Sh2_Sl2 5 Flh 6 
Fls_Flrn 
460010 5925000 13.1 2 
460010 5925000 13.2 2 
460010 5925000 13.3 2 
460010 5925000 13.4 2 
460010 5925000 13.5 2 
460010 5925000 13.6 2 
460010 5925000 13.7 2 
460010 5925000 13.8 2 
460010 5925000 13.9 2 
460010 5925000 14 2 
460010 5925000 14.1 2 
460010 5925000 14.2 2 
460010 5925000 14.3 2 
460010 5925000 14.4 2 
460010 5925000 14.5 2 
460010 5925000 14.6 2 
460010 5925000 14.7 2 
460010 5925000 14 .8 2 
460010 5925000 14.9 2 
460010 5925000 15 2 
460010 5925000 15.1 2 
460010 5925000 15.2 2 
460010 5925000 15.3 2 
460010 5925000 15.4 2 
460010 5925000 15.5 2 
460010 5925000 15.6 2 
460010 5925000 15.7 2 
460010 5925000 15.8 2 
460010 5925000 15.9 2 
460010 5925000 16 2 
460010 5925000 16.1 1 
460010 5925000 16.2 1 
460010 5925000 16.3 1 
460010 5925000 16.4 1 
460010 5925000 16.5 1 
460010 5925000 16.6 1 
460010 5925000 16.7 1 
460010 5925000 16.8 1 
460010 5925000 16.9 1 
460010 5925000 17 1 
460010 5925000 17.1 1 
460010 5925000 17.2 1 
460010 5925000 17.3 1 
460010 5925000 17.4 1 
460010 5925000 17.5 1 
460010 5925000 17.6 1 
460010 5925000 17.7 1 
460010 5925000 17.8 1 
460010 5925000 17.9 1 
460010 5925000 18 1 
460010 5925000 18.1 1 
460010 5925000 18.2 1 
460010 5925000 18.3 1 
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460010 5925000 18.4 3 
460010 5925000 18.5 6 
460010 5925000 18.6 6 
460010 5925000 18.7 6 
460010 5925000 18.8 6 
460010 5925000 18.9 3 
460010 5925000 19 1 
460010 5925000 19.1 1 
460010 5925000 19.2 1 
460010 5925000 19.3 1 
460010 5925000 19.4 1 
460010 5925000 19.5 3 
460010 5925000 19.6 3 
460010 5925000 19.7 1 
460010 5925000 19.8 1 
460010 5925000 19.9 1 
460010 5925000 20 1 
460010 5925000 20.1 1 
460010 5925000 20.2 6 
460010 5925000 20.3 1 
460010 5925000 20.4 1 
460010 5925000 20.5 1 
460010 5925000 20.6 6 
460010 5925000 20.7 2 
460010 5925000 20.8 2 
460010 5925000 20.9 2 
460010 5925000 21 2 
460010 5925000 21.1 2 
460010 5925000 21.2 3 
460010 5925000 21.3 1 
460010 5925000 21.4 1 
460010 5925000 21.5 1 
460010 5925000 21.6 1 
460010 5925000 21.7 1 
460010 5925000 21.8 6 
460010 5925000 21.9 6 
460010 5925000 22 6 
460010 5925000 22.1 6 
460010 5925000 22.2 6 
460010 5925000 22.3 6 
460010 5925000 22.4, 6 
460010 5925000 22.5 6 
460010 5925000 22.6 6 
460010 5925000 22.7 6 
460010 5925000 22.8 1, 
460010 5925000 22.9 1 
460010 5925000 23 1 
460010 5925000 23.1 1 
460010 5925000 23.2 1 
460010 5925000 23.3 1 
460010 5925000 23.4 1 
460010 5925000 23.5 1 
460010 5925000 23.6 1 
460010 5925000 23.7 1 
460010 5925000 23.8 1 
460010 5925000 23.9 1 
460010 5925000 24 1 
460010 5925000 24.1 1 
460010 5925000 24.2 1 
460010 5925000 24.3 3 
460010 5925000 24.4 1 
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460010 5925000 24.5 1 
460010 5925000 24.6 1 
460010 5925000 24.7 1 
460010 5925000 24.8 1 
460010 5925000 24.9 1 
460010 5925000 25 1 

348 



'": '-,loch."ln Plodf"l.ng I doe, 'hanneh J •••••••••••• IIEJ"1 014. "General" preferences tab 
I for Facies Channels modelling 

~~:~;;J!~~~~~~~Ei~~~~iiii~ job, large grid. Chosen options 
Got-.oI I/oIumo tnI: . Geome Qevassem...rior Seismic are shown by red boxes. 

