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Abstract 

This thesis presents an integrated subsurface, field analogue and scaled physical 

modelling approach to the investigation of the autocyclic and allocyclic controls on 
braided river morphology and preserved alluvial architecture at both the channel-belt 

and within channel-belt scales. 

The prediction of inter-well alluvial architecture in the continental Barren Red Beds of 

the Upper Carboniferous, Lower Ketch Member, Southern North Sea, UK, presents 
difficulties. Subsurface data from the Tyne Field is subdivided into coarse-grained 

sandbodies (60%) alternating with siltstone lithofacies (40%). A depositional model is 

proposed representing an aggrading alluvial plain traversed by a series of 100 to 1100 m 

wide channel-belts with palaeochannel depths of between 1.5 and 3.5 m, and supplied 

with a fine grain size distribution (D50 = 0.08 mm). A seasonal climatic regime probably 

promoted crevasse splay deposition and development of extensive floodplains. The 

Tyne model can nest within a regional depositional setting where: (1) the predominant 

sediment supply was from the north; and (2) proximal to distal trends exhibit a grain 

size diminution, and a lowering of net-to-gross and connectivity. 

This thesis provides the first complete comparative study between the Tyne Field and an 

onshore analogue, the Eocene Escanilla Formation, Southern Pyrenees, Spain. New 

evidence is presented to suggest a fluvio-lacustrine setting for the Escanilla Formation. 

A marked qualitative and quantitative similarity between the two sedimentary sequences 

gives confidence in the analogue and permits the use of geometrical datasets, including 

sandbody width/thickness ratios, frequency distributions, channel-belt orientation and 

connectivity to be used in the construction of geological reservoir models of the Lower 

Ketch Member. Empirical estimates of channel-belt width in the prediction of sandbody 

geometry overestimate -75 % of the channel-belt sandbody widths measured from the 

outcrop, -because estimates fail to account for: (1) different channel patterns, (2) any 

autocyclic and allocyclic controlling mechanisms, and (3) vertical and lateral channel- 

belt stacking. 

Grain size is a key control on alluvial architecture at both the within channel-belt and 

channel-belt scale. Physical modelling of the Ashburton River, Canterbury Plains, New 

Zealand has allowed the impact of grain size to be isolated from other controlling 
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parameters. Three reach-scale, generic Froude-scaled modelling experiments, 

incorporating a fourfold change in grain size have been undertaken in a flume facility 

that permits aggradation. Comparisons between model and field studies suggest grain 

size is not the most influential control on channel geometry. The modem Ashburton. 

River exhibits no change in channel geometry downstream. However, a halving then 

quartering of the grain size distribution in the Ashburton River model resulted in: (1) 

channel geometries first deepening then widening, (2) the proportion of overbank sheet 

flow increasing, and (3) the duration of channel occupancy remaining constant. Under 

the boundary conditions imposed in the experimental study, grain size limits are 

recognised for scaled physical models, which suggest that physical models cannot 

reproduce Lower Ketch Member grain size distribution ranges. 

The preserved alluvial architecture from the Ashburton model is classified and 

quantified into six architectural elements. Architectural elements from the Ashburton 

River model show that alluvial architecture is dominated by channel fill deposits. An 

increase in primary channel fill width and thickness, an increase in splay widths, a 
higher proportion of preserved splay deposits, and a decrease in the size and frequency 

of occurrence of fine-grained architectural elements may all be attributed to a quartering 

of the grain size distribution. 

A methodology is presented to link permeability to the architectural elements of the 

Ashburton model, in order to supply data from the preserved stratigraphy of physical 

models to serve as inputs for the construction of both static and dynamic (fluid flow) 

reservoir models. In addition, the potential of an aggrading physical model to examine 

the impact of sampling frequency and up-scale averaging in the construction of 

reservoir models is explored. 
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Chapter I 

Chapter 1. Introduction and background to the study 

1.1 Introduction 

Fluvial systems are found in almost all latitudes, altitudes and topographic gradients, 

developing under a spectra of sedimentary environments. Defining, understanding and 

isolating the primary allocyclic (extrinsic) and autocyclic (intrinsic) controls acting 

within these different alluvial environments is paramount to the construction of 

stratigraphic models and prediction of alluvial architecture. Many hydrocarbon 

reservoirs are located in fluvial sequences (cf. Martin, 1993). Interpretation of alluvial 

architecture is often undertaken in the hydrocarbon industry from one-dimensional well 
datasets with spacings of -O. 5 km (e. g. Lorenz et al., 1985; Begg et al., 1989; Atkinson 

et al., 1990; Lui et al., 1996; Eschard et al., 1998; Tye et al., 1999; Vaughan et al., 
1999). Successful prediction of alluvial architecture, in terms of depositional 

geometries, frequency of occurrence and, crucially, interconnectedness has economic 
implications for improving subsurface reservoir prediction and, recovery. Well-to-well 

correlation is commonly based on the occurrence of marker horizons, an assessment of 

the palaeodepositional environment, and the assignment of geometrical and spatial 
heterogeneity datasets within the reservoir interval across a range of scales. Accurate 

prediction of the alluvial architecture requires the geologist to undertake several key 

steps during reservoir evaluation: (1) establishing the main controls on the fluvial 

system; (2) quantifying river morphology at the time of deposition; (3) linking surface 

form and processes to subsurface alluvial architecture; (4) quantifying the alluvial 

architecture; and (5) linking all of the above to the 
, reservoir properties (e. g. 

petrophysics) at a range of scales. Often this process is undertaken in reverse in order to 

compare and assign analogue datasets to the fluvial sequence concerned. 

1.2 Controls on alluvial architecture 

Fluvial systems respond to a range of allocyclic and autocyclic controls (Figure 1.1), 

including, but not exclusive to: climate and base-level (Leeder, 1993; Koss et al., 1994; 

Leeder and Stewart, 1996), tectonics (Miall, 1981; Alexander and Leeder, 1987; 

Peakall, 1998, Kraus and Middleton, 1987; Shuster and Steidmann, 1987), sediment 

supply and aggradation rate (Bentham et al., 1993; Germanoski and Schumm, 1993; 

Ashworth et al., 1999), and channel and channel-belt avulsion (Leddy et al., 1993; 
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Bryant et al., 1995; Bridge and Mackey, 1995; Heller and Paola, 1996; Field, 2001). 

Sedimentary successions are the subsurface expression of the complex interaction 

between these controls. Isolation, quantification and characterisation of these controls in 

any sedimentary sequence have always been the goal of the geologist. The interpretation 

of ancient sedimentary sequences requires knowledge drawn from analogue studies, 

which has often been restricted to qualitative descriptions. With technological advances 

now allowing stratigraphic computer models to be built, the effect of allocyclic and 

autocyclic controls on alluvial architecture needs to be isolated and quantified. 
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Figure 1.1. Controls on the fluvial system and alluvial architecture (from Marriott, 1999) 

One of the key controls of fluvial depositional style is the sediment supply grain size 
(Wolcott, 1988) and the subsequent modification of the grain size distribution 

downstream. The impact of sediment supply grain size on rivers has been qualitatively 

shown to influence river morphology (Schumm, 1981; Simons and Simons, 1987; 

Leopold, 1992; Friend, 1993). Many studies of modern and ancient fluvial systems have 

documented the diminution of sediment grain size downstream (e. g. Brierley and 

Hickin, 1985; Dawson, 1988; Werritty, 1992; Hoey and Bluck, 1999; Rice, 1999). 

However, the link to the subsurface alluvial architecture has been rarely discussed; 
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exceptions including Heller and Paola (1996). Grain size is also a primary control on the 

petrophysical properties of individual lithofacies units/architectural elements (Hazen, 

1893; Freeze and Cherry, 1979; Domenico and Schwartz, 1990; Miller et al., 1990; 

Brayshaw et al., 1996). Consequently, as grain size can be quantified in both modem 

and ancient environments and linked to reservoir properties, understanding how grain 

size influences subsurface architecture will significantly enhance conceptual, 

stratigraphic and reservoir models of fluvial systems. 

1.3 Applications within the hydrocarbon industry 

Fluvial sedimentary sequences provide host to some of the most important hydrocarbon 

reservoirs (Martin, 1993). Over the past 15 years there has been renewed interest in the 
Southern North Sea as a major gas producing region. Particular attention in the Upper 

Carboniferous Red Bed sequences (e. g. Tyne, Ketch and Schooner Fields of the 
Silverpit Basin) has sparked a great interest in fluvial sequences where the net-to-gross 

ratio is 

extraction (Fogg, 1986; Fielding and Crane, 1987; Bridge and Mackey, 1993a). With 

the lack of biostratigraphic and seismic control (Mijnssen, 1997; Stone and Moscariello, 

1999), interpretation of these low net-to-gross sequences is often limited to 

chemostratigraphic or pedofacies analysis (Pearce et al., 1999; Stone and Moscariello, 

1999). While these'techniques may provide vertical subdivision of the reservoir interval, 

they lack the lateral resolution. Cross plots of sandbody width and thickness are often 

used to provide information on sandbody geometries from onshore outcrop analogues 
(e. g. Fielding and Crane, 1987; Dreyer, 1993; North and Taylor, 1996; Robinson and 
McCabe, 1997; Bridge et al., 2000). However, problems associated with gathering 

outcrop datasets and cross plots with wide data scatter result in poorly constrained 

channel-belt sandbody geometries being used to evaluate the inter-well reservoir 

architecture. Considerable uncertainty also lies in using published data to build 

geological models (static models) and provide petroleum engineers with quantitative 

data with which to construct flow simulations (dynamic models). 

As hydrocarbon reservoir development projects move into secondary stages of 

production, more information is needed on the within channel-belt alluvial architecture 

(the individual channel and bar scale, Figure 1.2). Often the lack of quantitative data 
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available at the channel-belt and within channel-belt scale results in petrophysical 

characteristics being up-scaled to the seismic scale of information causing changes in 

the permeability balance (Mansoori, 1994; Davis et al., 2000). The need to address all 
the scales of heterogeneity (van der Graff and Ealey, 1989; Cross, 1991), exhibited in 

any particular fluvial reservoir interval is paramount to complete static and dynamic 

reservoir modelling. Conventional techniques, such as the use of outcrop analogues, 

may best provide information on the channel-belt scale sandbody geometries, while 

smaller internal heterogeneities have often been limited to qualitative descriptions (e. g. 
Miall, 1977,1978; Collinson, 1978; Miall, 1985). Techniques such as physical 

modelling, numerical modelling and ground -penetrating radar may provide 

quantification of the scale of heterogeneity needed to satisfy the gap in currently 

available datasets. 
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Figure 1.2. Scales of fluvial heterogeneity required for full reservoir evaluation (from Bristow, 1996). 
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1.4 Research objectives 

The objectives of this research are sixfold: 

1. To review the controlling mechanisms responsible for the construction of alluvial 

architecture and the techniques employed for hydrocarbon reservoir evaluation. 
2. To highlight areas of data shortage for quantitative alluvial architecture models. 
3. To examine the alluvial 'architecture and depositional environment of the Lower 

Ketch Member reservoir interval, Tyne Field, Southern North Sea, UK, and 

establish the main controlling mechanisms on deposition. 

4. To assess the suitability of UK onshore analogues for the Tyne Field and evaluate 

the benefits of the outcrop analogues versus published datasets for the prediction of 

subsurface reservoir alluvial architecture in low net-to-gross systems. 

5. To isolate and quantify the control of grain size on the surface channel morphology 

and subsurface alluvial architecture of braided rivers using field studies and physical 

modelling. 
6. To assess the use of an integrated core, field and physical modelling approach to 

improve understanding of different scales of alluvial architecture in order to provide 
high resolution, spatially-intensive datasets for quantitative reservoir evaluation. 

1.6 Thesis structure 

Chapter 2 reviews the autocyclic and allocyclic controls on fluvial systems and 

discusses current models of alluvial architecture. The concepts of downstream fining 

and sediment supply grain size are critically reviewed and trends highlighted. The 

chapter documents the history of vertical facies models and their link to surface channel 

morphology. A review of the move to a more quantitative approach to sedimentological 

characterisation is highlighted and the techniques now being used to provide data for 

subsurface evaluation are critically appraised. Finally, the shortcomings of reservoir 

simulation models are shown to be often the result of a paucity of geologically- 

constrained input. The review summarises on the best data sources from current 

techniques in addressing input parameters needed for different scales of reservoir 

heterogeneity. 
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Chapter 3 investigates the Carboniferous Lower Ketch Member of the Tyne Field, 

Southern North Sea and discusses the sedimentology, lithofacies and depositional 

environment of an aggrading alluvial plain where both channel-belt and floodplain 

deposition occurred coevally. The Tyne depositional model is incorporated into the 

regional palaeogeographic setting for the Silver Pit Basin. Quantitative data are 

provided for sandbody thicknesses, channel depths, channel-belt widths and grain size 
distribution. A review of the influence of compaction on the prediction of the lateral 

extent of sandbodies is provided. Lithological analogues have been critically appraised 

and chosen in preference to stratigraphic analogues to provide information on the inter- 

well architecture. 

Chapter 4 tests the Eocene Escanilla Formation, Ainsa Basin, Spain, for use as an 

outcrop analogue to the Lower Ketch Member. The channel-belt sandbodies are 

classified using a quantitative methodology and demonstrate that a variety of channel- 

patterns may have existed on the alluvial plain. The sedimentological, lithofacies 

interpretations and depositional model of Bentham et al. (1993) are reviewed. Two- 

dimensional channel-belt geometries are presented and adjusted for exposure based on 

methodologies of Visser and Chessa (2000a, b). Qualitative and quantitative 

comparisons of sequences show an understanding of the Lower Ketch Member may 
benefit from datasets gained from the Escanilla Formation. 

Chapter 5 describes the rationale, experimental equipment and procedure for an 

experimental study of the impact of sediment supply grain size on braided alluvial 

architecture. The principles of physical modelling are briefly reviewed and a discussion 

on the problems of scale modelling fine-grained systems, such as the Lower Ketch 

Member and the Escanilla Formation, is provided. Field data from the modem 
Ashburton River and Quaternary Gravels, Canterbury Plains, New Zealand are used to 

supply the necessary prototype input parameters for two experiments, which used a 
bimodal grain size distribution that was reduced in magnitude by 75 % in an 

experimental flume basin that permits aggradation. 

Chapter 6 quantifies the impact of sediment supply grain size on the surface channel 

morphology and resultant within channel-belt alluvial architecture from three 

experiments incorporating a fourfold change in grain size magnitude. The flow 

parameters from the physical model are quantified and assessed. Channel geometries, 
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channel occupancy, duration of channel occupancy, and sediment surface slope are 

quantified and compared between experiments and the field prototype. The surface 

processes are discussed and linked to a six-fold scheme of architectural element 

classification via analysis of overhead video footage. Horizontal proportion curves of 
frequency of occurrence and width/thickness measurements of architectural elements 

are used to explain architectural trends resulting from changes in sediment supply grain 

size and a quantitative model is proposed. The model alluvial architecture is compared 
to the Canterbury Gravels and application to other documented outcrop and reservoir 

studies is discussed. 

Chapter 7 examines the application of an integrated core, outcrop and physical 

modelling approach to the geological characterisation of reservoirs. The benefit of each 

of these techniques in addressing different scales of reservoir heterogeneity is 

considered. A methodology for gaining quantitative data from physical models in order 
to serve as input to object-based models is presented, founded on the relationship 
between architectural elements/facies and petrophysical properties. The effects of 

sampling frequency and averaging are reviewed and alternative methods of analysis are 
introduced. 

Chapter 8 provides a summary of the main conclusions and presents recommendations 
for future work. 

Some supporting material is provided on the enclosed CD (Appendix D). 
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Chapter 2. Controls on alluvial architecture and the assessment of hydrocarbon 
reservoir heterogeneity 

2.1 Synopsis 

This chapter reviews and describes the range of allocyclic and autocyclic controls 
influencing the fluvial system. The controls are discussed with respect to their resultant 
depositional form. The role of sediment supply grain size is reviewed and established in 

the context of down basin fining trends and depositional architecture. Surface-to- 

subsurface relationships and the development of facies schemes and architectural 

models are discussed. The assignment of characteristic sandbody geometries from 

specific depositional environments is demonstrated to carry . considerable conditions for 

their application. The move to a more quantitative approach in sedimentological 

characterisation is highlighted and the techniques now being used to provide data for 

subsurface reservoir evaluation are critically appraised. Finally, the shortcomings of 

reservoir simulation models are shown to often be the result of a paucity of geologically- 

constrained inputs. This review indicates the optimal data sources from current 
techniques to address input parameters needed for different scales of reservoir 
heterogeneity. 

2.2 Introduction to controls on alluvial architecture 

Fluvial systems respond to external (allocyclic) and internal (autocyclic) controls (Table 

2.1) influencing both the regional (basin scale) architecture and the local channel scale 

architecture. Our understanding of the controls on alluvial architecture requires the 

recognition of their influence in the stratigraphic record, often in one-dimension as 

vertical profiles (e. g. Collinson, 1978) or two-dimensions as channel-belt sandbodies 
(e. g. Friend et al., 1979). In any particular sequence it is often unclear as to which of 

these allocyclic and autocyclic mechanisms are the primary controls on alluvial 

architectural style. Autocyclic mechanisms (e. g. channel avulsion and migration) may 

modify the short-term character of the fluvial system, leading to the change in the 

position of the channel. Only long-term allocyclic events (tectonics, base-level change, 

climate and sediment supply) may alter channel width, channel depth, sediment calibre, 

8 



Chapter 2 

sediment discharge, slope, and planform causing major architectural changes (Miall, 

1996). The complex interplay between controlling variables led Hartley (1993) to state: 

"In order to assess the importance of any one allocyclic mechanism on the alluvial 

architecture of a basin-fill sequence the mechanism should be studied in isolation from 

another, a situation difficult to achieve'". 

Table 2.1. Examples of published studies documenting the range of allocyclic and autocyclic controls 
influencing a fluvial system. These controls are linked with both positive and negative feedback effects. 

Controlling Effects Author (s) 
Factors 
Base-level and Controls channel incision, aggradation, sediment Friend (1978), Leeder (1993), Koss et at (1994), 
climate change supply, hydrological regime and preservation Leeder and Stewart (1996), Newell et al. (1999) 

potential 

Tectonics 

Basin type and 
geometry 

Aggradation rate 

Controls subsidence rates, tilting creates channel -belt Miall (1981), Alexander and Leder (1987), 
stacking Kraus and Middleton (1987), Groll and 

Steidmann (1987), Shuster and Steidmann 
(1987), Hartley (1993), Leeder (1993), Peakall 
(1998), Peakall et a!. (2000) 

Basin wide alluvial architecture and channel-belt Miall (1981) 
slope and palaeoflow 

Controls stacking pattern, interconnectedness of 
sandbodies and preservation potential 

Sediment supply and Grain size distribution, downstream fining rate, 
provenance channel slope 

Compaction Controls stacking pattern and distortion of 
architectural elements 

Avulsion frequency Controls stacking patterns, channel fill and 
and type distribution 

Incision and scour Controls preservation of deposits and 
interconnectedness of sandbodies 

Flood magnitude and Discharge, controls sediment supply, nature of 
frequency floodplain deposits and repetition of sequences 

Vegetation and bank Channel pattern and confinement 
strength 

Germanoski and Schumm (1993), Bentham et at. 
(1993) Ashworth eta!. (1999) 

Weber (1980), Germanoski and Schumm (1993) 

Athy, 1930; Maxwell, 1964; Baldwin, 1971; 
Sclater and Christie, 1980; Shinn and Robbin, 
1983; Baldwin and Butler, 1985; Fielding, 1986; 
Collier, 1989; Caudill et at, 1997 
Leeder (1978) Allen (1978), [. eddy et at (1993), 
Torngvist (1994), Bridge and Mackey (1995), 
Bryant et at (1995), Heller and Paola (1996) 

Grissinger and Murphey (1983), Salter (1993), 
Alexander and Gauthorpe (1993), Leeder and 
Stewart (1993), Best and Ashworth (1997) 
Miall (1978) 

Gibling and Rust (1990), Huang and Nanson 
(1998) 

Understanding the controls on alluvial architecture is fundamental to the construction of 

well-constrained stratigraphic models and the successful exploitation of many 
hydrocarbon reservoirs. More detail on the internal architecture is needed during the 

development of a hydrocarbon reservoir, to include the channel-belt and within channel- 
belt (individual bar and channel) scale. 
The main aims of this chapter are: 
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1. To review the allocyclic and autocyclic controls on channel morphology and alluvial 

architecture. 
2. To evaluate the impact of sediment supply grain size into a drainage basin and 

establish the manner in which grain size sorting occurs down a river course. 

3. To review the relationship between depositional environment and alluvial 

architecture for the prediction of subsurface geometries. 
4. To critically appraise the different techniques used to predict reservoir alluvial 

architecture and highlight any gaps in the current datasets on alluvial architecture. 

5. To establish the current progress of reservoir simulation modelling techniques and 

their data requirements. 

2.2.1 Climatic and sea-level changes 

Climate coupled with lithology control the flux of sediment into the basin, with climate 

controlling the vegetation type and density, the magnitude and frequency of discharge 

regimes, the degree of weathering and the sediment supply rate. In addition, base-level 

will control the accommodation space in the basin. Base-level may be defined as the 

imaginary horizontal level or surface to which sub-aerial erosion proceeds (Schumm, 

1993) and this is commonly sea-level. Many regional base-level controls have been 

deemed the result of eustatic sea-level changes that have been attributed to Milankovitch 

cycles of precession, obliquity and eccentricity of the earth, which create cyclical 

climate changes as the amount of solar radiation influencing the earth alters (Hays et al., 

1976, Imbrie et al., 1984). The pronounced coupling of climate and base-level controls 

with periods of ice expansion during glaciation creating a global sea-level fall, 

alternating with ice retreat generating a sea-level rise, has been identified as the forcing 

mechanisms for many of the cyclical changes in alluvial sequences (e. g. Olsen, 1990). 

Climate and base-level relationships are often the founding principles for sequence 

stratigraphic models, such as those developed at Exxon (Vail et al., 1977). Climatic and 

sea-level changes may cause local transgressional or regressional sequences to form 

when fluvial systems advance or retreat, aggrade or degrade, creating different 

architectural styles (Leeder, 1993). For example, in sediment-starved systems incision 

may occur, while in periods of increased sediment flux, aggradation will occur (Jones et 

al., 1999). The rate at which these changes operate will determine the frequency of 
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changes in both the downstream and vertical stratigraphic development of a basin. 

Increases in the density of channel deposits may be related to base-level changes, 

although could equally be a result of other allocyclic or autocyclic controls (Leeder and 
Stewart, 1996). 

Base-level change has been investigated using physical models (e. g. Koss et al., 1994, 

Paola, 2000) and field outcrop (e. g. Kvale and Vondra, 1993). In addition, the use of 

computer models that simulate base-level change have been shown to produce outputs 
in broad agreement with outcrop data (Marriott, 1999). Base-level fall may create 
incision and erosion creating a sediment bypass zone. Incisional events have been 

identified as more subtle boundaries in the geologic record, separating fluvial deposits 

with distinctly different architectures (Shanley and McCabe, 1993, Figure 2.1). Results 

from Kvale and Vondra (1993), Koss et al. (1994) and Paola (2000) indicate that when 

base-level drops too rapidly for sedimentation to keep pace, deposition occurs as a 

prograding fluvial braidplain with minimum vertical build up. While during base-level 

standstill and rise, fluvial aggradation occurs that produces a vertical build-up of the 

shelf. A base-level rise and standstill may also induce incision, with rivers adjusting 

their downstream slopes to meet coastal erosion (Leckie, 1994; Leatherman et al., 
2000). The wide contradictions in the fluvial response to climate and base-level change 

imply that the balance between the rate of change in climate and sea-level will 

determine the nature and response of the fluvial system in any particular basin. 

The key to distinguishing the changes in fluvial outcrop sequences is to isolate climate 

and base-level controls against other forcing mechanisms discussed in the following 

sections. Analysis of the modern Canterbury Plains, New Zealand, reveals incisional 

river systems that are being driven by rapid tectonic uplift of the Southern Alps in the 

proximal reaches. In the medial reaches there is a zone of minimal erosion, whilst in 

distal reaches incision is being driven by a current sea-level standstill and rapid (- 1m 

yr l) coastal erosion, forcing rivers to modify their downstream gradient to meet this 

retrogradational coastline (Leckie, 1994). 
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Fluvial Architecture 
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Figure 2.1. Summary diagrams illustrating the relationship between shoreface and fluvial architecture as a 
function of base-level change (from Shanley and McCabe, 1993). 

Climate influences the prevailing discharge regime, which in turn controls the sediment 

load and sorting downstream. Changes in discharge and sediment controlling variables 

have been shown to affect cross-sectional and planform geometry (reviewed in 

Richards, 1982; Brierley, 1996; Knighton, 1998), to include geometric changes to width, 

depth, width/depth ratio, sinuosity and slope. Changes in channel geometry influence the 

geometry, magnitude and frequency of occurrence of depositional facies. For example, 

Olsen (1990) attributed two cyclical changes in meandering sandbody thickness in the 

Andersson Land Formation of East Greenland to reflect climatically driven changes in 

discharge regime related to Milankovitch cycles. Smith (1994) also suggested that 

changes in sandbody geometry, net-to-gross, sediment accumulation and palacosol 

development in tectonically quiescent periods might reflect climate change. 

Much of the work concerning the role of climate and sea-level changes on fluvial 

architecture has focused on the Quaternary record (Blum and Törngvist, 2000) since the 
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chronology is well constrained. Dating techniques such as radiocarbon, cosmogenic 
(Bierman, 1994; Repka et al., 1997; Hancock et al., 1999), optical stimulated 
luminescence (Berger, 1988; Duller, 1996) and thermo luminescence (Clarke and 
Rendell, 2000) can often provide a chronology for alluvial deposits. This chronology 

can be linked to climatic cycles based on the oxygen-isotope record from marine 

sediments and ice cores (Shackleton and Opdyke, 1973; Behl and Kennett, 1996), which 

may be more difficult to obtain in geologically older time periods (Blum and Törnquist, 

2000). In some field studies, another benefit of using the Quaternary record concerns the 

similarity of the present day environmental conditions to depositional conditions that 

formed the immediately underlying deposits; this is particularly true for the Holocene 

record. While studies of the Quaternary record may be well constrained, climatic studies 

of the pre-Quaternary record are limited, and often geologists have reverted to 

alternative techniques to gain information on climate regime at the time of deposition. 

Climatic controls can often be reflected in palaeosol sequences (Retallack, 1984) and 

relationships between palaeosol development, sedimentation rate, floodplain hydrology 

and proximity to channel-belt facies have been investigated using pedofacies 

relationships (Bown and Kraus, 1987; Kraus, 1987; Kraus and Bown, 1993), and 

palaeocatena relationships (Wright, 1992). Palaeosols development on terraces has been 

used to imply a reduction in discharge resulting in floodplain abandonment (Blum and 
Valastro, 1994). Leeder (1975) proposed a method for determining floodplain 

sedimentation rates from calcrete development. However, this approach has to be 

considered with caution (Wright, 1990) as, again, much of the present knowledge of 

palaeosol development is based on the Quaternary record, resulting in uncertainty 

concerning the length of time palaeosols take to form. Further complications arise in the 

interpretation of sequences such as red beds, which may have been formed during a 

variety of humid to and climatic settings (Turner, 1980) and have to be analysed in 

conjunction with other sedimentological features to constrain the depositional setting. 
Much of the identification of climatic and base-level controls in the subsurface hinges 

on the observation of sedimentary features that are specific to the forcing mechanisms. 
In the following sections it will become apparent that more than one controlling 

mechanism may ultimately determine the alluvial architecture and these may be 

indistinguishable. 
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2.2.2 Tectonics 

Tectonic activity and subsidence provide the basin scale controls on river behaviour, 

influencing the three-dimensional distribution of channel-belt sandbodies by controlling 

shape, size and orientation of the basin (reviewed in Miall, 1996). The influence of 

tectonics on alluvial architecture has been demonstrated from outcrop (Leeder et al., 
1996), modern rivers (Peakall, 1998, Peakall et al., 2000) and physical models (Burnett 

and Schumm, 1983; Ouchi, 1985) who advocate that the style of channel response 

reveal that channel-belts and their associated deposits are sensitive indicators of active 

tectonic regimes. Additionally, tectonics can affect sediment calibre and volume 

supplied from the hinterland, which in turn controls channel-belt avulsion (Section 

2.2.5). Many studies of basin tectonics have focused on the role of faulting as a primary 

control on channel behaviour. 

Surface expressions of fault activity have strong local effects on river orientation and 

gradient and thus alluvial architecture. Several studies have documented the response of 

channel-belt to gradient changes created by tectonic tilting (Todd and Went, 1991; 

Olsen and Larson, 1993, Peakall et al., 2000). Tilting of a floodplain has been shown to 

result in slow channel-belt migration incision or sudden avulsion in a down-dip 

direction towards the active fault, consequently, altering the style of alluvial architecture 

stacking patterns (Leeder, 1993; Leeder et al., 1996; Peakall, 1998; Peakall et al., 2000). 

Gordon and Heller (1993) demonstrated lithofacies had a marked asymmetry due to 

syntectonic deposition in the Pine Valley, Nevada. Alexander and Leeder (1987) 

established that the primary influence of tectonic activity on floodplain behaviour is 

tilting, varying spatially and temporally. The rate of tilting appears to control the style of 

channel movement, with a threshold between -7.5 x 10-4 and 7.5 x 10"3 radians k yr 1 

separating avulsion or gradual down-dip migration respectively (Peakall et al., 2000), 

which may influence the geometry of the resultant channel deposits (i. e. ribbon versus 

sheet sandstones). Syndepositional faulting can deflect channels around the upthrown 

fault (Groll and Steidtmann, 1987) and the net result of continued tilting may be to 

create a concentration of channel sandbodies close to the axis of maximum subsidence 

(Figure 2.2, Bridge and Leeder, 1979). 
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Figure 2.2. Simulated cross section from Bridge and Leeder (1979) showing increased sandbody 
connectivity to the area of maximum tectonic subsidence. The speckled units represent channel-belt 
sandbodies with the surrounding material representing floodplain deposits. 

Tectonics studies of basin filling mechanisms (e. g. Miall, 1981; Alexander and Leeder, 

1987; Leeder, 1993) indicate that the rate of space creation by tectonic mechanisms will 

control the volume of sediment introduced into the basin and influence the extent to 

which sediments prograde or retreat. Changes in uplift rates of the hinterland may cause 

progradation or retrogradation forming cycles of coarsening and fining-upwards 

sequences in vertical section respectively (Hartley, 1993; Leeder, 1993). Furthermore, 

large rivers (100 km long) may cross several tectonic zones during their course, and 

incorporate complex interaction from eustatic base-level and sediment supply controls. 

These interactions may alter drainage patterns downstream (e. g. Schumm, 1977,1981; 

Miall, 1981) causing superposition of different controlling mechanisms to be reflected 

in the stratigraphic record (e. g. Lawrence et al., 1990; Olsen and Larson, 1993; Cojan, 

1993). The relative impact of various controls acting down the length of the channel 

may modify with distance from the source, for example, the modern day Canterbury 

Rivers, New Zealand (Leckie, 1994, refer to Section 2.2.1). 

Many of the tectonic models (e. g. Bridge and Leeder, 1979; Leeder el al., 1996) focus 

on the two-dimensional channel-belt scale architecture. Also worth noting is that in 

asymmetric half-graben basins, lateral input to the basin may occur as fans draining the 

basin margin form on an active fault scarp. Consequently, alluvial sequences may record 

the interplay between both axial and transverse drainage systems within the sedimentary 

basin (Leeder and Gawthorpe, 1987). 
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2.2.3 Subsidence and aggradation rate 

Subsidence rate has often been considered synonymous with aggradation rate and is 

often controlled by tectonics and to a lesser extent local compaction (Section 2.2.4). 

Aggradation rate is the balance between sediment supply and accommodation space, 

where accommodation space is controlled by tectonics or base-level controls. The 

numerical models of Bridge and Leeder (1979) showed that by increasing the 

subsidence rate with a corresponding increase in the sediment feed, the channel-belt 

sandbody connectivity is reduced (Figure 2.3). This model by Bridge and Leeder (1979) 

has been incorporated into the interpretation of a host of subsequent outcrop studies 

exhibiting contrasting architectural styles (e. g. Kraus and Middleton, 1987; Arche and 

Lopez-Gomez, 1999). These contrasting architectural styles are based on the premise 

that lower subsidence rates form thick, multi-storey, amalgamated channel-belt 

sandbodies with scarce overbank deposits, whilst high subsidence rates are characterised 

by single/isolated or weakly, multistorey, channel-belt sandbodies and the predominance 

of overbank deposits. The decoupling of avulsion frequency from aggradation rate in the 

Bridge and Leeder (1979) model has important ramifications for architectural stacking 

patterns (discussed in Section 2.2.5) and may lead to a re-evaluation of the sequence 

interpretations base of the original Bridge and Leeder (1979) model. Additionally, 

models of Bridge and Leeder (1979) keep the ratio between accommodation space and 

sediment supply rate, termed the capture ratio (Paola, 1988), equal to 1. Deviation from 

this capture ratio of 1 can also dramatically influence the stacking patterns (Dreyer, 

1990, Figure 2.4). Complementary work by Heller and Paola (1996, Figure 2.5) 

suggested that while subsidence rate controlled' the rate at which channel-belt alluvial 

architecture changes in a downstream direction, other controls such as avulsion and 

sedimentation rate dictate whether the stacking patterns become more or less dense 

downstream. 
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Figure 2.3. Simulated cross-sections from experiments by Bridge and Leeder (1979). Vertical 
exaggeration is 25. Mean avulsion period is 445 years in these examples; mean channel-belt aggradation 
rates are (A) 0.02 m year', (B) 0.01 m year"', (C) 0.005 m year'. Note the change in stacking patterns and 
the reduction in connectivity as aggradation rate increases. The speckled units represent channel-belt 
sandbodies with the surrounding material representing floodplain deposits. 
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Figure 2.4. The effect of variation in the sediment supply versus accommodation ratio on sandbody 
interconnectedness (P = palaeochannel axis) (from Dreyer, 1993). Dashed areas represent channel-belt 
sandbodies. 
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Figure 2.5. Model stacking patterns for a fore-tilted basin with local avulsion and slow (left) versus rapid 
(right) subsidence rates. The relation between avulsion frequency and sedimentation rate is 
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Proximal and distal cross-sections are positioned to be equally spaced in both basins, but with proximal 
sections being the same thickness. Sandbody thickness is set by the local sedimentation rate and the 
relationship between avulsion frequency and sedimentation rate. The downstream change in stacking 
pattern is a function of the rate of change of subsidence downstream. The speckled units represent 
channel-belt sandbodies with the surrounding material representing floodplain deposits. (from Heller and 
Paola, 1996). 

Sandbodies have been shown to concentrate close to the basin axis in zones of the 

highest subsidence rates rather than along the basin margins (Bridge and Leeder, 1979; 

Read and Dean, 1982). Therefore, in actively subsiding synclinal basins it may be 

expected that the sandbodies in the centre of the basin should be thinner, less well 

connected and more ribbon-like. Bentham et al. (1993) proposed that the decline in 

subsidence rate away from the basin axis was the controlling factor on aggradation rate, 

with greatest aggradation rates in the areas of maximum subsidence. While these 

conceptual models (e. g. Heller and Paola, 1996) provide a link between several points 

along the length of a basin they fall short of the natural complexity of the system. 

Therefore, there is a need to incorporate other aspects of individual channel sequences 

such as grain size distribution, channel and channel-belt sandbody geometry. 
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Again, many of the conceptual models built to aid our interpretation of alluvial 

architecture focus on the channel-belt scale. However, two notable exceptions are 
Germanoski and Schumm (1993) and Ashworth et al. (1999), who provide particularly 

useful information with regard to aggradation effects on the within channel-belt scale 

channel morphology and resultant depositional architecture. 

Germanoski and Schumm (1993) examined the effects of sediment load, sediment size, 

and channel gradient on braided-river morphology using flume experiments to recreate 

aggradation and degradation effects. Bar-forming processes showed similarities in both 

sand and gravel-bed channels. Aggradation resulted in the development of more braid 

bars and increasing braiding index rather than an increase in the size of pre-existing 
braid bars. In degrading channels, the number of braid bars decreased and the average 
bar size increased due to coalescence of smaller braid bars. Gravel-bed channels were 

more intensely braided than sand bed channels. The gravel-bed channel remained 
braided as the channel degraded with a much slower response time (i. e. more stable) 

than the sand bed channels. The development of new braid bars in aggrading channels 
forced flow to the channel banks and led to an overall increase in total channel-belt 

width. 

This study by Germanoski and Schumm (1993) provides valuable information on impact 

of aggradation and degradation on surface channel morphology, yet the development of 

a full stratigraphic model of within channel-belt architecture requires the inclusion of 

subsequent reworking of the bar and channel deposits. It may be postulated that an 

increase in the aggradation rate will enhance the preservation potential and reduce 

reworking of sedimentary deposits. Ashworth et al. (1999) tested this presumption using 

a combined field and flume study to show that braided alluvial architecture at the 

channel scale is determined by the local, instantaneous aggradation rate related to 

individual flood events rather than long-term regional aggradation. Moreover, when 

aggradation rate was increased by a factor of two, no significant observable change in 

the geometry or frequency of occurrence of fine- or coarse-grained depositional niches 

was identified. This lead to the conclusion that braided alluvial architecture is 

independent of aggradation rate and that the regional aggradation rate may have to 

varied by several orders of magnitude before influencing the alluvial architecture. 
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2.2.4 Compaction 

Compaction of sedimentary deposits occurs as stratigraphy is buried by ensuing 

aggradation, sediment loading and/or structural emplacement, which reduces the vertical 

thickness of the sequences. Compaction causes a steady reduction in porosity as depth of 
burial increases, which is reflected by a reduction in reservoir quality and hydrocarbon 

recovery efficiency. Compaction can influence the alluvial architecture in several ways 
during deposition and subsequent burial of the sediment. 

A range of depth versus porosity/compaction curves have been developed for particular 
lithologies (e. g. Perrier and Quiblier, 1974; Shinn and Robbin, 1983; Baldwin and 

Butler, 1985). The relative difference between the compaction rates of different 

lithologies, often sand and shales, can result in changes in topographic relief on the 

floodplain (Allen, 1978), which can control channel avulsion to topographic lows and 

consequently the stacking patterns (Bridge and Leeder, 1979), and has been termed 

facies-dependent differential compaction (Collier, 1989). Subsequent burial of 

stratigraphy can result in continued facies-dependent compaction causing architectural 
distortion as porosities are reduced by grain sorting and packing (Baldwin, 1971). In 

addition, subsequent burial diagenesis may both enhance and reduce final burial 

porosity. The second component of differential compaction is basement topography- 

induced compaction differential (Collier, 1989), which allows different thicknesses of 

sedimentary deposits to aggrade over a varied basement topography resulting in 

differential loading on the buried sequence at different positions in the basin. Standard 

compaction curves (e. g. Sclater and Christie, 1980; Baldwin and Butler, 1985) assume 

shales undergo significantly more compaction than sands and this can result in an 

increase in the proportion of channel-belt sandstone deposits at greater depths (Bridge 

and Mackey, 1993). However, channel-belt sandbody interconnectedness may not be 

affected by compaction (Leeder, 1978). More recent work on continental sequences (e. g. 

Retallack, 1993; Caudill et al., 1997) established that in continental shales, where 

palaeosol development was evident differential compaction between sands and shales 

may have been negligible (refer to Chapter 3, Section 3.12). Differential compaction is 

often difficult to incorporate into simple backstripping models (Giles et al., 1998) 

especially in sequences with highly heterogeneous sediments. Sediment loading and 

compaction can have significant effects on subsidence (Reynolds et al., 1991) and tend 
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to amplify tectonic controls (Heller and Paola, 1992). Thinning can be attributed to 

compaction alone (Baldwin, 1971) and therefore some assessment of compaction in an 

alluvial sequence must be made in order to use analogue data for subsurface 
interpretation. Additionally, the estimation of channel-belt sandbody widths is 

commonly based on sandbody width versus thickness relationships and failure to 

quantify the effect of burial compaction on the Sandbody thickness will result in a 

reduction in the estimate of sandbody width with increasing burial depth. 

2.2.5 Avulsion and channel migration 

A channel-belt may alter its position on an alluvial plain by three mechanisms: (1) 

vertical incision, (2) migration and asymmetric incision, and (3) avulsion, which result 
in different depositional styles (Figure 2.6). Vertical incision is dealt with in Section 

2.2.6 and not considered further here. Alexander and Leeder (1987) broke down the 

lateral changes in channel position further into: (1) instantaneous downtilt avulsion 

triggered by a single tectonic event, producing sudden hydraulic events in response to a 

seismic event; (2) topographically triggered avulsion; and (3) slow migration of a 

channel-belt by processes of preferential downslope erosion and meander cut-off or 

anabranch abandonment. The division between the occurrence of avulsion and gradual 
downdip migration of the channel-belt is linked to the tilt rate of the floodplain (Peakall 

et al., 2000). Periodic avulsion, rather than sweeping from side to side, is the principal 

mechanism by which rivers deposit laterally extensive sheets of channel-belt sediments 
(Bridge, 1985). The tectonic triggering mechanisms for avulsion and channel-migration 

are discussed in Section 2.2.2, while avulsion processes caused by topography are 

presented here. 
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Figure 2.6. Diagrammatic representation of the avulsion, and vertical and horizontal migration of a 
channel-belt axis. Note the effect of the processes on the amount and distribution of potential reservoir 
sand (from Leeder et al., 1993). 

Avulsion is the abrupt switching and lateral shift of the channel-belt across the 

floodplain and is controlled by factors, including tectonics (Section 2.2.2), flood 

magnitude and frequency, and bank erodability. Avulsion can change the course of a 

short segment of the river or the entire channel-belt (Leeder, 1978) and therefore, has 

implications for both channel-belt and within channel-belt scale architecture. 

Topographically triggered avulsion is driven by superelevation of some part of the 

channel or channel-belt above its surroundings, which occurs as high sedimentation 

rates near the channel decline distally over the floodplain away from the channel margin 

(Bryant et al., 1995). At a critical level of elevation above the floodplain the channel 

avulses in favour of a lower channel position. As sediment supply rate increases the 

channel reaches the critical level of topographic elevation in progressively shorter time 

periods. Consequently, as sediment feed rate increases the likelihood of avulsion also 

increases (Figure 2.7, Bryant et al., 1995). 
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Figure 2.7. (a) avulsion frequency versus sediment-feed rate for four experiments and (b) normalised by 

their values for the lowest feed rate. The fitted line has a power-law exponent of 5.87 showing avulsion 
frequency increases with sediment feed rate (from Bryant et al., 1995). 
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The alluvial architecture models of Allen (1978) and Bridge and Leeder (1979) assume 

avulsion is decoupled from sedimentation rate, an assumption that has subsequently 

been demonstrated as incorrect by the physical modelling work of Bryant et al. (1995). 

However, the nature and timing of avulsion may differ in any particular depositional 

environment and is still poorly understood. Changing the relationship between 

sedimentation rate and avulsion frequency (e. g. Mackey and Bridge, 1995; Bryant et al., 

1995; Heller and Paola, 1996) can produce channel-belt sandbody stacking patterns that 

are both consistent and contradictory to stratigraphic models of Allen (1978) and Bridge 

and Leeder (1979) (compare Figure 2.8 and Figure 2.3). Hence, outcrop studies are 

required to verify the conceptual stratigraphic models of Bryant et al. (1995) in order 

that they may be up-scaled to interpret analogue sequences. 
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Figure 2.8. Relation between channel-belt stacking density and sedimentation rate for three possible 
regimes defined by the exponent B in a power-law relation between avulsion frequency and sedimentation 
rate. Black represent channel-belt sandbodies; dashed pattern represent floodplain deposits. The top panel 
corresponds to a regime in which avulsion frequency is taken to be independent of sedimentation rate. The 
bottom panel is that suggested where an increase in sedimentation rate leads to higher switching rates, 
more effective removal of floodplain fines, and higher density of sandbodies (frone Bryant et al., 1995). 
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Theoretical stratigraphy models such as those produced by Bryant et al. (1995) and 
Heller and Paola (1996) have been concerned with the channel-belt scale architecture 

with limited reference to how the planform and cross-sectional geometry of a channel is 

modified with styles of avulsion. The impact of avulsion frequency at the channel scale 
is often termed anabranch avulsion. The type and rate of avulsion will determine the 

nature of deposition in the abandoned channel. For example, rapid channel plugging can 

create internally massive sandstone bodies, while gradual channel abandonment and 

avulsion causes passive infilling creating a layered fining upwards sequence (Dreyer, 

1990). Leddy et al. (1993) defined three mechanisms of anabranch avulsion in braided 

rivers: (1) choking, (2) constriction, and (3) apex avulsion. Leddy et al. (1993) 

suggested that avulsion deposits may be dominated by coarse sediment plugs that have 

rapidly blocked the channel, which is followed by a more passive fine-grained sediment 
fill in the abandoned channel. The difficulty in verifying these relationships in the field 

stems from the difficulties in access to field areas during avulsion events. 

Kraus and Bown (1993) and Kraus and Wells (1999) showed how palaeosol 
development sequences, termed pedofacies relationships, may be used in determining 

proximity to the channel margin and thus avulsion behaviour, which are particularly 

useful in cored reservoir intervals. The pedofacies relationship relies on the assumption 

that as channels migrate away from a specific location on the floodplain, and over time 

the soils will show an increasing maturity up-sequence in response to lower aggradation 

rates away from the channel margin. Interpretation of these pedofacies relationships may 
be complicated by: (1) locally high aggradation rate caused by the deposition of splays 
halting soil development; (2) composite soils forming in between two active channels; 

and/or (3) subtle changes in topography and water table across the floodplain. Grain size 

can be used in addition to palaeosol analysis to predict proximity to channel sandbodies 
(Guccione, 1993). 
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2.2.6 Incision and scour 

There are two scales of alluvial incision: channel scour and larger scale erosion of 

valleys within the alluvial settings; both mechanisms lead to removal of a time sequence 

of sediment causing entirely unrelated deposits to overlie each other (Leeder and 

Stewart, 1996). Fluvial scour and incision may influence the three-dimensional 

geometry of fluvial sandbodies by creating an increase in local or widespread sandbody 

thickness (Figure 2.9). Valley incision responds to allocyclic controls to include: (1) 

increased discharge and stream power, as a result of climate change; (2) tectonic uplift 

within the mid-stream and upstream portion of the drainage basin; (3) decreased stream 

load as a result of climate change, which may all result in sediment bypass and localised 

unconformities; and (4) base-level changes (Emery and Myers, 1996). Incision caused 

by allocyclic forcing mechanisms creating entrenched valleys is known as extrinsic 

incision (Salter, 1993) and can affect the river system over considerable distances. For 

example, Shanley and McCabe (1993) postulate that sea-level control typically extends 

100-150 km inland from the related shoreline. 
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Figure 2.9. Sketch section normal to regional palaeoflow to illustrate the major alluvial architectural 
effects resulting from a major episode of incision as sectioned relatively close the position of initial base- 
level fall (from Leeder and Stewart, 1996) 

Incision may also be an autocyclic process promoted by constriction and curvature of 

confluences within major channels, termed intrinsic scour (Salter, 1993). Scouring 

promotes downward thickening of the sandbody and increased interconnectedness, 

without net vertical aggradation. Intrinsic scour at channel confluences has the potential 
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to rework large proportions of the channel base creating thick channel deposits (Best 

and Ashworth, 1997). At low aggradation rates sandbody thickness may exceed the 

bankfull depth by 100 % due to scour (Figure 2.10). Fielding and Crane (1987) noted 

that preserved sandbody thickness will often exceed the maximum formative channel 

depth, but attributed this solely to ensuing aggradation. Ultimately, sandbody thickness 

will be controlled by extreme depths while average depths will control internal 

stratification (Salter, 1993). Modification of sandbody thickness by scour can hinder 

application of empirical width/thickness relationships from analogue deposits that 

require an estimation of channel depths. Consequently, measurement of internal 

stratification may be more appropriate for reservoir - outcrop analogue comparisons. 