Oootpul ...... Dr autput ........ _ 

~-1Kl -
~--... 

-.,radn: 

AOo _ -chomoI_ / 
o.v- r _ . 

J Sys .... _ .. __ 

J CDnII_ on _ dala 

O a.-J 

.0.-
Cl -

. ........ 

DIS. "Volume fraction" tab for 
Facies Channels modelling 
job, large grid. Chosen options 
are shown by red boxes. 
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.A.a----I11!11---------IIIIIII~x l D 16. "Geometry" tab for 
=~- ~ Facies Channels modelling 

~£::E~~=r:;;;;;;;;'~~~B:~~~:J:j~EE~1 job, large grid. Chosen options 
I-!l VoLmo'rae . (nvas .. 1Borrior Seismk: are shown by red boxes. 
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D17. "Form/repulsion" tab for 
Facies Channels modelling 

~!!!!~~~~~~~ll~. job, large grid . Chosen options 
Fri~===~~~~r"=~ are shown by red boxes . 

... -. _.. .,._ '.' "_' I 

I ,-" _',' _ • 

......... I!II~.lIlI!~ D18. "Crevasselbarrier" tab for 
Facies Channels modelling 

'~~~~~~~III~~~1~!~!fi job, large grid. Chosen options ~ are shown by red boxes. 
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for Facies Channels 
modelling job, large 
grid. Those beds and 
storey seen to correl
ate in the field are 
linked here. The link 
in this case is a hard 
link, completely joined, 
between beds of Sm/Sh 
facies in the two logs 
from Killard. 

020. "Correlation 
Display" tab for Facies 
Channels modelling 
job, large grid. Those 
beds and storeys seen 
to correlate in the field 
are linked here. Two of 
the links in this case 
are hard links, between 
wells 3 and 4 at Trusk
lieve, while a third link 
between wells 1 and 2 
is a soft link, moder
ately joined. 
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D22. Histogram showing the 
distribution of bed thicknesses 
in the blocked wells of the large 
modelling grid, for facies Sp/St/Sl. 
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D21. Histogram showing the 
distribution of bed thicknesses 
in the blocked wells of the large 
modelling grid, for facies Sm/Sh. 

Dala: FACIES. TulIigModel 
Facies: 1 of7: Sp_SLSI 

fACIES 
...... 

• u.dofInod 

o Sm..Sh 

r--

.c-
r p 

f--r-- ~ L 
---. , 

- ~ 
. ... 
. ... -'~ 

2 4 6 8 10 12 

FACIES (thickness) 
18 observaLions (0 undeO. Min = 1. Max = 11.999 
Mean = 5.4997. SI.dev. = 4.2041. Skewness = 0.32289 

fACES 

.~ 

O s..... ... 

• Sp. St.SI 

• eo.. 

. ... 
• '''.)'In. 

D23. Histogram showing the 
distribution of bed thicknesses 
in the blocked wells of the large 
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distribution of bed thicknesses 
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small modelling grid for facies Ccm. 

D30. Histogram showing the distribution of bed thicknesses in the blocked wells of the 
small modelling grid, for facies Fls/Flm. 
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D31. Graph generated during the modelling process for the small grid, showing the 
number of observations (in the blocked wells) that have been incorporated (conditioned) 
into the facies bodies generated. In this case, 3 observations were not conditioned; in 
other words, three of the blocked well observations (i.e. three beds) were ignored in the 
modelling process, so in three places the modelled facies do not fit the blocked wells. 
This is because insufficient iterations (attempts to fit the wells) were performed. 
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D32. Graph showing the number of individual channels generated and fitted into the 
small grid model over time. Peaks followed by troughs show where a channel was 
inserted and then rejected because it didn't fit the observations from the blocked wells. 
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D33. Graph showing the repulsion potential exerted on new channels. It increases over 
time as more channels are fitted into the grid, leaving less room for new channels. 
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