Interconnectedness of sandbodies is largely due to downward erosion by sandbody bases 

by extrinsic incision, while intrinsic scour becomes more important during relative sea- 

level fall or standstill (Salter, 1993). 
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Figure 2.10. The influence of intrinsic scour: (A) during flood events a river channel may be locally 

scoured to a depth in excess of the average bankfull depth. Later waning of the flood allows the scour pool 
to be partially filled by channel sediment; (B) abandonment of the channel without net aggradation will 
produce a sandbody whose thickness is in excess of original (BF) depth. Thickening of the sandbody in 
this case is purely due to scour. (C) shows the depositional form if the sandbody is abandoned after 
limited aggradation the proportional thickening due to scour will be less important. Note the bankfull 
depth is again a poor measure of Sandbody thickness (from Salter, 1993). 

Recognising the point along a river profile at which external incision due to sea-level 

fall can be distinguished from intrinsic scour is a key to interpretation of the sedimentary 

record. Alexander and Gawthorpe (1993) highlight the difficulty in differentiating 

between allocyclic incision-induced erosion and intrinsic scour erosion produced by a 

newly-avulsed channel. Large-scale extrinsic incision must be recognised as having a 

larger spatial extent than more localised channel scour in the sedimentary record. Best 

and Ashworth (1997) showed that boundaries in ancient alluvial deposits that have 
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previously been assumed to be the result of sea-level drop may be the result of deep 

basal erosion surfaces caused by scour at channel confluences and bends. In order to 

unambiguously define extrinsic incision from intrinsic scour in a fluvial sequence the 

erosive surface should be at least five times the mean channel depth and extend for, 

distances greater than the floodplain width, possibly being traceable between different 

basins (Best and Ashworth, 1997). While sound in theory, in practice correlation of 
incision surfaces is particularly challenging to recognise in well data or scattered 

outcrop exposure. The identification of extrinsic incision has been assisted by the 

recognition of distinct bounding surfaces such as palaeosol horizons, resulting from 

alluvial floodplain abandonment and formation of terraces (e. g. Blum and Valastro, 

1994; Leeder and Stewart, 1996). 

In summary, to recognise incision in the rock record it is therefore necessary to: (1) 

identify incised fluviatile channel sandbodies and their valley margins; (2) make 

correlations with other time equivalent stratigraphical sequences, in order to try and 

establish whether the spatial scale of incision was local, regional or global; and (3) 

determine the causes of local, regional or global base-level changes. 

2.2.7 Grain size, lithology and floodplain sedimentation 

A notable characteristic of many alluvial architecture models (e. g. Bridge and Leeder, 

1979; Mackey and Bridge, 1995; Heller and Paola, 1996) is the almost universal 
inclusion of two very distinct grain size modes, sand/gravel and mud/silt, which in turn 

form channel-belt sandbodies and floodplain deposits respectively. While this tentative 

division of grain size may be applicable to outcrop sequence, for example, the Escanilla 

Formation (Bentham et al., 1993; Dreyer et al., 1993) and the Green River Formation 

(Ryder et al., 1976), many other fluvial drainage systems do not receive this particular 

mixture of fine- and coarse-grained sediments. Proglacial outwash streams are fluvial 

systems that fall into this category and studies such as Ashworth et al. (1999) show a 
bimodal distribution of sand and gravels within the Ashburton River, New Zealand, with 

a pronounced absence of sediment finer than sand grade. Moreover, proglacial rivers in 

New Zealand show significant floodplain development (Reinfelds and Nanson, 1993; 

Warburton et al., 1993), although floodplains are not identified within the subsurface. 
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The supply of fine-grained sediment to the system is linked to climate (Section 2.2.1) 

and the lithology of the hinterland. The presence of a large volume of fine-grained 

material within the fluvial system can affect bank strength and consequently channel 

cross-sectional form and pattern. Increased bank strength can be attributed to a number 

of floodplain characteristics, including vegetation development (Smith, 1976; Marsden, 

1981), clay content (Schumm and Khan, 1972) and duricrust formation (Gibling and 

Rust, 1990), which inhibits lateral channel migration forming deeper narrower channels 

(Huang and Nanson, 1998). Alternatively, any lack of sediment binding during the 

deposition may decrease the cohesion of the channel banks and discourage incision of 

the channels; this is particularly true for the Devonian Old Red Sandstone (Tunbridge, 

1981). 

In summary, channel-belt scale alluvial architectural models (e. g. Bridge and Leeder, 

1979) simplify grain size distributions by using a single division of coarse and fine grain 

sizes to represent channel-belt and floodplain deposits respectively. However, in natural 

systems the shape of grain size distributions varies and therefore deserves more 

attention. The incorporation of grain size characteristics into any depositional model 
first requires a review of the two principal factors influencing grain size distribution at 

any particular point in the basin: (1) the source lithology of any basin has a major 

influence on the observed grain size distribution supplied to the most proximal position 

of the basin (Wolcott, 1988); and (2) the modification of this grain size distribution 

downstream as a result of abrasion, chemical weathering and/or selective sorting. 

Alteration of either the magnitude or sorting of the grain size distribution at any 

particular point on the long profile of the fluvial channel-belt may result in a change in 

channel behaviour and depositional architecture. For example, Parker (1979) predicted 

that a 30 % increase in gravel load, for a given discharge, leads to a 40 % increase in 

channel width and a 25 % reduction in centre depth. Sambrook Smith (1996) proposed 

that when surface sand content in bimodel fluvial bed sediments exceeded 30 % the bed 

changed from behaving as a gravel bed to behaving as a sand bed (based on the work of 

Iseya and Ikeda, 1987). The source lithology will be somewhat consistent in supplying 

the basin with a particular grain size distribution, while subsequent modification of this 

initial distribution is subject to a wider range of controls. It is therefore pertinent to 

review the concepts of downstream fining. 
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2.3 Downstream fining concepts 

Clastic components of braided rivers decrease in size away from the source (Figure 

2. lla) as a result of abrasion, hydraulic sorting and chemical weathering. This 

downstream fining relationship is often broadly incorporated into proximal to distal 

trends in sedimentary facies models (e. g. Kelly and Olsen, 1993, Figure 2.12). While the 

supplied grain size distribution will be determined by the hinterland lithology (Wolcott, 

1988), the nature of downstream fining will be influenced by a range of variables 
including: sediment supply, discharge regime, channel width/depth ratios, channel 

gradient, vegetation, climate and tributary input, which are reviewed in the proceeding 
four sections. 
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terminal fan sequence (from Kelly and Olson, 1993). 
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Downstream fining operates at a variety of scales both in the field (Rice, 1999) and 

flume (Paola et al., 1992), with downstream fining rates showing a large variation in 

diminution coefficients (a), which is defined as the rate of decline in characteristic 

particle size weight per unit distance (Sternberg's, 1875). Diminution coefficients range, 

over several orders of magnitude (e. g. 10'5 to 10.1, Rice, 1999). Downstream fining has 

been observed in rivers exhibiting different channel patterns and examples from braided 

streams include the Squamish River, British Columbia (Brierley and Hickin, 1985) and 

the Sunwapta River, Alberta, Canada, (Dawson, 1988). The early work by Sternberg's 

(1875) saw the development of an exponential model (Equation 2.1) for downstream 

fining caused by abrasion. In many subsequent studies Stemberg's law has been applied 

and it is now common practise to apply exponential curves to datasets to constrain 

downstream fining trends (Figure 2.11). 

W= Woe's` Equation 2.1 

where Wo is the initial weight of a characteristic particle at distance zero, and W is the 

characteristic weight at distance x downstream, a being the `weight reduction 

coefficient' or diminution coefficient. The diminution coefficient (a) using weight has 

been subsequently modified to deal with grain size, rather than weight (Equation 2.2, 

Hoey and Bluck, 1999). 

D= Doe ̀s` Equation 2.2 

where D is some characteristic grain size (Dso or D90), Do is its initial value, and a is the 

diminution coefficient. Equation 2.2 suggests that the rate of clast attrition is 

proportional to clast size. Estimates using Sternberg's Law commonly do not account 

for the magnitude of fining observed in modern streams, with the exception being in 

rivers supplied with differing lithologies (Werritty, 1992; Smith et al., 1994). 

Experimental flume studies with an input of bimodal gravel feed resulted in a gravel 

fining and then production of a gravel to sand transition over 21 m distance (Paola et al., 

1992), with selective deposition being' the dominant process for downstream fining, 

while abrasion was negligible over this distance. Follow up work by Seal et al. (1997) 

suggested basin length is the major control on fining rate. 
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Often river studies use the D50 or D90 grain size values to constrain the downstream 

fining rate for a particular river and whilst these values may yield the gross downstream 

diminution rate, the overall sorting of the distribution may alter along the river course. 
Sediment can become more bimodal downstream as a result of selective sorting 

(Sambrook Smith and Ferguson, 1995). This sorting trend is particularly pronounced at 

the gravel-sand transition, which can occur within a distance of 10 km in large rivers to 

0.2 km in small rivers (Sambrook Smith and Ferguson, 1995). At the gravel-sand 

transition the grain size modes are significantly altered with an increased proportion of 

the sand fraction. Similar gravel-sand transition trends have been observed in both field 

(Shaw and Kellerhals, 1982; Ferguson et al., 1996) and flume studies (Paola et al., 
1992, Sambrook Smith and Ferguson, 1996). Alternatively, a conserv ation of the grain 

size distribution sorting may be recorded downstream (Figure 2.13) associated with 
downstream fining; such a trend has been documented in the Allt Dubhaig River, 

Scotland (Hoey and Bluck, 1999). Consequently, no one trend can be applied to the 

downstream fining models without a full assessment of the controlling variables. 

Grain size (mm) 
14 16 64 256 1024 4096 

20 

a 10 

s 

0 

20 

is 

10 

0 

Distance Dowostctam ' (A) 

-s- 0.221 t 

-+--- 0.791ua 
19 % 

---e- 130 km 

--+- 233 km 

; 

02468 10 12 
Grain size (`I' units) 

Adjusted grain size (mm) 
l4 16 64 256 1024 409, 

Distance Do nsü=m (B 

-. a- 0.22 km I; 

-a- 0.79 km i 

--o--130 km 

-t- 1531m 

02468 10 12 
Adjusted grain size (`I' units) 

Figure 2.13. Active bulk layer grain size distributions from the Alit Dubhaig. (A) Measured grain size 
distributions. (B) Adjusted psi sizes computed by adjusting the mean of all the samples to be the same as 
that at 0.22 km (from Hoey and Bluck, 1999). 

31 



Chapter 2 

2.3.1 Source lithology, grain size and sediment supply rate 

The supply and rate of fining will be dependent on the lithology of the sediment source 

(Wolcott, 1988). Ferguson et al. (1996) noted that as more poorly sorted distributions. 

are introduced to the system, stronger proximal and overall fining occurs downstream. 

The effect of lithology on downstream fining has been addressed by Werritty (1992) and 

Kodama (1994a, b). Kodama's (1994) work on the Watarase River, Japan, suggested 

grain size changes may correlate to differences in the resistance to breakdown and that 

longitudinal changes in composition show selective transport by lithology. Abrasion is 

more influential in a mixed lithology system. Work by Werritty (1992) in a gravel-bed 

river in Southern Poland found a distinct relationship between the downstream fining 

rate and lithology of gravel clasts, concluding that fining rate increased in softer 

limestones, with progressively less fining occurring in granitoids and quartzites 

respectively. 

2.3.2 Tributaries 

During the course of a river, tributaries supply fresh sediment load and water discharge 

to the main channel, which can disrupt the channel-belt downstream fining trend 

(Church and Kellerhals, 1978; Richards, 1982; Rice and Church, 1998; Rice, 1999). 

These tributary inputs may cause local aggradation and channel adjustment, thereby 

producing a more stepped downstream fining trend (Figure 2.11b). The length of 

channel-belt segments between tributary inputs are referred to as links (Rice, 1999) and 

individual links can exhibit individual fining trends. Complex fining trends have been 

isolated and correspond to tributary inputs (e. g. Rice, 1999). Tributary inputs can also 

increase discharge downstream and Ferguson et al. (1996) noted that downstream fining 

develops more rapidly at higher discharge events, although this is often offset by lower 

frequencies of occurrence of higher discharge events. Recognition of tributary inputs in 

the sedimentary record is an extremely difficult task, although sediment provenance 

work may permit identification of some of these inputs (e. g. Hamlin et al., 2000). 
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2.3.3 Downstream channel gradient 

Rapid changes in grain size have been shown to be associated with changes in gradient 
(Rice, 1999) and often a decline in slope is associated with a rapid downstream fining 

followed by an abrupt transition from gravel to sand (Ferguson and Ashworth, 1991). 

Downstream sorting is caused by the concavity of the profile (Ferguson and Ashworth, 

1991). Hoey and Ferguson (1994) report that a strong concavity in the profile forces 

rapid downstream fining, which agrees with Parker's (1991 ab) results from the Red 

Deer River and correlations from Morris and Williams (1999). Fining trends can be 

established in flume experiments where no changes in slope or discharge were imposed 

(Paola et al., 1992). The downstream decrease in channel gradient and increase in the 

sand proportion is consistent with the experimental work by Iseya and Ikeda (1987), 

who showed that once the sand fraction exceeded 30 % of a bimodel fluvial gravel 

distribution the slope needed to transport the sediment was reduced. 

2.3.4 Aggradation and subsidence 

Hoey and Ferguson (1997) state that as aggradation rate decreases (reduced sediment 

supply), the lower the initial concavity, which reduces the sensitivity of fining response, 

leading to a coarsening of the bed and a reduction in downstream fining. This 

conclusion agrees with Robinson and Slingerland (1998) who suggest that subsidence 

rate and sediment supply are the most important controls on downstream fining. Studies 

on the Pocono Formation (Central Appalachian Basin) indicate that the increased slope 

increases the ability to transport coarser sediment (Robinson and Slingerland, 1998). 

When the sediment discharge is reduced better sorting occurs, which enhances 
downstream fining trends. Lower rates of fining in proximal and medial subreaches of 

the Sunwapta River were attributed to lower rates of aggradation and possibly net 

degradation (Dawson, 1988). This theory conflicts with Brierley and Hickin (1985) who 

proposed that the rate of fining increased with the rate of deposition, with highest rates 

observed on rapidly aggrading alluvial fans. However, experimental results indicate that 

there was very little difference in the overall fining pattern during a fourfold change in 

the rate of deposition (Seal et al., 1998). 
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2.4 Discussion and unresolved issues 

Several underlying themes for investigation arise from this review of autocyclic and 

allocyclic controls, which require subsequent clarification. One clear point evident from 

the preceding sections is that no single autocyclic and allocyclic controlling mechanism 

may be responsible for the reaction of rivers and/or be diagnostic for any particular 

stacking pattern. Additionally, two or more different controls may produce the same 

resultant effect on alluvial architecture. For example, a base-level shift or a change in 

tectonic subsidence may both result in a change in the accommodation space, and, 

depending on the relationship of these changes to sediment supply rate, they may 

produce similar or dissimilar stratigraphy. In the same way, the relationship between 

sediment supply rate and avulsion frequency can produce comparable and contrasting 

architectural stacking patterns (cf. Bridge and Leeder, 1979, Figure 2.3; Bryant et al., 

1995, Figure 2.8; Heller and Paola, 1996, Figure 2.5). Figure 2.14 illustrates how fluvial 

sequences that are controlled by high channel migration and low aggradation rate may 

exhibit a similar architectural style to fluvial sequences formed from high avulsion 

frequency and low aggradation rate. 
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Figure 2.14. Example of the sandbody stacking patterns as a function of aggradation rate, lateral channel 
migration and channel-belt avulsion (from Bristow and Best, 1993). 

In the pre-Quaternary record this process of identifying the controlling mechanisms is 

further hindered by the lack of well-constrained climatic data, which is so prevalent in 

the Quaternary. Consequently, the use of palaeosol analysis to establish environmental 

controls on the fluvial system is often employed. While palaeosols have the power to 
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provide a large amount of information about the climate, aggradation rate and hydrology 

of the depositional environment, their interpretation also carries considerable 

uncertainty. The presence and maturity of calcretes has been used to estimate 

aggradation rate (e. g. Leeder, 1975; Allen and Wright, 1989) although Wright (1990), 

argues that many studies of calcrete development are based on the Quaternary and 

therefore estimates of aggradation rate have to be approached with caution. 

Furthermore, assignment of climatic and hydrologic conditions based on palaeosol 

analysis is often difficult. For example, the reddening of palaeosols has been attributed 

to a range of climatic settings (cf. Turner, 1980; Pye, 1983; Dubiel and Smoot, 1994) 

and reddening can also take place by secondary diagenetic processes (e. g. Johnson et al., 

1997). However, with a paucity of laterally correlative marker horizons the use of 

palaeosols can guide interpretation of the depositional environment. Yet, in the absence 

of any other evidence to indicate climatic setting most sedimentary sequences are 

indistinct (Miall, 1996). 

On reflection, the results from the preceding review on allocyclic and autocyclic 

controls on the fluvial system reveal that three main relationships can be established: (1) 

different forcing mechanisms may result in a similar response from the fluvial system; 

(2) identification of controls on the pre-Quaternary fluvial record is often ambiguous; 

and (3) the rate at which the forcing mechanisms are operating may result in 

depositional sequences that are influenced by the same mechanism, but have completely 

contrasting subsurface signatures. Consequently, as controlling mechanisms are case 

specific, as much sedimentological information as possible is required to establish the 

principal controls in any particular sequence. 

Three further issues can be distilled from the former review: (1) many of the alluvial 

architecture models are restricted to two-dimensional slices of cross-stream stratigraphy, 

exceptions are the models of Mackey and Bridge (1995); (2) alluvial architecture models 

focus on the channel-belt scale sandbody architecture; and (3) alluvial architecture 

models assume that the drainage system is supplied by equal proportion of fine-grained 

floodplain and coarse-grained sandstone material, while making no incorporation of the 

differences in initial sediment supply grain size and modification of this grain size 

distribution downstream. 
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To elaborate on the second point, the majority of theoretical and outcrop based models 
for stacking patterns have focused on the channel-belt scale architecture, namely 

channel-belt sandbodies and fine-grained floodplain deposits (e. g. Bridge and Leeder, 

1979; Bryant et al., 1995; Mackey and Bridge, 1995; Heller and Paola, 1996; Leeder et" 

al., 1996). The key to developing comprehensive alluvial architecture models lies n6t 

only with the quantification of the channel-belt scale architecture, but also the 

understanding of the smaller scale within channel-belt scale architecture. Information at 
the within channel-belt scale has often been confined to vertical facies profiles and 

qualitative descriptions of architectural elements. Therefore this individual channel scale 

architecture needs quantification. 

In relation to the third point, much of the work focusing on downstream changes in 

grain size has been concerned with the supply of sediment into a single channel-belt and 
how the grain size distribution responds or causes changes in channel form. An 

appreciation of other allocyclic and autocyclic controls is required before the impact of 

grain size can be isolated on the within channel-belt river response. For example, studies 

of modem rivers (e. g. Goff and Ashmore, 1994) and physical models (e. g. Hoey and 
Sutherland, 1991; Warburton and Davies, 1994) have noted the adjustment in channel 

morphology as a result of changes in sediment supply rate and transport processes. 
Therefore, the following section reviews current understanding of other controls on the 

river response within a single channel-belt. Isolation and quantification of the impact of 

grain size will assist in incorporating downstream facies trends into three-dimensional 

alluvial architecture models. 

The remainder of this chapter is designated to: (1) the analysis and terminology used in 

the recognition of formative channel patterns responsible for the deposition of a 

particular fluvial sequence; (2) the quantification and prediction of sandbody geometry 

and interconnectedness; and (3) the range of techniques used in subsurface reservoir 

evaluation. 
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2.5 Influence of allocyclic and autocyclic controls on within channel-belt river response 

During its course a river may undergo several morphological changes as a result of 

variation in factors such as grain size, discharge and channel gradient. As a consequence 

of these changes in controls a single river can display braided, meandering and straight 

channel pattern characteristics (e. g. Singh et al., 1993, Brierley, 1996; Ferguson and 

Brierley, 1999; Deodhar and Kale, 1999). Many classification systems have been 

developed to distinguish between channel pattern type by identifying characterising 

parameters including: sediment supply rate, discharge, and grain size characteristics that 

include sediment size and sorting (e. g. Figure 2.15, Schumm, 1977,1981; Schumm and 

Brakenridge, 1987; Orton and Reading, 1993). This section discusses the controlling 

factors on channel pattern and the relative importance of grain size on channel pattern 

and the final depositional architecture. 
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Wolman, 1957; Chitale, 1970; Schumm and Khan, 1972; Leeder, 1973; Knighton, 

1998). Channels commonly show an increase in width downstream as a result of 
increased discharge in conjunction with a reduction in grain size, channel depth and 

slope (Shaw and Kellerhals, 1982). In more and terminal fan drainage systems, 

evaporation and infiltration of water discharge along the rivers course can result in a 

decrease in discharge and corresponding reduction in channel size downstream (Newell 

et al., 1999). Additionally, the occurrence of high magnitude flood events can play a 

major role in determining the channel morphology (Gupta, 1983) and channel-belts may 

also respond to accommodate an increasing flood discharge by widening the channel 

(Gupta and Fox, 1974) or increasing the number of channels (e. g. Schumm and Lichty, 

1963; Harvey, 1969; Warburton et al., 1993). Controlled release from a dam on the 

Ohau River, New Zealand showed that as discharge is increased the channels become 

wider and deeper and merge to become a single larger channel (Mosley, 1982). 

Supplementary channels are generated with similar characteristics to those existing at 
lower discharges and the total number of channels at the cross-section remains constant 

(Mosley, 1982). Flood impact can be judged by how well the smaller flows can modify 

the form of the channel in the interflood period. Therefore, an important concept for 

sedimentologists is to determine how this relationship between the flood and interflood 

flows is expressed in the rock record. Discharge regime will also influence the sediment 

supply rate, which can have a major control of channel pattern and response (e. g. 

Germanoski and Schumm, 1993, Section 2.2.3). However, the relationship of grain size 

characteristics is less well understood and is an important avenue to pursue because 

grain size can be measured in both modem and the ancient fluvial systems and may 

therefore, allow direct extrapolation between surface and subsurface. 

Channel classification schemes generalise grain size distributions by portraying them 

often just as suspended, mixed and bed load (Figure 2.15). Yet, within a particular 

channel-belt more subtle changes in downstream grain size may occur (refer to Section 

2.3) within the individual categories of suspended, mixed and bed load, and channel 

response may be less pronounced than a complete channel pattern change and may occur 

as more gradational changes in channel geometry. Several studies have noted changes in 

channel geometry or channel behaviour as a result of distinct changes in grain size (e. g. 

Schumm, 1960; Sambrook Smith, 1996; Whipple et al., 1998). Schumm (1960) 

measured the average grain size on channel banks and found that grain size correlated 
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well with width/depth ratio of channel cross-sections indicating that channels with a 

higher weight percentage of mud had higher bank strengths and subsequently lower 

width/depth ratios. Experimental work by Whipple et al. (1998) complements the 

findings of Schumm (1960). Whipple et al. (1998) suggested that the degree of 

channelisation is dependent on water discharge and grain size, but independent of 

sediment supply rate. Increasing the proportion of fine sediment in the system had the 

effect of progressively enhancing flow channelisation, which was attributed to the onset 

of significant suspended sediment transport and the effective cohesion of the channel 

banks. Bluck (1987) also noted that the control of slope on bar form type was a more 
important determining parameter than grain size. Much of the work on the channel 

response to the impact of grain size is still qualitative and requires isolation and 

quantification from other controls. 

If channel pattern is to be used to provide definition for the assignment of quantitative 
datasets to interpret subsurface sequences, channel pattern must first be recognised in 

the subsurface before characteristic geometrical information can be used for a particular 

channel type. Moreover, whilst controls such as discharge, sediment supply and grain 

size may be investigated in relation to surface morphology and channel pattern, any 

alluvial architecture models based on these controls require the incorporation of 

subsequent reworking of the original form. 

2.6 Relationship of channel pattern to alluvial architecture 

Alluvial architecture models are based largely on vertical lithofacies associations (Miall, 

1977, Collinson, 1978, Figure 2.16). These qualitative models have been developed to 

interpret the depositional environment and, subsequently, geologists have used these 

schemes to develop models for specific fluvial sequences. Application of vertical facies 

schemes often involves adapting them in order to classify the particular sequence being 

studied, leading to a new model for every real-world example (Dott and Bourgeois, 

1983). In order that the lateral variability of sandbodies is captured, often several 

vertical profiles are taken from cored well data, multiple logs at intervals along a single 

outcrop, or several pits dug in a modem river, then general vertical trends are picked out 
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and matched to a particular depositional environment/channel pattern (e. g. Collinson, 

1978, Cant and Walker, 1978; Bentham et al., 1993). 

, It HE. M IIPf I, 

C ý! 1 
.. sae mGC, ., 

i 

; eo. sR 

-, '' 6° 

UIX0.1t hf IFI ". .. .ý Att. nC wPrý I val I9 Al II ! nY. le. ýýru iJ7i 1ht YI'V 

innX 
s�ocrimw.. tvl 

i.. 
`"ýI 

i 

. El 
rtiiMVý 

fNfS 

, 
1F'? - 

'ý 
ý 

chxrieh ýf'rý 
ýý 

wXrtlmý4%! 4 

l 1+Hd 
wedge L 

nwla 

I ctý i dbs flow 
ct vel 

Acta 

f.. . omr.., ký 

ýol I 

ýul, e. ýmuoua :. 
t 

Figure 2.16. Vertical profile models for braided stream deposits (from Miall, 1977). Facies codes are to 
the left of each column. Arrows show small-scale cyclic sequences. 

While vertical facies profiles permit comparison between fluvial sequences and provide 

a first solution to the interpretation of depositional environment, these models are one- 

dimensional. Allen (1983a) investigated the Devonian Brownstones fluvial sequence 

and classified the alluvial architecture based on the definition of a hierarchy of 

essentially two-dimensional bounding surfaces, a method that was adopted and 

developed by Miall (1985) and Wizevich (1993). Miall (1985a) developed the concept 

of architectural element analysis, which involved assigning a two-dimensional shape to 

the facies type (Figure 2.17, Table 2.2). Architectural elements form the basic building 

blocks of all fluvial sequences, although the overall geometry and stacking patterns may 

differ between sequences. Fielding (1993) highlighted the need to adapt the hierarchy of 

architectural elements to the particular sequence being studied, such that outcrop studies 

(e. g. Miall, 1988a, b; Eberth and Miall (1991); Hornung and Aigner, 1999; Klingbeil et 

al., 1999) have adapted this architectural element classification scheme to apply to 

specific fluvial sequences. In an attempt to increase understanding of alluvial 

architecture a number of studies have employed a combination of vertical facies, 

architectural elements, and bounding surface schemes to characterise alluvial 

architecture in a qualitative way (e. g. Cant and Walker, 1978; Allen, 1983a; Bridge and 

Diemer, 1983; Alexander and Gawthorpe, 1993; Cadle and Cairncross, 1993; Steel and 

Thompson, 1983; Willis, 1993a, b; Wizevich, 1993; Willis and Behrensmeyer, 1994). 
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Figure 2.17. The eight basic architectural elements in fluvial deposits (from Miall, 1998a, b). 

Table 2.2. Architectural elements in fluvial deposits (from Miall, 1996). 

Element Symbol Principal Geometry and relationships 
facies 

assemblage 

Clfannels C11 Any Finger, lens or sheet; concave-up erosional 
combination base; scale and shape highly variable; 

internal concave-up 3rd-order erosion 
surfaces common 

Gravel bars and bedforms GB Gm, Gp, Gt Lens, blanket; usually tabular bodies; 
commonly interbedded with SB 

Sandy bedforms SB St, Sp, Sh, SI, Lens, sheet, blanket, wedge, occurs as 
Sr, Se, Ss channel fills, crevasse splays, minor bars 

Downstream-accretion macroform DA St, Sp, Sh, SI, Lens resting on flat or channeled base, 
Sr, Se, Ss with convex-up 3rd-order internal crusion 

surfaces and upper 4th-order bounding surface 

Lateral-accretion macroform LA St, Sp, Sh, SI, Wedge, sheet, lobe; characterized by 
Se, Ss, less internal lateral-accretion 3rd-order surfaces 
commonly Gm. 
Gt, Gp 

Scour hollows HO Gh, Gt, St, SI Scoop-shaped hollow with asymmetric fill 

Sediment gravity flows SG Gmm, Gmg, Lobe, sheet, typically interbedded with G1; 
Gci, Gem 

laminated sand sheet IS Sh, SI; minor Sheet, blanket 
Sp, Sr 

Overbank fines FF Fm, Fl Thin to thick blankets; commonly 
interbedded with SB; may fill abandoned 
channels 

- Faciesdassification from Miall (1978b). ---- ------- --------- ---- 
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Bridge (1985,1993a) has criticised the use of lithofacies and architectural element 

analysis schemes, stressing that individual lithofacies are not mutually exclusive to any 

particular depositional system or process, and suggests that geometric names be used to 

describe architectural elements. Furthermore, the grain size, shape and geometry of 

architectural elements (Miall, 1985) may not necessarily be related to -time. While these 

models are useful to describe general facies trends and links to depositional 

environment, one of the major aims of facies interpretation is to quantitatively predict 

the three-dimensional geometry of architectural elements at the within channel-belt scale 

and sandbodies at the channel-belt scale. Quantitative data at the within channel-belt 

scale is scarce and the difficulty of data acquisition is perhaps why much of the 

geometrical information for alluvial architecture has focussed on the channel-belt scale 

architecture, with some exceptions (Ashworth et al., 1999; Visser and Chessa, 2000a). 

Commonly, the geometries of individual architectural elements within a particular- 

sequence are defined solely by minimum and maximum width and thickness values (e. g. 

Hornung and Aigner, 1999) yet within fluvial systems a hierarchy of channels can exist 

(Williams and Rust, 1969) resulting in a hierarchy of depositional geometries. 

Therefore, quantification of the distribution of individual architectural element 

geometries is required to predict the probability of an architectural element with 

particular geometrical attributes occurring within a defined fluvial sequence. 

Understanding the geometrical distribution of architectural elements allows the 

assignment of lateral dimensions to vertical facies profiles. While geometrical 

information at the channel-belt scale is continually being presented in the literature, the 

information at the within channel-belt scale is slow to follow and here lies the data gap. 

With reservoir simulation models requiring high resolution, spatially intensive 

quantitative datasets at all scales, this within channel-belt architecture is required for 

future reservoir modelling by both petroleum and aquifer engineers. 

While there appears to be a data gap in the quantitative architectural analysis, the 

prediction of channel-belt sandbody geometries now warrants further review. Channel- 

belt Sandbody geometries are often gathered from analogue outcrop studies to aid 

subsurface interpretation over inter-well distances and are often founded on the principle 

that channel patterns in particular depositional environments will create a characteristic 

distribution of sandbody geometries. 
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2.6.1 Prediction of sandbody geometries 

The goal in understanding channel pattern from vertical log profiles lies with the 

prediction of channel and channel-belt sandbody geometries (e. g. Fielding and Crane, 

1987; Dreyer et al., 1993; North and Taylor, 1996; Robinson and McCabe, 1997). 

Traditionally, sandbody geometries have been described as ribbon and sheet sandbodies 

(Figure 2.18) based on a division in width/thickness ratio of 15: 1 (Friend et al., 1979). 
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RIBBON W/H < 15 
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Figure 2.18. Terminology devised by Friend et al. (1979) to describe sandbody geometry based on a 
width/thickness ratio of 15: 1. 

The division of sheet and ribbon sandbodies has often been assigned to specific 

formative chännel patterns (Fielding and Crane, 1987; Figure 2.19). This has led to a 

stereotyping of particular channel patterns to diagnostic channel-belt sandbody 

geometry. Subsequent studies have used these characteristic geometries to interpret 

inter-well alluvial architecture. 
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Figure 2.19. Sandbody types and their relation to channel pattern (from Fielding and Crane, 1987). 
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Several studies have highlighted the potential pitfalls with the approach of assigning 

characteristic sandbody geometries based on an assessment of channel pattern. Brierley 

and Hickin (1991) showed similarity in depositional architecture excavated within 

reaches of meandering, wandering and braided river channels and postulated that river 

planform is not a control on deposited sedimentary sequences, either at the bedform- 

scale facies or the floodplain assemblage scale. Advocates of the non-link between 

channel pattern and vertical facies profiles include Bridge (1985) and Bridge and Tye 

(2000) who indicate that similar vertical profiles can be formed by different allogenic 

and autogenic processes and therefore different channel patterns (Miall, 1996). For 

example, lateral accretion deposits have been used to define point-bar migration and 

interpreted as meandering channels. However, lateral accretion deposits can also be 

formed in braided rivers and consequently, lateral accretion deposits that may have been 

traditionally interpreted as the result of meandering rivers (Bristow, 1987,1993a; Stear, 

1983) may have been the result of braided channel deposition. The use of characteristic 

sandbody geometry is also complicated by the observation in some sequences of a range 

of sedimentary features, which indicate that a combination of channel patterns may have 

coexisted during the deposition of those particular sequences. Consequently, the 

resulting alluvial architecture shows the presence of a large range of sandbody 

geometries within the individual formation (e. g. Dreyer et al., 1993). 

Furthermore, studies such as Jones and Harper (1998) have demonstrated how channel 

avulsion events of point-bar deposits form nodes and intemodes in planform on the 

meandering Rio Grande River, and have resulted in the formation of both wide and 

narrow channel sandbodies in outcrop (Figure 2.20). Peakall et al. (2000) attributed 

changes in channel-belt sandbody geometry to regional-scale tectonic tilting 

mechanisms within meandering rivers (Section 2.2.2). Analogue width and thickness 

cross plot data such as those shown in Figure 2.21 have been used to construct 

predictive models of most likely sandbody width (Figure 2.22). In light of the studies 

such as Jones and Harper (1998) and Peakall et al. (2000), which introduce significant 

uncertainties to the prediction of channel-belt sandbody geometries, the application of 

these models has to be approached with caution. In order to apply sandbody geometries 

to analogue sequences with confidence, geologists must look to evaluate all aspects of 

the alluvial architecture, including: lithofacies, architectural elements, grain size 
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distribution, palaeosol analysis, biostratigraphy, basin type, and-critically-the scale of 

the system. 
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Figure 2.20. Schematic block diagram showing large-scale depositional geometries. (A) Idealised cross- 
section of an internode, showing relative ages (1-oldest, 3-youngest) of channel-point-bar couplets based 
on crosscutting relationships, and coarse-grained point-bar deposits and mostly fine-grained fill in 
abandoned channels. (B) At the larger scale, node-internode geometry can result in swelling and thinning 
of channel deposits in the floodplain. (C) Wide and narrow channel deposits in vertical outcrop (from 
Jones and Harper, 1998). 
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Figure 2.21. Channel depth versus channel-belt width (perpendicular to palaeocurrent) relationships for 
types of modern and ancient fluvial channel deposits showing a large amount of scatter and therefore pose 
great difficulties in the application of general trend lines (from Fielding and Crane, 1987). 
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SANDSTONE BODY THICKNESS 
VS. CHANNEL BELT WIDTH 
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Figure 2.22. Prediction of the most likely channel-belt width from measured thickness data using the 
geometric mean of all the data in Figure 2.21 (from Fielding and Crane, 1987). 

Models such as Figure 2.22 are often used in inter-well reservoir prediction to determine 

the lateral extent of sandbodies based on an assessment of sandbody thickness (e. g. 

Lorenz et al., 1985). So far, sandbodies described in this section have been treated as 
isolated bodies, however, in many sequences sandbodies are stacked. This stacking has 

been the focus of many stratigraphy models (e. g. Bridge and Leeder, 1979; Mackey and 

Bridge, 1995). Misidentification of stacked sandbodies (i. e. basal erosion surfaces, see 

Figure 2.23) and the application of the trend line shown in Figure 2.22, can result in the 

overestimate of depositional sandbody width and inter-well connectivity. Bridge and 

Tye (2000) have attempted to overcome this problem of using full sandbody thickness 

by using cross-set package measurements to predict channel-belt width. Both total 

sandbody thickness (Lorenz et al., 1985) and cross-set thickness (Bridge and Tye, 2000) 

methods used in predictions of channel-belt width do not account for the processes of 

channel-belt migration or stacking, which can result in a final depositional sandbody 

width which is greater than the predicted channel-belt width. Therefore, an assessment 

of forcing mechanisms (allocyclic and autocyclic controls) active during deposition is 

required in addition to field validation of alluvial architecture. Extrapolation of the 

wrong analogue data to any reservoir may result in an underestimate or overestimate of 

the sandbody geometries with dramatic effects on sandbody connectivity. 
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Figure 2.23. Problems of determining depositional width from a measurement of depositional thickness 
are illustrated in vertical log profiles from Bridge and Tye (2000) showing that identification of basal 
erosional surface between the centre and left vertical log profiles may be ambiguous. 

2.7 Sandbody interconnectedness 

Permeability often contrasts strongly between channel-belt sandbodies (reservoir) and 

confining overbank (non-reservoir) deposits (Fogg, 1990). Futherniore, the 

interconnectedness of sandbodies will control fluid flow patterns within the reservoir 

and is paramount to the successful extraction of hydrocarbons. The ratio between the 

reservoir quality and non-reservoir quality rock is expressed as the net-to-gross. Allen's 

(1978) theoretical model shows that if the percentage of overbank fines in a sequence 

was greater than 50 % the sandbodies would be virtually unconnected. Fogg (1986) 

shows sandbodies to be isolated at net-to-gross values of <20 `% and amalgamated at 

>60 %. Further work by Fielding and Crane (1987, Figure 2.24) and Bridge and Mackey 

(1993b) illustrate that channel sandbodies are relatively isolated where the proportion of 

channel facies is < 40 % with connectivity increasing at proportions between 40-75 

%, with values above 75 % being highly connected. The orientation of these sandbodies 

is often not quantified and studies of the Schooner Formation (Mijnssen, 1997) 

suggested channel sandbody orientation to be the primary control on sandbody 

connectivity. Channel-belt sandstone connectivity has been shown to be influenced by 

controls including tectonics (Bridge and Leeder, 1979; Peakall et al, 2000), incision 

(Leeder and Stewart, 1996), avulsion and migration (Leeder et al., 1993; Bryant et al., 
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1995) and cross-section orientation (Mackey and Bridge, 1995). Connectivity estimates 

are often based on two-dimensional slices, commonly perpendicular to the main 

channel-belt direction. Therefore, three-dimensional sandbody connectivity needs to be 

addressed and incorporated in any reservoir study (e. g. Mackey and Bridge, 1995). 

Understanding sandbody geometry and connectedness can assist in the prediction of 

well-penetration success rates (Fielding and Crane, 1987). 
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Figure 2.24. Sandstone body interconnectedness as a function of the net sand fraction of the sequence 
(from Fielding and Crane, 1987). Note that at 0.6 the sandbodies become fully connected. 

2.8 Techniques used to evaluate subsurface alluvial architecture 

A primary objective in reservoir characterisation is the accurate prediction of 

hydrocarbon flow through heterogeneous sediments based on datasets from scattered 

wells (with separation distances in the order of - 0.5 km). In order to evaluate and 

predict reservoir performance accurately, the correlation of reservoir sandbodies 
between wells is required. The application of an appropriate dataset for subsurface 
interpretation is paramount to successful prediction of alluvial architecture. This section 

outlines the range of techniques that are employed to evaluate alluvial architecture. 
Good summaries are also discussed in Bryant and Flint (1993), North (1996) and Bridge 

and Tye (2000). 
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In many reservoir evaluations a stage is reached when a conceptual depositional model 

is developed, and this is effectively a mental image of the depositional environment and 

the deposits under evaluation. The depositional model is re-evaluated and refined during 

the development of the field, as more data become available. This process is subjective, 

but is often necessary to steer geologists to the quantitative datasets required for 

modelling (MacDonald and Holland, 1993). The importance of reservoir re-evaluation 
in alluvial architecture is illustrated in Bridge and Tye (2000) who show a two- 

dimensional correlation of channel sandbodies predicted from numerical modelling 

(Figure 2.25a) and traditional inter-well correlation (Figure 2.25b) for the Travis Peak 

Formation (Tye, 1991). Figure 2.25c displays the re-evaluated channel-belt sandbody 

widths and shows the initial interpretations vastly overestimated sandbody connectivity. 

Traditionally, decisions on reservoir management have been made based on the 

geologist's experience of inter-well alluvial architecture using a variety of techniques to 

correlate units, such as core and well interpretation. In secondary recovery stages there is 

a need for the geologist to gain quantitative data from analogue studies. In addition, as 

reservoir simulation modelling techniques become more sophisticated and can 

incorporate finer scales of detail, there is a growing need for high resolution, spatially- 
intensive geostatistical data on river morphology and alluvial architecture. With this in 

mind, two key shortfalls are drawn out of the current quantitative datasets addressed in 

Section 2.6, these are: (1) geologists often use channel-belt scale width/thickness 

dimensions to provide data on geometries for reservoir engineers and the use of these 

data for reservoir evaluation carries considerable conditions with its application; and (2) 

quantitative datasets on within channel-belt architecture is scarce, but necessary for full 

reservoir evaluation. The techniques discussed in the following sections may aid in their 

solution. 
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Figure 2.25. (A) Two-dimensional stratigraphic simulation of fluvial channel-belts (stippled) in the Travis 
Peak Formation, North Appleby field, East Texas basin (zone I of Tye, 1991; Davies et n!., 1993). (B) 
Wireline logs and channel-belt sandbodies of zone I as originally correlated by Tye (1991). (C) Revised 

well-to-well correlations using same data as in (B), but constrained to recalculated channel-belt widths. 
Note that limiting channel-belt widths decreases sandbody connectivity in two dimensions. (from Bridge 

and Tye, 2000). 
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2.8.1 Well data 

Correlation of inter-well reservoir architecture and interconnectedness requires core data 

and geophysical measurements. The spatial resolution of the correlation technique isý 

often no better than the well spacing and there is more vertical data than horizontal data. 

Correlation across inter-well distances is often based on a reference or marker horizon 

such as biostratigraphy, palaeosols, coal, caliche, tephra, magnetostratigraphy, tuff beds, 

chemostratigraphy or seismic data. Correlation of sandbodies is often based on several 

assumptions: (1) basal erosion surfaces and tops of channel-belt sandbodies are flat; (2) 

sandbodies positioned at the same stratigraphic level must be connected between 

adjacent wells; (3) sandbody width/thickness ratios are closely related to palaeochannel 
depth; and (4) vertical channel deposits indicate the palaeochannel pattern and, hence, 

the geometry of channel-belt sandstone bodies (Bridge and Tye, 2000). Such correlation 

of sandbodies is often founded on interpretation of the depositional setting and 

assignment of an onshore outcrop analogue from which data on geometry, spatial 
distribution and interconnectedness are gathered and applied. This approach requires a 

high degree of certainty and confidence in the analogue selected, and should be founded 

on a thorough comparison between well data (primarily core descriptions) and 
interpretation of the outcrop analogue. 

Geometrical data from core are the foundation for studies regarding depositional 

environment, stratigraphy and reservoir evaluation. There is a lack of core data 

presented in the literature containing quantitative estimates of channel depths and 

sandbody thicknesses. A major challenge therefore is to extrapolate vertical/sub-vertical 

core data to lateral architecture (Lorenz et al., 1985). Core data provides both a vertical 

description of the facies present in the wells and details on petrophysical attributes 

within the well for flow simulations. 

Core data are often sparse and correlation often relies upon calibration with wireline 

well data (Serra, 1987; Rider, 1990; Worthington, 1990, Lovell et al., 1998). Attempts 

have been made to assign idealised wireline log characteristics to determine facies types 

(e. g. Richardson et al., 1987a; Richardson et al., 1987b; North, 1996, Figure 2.26; North 

and Taylor, 1996) in non-cored reservoir intervals. Superposition of channel-belts is 

often difficult to determine from wireline log and core data, and misinterpretation of 
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stacked sandbodies may result in overestimates of channel-belt sandbody width, net-to- 

and connectivity. gross 
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Figure 2.26. Idealised wireline log characteristics for facies analysis in the subsurface (from North, 1996). 

Supplementary techniques, including dip meters (Williams and Soek, 1993), Formation 

MicroScanner (FMS) and other image logs (e. g. Luthi, 1990; Mercadier and Livera, 

1993) can be employed with core data to aid interpretation of depositional sequences. A 

requirement in the application of all the geophysical techniques is that they are 

calibrated with cored intervals. 

2.8.2 Outcrop analogues 

Outcrop analogues have traditionally been used to determine inter-well alluvial 

architecture. The assignment of an onshore outcrop analogue to any subsurface reservoir 
is often determined on an evaluation of the depositional environment based on facies 

descriptions from core and a lithological and/or stratigraphic match with an exposed 

sequence (e. g. Lui et al., 1996; Bridge et al., 2000). The shortcomings of using outcrop 

analogues have been discussed in Geehan (1993), Alexander (1993) and Bridge and 

Tye (2000). Outcrops are rarely so well exposed to allow full quantification of the 

complete hierarchy of architectural geometries in three-dimensions. Outcrops with 

lateral exposure less than the average well spacing can also be difficult to apply to 
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subsurface datasets, since the same problems of predicting the connectivity in wells are 

encountered. Outcrops are also often two-dimensional, although attempts to quantify the 

three-dimensional extent of the channel-belt sandbodies have been performed by drilling 

series of vertical wells behind the outcrop face (Ravenne et al., 1989; Mathieu et al., 

1995). 

Published literature (Table 2.3) commonly detail channel-belt scale geometrical 

attributes of alluvial architecture from outcrop studies, with very few studies reporting 

measurements from either within channel-belt fines or overbank deposits (excluding 

splays). Often measurements have come from sequences where there is a clear 

distinction between overbank deposits and the channel sandbodies such as in the 

Escanilla Formation (Dreyer et al., 1993), the Esplugafreda Formation (Dreyer, 1993) 

and the Chubut Group (Bridge et al., 2000). However, many studies do not give an 

estimate of the accuracy of measurements, nor do they give geometric dimensions with 

reference to the mean palaeocurrent direction. There is also often an inconsistency in 

various facies descriptions when comparing studies, and little consideration is normally 

given to the effect of burial compaction or estimates of burial depth. Few studies in the 

literature provide data on width, length and thickness of sandbodies (Mjos et al., 
1993a, b; North and Taylor, 1996) with the majority only providing two-dimensional 

geometrical data. Additionally, photographic distortion is often ignored when sandbody 

measurements are taken from photomontages, yielding significant errors (cf. Wizevich, 

1991; Arnot et al., 1997). 

53 



Chapter 2 

Table 2.3. Example of the range of quantitative alluvial architectural datasets available from outcrop and 
flume studies. 

Author(s) Date Geological Geological age Depositional Number 
Formation environment of data 

points 
Aitken, J. F., Quirk, D. 1999 Mexborough Rock Westphalian A-C Sandy braided 32 
G., & Guion, P. D. 
Ashworth, P. J., Best, L 1994 Ivishak Formation Triassic/Permian Proglacial braided 2608 
J., Leddy, J. 0., & stream 
Geehan, G. W. 
Ashworth, P. J., Best, L. 1999 Ashburton River gravels Quaternary Proglacial braided 4898 
J., Peakall, J., & stream 
Lorsong, J. A. 
Beer, J. A. & Jordan, T. 1989 Jarillal/Huachipampa/Q Mid-Miocene Ephemeral braided 6 
E. uebreda Fm. 
Collinson, J. 1978 Various N/A Meandering 41 
Cuevas Gozalo, M. C. & 1993 Loranca Basin, Spain Tertiary Meandering/distal fan 63 
Martinius, A. W. 
Davies, D. K., Williams, 1992 Travis Peak Fm. Lower Cretaceous Meandering/Braided 4 
B. P. J. & Vessell, R. K. 
Dreyer, T. 1990 Saltwick Jurassic/Eocene Delta plain channels 37 

FmJAspelintoppen Fm. 
Dreyer, T. 1993 Esplugafreda Fm. Palaeocene Ephemeral stream 119 
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Steel, R., & Cuevas, J. L 
Fielding, C. R. & Crane, 1987 Various N/A Various 115 
R. C. 
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J., & Williams, R. C. 
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R. S., Geehan, G. & Group 
Sheikh, K. A. 
Gibling, M. R. & Rust, 1990 Waddens Cove Pennsylvanian High sinuosity channel 3 
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Hirst, J. P. P. 1991 Huesca System Miocene Fluvial fan 36 
Lorenz, J. C., Heinze, D. 1985 Mesaverda Group Cretaceous Meandering 273 
M., Clark, J. A. & Searls, 

C. A. 
Mjos, R., Walderhaug, 1993 Various N/A Various 16 
0. & Prestholm, E. 
Nami, M. & Leeder, M. 1978 Scalby/ Saltwick Fm. Middle Jurassic Meandering/Braided 
R. 
North, C. P. & Taylor, K 1996 Kayenta Formation Lower Jurassic Ephemeral stream 54 
S. 
Putnam, P. E. 1983 Mannville Group Lower Cretaceous Anastomosing channels 2 
Reynolds, A. D. 1999 Various N/A Various 41 
Robinson, J. R. & 1997 Morrison Fm. Upper Jurassic Sandy braided 129 
McCabe, P. J. 
Stear, W. M. 1983 Lower Beaufort Group Permian Splay 1 
van der Neut, M. & 1999 Wilgerivier Fm. Precambrian Braided 73 
Eriksson, P. G. 
Walderhaug, O. & Mjos, 1991 Scalby/ Saltwick Fm. Middle Jurassic Fluvial/delta plain 75 
R. 
Visser, C. A. & Chessa, 2000 Cutler Formation Upper Permian Fluvial/aeolian 38 
A. G. 
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2.8.3 Modern analogues 

Modern depositional fluvial systems can supplement outcrop studies by providing data 

that cannot easily be obtained from vertical cliff sections, including channel depths and 

widths, braiding patterns and sinuosities. Such information is currently used in reservoir 

modelling software. Studies such as Cant and Walker (1978) have investigated the 

depositional architecture immediately beneath the surface in the South Saskatchewan 

River, Canada. These modem river studies provide surface-to-subsurface links to aid in 

our understanding of the depositional architecture, which can be more difficult to 

establish in ancient outcrop sequences. 

2.8.4 Empirical equations 

Empirical relationships are often based on modem fluvial systems and extrapolations 

made to the subsurface. Empirical equations have been employed to relate 

palaeochannel depth, channel width and channel-belt width (Lorenz et al., 1985) based 

on published formulae (Leopold and Wolman, 1960; Carlston, 1965) first used to 

calculate meander bend amplitudes and then channel-belt width. Estimates of channel 

width and channel-belt width of rivers are subsequently used to predict sandbody 

geometry. For example, by using uncompacted channel-bar deposits (Lorenz et al., 

1985), formative dune height cross-strata (Leclair et al., 1997; Bridge, 1997) and point- 
bar dip angle and channel depth and width (Leeder, 1973), quantitative relationships 
have been derived between mean dune height and flow depth (Yalin, 1964; Allen, 

1970). Misinterpretation of the depositional environment however, may lead to the 

inappropriate application of these formulae to depositional sequences. 
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2.8.5 Ground Penetrating Radar 

Ground Penetrating Radar (GPR) is a non-invasive geophysical technique that can be 

used to constrain the three-dimensional within channel-belt scale architecture of fluvial. 

sequences. The versatility of the GPR technique has been demonstrated in a number of 

studies (e. g. Gawthorpe et al., 1993; Huggenberger, 1993; Aigner et al., 1996; Bridge et 

al., 1995,1998; Aspiron and Aigner, 1999). GPR works on similar principles to seismic 

methods by emitting short pulses of electromagnetic energy which propagate into the 

ground. Some of this energy is reflected back from stratal reflectors of primary 
depositional fabric (e. g. bar foresets) to a receiving antenna. Data are received as two- 

way travel time, which can be used in conjunction with outcrop (e. g. Huggenberger, 

1993) and vibracore (e. g. Bridge et al., 1995) data to calibrate two-way travel time to 

true vertical depth. GPR data are processed and displayed in a similar format to seismic 

reflection techniques. These GPR techniques can allow the three-dimensional 

quantification of architectural elements behind an outcrop face. The limitation of GPR is 

that a choice has to be made between the depth of penetration and the architectural 

resolution gained from the sequence (i. e. resolution depletes at greater depths). 

Therefore, studies of fluvial deposits are often restricted low-level subsurface analysis of 

channel scale architecture (few metres to 10's metres). 

2.8.6 Seismic profiling 

Two-dimensional seismic profiling is commonly used to determine large-scale reservoir 

structure (e. g. 100 m vertical thickness). The resolution of seismic profiling is largely 

determined by the present reservoir depth and cannot therefore be employed in all 

situations. Seismic resolution becomes lower than the studied architecture at greater 

subsurface depth. At depths below several kilometres, resolution is generally no better 

than a few hundred metres and the internal architecture becomes seismically transparent 

(e. g. Mijussen, 1997). Three-dimensional seismic profiling has been used to determine 

the geometries of channel-belt sandbodies, providing information on channel-belt width 

and sinuosity (Weber, 1993; Brown, 1986; Burnett, 1996). To resolve channel 

sandbodies in the subsurface, the thickness generally has to exceed 10 m (Bridge and 

Tye, 2000). Seismic studies do not therefore capture the within channel-belt 
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architectural scale. Seismic techniques also suffer from problems of gas shadows, which 

can alter the seismic impedance and reduce the resolution of the architecture beneath. 

2.8.7 Physical modelling 

Previous physical modelling has focused on planform replication of the fluvial system 

(e. g. Schumm, 1977; Ashmore, 1982). During the early 1990s the construction of 

several experimental basin facilities allowing the preservation of an aggraded sediment 

sequence were developed at the University of Leeds, University of Minnesota and 

University of Utrecht. Aggrading physical models have the advantage of being able to 

recreate stratigraphy under precisely known, repeatable conditions. These have allowed 

the isolation and quantification of controls on the alluvial stratigraphy. Previous 

experiments have focused on the occurrence of fine-grained elements (Ashworth et al., 

1994), influence of lateral titling (Peakall, 1995), aggradation rate (Ashworth et 

al., 1999), and subsidence rate and pattern (Paola, 2000; Stokstad, 2000). The use of 

these physical models may provide insight into the most influential controls on the 

fluvial system. In recent years, the incorporation of aggradation into models has shown 

that physical modelling can not only provide information on the controls on alluvial 

architecture and heterogeneity (e. g. Ashworth et al., 1994; Peakall et al., 1996; 

Ashworth et al., 1999; Paola, 2000, Stokstad, 2000) but can also be calibrated with 

outcrop studies (Ashworth et al., 1999). Additionally, data from scaled models can 

provide the within channel-belt geometrical information (Table 2.3) required to fill the 

current data gap for reservoir simulation techniques. 

2.8.8 Numerical models 

Process-based numerical models have been developed to predict the distribution and 

geometry of channel-belt sandbodies within alluvial successions in two-dimension (e. g. 

Allen, 1978; Leeder, 1978; Bridge and Leeder, 1979) and more recently three- 

dimensions (e. g. Mackey and Bridge, 1995; Webb and Anderson, 1996). Process-based 

models are also used to examine the various allocyclic and autocyclic controls on 
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alluvial architecture and have been employed to interpret outcrop sequences. For 

example, the alluvial stratigraphy model of Bridge and Leeder (1979) has been used to 

interpret fluvial architectural styles in the Green River basin, Wyoming (Shuster and 

Steidtmann, 1987). While these numerical models involve simplification of the input, 

parameters, they still offer a first order solution to the influence of controls on alluvial 

architecture. Models such as those of Bridge and Leeder (1979) were concerned with 

single thread channel-belts traversing an alluvial plain to construct two-dimensional 

stratigraphy. Development of three-dimensional models by Mackey and Bridge (1995) 

reveal that channel-belt proportion, connectedness and width and thickness of 

sandbodies are critically dependant on cross-section orientation and distance from the 

point of avulsion, factors which are not incorporated into two-dimensional models. The 

continual development of these models and the incorporation of factors such as multiple 

channel-belt systems and within channel-belt alluvial architecture is needed in future 

models. 

2.9 Scales of heterogeneity 

Cross (1991) highlights the need to treat and analyse each scale of heterogeneity within 

a reservoir to complement each other. The need to assess heterogeneity and predict 

reservoir performance from individual sandstone packages is clearly vital (Van der 

Graaff and Ealey, 1989). Physical modelling can quantify heterogeneity at the scale of 

the genetic sandbody (>0.001 to 0.5 km), which Van der Graaff and Ealey (1989), 

Lasseter et al. (1986) and Weber (1986) have defined. Physical modelling data may fill 

the gap between petrophysical scale data and channel-belt scale architecture, such as 

those modelled by Allen (1978), Bridge and Leeder (1979), and Mackey and Bridge 

(1995), and the scale of outcrop analogues studies, such as the Escanilla Formation 

(Dreyer et al., 1993). Heterogeneity increases with decreasing scale of facies unit and 

increased mud/shales in the system (Galloway and Sharp, 1998). 

On the smaller scale, features such as openwork deposits (e. g. Anderson et al., 1999) 

have been identified as potential 'thief zones for hydrocarbons and therefore need to be 

considered in any heterogeneity model. Failure to account for the within channel-belt 
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scale heterogeneities, which may form high and low permeability conduits, can result in 

the implementation of management techniques that cause early breakthrough of injected 

water in the reservoir (Weber, 1986). 

Often several techniques will be used in a full appraisal of the subsurface architecture of 

any particular reservoir block. The different techniques described in this chapter provide 
data at different scales of heterogeneity to enhance reservoir understanding and Table 

2.4 summarises where the most appropriate source of analogue data are available. 

Table 2.4. Scales of heterogeneity for consideration of fluvial reservoir performance. 

Scale Example Most appropriate data source 

Field scale 1- 10 km Formation scale 

Reservoir scale 0.1 -1 km Channel-belt complexes 

Genetic sandbody 0.01 - 0.5 km Architectural elements 
scale 

Small scale 0.1 -Im Petrophysical 
properties/sedimentary 
structures 

2.10 Geological reservoir models 

Seismic 

Outcrop analogue, seismic 

Physical modelling experiments and field analogue 
Ground Penetrating Radar 

Physical modelling experiments, well data and outcrops 

Reservoir hydrocarbon geologists and hydrogeologists are linked by common aims and 

consequently common modelling data needs. A large volume of literature now exists 

that addresses the needs of these two disciplines. Comprehensive reviews on 

hydrocarbon approaches to modelling are found in Bryant and Flint (1993) and Yaris 

and Chambers (1994), and for aquifer modelling in Fraser and Davies (1998) and the 

special issue of Sedimentary Geology (1999). 

As subsurface datasets consist of scattered well data, appraisal of any reservoir requires 

the interpretation of the inter-well architecture. Inter-well alluvial architecture may be 

constructed using stochastic modelling techniques (Stanley et al., 1990; Rudkiewicz et 

al., 1990) based on a series of geologically constrained input parameters. Stochastic 

models generate a series of outputs (termed realisations) to complete the inter-well 

information about the reservoir architecture. Each realisation may be different, but 
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outcomes are common in their statistical regularity (Haldorsen and Damsleth, 1990). 

However, these stochastic models must honour the well data and statistical probabilities 

that they are conditioned on (Figure 2.27). 

c 
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(a) CONDITIONING DATA 

(c) INTERWEU BODIES 

A 

Random sand body conflicts with 
A_. 

well and must be dropped or moved 

r 

(d) FINAL RF-ALIZAT7ON 

Sand bodies added until net-to-gross 
ratio reaches desired taroet 

ommmomw 

Figure 2.27. Steps for stochastic simulation of sand channels in a cross-section (From Srivastava, 1994). 

The procedure of reservoir modelling generally uses a two stage approach: (1) the 

construction of a geological model (Static model) based on geologically constrained 

input data from wells and outcrop information; and (2) the incorporation of 

petrophysical information to allow a flow model to be constructed (Dynamic model). 

This reservoir modelling procedure may be accomplished using two general techniques; 

pixel-based and object-based modelling. These two techniques are addressed in the 

following section. 
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1. Pixel-based modelling is the simplest modelling technique and relies on data from 

core plugs on porosity and permeability to populate a particular reservoir block. 

Generally pixel-based modelling requires no information on the depositional 

geometries of the system. Stop data from vertical proportion curves can be used to 

populate the reservoir block with particular values of porosity and permeability data. 

Also particular petrophysical properties can be assigned to sit next to other values. 

This method takes no account of the depositional form and facies relationships to 

build the models, although by default it must incorporate some representation of the 

depositional form, because studies have shown there to be a link between 

petrophysical properties and grain size, and in turn, grain size and facies type (Begg 

et al., 1989; Atkinson et al., 1990; Lui et al., 1996; Eschard et al., 1998; Klinbeil et 

al., 1999; Tye et al., 1999; Vaughan et al., 1999). 

2. Object-based modelling (Deutsch and Wang, 1996, Figure 2.28) is a method 

whereby deterministic data from well-core, seismic lines and geophysical techniques 

are used to condition the stochastic simulation process (Storstad et al, 1999). The 

reservoir volume is populated with objects defined on a set of criteria such as 

width: length: thickness data. Flow cells are given a three-dimensional shape 
(defining volume) and petrophysical characteristics. Assignment of porosity and 

permeability data within objects can be calibrated based on facies-petrophysical 

relationships. The arrangement of objects can be defined using relationships of 

architectural elements to each other, for example, splays are always attached to 

channel margins (cf. Hirst et al., 1993, Figure 2.29). Porosity and permeability data 

can be distributed within objects by pixel-based modelling approaches. These 

models can also incorporate erosional information, allowing one object to erode into 

the surface of another object. Many of these models are used to define the 

heterogeneities on the scale of the channel-belt architecture. The smaller-scale 

within channel-belt architecture is commonly not available for geological modelling. 

The limitations of current computing power often means smaller scale 

heterogeneities used in building a geological model are lost in the averaging and up- 

scaling procedure required to run fluid flow simulations. Studies such as Ashworth 

et al. (1994,1999) have started to gain information on the individual channel-scale 

architecture by measuring the coarse- and fine-grained depositional niches in a 

scaled model of the Ivishak Formation and Ashburton River respectively. 
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Figure 2.28. Vertical proportion curves (solid line) experimental results (black dots), and example section 
through two different object-based models condition on the proportion data (from Deutsch and Wang, 
1996). 

Channel Belt 

Figure 2.29. Geometrical shapes representing fluvial sandstone bodies, which are used in object-based 
modelling: (A) channel-belts, (B) with overbank sandstones, and (C) crevasse channels (from Hirst et a/., 
1993). 

A study by Seifert and Jensen (2000) found that the reservoir modelling outputs from 

pixel- and object-based reservoir modelling approaches for a braided river system were 

different, and a combination of the two approaches proved the most satisfactory in 

recreating braided river deposits. Pixel- and object-based approaches require no input on 

the formative processes to construct a three-dimensional reservoir block, and rely on the 

ability to simulate the subsurface architecture in the form of cells from geological 

examples from reservoir and outcrop studies. The way these cells from pixel- and 

object-based simulations knit together will create a pattern of high and low permeability 
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zones, resulting in the ability of the simulated reservoir to transmit fluids through the 

cells for extraction. 

Validation of reservoir models is paramount and can be achieved by monitoring- 

production curves with those predicted using flow simulation models, or by comparing 

the statistics of the model output (percentage occurrence of facies, geometries and 
interconnectedness) with the original input data. The value of any reservoir model is, 

however, only as good as the input data provided, and in many cases the models are 

conditioned by data from well logs, core and seismic lines, which have restricted 

resolution. 

2.11 The incorporation of petrophysics 

Permeability is the most important quantifiable control in reservoir fluid flow 

simulations and a number of studies assume that the permeability distribution patterns 

are a function of sedimentary facies and depositional processes (see Alexander, 1993; 

Brayshaw et al., 1996 for comprehensive review). Many studies have tried to link the 

petrophysical properties of porosity and permeability to lithofacies types in a number of 

environments, including aeolian sandstones (Chandler et al., 1989), carbonate reservoirs 

(Sahin et al., 1998) and fluvial sandstones. Correlation between fluvial lithofacies and 

petrophysical attributes has been documented in both reservoir wells (Begg et al., 1989; 

Atkinson et al., 1990; Lui et al., 1996; Eschard et al., 1998; Tye et al., 1999; Vaughan et 

al., 1999) and onshore analogues (Ravenne et al., 1987: Dreyer et al., 1990; Jacobsen 

and Rendall, 1991). For example, the South Belridge Field (Miller et al., 1990) shows a 

direct correlation between permeability and grain size. Grain size and sorting are the 

major controls on petrophysical properties (Brayshaw et al., 1996). Therefore, the 

collection of geometrical facies data from analogues can be used to in conjunction with 

petrophysical-facies relationships (e. g. Figure 2.30) for extrapolation to the subsurface. 
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Figure 2.30. Distribution of values of permeability (In K) for sediment samples from various hydrofacies 
in the Quaternary Stoughton gravel deposit (from Anderson et al., 1999) showing the direct link between 
facies type and petrophysical attributes. 

Typically, the needs of reservoir engineers have been difficult to fulfil with qualitative 
facies descriptions and so the usefulness of constructing a depositional model has been 

put into question. In order to provide useful sedimentological information: (1) a 

relationship between facies and petrophysical characteristics must be established; (2) 

facies must be given a three-dimensional shape; and (3) the distribution and frequency 

of occurrence of facies must be quantified. 

To expand on points one and two, full hydrogeological characterisation of a sedimentary 

body must include a detailed description of its three-dimensional internal geometry 
(Webb, 1994). These architectural elements with characteristic petrophysical properties 
have been termed hydrofacies in the aquifer literature (Anderson et al., 1999). This data 

requirement is forcing the development of quantitative facies models (Dominic et al., 

1998) and the quantitative datasets gained from studies are being collected for flow 

simulations (Willis and White, 2000). 

Difficulties in identification of the two- and three-dimensional shape and frequency 

distribution of facies from subsurface and outcrop studies is being combated by the use 
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Difficulties in identification of the two- and three-dimensional shape and frequency 

distribution of facies from subsurface and outcrop studies is being combated by the use 

of geostatistical information techniques such as vertical and horizontal proportion 

curves (Ravenne and Beucher, 1988) and variograms (Davis et al., 1993; Kupferberger, 

and Deutsch, 1999), which allow rapid characterisation of. trends and distributions of 

alluvial architecture. These data are commonly being used to assess facies within a 

reservoir in a quantitative way to provide inputs to geological reservoir models (Davis et 

al., 1993). 

2.12 Up-scaling and dynamic simulation modelling 

Following the construction of a geological model, the reservoir block is exported into a 

flow simulation package to develop a dynamic model. Up-scaling of the three- 

dimensional geological model is carried out to enable flow simulation modelling to be 

performed. This up-scaling procedure involves reducing the geological detail, which 

results in the channel-belt architecture being lost while petrophysical properties are 

averaged within flow cells.. This up-scaling methodology is routinely carried out, 

although there has been limited investigation into the three-dimensional within channel- 

belt architecture influence on flow behaviour. Up-scaling studies show that different 

scale heterogeneities have significant effects on multiphase flow behaviour (Lasseter et 

al., 1986; Mansoori, 1994). Development of heterogeneity modelling software is out- 

pacing the collection of input parameters to test and validate the modelling. As 

computing power increases, the smaller scale heterogeneities will be incorporated into 

models. Once flow cell size is reduced by one or two orders of magnitude (architectural 

element scale) there will be a need for a host of within channel-belt architecture 
information. 
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2.13 Summary 

This chapter has highlighted the following points: 

1. Alluvial architectural trends are the result of a complex combination of allocyclic 

and autocyclic controls that are inherently linked, many of which are often inferred 

from alluvial sequences. Disentangling these controls from outcrop studies is often 
difficult. No single autocyclic and allocyclic controlling mechanism may be 

attributed to the response of rivers and/or be diagnostic for any particular stacking 

pattern. Additionally, two or more controls may produce the same resultant effect. 
The task of ranking autocyclic and allocyclie controls in order of importance for any 

particular fluvial system needs to start with the isolation of individual controls via 

physical or numerical modelling. 
2. Grain size has been identified as a key variable and control on within channel-belt 

and channel-belt alluvial architecture. Alluvial architecture models commonly 

assume that the drainage system is supplied by two distinct grain size populations, 

which form fine-grained floodplain and coarse-grained channel-belt sandstones 
deposits, while making no incorporation of the differences in initial sediment supply 

grain size and modification of this grain size distribution downstream. Additionally, 

while many studies have considered the controls on, and rate of, downstream fining 

in relation to downstream changes in channel pattern and morphology, the link to the 

subsurface has been largely unexplored and requires quantification for realistic 
three-dimensional alluvial architectural models to be constructed. 

3. Field and reservoir studies have established the link between facies type and 

petrophysical properties. Therefore, any downstream changes in the magnitude and 

sorting of grain size distribution may affect the geometry and frequency of 

occurrence of facies, and consequently the petrophysical properties. Hence, without 

a full understanding of architectural element geometries associated with these 

downstream trends, conceptual and quantitative stratigraphic models are limited. 

4. The prediction of subsurface geometrical characteristics from any particular fluvial 

sequence carries considerable prerequisites before application. Sandbody geometry 
is determined by channel pattern, autocyclic and allocyclic controlling mechanisms 

and stacking pattern. As a result, sandbody geometries may vary significantly within 

the same depositional sequence. The prediction of channel-belt sandbody geometries 
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and their distributions requires a full quantitative and qualitative characterisation of 

any reservoir sequence and outcrop analogue study. 
5. A compilation of the literature reveals a paucity of quantitative architectural studies 

and those documented are often limited to two-dimensional outcrop studies at the, 

channel-belt scale. Consequently, alluvial architecture models have focused on the 

channel-belt scale sandbody alluvial architecture. The development of pixel- and 

object-based geological reservoir simulation and flow simulation software is driving 

the need to provide well-constrained quantitative datasets on smaller scale within 

channel-belt architecture. These data may be provided using a variety of techniques 

and the benefits of an integrated approach show how subsurface heterogeneity can 
be more successfully evaluated. 
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Chapter 3. The sedimentology and depositional environment of the Lower Ketch 

Member, Tyne Field, Southern North Sea, UK 

3.1 Synopsis 

This chapter examines core data from the Lower Ketch Member (Westphalian C-D), 

Tyne Field, Southern North Sea, UK. Investigation of alluvial architecture shows a 
depositional sequence comprising of channel-belt sandstones containing subordinate 

amounts of conglomerate (60%) alternating with shales (40%), which have been 

reddened by multiphase oxidation. Sedimentology is discussed and a fourfold sandbody 

classification scheme based on vertical facies profiles is proposed. A depositional model 
is outlined for an aggrading alluvial plain where channel-belt and floodplain deposition 

occurred coevally. Floodplain areas were periodically inundated with floodwaters and 

may have formed ephemeral lakes. The net-to-gross ratio suggests that in parts of the 

reservoir interval the sandbody connectivity is problematic for hydrocarbon extraction. 
The lack of correlative marker horizons make the prediction of channel-belt scale 

sandbody geometries difficult. UK onshore analogues are evaluated and their use for 

providing geometrical data rejected. Finally, a direct correlation between facies type and 

permeability is established, which would permit the incorporation of facies into 

dynamic fluid flow modelling. 

3.2 Introduction 

In recent years there has been renewed interest in the Southern North Sea (SNS) as a 

major gas producing region. In particular the top Carboniferous Barren Red Beds have 

yielded several important gas reservoirs (e. g. Mijnssen, 1997; Stone and Moscariello, 

1999). Description and quantification of inter-well stratigraphy is paramount to 

successful reservoir development strategies of these Barren Red Bed sequences during 

secondary development phases. The Barren Red Beds are seismically transparent 

(Mijnssen, 1997) and, therefore, predicting the alluvial architecture is even more 
difficult. The Barren Red Beds are composed of coarse-grained sandbodies alternating 

with pervasively reddened overbank fines, which correspond to the reservoir rock and 

non-reservoir rock, respectively. Studies such as Besly et al. (1993) have speculated that 

the sandstone bodies of the Ketch Member were mainly deposited as incised valley fills 
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and have a predominantly shoe-string form and poor lateral continuity. More recent 

studies by Mijnssen (1997) and Stone and Moscariello (1999) suggest that sandbodies 

within these red beds represent a combination of incised valley fills and aggrading 
braided channel-belts. Alluvial architectural models (e. g. Bridge and Leeder, 1979; 

Shanley and McCabe, 1993), reviewed in Chapter 2, may predict different stacking 

pattern scenarios for incised valley fills where channels-belts are laterally confined, as 

opposed to rapidly aggrading braided channel-belts, which may avulse and migrate 

across the developing braidplain. Consequently, in order to reliably predict the alluvial 

architecture of the Barren Red Beds, an assessment of the depositional environment is 

required and, critically, channel-belt sandbody geometry needs to be quantified. 

This chapter documents the results gained from the examination of eight well cores 

(total of core length: 909.15', with deviations from the vertical between 0 to 64°, 

Appendix A, Figures Al-8), combined with an extensive literature search on the 

sedimentology and depositional environment of the Westphalian age Tyne reservoir, 
SNS. 

The aims of this investigation are: 

1. To characterise the sedimentology, lithofacies, hydrofacies and sandbody types 

present within the Lower Ketch Member, Tyne Field, Southern North Sea. 

2. To determine a depositional model for the Lower Ketch Member and fit this model 
into the regional palaeogeography for the Southern North Sea region. 

3. To predict sandbody geometry and connectivity to aid interpretation of the inter- 

well alluvial architecture within the Lower Ketch Member reservoir interval. 

4. To evaluate outcomes. of 1-3 to suggest a suitable onshore analogue for the Lower 

Ketch Member. 
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3.3 Background to the Tyne Field 

The Tyne Gas Field is located in Quadrant 44, Block 18, SNS, and lies within the Silver 

Pit Basin north of the Sole Pit inversion (Figure 3.1). The reservoir deposits are late 

Carboniferous in age, Westphalian C-D (-311-305 Ma) within the Schooner Formation. 

The reservoir sequence is composed of thick fluvial sands and conglomerates (60 %) 

alternating with thick- overbank shale zones (40 %). The upper surface of the Tyne 

reservoir zone is bounded by an unconformity beneath the Permian Rotliegend Group 

(Silver Pit Formation). The Basal Permian Silver Pit shales provide a regional top seal. 

The underlying coal measures provide the source rock for the reservoir. The Schooner 

Formation is dominated by red beds that are informally divided into the Upper and 
Lower Ketch Member (Cameron, 1993). The principal reservoir zone is the Lower 

Ketch Member with a maximum thickness of 150 m at a depth oft 3700 m true vertical 

distance (tvdss). The Upper Ketch Member provides an additional reservoir unit in the 

North Tyne, although this is not the focus in this thesis. The Upper Ketch sands are 

thinner than those found in the Lower Ketch interval (Collinson and Jones, 1997) and 

the sequence has a lower net-to-gross than the Lower Ketch Member. The higher shale 

proportion results in the Upper Ketch acting as seal horizon rather than a reservoir 
horizon. The contact between the Lower and Upper Ketch Members can be observed in 

well 44/18a-5, core depth 12526.8' (Appendix A, Figure A8). 

70 



Chapter 3 

S4 }; 

ý47A 

ti4 i,. 

C ?d 

Key Knu ee 

- !- Fault 

------ Gas-water contact 

"""-"- Truncation line 

44;: a-r2 Development Well number 

Figure 3.1. Location of the Tyne Field, Southern North Sea, showing the three main gas accumulations at 
the top Lower Ketch depth map (modified from Cooper, 1995). 
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3.3.1 Lithostratigraphic nomenclature of the UK Southern North Sea 

A comprehensive nomenclature scheme has been constructed for the North Sea 

(Cameron, 1993) to provide a lithostratigraphic framework to facilitate stratigraphic 

correlation and inter-well interpretation across fields. The Lower Ketch Member is part 

of the Schooner Formation, which forms the top part of the Conybeare Group, and 

which also comprises the Caister Coal Formation and the Lower Westoe Coal 

Formation (Figure 3.2). In some parts of the Silver Pit Basin the Conybeare Group is 

more than 1500 m thick. Seismic and biostratigraphic data highlight an unconformity 

overlaying the Westphalian B aged Westoe Coal Formation, corresponding to high 

energy coarse-grained sediments that have been deposited over a flat lying deltaic plain 

environment. The Schooner Formation is a composite of sandy coal measures of deltaic 

origin (e. g. Fielding, 1984,1986) and overlying primary red beds of Westphalian C age. 

These changes in facies resulted from a gradual elevation in land surface providing 
better drainage conditions. 

The Schooner Formation is described as having alternating niudstone's and channel-fill 

sandstones. Deposits have been previously named the `Barren Red Beds' (Rhys, 1974), 

`Barren Red Measures' (Leeder and Hardman, 1990), and `Barren Red Group' (Besly, 

1990). The Ketch Member has a maximum thickness of 550 m in the Silver Pit Basin 

area. The Lower and Upper Ketch Members of the Tyne Field correlate with onshore 

UK stratigraphic analogues of the Etruria (Belly, 1988; Glover et al., 1993) and Keele 

Formations of Central England (Besly et al., 1993) respectively. The Etruria and Keele 

Formations exhibit different facies trends to those observed in the Lower and Upper 

Ketch Members (cf. Besly and Turner, 1983). This is discussed further in Section 3.13. 

Westphalian strata were gently folded, faulted and variably eroded prior to the 

deposition of overlying Lower Permian desert sediments.. 
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Figure 3.2. Stratigraphic nomenclature of the Southern North Sea and location of the Tyne reservoir 
interval (modified from Cooper, 1995). 

3.3.2 Seismic, chemostratigraphic and biostratigraphic subdivision of the Tvne Field 

The Barren Red Bed reservoir zones of the SNS are noted for being seismically 

transparent (Mijnssen, 1997, Stone and Moscariello, 1999). The resolution of seismic 

data is limited to the definition of unconformities at the top and base of the reservoir and 

not the internal sandbody architecture. Consequently, alternative methods have been 

previously employed to refine the resolution of the internal architecture of the reservoir 

interval. Chemostratigraphy has been used to subdivide the Barren Red Beds both 

onshore (Pearce et al. 1999) and offshore (Stone and Moscariello, 1999; Pearce, 1995). 

Reservoir subdivisions are restricted to the base of the Upper Ketch Member and the T- 

horizon, which is the transitional zone from the higher net-to-gross Lower Ketch 

interval to the low net-to-gross Upper Ketch Member. Additionally, the continental 

deposits of the Ketch Member are devoid of marine marker horizons, which enhances 

difficulties in chronological correlation. Palynological analysis on well cores from 

44/18 - T1 (Mclean, 1996) 
, revealed that preservation of palynomorph samples was 
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barren to poor, particularly in the grey coarse to very coarse sandstones, which are 

traditionally viewed as unsuitable for palynology. Organic maceral recovery within 

samples from core 44/18-1 is very poor. Organic material has been destroyed by the 

oxidising conditions prevailing at time of deposition (Lake, 1992) and therefore, 

biostratigraphic control on the Lower Ketch sequence is scarce. 

In summary, although broad subdivisions can be defined within the Tyne reservoir 

using the methods outlined above, the definition of channel-belt sandbody scale 

depositional architecture is limited. Therefore, comparison of core data with outcrop 

analogue sequences may be more appropriate. 

3.4 Regional geological setting 

In the late Devonian and early Carboniferous the broadly east-west convergence of 

Laurussia and Gondwana (Leeder, 1988a, 1988b) caused northerly subduction of the 

oceanic crust and the onset of an extensional regime, which created the Variscan 

mountains and developed the Western European Carboniferous Basin (WECB) (Figure 

3.3a). The WECB extended in an east-west trending zone from Germany across Europe 

to Ireland. At this time much of Britain and the North Sea were lying in a paralic 

sedimentary environment (Ziegler, 1990; Evans et al., 1992). The Southern North Sea 

area developed into a broad back arc-region (Hollywood and Whorlow, 1993) within 

this extensional regime and extensional faulting occurred. This back-arc extension had 

largely ceased by the Westphalian B and had been replaced by thermal subsidence. 

Thermal subsidence is thought to have produced a more uniform subsidence pattern and 

consequently more a uniform distribution of sediment thickness in the Westphalian 

(Leeder, 1987; Leeder, 1988, Leeder and Hardman, 1990; Maynard et al., 1997). With 

continued northward advancement of the of the Variscan mountain front, the tectonic 

regime changed from a passive thermal subsidence to one of compressional tectonics, 

causing the formation of a flexural foreland basin, and leading to the closure of the 

Rheic Ocean (Besly, 1990). Consequently, the SNS basin had a restricted inflow of 

ocean water (Quirk and Aitken, 1997) with depocenters that were controlled by earlier 

Carboniferous rift faults (Leeder and Hardman, 1990). From mid-Westphalian B, 

compressional tectonics continued to dominate the patterns of sedimentation, causing 

increased folding and faulting, which elevated the land surface and created a regional 
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unconformity in the late Westphalian C and D. During the Westphalian C sedimentary 

facies changed from coal-bearing delta plain to alluvial plain environments (Hollywood 

and Whorlow, 1993) with associated red bed formation. Fluvial systems expanded and 

migrated south during the Westphalian C and D and increasingly dominated the basin 

fill sequences (Leeder, 1988). The SNS basin was bounded by Pennine uplift to the 

west, the Mid-North Sea High (MNSH) to the north and the London-Brabant Platform 

to the south (Glennie and Boegner, 1981). Major river systems from the northern 
Laurentian-Fenno-Scandian High provided the main source of sediment supply to the 

SNS basin (Cowen, 1989; Leeder et al., 1990; Besly et al., 1993; Collinson et al., 1993; 

Quirk, 1993) with additional supplies from the Anglo-Brabant Massif to the southeast 

and the Variscan Mountains in the south (Leeder et al., 1990; Besly et al., 1993; 

Collinson et al., 1993; Quirk, 1993). Mijnssen (1997) identified that channel 

orientations within the Schooner Formation were predominantly NE-SW with some SE- 

NW and much of the sand delivered to the basin was from the north. Additional sand 

deposited within the SNS basin resulted from intra-basinal reworking by the erosion of 

growth folds (Leeder and Hardman, 1990). 

Deposition in the SNS basin resulted in Westphalian sandstone strata thinning to the 

south and disappearing south of latitude 54°45' (Collinson and Jones, 1997) where 

zones became dominated by lacustrine sedimentation. Fluvial sandstones reappear 

further south near to the Variscan front as a result of southerly supplied fluvial systems. 

The Tyne Field gas accumulations lie between latitudes of 54°25' - 54°30' (Figure 3.1) 

and are therefore situated in the area dominated by lacustrine sediments. Collinson and 

Jones (1997) documented a decrease in sandbody size from north to south. Basin 

inversion during the final stages of the Variscan deformation caused a gradual elevation 

in the area causing subaerial exposure and subsequent erosion before burial beneath the 

base Permian sediments. During the late Westphalian to early Permian the foreland 

basin was subjected to the Saalian rifting event, which led to the formation of E-W and 

NW-SE normal faults that tilted and offset Westphalian strata. This active faulting 

during the end of Westphalian C/D may have resulted in local uplift and subaerial 

exposure of the Lower Ketch and Westoe Coals Formation associated with the Variscan 

Orogeny, which were eroded and redeposited in the Upper Ketch (Cooper and 

Merryweather, 1994). South of latitude 54°, Westphalian strata thicken, caused by post- 

depositional unroofing during erosion in the base Permian (Quirk and Aitken, 1997). 
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While facies patterns of onshore late carboniferous red beds show strong tectonic 

control (Besly, 1988), the influence offshore is more ambiguous. The Westphalian strata 

are uniform and were not affected by syn-depositional faulting and folding (Quirk and 
Aitken, 1997). Syn-depositional fault activity affected facies distribution in a subtle way, 

and therefore, evidence of syn-depositional faulting within the area of the Tyne Field 

may be difficult to quantify and over few kilometre distances may be negligible. 
However, the relationship between faulting and sediment distribution requires more 
investigation when considering the regional facies distributions. The quality of seismic 

within the Carboniferous is variable and much of the timing of the faulting and folding 

is poorly constrained. In addition to this, post-depositional uplift and erosion has caused 
the removal of the Westphalian sediments creating difficulties in regional correlation. In 

summary, while uncertainties lie with the syn-sedimentary impact on sediment 

accumulation, it is recognised that tectonics can have a significant affect on alluvial 

architecture (see Chapter 2) and therefore, future studies must attempt to improve the 

understanding on the tectonic-sedimentation relationships in the SNS basin. 

4.4.1 Regional palaeoclimate 

The British Isles and offshore UK situated north of the Hercynian orogenic belt lay at an 

equatorial to sub-equatorial latitude during the Carboniferous. Towards the end of the 

Carboniferous there was a change in climate associated with a general drying trend. The 

removal of the low-latitude moisture source changed rainfall patterns to a more seasonal 
(monsoonal) regime (Rowley et al., 1985). Rainfall would have been concentrated along 
the coastlines of Tethys and western high mid latitudes. Patterns would produce climatic 

zones that were more parallel to the continental outline (Francis, 1994), creating 

unsteady discharge patterns with flood events that were able to carry coarse sediment in 

channels and induce overbank flooding and splays. Although climate was drying out 

and becoming more and (Hedemann and Teichmuller, 1971) in the Westphalian D, 

vegetation was still present on the land surface (Quirk, 1997). Changes in flocdplain 

flora may have resulted from changes in the late Carboniferous climate. In Euroamerica, 

a change from lycopod dominated to tree-fern dominated floras were related to a drying 

phase at the Westphalian/Stephanian boundary (Francis, 1994). Often vegetation was 
limited to Calamites and only incipient soils formed before burial curtailed soil 
development. Changes in vegetation may have controlled channel stability of the fluvial 
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drainage system. During late Westphalian C-D times basin infill was predominantly 

non-marine and saw the expansion of alluvial plain deposition resulting from a 

progressive southward migration of an and climate belt. This climate shift led to an 
improvement in drainage conditions and the establishment of an alluvial plain in place 

of the former waterlogged plains of the underlying Westoe Coals deposits (Lopez- 

Gamundi et al., 1993). Red beds acquired their pigmentation by syn-depositional 

oxidation of the alluvial overbank deposits in relatively well-drained soil profiles. Long- 

term climate variations created a fluctuating groundwater table, causing the oxidation Of 

sediments close to the surface (Besly and Turner, 1983). The SNS basin was situated in 

the rain shadow of the Hercynian mountains (Besly, 1988), causing extreme aridity in 

the lee of these mountains (Glennie, 1983). However, the main sediment source area, 

which was several 100 km to the north, would have remained relatively unaffected by 

climate change during the late Carboniferous (Quirk, 1997). In summation, a general 
drying trend is evident throughout the late Westphalian and early Permian, which was 

punctuated by smaller scale climate fluctuation. These smaller scale climate fluctuations 

may have influenced the alluvial architecture of Lower Ketch Member. 
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3.4.1 The Silver Pit Basin 

The Tyne Field is located within the Silver Pit Basin. The Silver Pit Basin is located in 

the northern part of the SNS Gas Basin (Figure 3.3b) and is separated from the Sole Pit 

Basin to the south by the Outer Silver Pit Fault (Bailey et a!., 1993). The Tyne reservoir 

is divided on the basis of the occurrence of three separate gas accumulations: Tyne 

North, Tyne South and Tyne West (Figure 3.1). Two main post-depositional fault 

trends are found in the basin: E-W and NNW-SSE. The convergence of these trends 

forms the structural trapping mechanism for each of the three gas accumulations 

(Cooper, 1995), compartmentalising the reservoir (Figure 3.4). Average structural dip of 

bedding planes show beds are inclined in a general trend to the NNE to F orientation 

with dips ranging from 4° to 16°. 
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Figure 3.4. Structural cross-section based on a 3-1) random track Tyne South-Tyne North of the Southern 
North Sea Upper Carboniferous deposits. Note: the main reservoir target of the 'T'yne reservoir interval is 
the Lower Ketch Member (modified from Cooper, 1995). 

Lower and Upper Ketch Members are progressively truncated by the Base Permian 

unconfonnity. This progressive truncation has caused the Upper Ketch Member to he 

completely removed from the crest of the Tyne North Structure. In the 'T'yne North the 

Silver Pit Formation and Upper Ketch Member act as top seals for the Lower Ketch 

reservoir. A wedge of Upper Ketch shales beneath the Permian sequence forms the 

stratigraphic sealing of the Tyne West and Tyne South. Removal of parts of the Lower 

Ketch Member in the north results in a progressive, structurally controlled, thickening 

of the interval to the south (Figure 3.5). The post-depositional structural control oii the 

Tyne Field is not the focus for this thesis and is not discussed further. 
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Figure 3.5. Lower Ketch Member reservoir thickness from north to south of the Tyne Field, SNS. Note 
that the wells have been corrected for deviation, but not structural effects such as faulting, folding or 
unconformities. A general increase in reservoir thickness to the south is observed as late Carboniferous 
unroofing occurred leading to a truncation of the Schooner Formation to the north. 

3.5 Data base 

Offshore data for the Tyne Field, Quadrant 44/18 were made available by ARCO British 

Ltd. The datasets comprised: 

9 Core data from eight wells (Table 3.1) (total core length 909.15') were provided as 
2-3" diameter slabbed cores and set in epoxy resin. Core data available from each 

well varied from 36.3 ft to 161.2 ft and formed the primary data for facies analysis. 
Cored intervals were biased towards coarse-grained reservoir quality rock. Cored 

intervals in adjacent wells were not confined to equivalent horizons making lateral 

correlation difficult. 

" 28 thin sections sampled from core plugs and used for grain size analysis. 

9 Eight wireline well completion logs (for the wells shown in Table 3.1) were used to 

gain quantitative net-to-gross data on the entire reservoir interval. 

9 Biostratigraphic (Mclean, 1996) and Palynological (Lake, 1992) reports were used 

to assist palaeoenvironmental reconstruction. 

" In-house development project report was used to provide background information. 
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Table 3.1. Well cores from the Tyne Field used in the analysis of the Lower Ketch Member reservoir 
interval. 

Well 
Number 

Core 
number 

Core depth 
(decimal feet) 

Total core 
length 

(decimal feet) 

Well deviation 
(degrees) 

Gas 
accumulation 

44/18 -TI 2 14582.00 - 14630.90 48.90 28 Tyne South 
3 14630.90 - 14706.00 75.1 

44/18 -1 1 12393.00 - 12408.90 15.9 4 Tyne South 
2 12409.00 - 12427.20 18.2 
3 12427.00 - 12429.20 2.2 

44/18-T2 1 13236.00 - 13297.00 61 24 Tyne West 
2 13297.00 - 13306.50. 9.5 
3 13306.50 - 13397.20 90.7 

44/18 -2z 1 12892.00 - 12909.00 17 45 Tyne North 
2 12911.00 - 12926.10 15.1 
3 12939.00 - 13000.15 61.5 
4 13249.00 -13265.00 16 

44/18-T3A 1 21154.00 - 21215.50 61.5 64 Tyne North 
2 21223.00 - 21256.50 33.5 

44/18 -4A 1 12208.00 - 12284.00 76 4 Tyne North 
2 12288.00 - 12341.85 53.85 
3 12342.00 - 12374.20 32.2 
4 13172.00 - 13232.10 60.1 

44/18a-5 1 12455.00 - 12566.00 111 0 Tyne West 

44/18a-T5 2 18058.00 - 18142.50 84.5 54 Tyne North 
3 18148.00 -18173.50 25.5 
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3.6 Facies analysis from core 

Lithofacies are divided into two distinct members: (1) a coarse-grained member 

comprising sandstones containing pebbles and a small percentage of conglomerates, and 
(2) a fine-grained member comprising pervasively reddened muds and silts, forming the 

reservoir and non-reservoir rock respectively, with a mean net-to-gross of 60 % (Figure 

3.6). Nine lithofacies units have been identified in the well cores (Appendix A, Figures 

Al-A8) from the Lower Ketch Member (Table 3.2, Figure 3.7). Lithofacies units have 

been given facies codes based on a classification scheme modified from that developed 

by Miall (1977,1978), to allow comparison with analogue deposits. 

100 1 North South 
80 

60 
C7 
6 40 

Z 20 

0iT 

Well Number 

Figure 3.6. Random track plot showing the variation in Net-to-Gross of the Lower Ketch Reservoir 
interval from north to south of the Tyne Field calculated from well data. 

Analysis of the coarse-grained fraction of the Lower Ketch Member in the cored 

interval reveals a series of stacked sandstones and conglomerate facies (codes GC, PS, 

SS), which exhibit random interbedding of trough and tabular cross-bed sets over 

centimetre scale, often showing reactivation surfaces, local scour and diffuse pebble 

horizons. Large grain size variation and lenses of bedload sediment (bedded and 

massive) are common. A systematic change in grain size is only evident at the top of 
individual sandbodies where fining occurs, which is associated with channel-belt 

abandonment. The development of lateral accretion deposits that are characteristic of 

point-bar migration were not noted. The previous description has led to the assignment 

of a braided channel-belt model with the development of extensive fine-grained 

floodplains (Table 3.2). However, there still lies considerable uncertainties associated 

with the identification of distinct channel types from vertical core data (Chapter 2) and 

studies such as Bridge and Gable (1993) showed that deposits of lateral and point-bars 

do not differ substantially from those of migrating bars. 
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Chapter 3 

Figure 3.7. Examples of facies types observed within the cored intervals of the Lower Ketch Member, 
Tyne Field, SNS. Facies codes are shown on core (for full facies description refer to Table 3.2). Note: All 
cores are 3 inches in diameter and some are deviated. Dashed lines represent basal sandbody contact. 
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3.7 Vertical facies associations and sandbodv tvves 

The term 'sandbody' in this thesis is used todescribe all coarse-grained bodies (> sand 

grade), which may include conglomerate facies. Initial observations from well cores 

show that the channel deposits exhibit a low degree of vertical connectivity and 

channel-belt sandbody widths that are generally narrower than well spacing. This 

section describes the vertical facies associations within the coarse-grained fraction and 

categorises them into four sandbody types: (A) channel conglomerate-sandstones, (B) 

channel sandstones, (C) crevasse splay lobes sandstones, and (D) composite sandstones, 

shown in Figures 3.8a-d and based on log profiles described in Table 3.3. Sandbody 

types within the Lower Ketch Member have been compared to examples from published 

literature studies (Table 3.3). Some concern over the use of vertical facies profiles has 

been expressed by Bridge (1993), but with the analysis restricted to one-dimensional 

core, vertical facies profiles still provide valuable datasets for comparisons to analogue 

outcrops. 

General sandbody characteristics include a sharp and erosional base, often overlain by 

basal channel lag deposits of quartzite dominated clasts, above which the sandbody 

often fines upwards. The percentage occurrence of each sandbody type observed in the 

cored intervals is displayed in Figure 3.9. These data may be useful in populating 

reservoir simulation models with the correct proportions of sandbody types. 

The shortfalls of using vertical facies profiles to predict channel patterns and 

subsequently, sandbody width were outlined in Chapter 2. However, application of 

outcrop analogue data to predict alluvial architecture and sandbody geometries must 
first start with a good facies match. Comparison of two-dimensional sandbody 

geometries from the literature and outcrop sequences would allow a more precise 

sandbody classification scheme to be developed (Chapter 4). 
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Figure 3.8. Characteristic vertical profiles through the three sandbody types (A-C) observed within cores 
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of sandbody types A-C forming a composite sandbody profile. 
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Chapter 3 

Table 3.3. Description of sandbody types found within the Lower Ketch Member based on vertical 
lithofacies associations. 
Sandbody Type Vertical facies Description 

associations 
Interpretation Comparison with 

literature 

A GC, PS, SS Thick single / multistorey Mixed bedload braided Sandbody a, Figure 12 
(Conglomerates sandbodies comprising parallel and river system where (Smith, 1990) within 
and sandbstones) planar/trough cross-bedded dune and bar formation the deposits of the 
(Figure 3.7a). sandstones, pebbly sandstones and co-existed. Small fining Triassic Budleigh 

conglomerates. Sandbodies upwards sequences may Salterton Pebble Beds. 
comprise a series of stacked fining indicate lateral 
upward units that are often 
incorporated into a larger fining 
upward trend. Single facies units 
consist of a gravel conglomerate 
basal unit with some interbedded 
pebbly sandstone and sandstone 
beds, and thick trough cross- 
bedded unit grading into overbank 
fine sands and silts. Occasionally 
these sandbodies contain siltstone 
channel plug deposits resulting 
from passive channel filling events. 

B (Sandstones) 
(Figure 3.7b) 

C (Splays) 
(Figure 3.7c) 

PS, SS Thick trough cross-bedded and 
parallel bedded sandstones and 
pebbly sands bodies that contain 
very little gravel grade sediment 
Sandstones are well-sorted and 
fine-up gradually from a sharp 
basal contact and may have a sheet 
or ribbon two-dimensional form. 

FS, SSrc Thin fine-medium grained finely 
laminated sandstone units that are 
conformable with the under and 
overlying floodplain deposits, 
although sometime exhibit a sharp 
basal contact. Stacking within 
sands is defined by thin fining 
upwards units within the overbank 
deposits. Deposits exhibit some 
wavy bedding and current ripples, 
and can also contain rip-up clasts. 
Occasional coarsening upwards is 
exhibited. 

D (Amalgamated GC, PS, SS, FS, 
sandbodies) SSrc 

Composite sandbodies, which in 
their entirety may be composed of 
a stacked sequence comprising of a 
number of the sandbodies 
described above (A-C). For 
example in well 44/18a-T5 
between 18112' and 18058' the 
sandstones exhibit a stacking of a 
sheet conglomerate on top of a 
trough cross-bedded sandstone 
units. 

accretion suggesting 
high sinuousity 
channels were also 
present, although may 
have existed within 
braided channel-belts. 

Sandy braided channel 
system characterised by 
dune and sandy bar 
migration within the 
channels. 

Lateral extent of these 
units are unclear, but 
they appear to be of a 
similar nature to the 
ribbon and sheet 
sandbodies described in 
the 
system (Martinius, 
2000). 

Splays formed as 
crevasse channels 
breached channel banks 
and deposited sediment 
as a lobe on the 
floodplain. Rip-up 
clasts suggest rapid 
channel scouring or 
bank collapse by 
crevasse channels into 
the overbank deposits. 

Combination of 
depositional 
environments described 
for sandbody types A- 
C. 

Splay channel and lobe 
sandbodies described in 
Mjos et al. (1993) and 
the non-channelised 
sandbodies of Martinius 
(2000). These are splay 
deposits and analogue 
deposits in the Escanilla 
Formation would 
characteristically fine 
and thin away from the 
channel margins as a 
wedge shape. 

Laterally these 
sandbodies may look 
similar to the 
amalgamated complex 
in Figure 5F, }first 
(1991). 
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Figure 3.9. Histogram to show types of sandbodies (A-D) observed within the Lower Ketch reservoir 
interval (n = 33). Refer to text for full description of sandbody types. 

3.7.1 Thickness of sandbodies 

Measurement of complete sandbody thicknesses was undertaken (Figure 3.10). 

Complete sandbody thickness was defined by the occurrence of both basal and top 

contacts within cored intervals of the Lower Ketch Member. Complete sandbodies had a 

mean thickness of 4.9 in, while the largest partially cored sandbody measured 22+ in. 

Although sandbody thicknesses have been corrected for well deviation, there is no 

certainty that the sandbody was penetrated at the position of maximum thickness. The 

ratio between average and maximum thickness of a sandbody's length is in the range 
0.6-0.8 (Hirst et al., 1993). Consequently, the sandbody thickness distribution may be 

an underestimate of true maximum thickness. Type C splay sandbodies make up the 

majority of thin sands (< 2 m) and Type B sandbodies are generally below 8 in in 

thickness, with the sandbodies containing conglomerates representing the thickest 

sandbodies (> 8 m). This sandbody classification may be inappropriately applied when 

sandbodies stack vertically as a result of successive channels that may occupy the same 

site (cf. Morhrig et al., 2000). These stacked sandbodies may be difficult to distinguish 

in core and lead to an overestimation of channel sandbody thickness. 

One goal of the geologist is to predict sandbody widths using thickness as a guide (e. g. 

Fielding and Crane, 1987). Details outlined in Chapter 2, Section 2.6.1 highlight the 

huge uncertainties in the prediction of most likely Sandbody width (Chapter 2, Figure 

2.22) using scattered datasets. It is therefore fitting to review alternative methods of 

predicting sandbody architecture in the following section, using estimates of cross-set 

heights to predict formative channel depth and channel-belt width. 
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Figure 3.10. Thickness-frequency distribution for Lower Ketch Member sandhodies (n = 24) that have 
been subdivided into Type A-D classifications. Refer to text for full description of sandhody types. 

3.8 Estimates of formative channel depths and channel-belt widths 

In order to match correctly the scale of channels that deposited the sandhodies within 

the reservoir sequence to the scale of channels that were responsible for deposition of' 

any outcrop analogue sequence chosen, an estimate of formative channel depth is 

required. Failure to match the scale of the depositional systems may result in sandbody 

geometries being extrapolated between fluvial systems differing in scale over several 

orders of magnitude. Hence, several measurement techniques have been used to 

estimate channel depths and channel-belt widths from Lower Ketch Member core data. 

Gaining information on formative channel depths is more problematic in cored intervals 

in comparison to two-dimensional outcrop exposure. However, preserved set heights 

have been used to gain information on formative channel depth Brom both core and 

outcrop (Paola and Borgman, 1991; LeCair et al., 1997; Bridge and "l'ye, 2000; 

Alexander et al., 2001). LeClair et al. (1997) suggests that most cross-sets are formed 

by only the highest 10 % of dunes, and formative bed wave heights range from 0.18 to 

0.3 m. LeClair et al. (1997) also assumes aggradation has a minor influence on cross-set 

thickness. Using set heights allows comparison between core to outcrop sequences. 

Different relationships exist between flow depth and bar formation, and flow depth and 

dune formation (Refer to Todd, 1996, p3 14). Therefore, measurements were confined toi 
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cross-set heights within trough cross-bedded sandstone within the Lower Ketch cored 
interval by identifying cross-set packages. Clear truncations of sets over sub-metre 
intervals were used to define cross-set heights to ensure that cross-set packages were the 

result of dune deposition and were not planar cross-sets related to bar deposition. Using 

cross set data gathered from cored reservoir intervals, mean cross set thickness, S, � was 

calculated and mean dune height, h, � was estimated using Equations 3.1 and 3.2. 

Empirical relationships between dune height and flow depth from Yalin (1964) 

(Equation 3.3) and Allen (1970) (Equation 3.4) were used to 'calculate formative flow 

depth and the results are displayed in Table 3.4. 

ß=Sm/1.8 

hm = 2.22ßt. 32 

d/hm=6 

d= 11.6hm0.84 (0.1 m< d <100 m) 

Equation 3.1 

Equation 3.2 

Equation 3.3 

Equation 3.4 

Alternatively, the use of preserved channel fill deposits can be used to assess channel 
depths. In many onshore outcrop sequences complete abandoned channel fill sequences 

are easy to identify, but often only represent a minor proportion of the facies types 

observed in any one alluvial sequence (cf. Table 1 in Ashworth et al., 1999). In one- 
dimensional cores, single channel fill deposits are difficult to distinguish from stacked 
facies profiles. Paola and Borgman (1991) suggest that preserved channel thicknesses 

range between 40-75 % of their formative channel depth. Where a clear erosional base, 

fining upward trend and a fine cap were identified, a single preserved channel sequence 

was measured. Only two channel fill fining upward sequences were observed within the 

Lower Ketch Member (well 44/18-T2,13281.7'-13283.6'; well 44/18a-T5,18107.4'- 

18111.2'). Comparisons between the two methods are summarised in Table 3.4a and b. 
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Table 3.4. (a) Estimates of dune height, channel depth and channel-belt width from cross-set data in the 
Lower Ketch Member reservoir interval, and (b) estimates of channel depth from channel fills in the 
LKM. cbw = channel-belt width. 

Method A Lower Ketch Member 

Lithofacies SS/PS 

N 30 
Mean set height (Sm) (m) 0.34 

Standard deviation (Ssd) 0.26 

Applicability test (Ssd/Sm = 0.88: k 0.3)* 0.78 

Mean dune height (hm) (m) 0.24 

Depth (Yalin, 1964) equation (m) 1.5 

Depth (Allen, 1970) equation (m) 3.5 

Estimate of channel-belt widths (cbw) 

Channel-belt width (Bridge & Mackey, 1993) equation 3.5 using Yalin (m) 117 

Channel-belt width (Bridge & Mackey, 1993) equation 3.5 using Allen (m) 320 

Channel-belt width (Bridge & Mackey, 1993) equation 3.6 using Yalin (m) 578 

Channel-belt width (Bridge & Mackey, 1993) equation 3.6 using Allen (m) 1078 

Method B 
N 2 
Mean channel fill depth (m) 0.9 

Minimum flow depth (m)# 1.2 

Maximum flow depth (m)# 2.2 

* Refer to Bridge and Tye (2000) for applicability test. 
# Based on estimates of preserved channel fill thicknesses being between 75% and 40% of original flow 
depth (Paola and Borgman, 1991). 

Estimates of channel fill thickness were confined to the cored intervals only to allow 
direct comparison to outcrop analogues. Estimates from trough cross-bed thickness 

produce channel depths in the range of 1.5 to 3.5 m, which have a similar order of 

magnitude to the range of channel depths calculated using Paola and Borgman's (1991) 

method, yielding depths between 1.2 and 2.2 m. 

Channel-belt widths (cbw) were estimated based on empirical Equations 3.5 and 3.6 

using mean bankfull flow depth, do (Bridge and Mackey, 1993a). 

cbw = 59.9dmt'8 Equation 3.5 

cbw = 192dmL37 Equation 3.6 

Channel-belt widths are estimated to range between 117-1078 m. Assuming channel- 
belt width can be used as a surrogate for sandbody width (as used by Lorenz et al., 

1985), the Lower Ketch Member sandbody widths may be similar to those described in 

the Escanilla Formation (Dreyer et al., 1993). Although the use of these channel-belt 
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widths may provide minimum sandbody widths they fail to account for sandbodies that 

comprise multilaterally stacked sandbodies. Additionally, while mean set height is a 

useful scale comparison between reservoir and analogue, the maximum cross set height 

may be more appropriate to pick up extreme events, and future work should consider 

these higher magnitude events. 

3.8.1 Assumptions of channel depth estimates 

Truncation by erosion of channel fill deposits and drilling of cores which do not 

penetrate directly through the thickest part of the channel deposit or trough cross-set 

package may produce an underestimate of channel bankfull depth. Scour of channels 

can produce sequences that overestimate mean channel depth (Salter, 1993) and burial 

compaction of sediments can also alter estimates of channel depth and need to be 

considered (see Section 3.12). Compaction of these coarse deposits will give 

underestimates of bankfull channel depths if not already corrected for. As the thickness 

of individual channels increases, the uncompacted channel depths are proportionally 
increased. 

3.9 Significance of red beds for environmental interpretation 

Fine-grained deposits are pervasively reddened within the Lower Ketch Member 

deposits. Red colouration is probably due to the presence of haematite in the matrix and 

as coatings (Walker, 1967). Oxidized floodplain fines (red beds) have often been 

regarded as typical of ephemeral stream sedimentation (Miall, 1977). However, the 

origin of red bed deposits has been attributed to a number of environments and can 

occur under a spectra of climatic settings from wet to and (Turner, 1980; Pye, 1983; 

Dubiel and Smoot, 1994), containing low original organic content (Turner, 1980; 

Myrow, 1990) and lack of biopreservation. Therefore, as colour may have no 

palaeoclimatic significance it cannot be used alone to interpret red beds and correlate 

sequences, and additional information from primary sedimentary structure and facies 

description are needed for environmental reconstruction. 
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The degree of reddening caused by rubifaction depends on the length of exposure and 

on the climate at the time of formation. Reddening is particularly dependent. on 

temperature and the amount of rainfall (Ruhe, 1965; Harden, 1982). Walker (1967) has 

shown that prolonged periods of exposure are needed for full reddening to occur. 

Additional complications arise in the interpretation of the Upper Carboniferous red beds 

as a result of multiphase reddening. This multiphase reddening occurs as a result of: (1) 

primary pedogenic reddening and (2) secondary reddening by penetrative oxidation 
from pre-Permian surface (Besly and Turner, 1983; Turner, 1980). Distinguishing 

between primary and secondary reddening can be difficult, as they appear similar. Late 

Carboniferous sequences may be reddened to a maximum depth of 600 m below the 

Permian unconformity (Trotter, 1953,1954), therefore base Permian reddening may 

encompass the entire Lower Ketch reservoir interval. Multiphase reddening has been 

documented in Johnson et al. (1997), where a study of the Westphalian D-Stephanian, 

Halesowen and Salop Formations in the West Midlands describes two phases of 

reddening: (1) Deep oxidation in an and climate following Variscan uplift and erosion 
in the Permian, resulting in the precipitation of haematite; and (2) Secondary 

precipitation of haematite resulting from lateral flow of meteoric water through 

connected permeable sandstone units. Palaeosols in the Lower Ketch Member compare 

to present-day ferratic palaeosols and show features of warm, reasonably humid but 

well drained conditions. Palaeosol development has been used in the Schooner and 

Ketch Fields to yield information on aggradation rates (Stone and Moscariello, 1999) 

but is not easily defined in the Tyne cores and subsequent palaeosol correlations are not 

possible within the Tyne reservoir. A strong diagenetic overprint may have reddened the 

deposits further and masked any pedogenic mottling. In the Lower Ketch Member two 

phases of reddening and varying well deviations make horizonation difficult to 

establish. However, the lack of laminations within the fine-grained deposits cored 
interval of overbank deposits may indicate pedogenic disturbance, suggesting the 

development of peds and early mechanical breakdown have destroyed the primary 

sedimentary structures. The colonization of floodplains by vegetation may take place 

after only a few months following a flood event in some semi-arid climate regimes and 

consequently soil development will initiate and destroy primary depositional laminae. 

Differential leaching and reduction processes related to differences in porosity and 

permeability within channel-belt deposits (Section 3.15) may be responsible for colour 
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variations. Sandbodies are the higher permeability strata and provide preferential flow 

paths for reducing pore waters. The influence of these porewaters may extend out 
immediately beneath the base of the sandbody. Pedogenic reddening typically increases 

up through the sandbody profile in association with fining upward trends within the 

sandbody. 

Grey colouration of some of the mud/silt overbank deposits suggests that floodplains 

were also subjected to some reducing conditions. The presence of siderite indicates 

poorly drained conditions and pyrite shows a sulphate reduction and porewater 
diagenesis has occurred. Evidence for reduced conditions within the floodplain deposits 

may suggest the floodplains were periodically waterlogged during the deposition of the 

Lower Ketch Member. Evidence for waterlogged conditions is inconclusive due to the 

strong reddening overprint. While red beds are challenging to interpret, information 

presented in the preceding sections has allowed a depositional model to be proposed. 

3.10 Depositional model for the Lower Ketch Member: a discussion 

Analysis of lithofacies within the Lower Ketch Member suggests a depositional 

environment where northerly supplied sandy, channel-belts traversing an alluvial plain 

were periodically flooded under a seasonal climate to create extensive floodplains. In 

order that extensive floodplain deposits were preserved, sediment supply must have 

been characterised by a very fine grain size distribution (Section 3.14). The Silver Pit 

Basin was situated close to the equator and was subjected to a semi-arid climate 

exhibiting seasonal rainfall, which was responsible for periodic inundation of the 

floodplains and may have formed temporary lakes on the floodplain surface. This 

section presents a discussion on the depositional environment (Figure 3.10) and sets the 

Tyne Field in a regional context. 

3.10.1 Channel-belts within the Lower Ketch Member 

Examination of the coarse-grained deposits reveals distinctive vertical fining upward 

sequences that can be divided into four sandbody types (A-D). Type A consists of 
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massive and cross-bedded conglomerates and trough and planar cross-bedded 

sandstones, indicative of in channel bar and dune migration in a sandy braided river 

system with a limited supply of pebbly material. The low proportion of gravel grade 

material in the sequence (< 10%) suggests the type of deposition was probably more 

consistent with sandy braided river models (e. g. Cant and Walker, 1978; Blodgett and 
Stanley, 1980; Ramos et al., 1986; Bristow, 1993). The conglomerates that are present 

within the sandbodies represent coarse lag deposits and deposition during high flow 

stages. Additionally, small fining upwards sequences in sandbody type A indicate the 

presence of lateral accretion which in turn may be evidence that meandering channels 

existed coevally with braided channel-belts during deposition. Type B sandbodies 

comprise exclusively sandstone and contain predominantly trough cross-bedded or 

parallel-bedded facies of sandy braided river origin. Lithofacies show a marked 

similarity with fluvial sequences investigated by Hirst (1991) and Dreyer et al. (1993). 

Similarities between these two studies suggest that a variety of channel patterns may 
have existed during the deposition of the Lower Ketch Member and therefore, 

prediction of channel-belt width is ambiguous. Vertical facies profiles derived from 

ribbon and sheet sandbodies are indistinguishable in core. Consequently, in the absence 

of any lateral correlation, the assignment of ribbon or sheet geometries to vertical facies 

associations from the Lower Ketch Member is difficult. However, analysis of cross-set 
data allows the scale of the rivers to be inferred. Maximum channel depths were 
between 1.5 and 3m and channel-belt widths are estimated to range from 120 to 1080 m. 

This wide range in predicted channel-belt widths is consistent with channel-belt 

sandbody geometries measured from the Escanilla Formation (Dreyer et al., 1993). 

Type C sandbodies were formed by overbank splay lobes and commonly exhibit fining 

upwards sequences and parallel laminations with evidence of current ripples, which 

grade into overlying overbank fines. Maximum stacked splay sandbody thickness is 2m 

and resulted from several phases of overbank deposition. Splay were fed by crevasse 

channels, which exhibit sharp erosive bases and rip-up clasts horizons. These crevasse 

channels breached the channel-margins and ensuing scour and incision into the 

overbank sediments occurred. Fine-grained splay sandbodies that display conformable 
basal contacts and more gradational upper contacts represent the more distal extent of 

splay lobe deposition where deposits have fined away from the channel-belt margin in 

relation to a reduced flow power. Splays crevasse channels and lobes may be similar to 

those described by Smith et al. (1989) and Mjos et al. (1993) and have a tabular to 
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wedge shaped form. Splay processes may have been the preceding mechanism for 

channel-belt avulsion events (Smith et al., 1989). 

3.10.2 Controls on the alluvial architecture of the Lower Ketch Member 

Lack of well-defined palaeosol horizons (Aridisols and Entisols) indicates that soil 
development was suppressed by either high aggradation rates (e. g. Kraus and 
Middleton, 1987; Shuster and Steidtmann, 1987; and Bentham et al., 1993) or the lack 

of biogenic activity caused by climate. Extreme climate conditions are capable of 

suppressing significant soil development. During the late Carboniferous there was an 
increase in aridity and this may have inhibited soil formation. Therefore, within the 

Tyne Field, no conclusive evidence is available to determine whether high aggradation 

rates or extreme climate conditions were responsible for poor palaeosol development. 

However, the presence of well-defined palaeosol horizons in the Ketch and Schooner 

Fields (Stone and Moscariello, 1999), suggests that climate was not curtailing soil 
formation within the Silver Pit Basin. Hence, the weak palaeosol development in the 

Tyne area may have been attributed to an aggradational system rather than an incisional 

system. 

Several lines of evidence also suggest that the Lower Ketch Member reservoir interval 

was deposited in an aggrading stream environment. While vertical facies profiles 

through the channel sandbodies suggest braided river deposition, this evidence alone is 

inconclusive in determining whether the channel-belts were incising or aggrading, as 
braided channel patterns can exist in both aggading and degrading systems (Germanoski 

and Schumm, 1993). For example, the present day braided rivers of the Canterbury 

Plains, New Zealand are incising, however, previously braided Canterbury Rivers were 

aggrading (Bal, 1996). Analysis of palaeosol development has been used to estimate 

relative aggradation rate (e. g. Stone and Moscariello, 1999) and the period of 
depositional cessation required for palaeosol development has been subject to many 
debates. The presence of calcretes not only provides evidence for climatic conditions, 
but also offers estimates of aggradation rate. In modern environments calcretes are most 

common in warm to hot climates (mean annual temperature 16-20 °C) and marked by 

low seasonal rainfall (100-500 mm) (Goudie, 1973,1983). Calcrete precipitation can 

occur where pauses in sedimentation may have been as little as 102 years (Allen, 1986), 
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and Leeder (1975) predicts floodplain deposition rates in the order of 2x 10-3 m yr' as 

the lower limit of calcrete generation (see discussion in Chapter 2, Section 2.4). The 

presence of overbank splay sandbodies also agrees with a system that had overbank 
flooding events and not one of incision and channel-belt confinement. 

Lithofacies analysis of the fine-grained overbank deposits also allows several other 

clues to the depositional environment to be distilled. The presence of pyrite with small 

reduction halos, siderite (nucleation on limited amounts of organic material) and grey 

non-oxidized rip-up clasts in an otherwise exclusively oxidized overbank sequence, 

suggests that some reducing conditions were present within the floodplain environment. 
Environmental interpretation is clouded by the pervasive multiphase reddening that 

occurred due to base Permian penetrative weathering (cf. Besly and Fielding, 1989). 

Consequently, the lack of preserved rootlets, palynomorphs and organic matter within 

the Lower Ketch interval signifies either a sparsely vegetated floodplain or the 

subsequent removal of organic material by oxidation. The vegetation that was present 
during the late Carboniferous may have been confined to the most primitive vascular 

plants such as small reeds or ferns. These would have been opportunistic, colonising the 

floodplain during the wet season (because they needed to drop their spores in water) and 
then dying off in the dry season. Not enough is know about late Carboniferous 

vegetation to determine their binding capacity of floodplain sediments and impact on 

channel-belt stability. 

Evidence presented in this section suggests the floodplain topography and prevailing 

seasonal climate conditions of the Silver Pit Basin probably resulted in the co-existence 

of both waterlogged and well-drained conditions. Collinson and Jones (1997) suggested 

there is a shift to a more lacustrine setting to the south of the Tyne Field. However, 

there is a lack of diagnostic criteria to argue for the existence of lakes on the floodplain 

during the deposition of the Lower Ketch Member in the Tyne Field. 

3.10.3 Summary of the depositional model in the Tyne Field 

In summary, the Lower Ketch Member sequence resulted from continental deposition 

on an alluvial plain during basin inversion and relative closure to the open ocean. A 

model is presented in Figure 3.11 to display the type of sedimentary conditions 
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responsible for the deposition of the Lower Ketch Member. The sequence is dominated 

by two distinctive vertical fluvial facies associations: coarse sandstone-gravel units 

deposited in active channel-belts alternating with finer mud-silt units deposited in inter- 

distributary floodplain areas. Determining whether climate, sediment supply load, 

sediment grain size or tectonics controlled the vertical alternation between channel and 

overbank deposits is problematic. 

Several depositional models have been put forward for the Lower Ketch Member, 

including: (1) an incised valley system (Besly et al., 1993); (2) a low angle arid-humid 

alluvial fan model (Collinson and Jones, 1997) similar to that observed in the modern 
Kosi Fan, Indogangetic Plains (cf. Wells and Dorr, 1987; Singh et al., 1993); and (3) 

braided and anastomosing river systems adjacent to floodplain muds (Mijnssen, 1997, 

Stone and Moscariello, 1999) from stratigraphic equivalent deposits in the Schooner 

Field. The evidence presented in this section implies an aggrading stream model may be 

more appropriate for the deposition of the Lower Ketch Member interval in the Tyne 

Field. Furthermore, the comparison of data from the Tyne Field and studies of the Ketch 

and Schooner Fields (Mijnssen; 1997; Stone and Moscariello, 1999) allows depositional 

environments to be consolidated in a regional model. The establishment of an aggrading 

stream model has important ramifications for the prediction of channel-belt sandbody 

stacking patterns and connectivity. These two subjects will be addressed in the 
following sections. 
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3.10.4 Incorporation into the regional depositional model 

The schematic depositional model presented in Figure 3.11 is well supported by the 

depositional models for Ketch units 1-3 described in Stone and Moscariello (1999). 

While climate conditions were conducive to palaeosol formation, the marked 
differences in palaeosol maturity shown between the north (Tyne Field) and south 
(Schooner and Ketch Fields) of the Silver Pit Basin imply that either: (1) deposition in 

the area of the Ketch and Schooner Fields was more susceptible to local base-level 

controls; (2) a switch between an incising system, where abandoned terraces formed, 

and an aggrading system occurred between the locations of the Ketch/Schooner Fields 

and the Tyne field respectively; or (3) relative aggradation rates and avulsion frequency 

were higher in the north of the basin. 

The Stone and Moscariello (1999) study of the Ketch Formation in the Ketch and 
Schooner Fields, lying to the south of the Tyne Field, shows consistent proximal-distal 

trends from a dominant palaeosource (i. e. MNSH) to the north, which include: (1) a 
downstream fining; (2) decreasing net-to-gross, (3) decreasing sandbody connectivity, 

and (4) increasing palaeosol development. These trends are consistent with the regional 

study of Collinson and Jones (1997) who noted that the occurrence of sandbodies dies 

out to the south of the Tyne Field and is replaced by an area dominated by a playa type 

depositional system. Therefore, the Tyne Fields location represents a more proximal 

position in the Silver Pit Basin (Figure 3.12). These Ketch Member proximal-distal 
facies trends may also be similar to the terminal fan model of Kelly and Olsen (1993). 

There is no evidence to suggest that local base-level and subsequent channel-belt 
incision displayed in units 4 and 5 of Stone and Moscariello (1999) propagated so far 

north as to influence on the Ketch Member deposits of the Tyne Field. No diagnostic 

criteria are available to determine whether sediment supply, climate or tectonics were 

the controlling mechanisms for the development of alluvial architectural patterns. 
Further investigation is needed to integrate the proximal-distal relationships between the 

Tyne and Ketch/Schooner Fields respectively, and to determine whether units 1-3 of the 

Ketch and Schooner Fields (Stone and Moscariello, 1999) are stratigraphic equivalents 

to the Lower Ketch Member of the Tyne Field. 
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3.11 Estimates of connectivity and sandbody geometry 

Large well spacing and the lack of correlatative marker horizons within the Lower 

Ketch Reservoir interval make prediction of alluvial architecture difficult. The net-to- 

gross of the Lower Ketch interval is -60 '/o, therel re, based on calculations of Fielding 

and Crane (1987) and Bridge and Mackey (I993a), sandbody connectivity should be 

relatively high within the Lower Ketch Member interval. Ilowever, locally within 

individual wells the net-to-gross is shown to be as low as -45 % (Figure 3.6) where 

connectivity becomes problematic and more precise estimates of sandhody geometry are 

required. 

To enable sandbody connectivity to be more reliably predicted knowledge is required 

of (1) depositional environment, and (2) channel-belt sandbody geometries. Fvidence 

presented in this chapter suggests an aggrading stream model 1r the deposition of the 

Lower Ketch Reservoir interval. The assignment of an aggradational model over an 

entrenched system (cf. Stone and Moscariello, 1999) has important implications tier 
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lateral sandbody connectivity. Moreover, an aggrading channel-belt model may suggest 

higher lateral connectivity in opposition to a drainage system that exhibits incision, 

which impedes lateral migration of the channel-belt, resulting in thicker vertically 

stacked sandbodies (e. g. Shanley and McCabe, 1993). In spite of this aggrading, braided 

channel-belt model being proposed, the prediction of alluvial architecture is not clear- 

cut. Discussions presented in Chapter 2, Section 2.4 show numerical models of 

stacking pattern (Bridge and Leeder, 1979), which imply that an increased aggradation 

rate caused the interconnectedness of channel-belt sandbodies to decrease. Subsequent 

models of Bryant et al. (1995) have suggested that the relationship between avulsion 
frequency and aggradation rate can result in sandbody connectedness both increasing 

and decreasing with increasing sedimentation rate. Hence, there is still no compelling 

evidence to suggest whether the development of major incised valley systems occurred 
during the deposition of the Lower Ketch Member. 

The frequency distribution of channel-belt sandbody geometries will also have 

important ramifications for the prediction of inter-well connectivity. Collated datasets of 

sandbody geometries (e. g. Fielding and Crane, 1987), attributed to braided river 
deposition, show a high degree of scatter, and theoretical equations to derive sandbody 

width from sandbody thickness are ambiguous (see discussion in Chapter 2, Section 

2.6.1). Using sandbody thickness measurement from the Lower Ketch Member and 

sandbody geometries from a possible outcrop analogue, the Escanilla Formation 

(Dreyer et al., 1993), minimum and maximum sandbody width can be estimated. The 

Escanilla Formation sandbodies display width/thickness ratios of between 5 to >100 and 

provide tentative estimates for Lower Ketch Member channel sandbody widths 

(excluding splays) in the range of 16 to 2240 m. These sandbody width values are 

outside the range of channel-belt sandbody widths (117-1078 m) estimated from cross- 

set data (Section 3.8). 'Estimates of sandbody geometry from published literature cross 

plots of width versus thickness and cross-set data still provide only a range of possible 

sandbody widths. Consequently, field studies are required to match geological attributes 

between reservoir and outcrop analogue data, in order to provide a frequency 

distribution of sandbody geometries to constrain reservoir interconnectivity more 

accurately. The evidence presented in this section has highlighted the need to refine the 

estimates of channel-belt sandbody geometry by establishing the distinct frequency 

distributions of geometries for the sandbodies that are present within the Lower Ketch 

103 



Chapter 3 

reservoir interval. In order to achieve this, data from an onshore analogue must be 

gathered. 

Discussion in this section has been limited to two-dimensional cross-stream width and 

thickness estimates from evidence from scattered core data. Yet channel-belts are three 

dimensional and downstream connectivity also needs evaluating. Channel orientation 

was identified as the critical factor affecting sandbody connectivity and gas recovery in 

the Schooner Field (Mijnssen, 1997). Therefore, future work must focus on the 
downstream connectivity within the Tyne Field to provide three-dimensional alluvial 

architecture. The use of wireline log analysis may also help constrain spatial trends 

within the Lower Ketch reservoir interval. 

Burial compaction may also affect the prediction of alluvial architecture, geometries and 

sandbody connectivity. Sequences comprising of a distinct coarse-grained and fine- 

grained fraction may suffer from differential compaction, which may distort the 

subsurface architecture. Compaction is the subject for review in the next section. 

3.12 Impact of compaction on Lower Ketch Member alluvial architecture 

During post-depositional burial of sediments, compaction initially occurs in response to 

the pressure of overlying sediments and. is assumed to be uniaxial, with no lateral 

displacement occurring. With studies such as Fielding and Crane (1987) using the 

relationship of sandbody thickness to sandbody width to predict alluvial architecture in 

reservoir evaluation, and subsequently using estimated widths in stochastic simulation 

models, it is now fitting to review the influence of compaction on: (1) sequences 

containing coarse sandstone and fine overbank facies, and (2) the prediction of 

sandbody widths based on preserved sandbody thickness or formative channel depth 

estimates. 

Most compaction curves assume mechanical compaction is the only process occurring 

and no diagenetic effects are in action during burial (cementation and pressure solution). 
Giles et al. (1998) has suggested that compaction factors based on current models have 

a large error. Subsequently, the inappropriate use of default compaction curves can 
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introduce significant errors to any calculations of alluvial architecture. This section will 
introduce some empirically derived compaction estimates for the Lower Ketch Member 

reservoir interval, which requires information on: (1) the maximum burial depth, and (2) 

knowledge of the depositional environment. This section outlines some current ideas on 
how relative compaction of sediments can be calculated and their influence on estimates 

of formative channel depth and sandbody geometries determined. 

A range of porosity - depth trends has been presented by several authors (Athy, 1930; 

Maxwell, 1964; Baldwin, 1971; Sclater and Christie, 1980; Shinn and Robbin, 1983; 

Baldwin and Butler, 1985; Caudill et al., 1997) that demonstrate a porosity decrease 

with increasing burial depth. These trends assume that porosity loss is equal to 

compaction, assuming the solid volume remains constant, with no dissolution and 

overgrowth occurring during burial. 

In large parts of the SNS basin, Carboniferous rocks are not at their maximum depth of 
burial at present day (Archard et al., 1998). Therefore, estimates of compaction should 
be based on the maximum depth of burial that the reservoir interval reached during the 

basin's history. In outcrop studies, alluvial sequences have been subsequently uplifted, 

and therefore require burial depths to be ascertained. When using outcrop studies it is 

also often assumed that compaction effects are non-reversible and no further diagenetic 

alteration has occurred. Compaction estimates in this section are currently based on a 

present day burial depth of the Tyne reservoir of - 3660 m. The assumption is made that 

individual compaction estimates for the coarse sandbodies and fine overbanks remain 

constant over the entire vertical thickness of the reservoir interval (e. g. 150 m). 
Compaction estimates for coarse (sandstones) and fine fractions have been dealt with 

separately and estimates of porosity have excluded any diagenetic alteration. 

3.12.1 Coarse fraction: channel-belt sandstones 

The standard sandstone compaction Equation 3.7 by Sclater and Christie (1980) predicts 

a buried sandstone solidity of 82 % at burial depths equivalent to that of the Lower 

Ketch Member reservoir. 

Db = 3.71n [0.49/ (1-Sb)] Equation 3.7 
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where Db is depth of burial in km, Sb is buried solidity and assumes a grain density of 
2600 kg m"-3. Therefore, porosity would equate to 18 %/ which is a comparable value to 

the highest measurements of porosity taken within the coarse sandstones of cored 
intervals in the Lower Ketch Member reservoir interval (Symonds and van Dijk, 1995)., 

Compaction calculations are based on the assumption that porosity is related to 

compaction thickness, i. e. solidity can be treated as a fraction or percentage of sediment 

thickness. Retallack (1993) proposed that initial solidity was the determining factor in 

calculating compacted sediment thickness at any given depth and therefore, modified 

the Scläter-Christie (1980) expression to give Equation 3.8 as: 

C=S; /[0.49/(e(°i3'7))-1 ] Equation 3.8 

where C is compaction and Si is initial solidity. Estimates of the minimum and 

maximum initial solidity of uncompacted sands at surface levels for the Lower Ketch 

Member were based on Beard and Weyl (1973) initial porosity values for 

unconsolidated sands of 42.5 % in very well sorted sands and 27.9 % in very poorly 

sorted sands. This range of initial porosity gave rise to initial solidity values in the range 

of -0.55 - 0.75 to produce minimum and maximum burial compaction thicknesses for 

the Lower Ketch Member of 67 % and 92 % of their original thickness respectively. 

Retallack's (1993) equation was chosen to calculate compaction estimates for the entire 

coarse fraction of the Tyne core. There is a low percentage of conglomerates in the 

Lower Ketch Member cored wells (< 10%) in most cores, with sand being the most 

predominant coarse fraction grain size. The presence of hydrocarbons and porewaters 

may preserve porosity during burial and also affect compaction estimates, but are very 
difficult to quantify. Similarly, grain sorting, grain shape and diagenesis also contribute 

to the compaction history. Compaction has the effect of decreasing the estimates of 
formative channel depths outlined in Section 3.8 and is often overlooked when applying 
information from analogue datasets to reservoir studies. 
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3.12.2 Fine fraction: overbank mud/siltstones 

Traditionally, the compaction of fine-grained deposits (shales) has been considered to 

be greater than sandstones. Often calibrations of the finer fractions are scarce due to the 

general paucity of mudstone core samples. Baldwin and Butler (1985) (B-B) provided a 

power law Equation 3.9 for the compaction of `normal' shales, based on determining 

solidity: 

Db = 6.02 Si 6.35 Equation 3.9 

where Si is solidity. For burial depths of 3.7 km, a standard shale using B-B curve 

compacts to 22 % of its original thickness based on an initial solidity of 20 %. This 

initial solidity of 20 % may cause vast overestimates of compaction and would 

introduce significant geometric distortion to subsurface correlations of alluvial 

architecture in low net-to-gross reservoirs (Baldwin, 1971). 

In a dry climate, the soils on a floodplain may dry out and bake hard soon after 
deposition and expel pore waters before burial occurs, in which case, during subsequent 
burial, there is limited opportunity for compaction due to dewatering. The non-reservoir 

overbanks of the Lower. Ketch reservoir interval contain evidence of pedogenic 

alteration, suggesting formation in a semi-arid seasonal climate. Therefore, an initial 

solidity more characteristic of semi-arid soils, needs to be applied to the fine overbank 

sediments of the Lower Ketch Member. It is unlikely that the initial solidity of muds 

was as low as 20 % in this Carboniferous semi-arid climate. Retallack's (1993) estimate 

of 50 % initial solidity for shales is likely to give a more accurate estimate of initial 

solidity for thefine-fraction of the Lower Ketch Member. 

Caudill et al. (1997) used data based on clastic dyke lengths in vertic palaeosols to 

calibrate thickness of compacted sediments against porosity and solidity in shales. 

Caudill et al. (1997) suggested compaction estimates for vertic palaeosols undergo 

significantly less burial compaction than is commonly assumed. As a result, vertic 

calibrated shale compaction curves based on a higher initial solidity of 70 % provide 

more realistic estimates of compaction for sequences containing palaeosols than 

standard shale compaction curves. Prior to burial, vertic soils are in a semi-compacted 

state, with high bulk densities, and may only start to compact at depths greater than 1.5 
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km. Blodgett (1985) also noted the high bulk densities of vertisols might limit 

compactability. Caudill et al. (1997) analysis of Late Carboniferous palaeosols and non- 

palaeosols shales at 2.5-3 km depth provides estimates of compaction of between 93 % 

and 70 % (maximum compactions) of their original thickness respectively. These 

estimates put compaction values for the fine fraction in a similar range to compaction 

values calculated for the coarse fraction of the Lower Ketch Member reservoir. 

Without an estimate of burial compaction for cored interval and outcrop sequences 

errors could be significant. Using knowledge of maximum burial depth and depositional 

environment initial solidity of the fine fraction within the Lower Ketch Member 

deposits can be predicted to fall between 50 % (Retallack, 1986) and 70 % (Caudill et 

al., 1997). These fine fraction values fall into a similar vertical compaction range as the 

coarse fraction within the Lower Ketch Member. Hence, facies-dependent differential 

compaction (e. g. Collier, 1989) between the coarse and fine factions is considered to be 

minimal and therefore will not have a large impact on the overall alluvial architecture. 
However, the topography of the base Lower Ketch Member is poorly constrained and 

does not allow any estimation of basement topography-induced compaction (e. g. 

Collier, 1989) to be calculated. The Lower Ketch Member sequence can be deemed to 

have undergone uniform deformation. Finally, any comparison of reservoir sandbody 

thickness with an onshore analogue requires the quantification of both maximum burial 

depth and depositional environment. 

3.13 Stratigraphic and lithological outcrop analogy 

The uncertainty in the prediction of reservoir connectivity for the Lower Ketch Member 

presented in Section 3.11 confirmed the need to assign and test an onshore outcrop 

analogue to the Lower Ketch Member. Application of datasets from sandbody 

geometries available within the literature has inherent limitations (discussed in Chapter 

2, Section 2.6.1). Consequently, the use of documented outcrop studies described in the 

literature to interpret the lateral inter-well architecture of the Lower Ketch Member are 

shown to be unsatisfactory. The assignment of a stratigraphically equivalent analogue is 

preferable to a purely lithological analogue because if controls such as global climate 

and sea-level changes and development of land flora can be matched between reservoir 

and analogue, therefore, uncertainties are reduced. 
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The Lower Ketch Member reservoir interval correlates stratigraphically to the Etruria 

Formation (Westphalian B/C) (cf. Besly and Turner, 1983; Glover et al., 1993; Besly 

and Cleal, 1997). The Etruria Formation is a mudstone dominated red bed succession 

that developed close to the equator under humid tropical climate conditions with, 

seasonal rainfall variation. The presence of coal seams and increased reddening up the 

Etruria Formation sequence indicate that better drainage conditions prevailed during the 

late Carboniferous due to progradation of topographically higher, and thus better 

drained, floodplain environments. Sandbodies display lateral accretion surfaces 

resulting from deposition by meandering channels containing plant fragments. 

Comparisons between the documented studies of lithofacies within the Etruria 

Formation and the Lower Ketch Member suggest the depositional environments were 

not analogous. In addition, the poor onshore UK exposure prohibits the application of 

an UK onshore stratigraphic outcrop analogue and forces the testing of a lithological 

analogue. Similar lithofacies and environments of deposition have been documented for 

the Escanilla Formation, Southern Pyrenees, Spain (Bentham et al., 1993; Dreyer et al., 
1993) and the Green River Formation, USA (Ryder et al., 1976). The application of the 

Escanilla Formation as an analogue to the Lower Ketch Member is addressed in Chapter 

4. 

3.14 Grain size distribution 

This section describes the methodology and rationale employed to obtain a composite 

grain size distribution for the Lower Ketch reservoir interval (Table 3.5). Grain size was 

measured in order to assess the feasibility of running a physical froude-scaled model of 

the Tyne Field to assist in reservoir characterisation (Chapter 5, Section 5.4) and 

compare to outcrop analogues. Well data are the primary data source for grain size 

analysis and an assumption was made that well data was representative of the whole 

reservoir interval. Cored intervals of conglomerate, pebbly sandstones, and sandstones 
from all wells were used in the analysis. These data were complemented with data on 

the <2 mm grain size fraction using thin sections constructed from core plugs from 

wells 44/18-T3A, 44/18-T2 and 44/18-T1. For efficient characterisation of grain size, 

core lithofacies units described in Section 3.6 were reduced to four grain size dependent 

lithofacies groups (Table 3.6). In calculating grain size distributions for the Lower 

Ketch reservoir interval burial compaction has not been considered. The resultant grain 
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size distribution (Figure 3.13) has a D50 of 0.078 mm and D90 of 0.416 mm, therefore, 

the majority of the Lower Ketch Member comprises sand grade material or smaller. 

Table 3.5. Step-by-step procedure for calculation of a composite grain size distribution for the Lower 
Ketch Member reservoir interval. 

Step Procedure 

Core analysis 
Measurement of clasts >2 mm (observed longest axis) in 2-D sliced core. Clasts were measured 
to the nearest 0.5 mm to a lower limit of 2 mm. Medium axis measurements were also taken. 
(n = 1565) 
Areas of an ellipse were calculated for each clast. Area of clasts were summed and divided by 
the area of the core interval measured. Results estimate the proportion of matrix (<2 mm) to 
clasts (>2 mm). Steps I and 2 were carried out in GC and PS lithofacies individually. PDF's 
were plotted. 

Thin section analysis 
3 -Measurement of the sediment fraction (matrix) <2mm using 18 thin sections from core plugs 

provided by ARCO British Ltd. from wells 44/18-T3A and 44/18-T2. Grains were measured to 
the nearest 0.01 mm to a lower limit of 0.04 mm under an optical microscope. All coarse 
reservoir lithofacies were analysed. (n = 1837) 

4 Total coarse-grained grain size distribution was calculated by weighting distributions by the 
clast and matrix proportions. 

5 Measurement of the non-reservoir (mudsilt) lithofacies <2 mm using 10 thin sections from core 
plugs provided by ARCO British Ltd. from all wells. Grains were measured to the nearest 
0.001 mm to a lower limit of 0.004 mm under an optical microscope. (n = 1167) A single 
distribution was produced of all non-reservoir facies. 

Wireline/well completion data analysis 
6 Six well completion logs constructed from wireline well data were used to estimate a reservoir 

to non-reservoir facies proportion. 
7 Results from all the distributions were up-scaled to reflect the whole reservoir interval. Ratios 

of the three coarse lithofacies groups (Table 3.6) were kept in proportion. 

Table 3.6. Lithofacies groups used for construction of the Lower Ketch Member grain size distribution. 

Description Grain sizes Lithofacies units included 

Reservoir fades 
Framework supported conglomerate >2 mm and <2 mm (sand/gravel) GC 
Pebbly sandstones >2 mm and <2 mm(sand/gravel) PS 
Well sorted sandstone and siltstones <2 mm (sand) SS, FS, SSrc 

Non-reservoir facies 
Overbank fines <2 mm (fine sand/silts/mud) Fwc, Fob, Fr 
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Figure 3.13. Grain size distribution for the Lower Ketch Member reservoir interval (D50 = 0.078mm). 

The grain size distribution in Figure 3.31 provides a valuable parameter with which to 

compare the reservoir and any analogue sequence chosen. However, there are several 

limitations to the analysis of grain size distribution. The resultant depositional grain size 

distribution may not necessarily reflect the initial grain size distribution supplied to the 

fluvial system at the time of deposition, because the method employed in Table 3.5 does 

not account for: (1) sediment that may have been carried through the fluvial system and 

into the basin as bedload or suspended sediment and therefore were not deposited; (2) 

the contribution of fine-grained material by illuviation (in-wash of soil material); and 

(3) aeolian inputs to or removal from the basin. Consequently, future work needs to 

investigate: (1) the contribution of diagenetic/pedogenic versus detrital clays to the total 

volume of fine-grained material preserved in the Lower Ketch Member, (2) the 

influence of aeolian processes, and (3) the proportion of bedload and suspended 

sediment passing through the fluvial system during deposition, which are not preserved. 
The use modem analogues are required to constrain the later two. Quantification of 

illuvium and aeolian processes is difficult and has not been accounted for in reservoir- 

analogue comparisons for the Lower Ketch Member in this chapter. A change in the 

ratio of the fines being supplied to the system by the fluvial, aeolian and illuvium 

processes will have consequences for: (1) the depositional model proposed, and (2) the 

alluvial architecture at the time of deposition. 
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3.15 Lithofacies units and petrophysics relationships 

Permeability is the most important quantifiable control in reservoir fluid flow 

simulations and a number of studies assume that permeability distribution pattern is a, 
function of sedimentary facies and depositional process (see Alexander, 1993 for a 

review). Many studies have tried to link the petrophysical properties of porosity and 

permeability to lithofacies type (Chapter 2, Section 2.11). In order to evaluate the 

petrophysical properties of the Lower Ketch Member, dataset were evaluated from core 

plug samples analysed by ARCO from cores 44/18-T2,44/18-T3A, 44/18a-5 and 

collated according to lithofacies units (Table 3.2). 

Petrophysical properties (permeability and porosity) display a direct correlation to facies 

type in the Lower Ketch Member reservoir interval (Table 3.7) and correlations are 

primarily controlled by grain size, sorting and early pedogenic weathering (cf. 

Brayshaw et al., 1996). There is a general decrease in reservoir quality with decreasing 

grain size of the lithofacies units, with the exception of the conglomerates facies (GC). 

Within the conglomerate facies, poor sorting is the most likely cause for poor reservoir 

properties. The best reservoir quality is exhibited by the pebbly sandstones (PS). The 

well-sorted sandstones (SS) have similar petrophysical properties to the pebbly 

sandstones. The location of these sandstone lithofacies at the top of fining upwards 

sequences sandbodies where mottling and bioturbation are common may account for a 
lower permeability than the PS facies. Where correlation between lithofacies and 

petrophysical properties are weak, diagenetic alteration of petrophysics (e. g. secondary 

overgrowth or dissolution) may be responsible and therefore must also be evaluated. 
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Table 3.7. Statistics for porosity and permeability for each lithofacies type observed within the Lower 
Ketch Member of the Tyne Field. Refer to Table 3.2 for lithofacies descriptions. 

Porosity (%) 

Facies code n Mean Median Minimum Maximum Standard deviation 
GC 54 8.3 8.5 2.4 14.3 2.9 
PS 153 11.1 12.1 3.4 17.4 3.6 
SS 182 12.2 12.9 0.6 20.9 4.3 
Fwc NA NA NA NA NA NA 
FS 22 6.0 5.8 1.1 12 2.7 
SSrc 5 4.5 5.7 1.8 7.5 2.5 
Fob 9 2.9 2.8 0.8 5.2 1.4 
SSr 25 4.6 3.8 0.6 10.1 2.9 
Fr 8 3.2 3.4 0.8 5.2 1.5 
Total 458 

Permeability (mD) 

Facies code n Mean Median Minimum Maximum Standard deviation 
GC 34 159.3 24 0.16 2000 369.8 
PS 109 306.3 60 0.04 3140 544.1 
SS 190 193.6 14 0.01 3460 425 
Fwc NA NA NA NA NA NA 
FS 24 3.0 0.08 0.01 62 12.6 
SSrc 5 0.6 0.34 0.09 1.7 0.7 
Fob 8 0.5 0.30 0.03 1.1 0.4 
SSr 28 0.3 0.03 0.01 6 1.1 
Fr 13 0.2 0.02 0.01 1.1 0.4 
Total 411 

Identification of this link between lithofacies/architectural elements and petrophysical 

properties permits the use of these data in reservoir simulation models. Additional 

information is required on the geometry of lithofacies, which then allows the up-scaling 

of petrophysical properties in dynamic reservoir modelling. 
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3.16 Summary 

Investigation of the Lower Ketch Member has highlighted several conclusions: 

1. The Lower Ketch Member contains nine individual lithofacies units. Coarse 

deposits (60 %) can be grouped into four vertical facies associations: channel-belt 

sandbodies (Types A, B), overbank splay sandbodies (Type C) and amalgamated 

sandbodies (Type D). Sandbodies exhibit a cyclical alternation with heavily 

oxidized floodplain fines (40 %). A depositional environment is proposed of an 

aggrading alluvial plain with a series of 120 to 1080 m wide, sandy braided channel- 
belts and associated overbank crevasse splays and splay lobes deposited coevally 

with overbank floodplain and possible lacustrine deposits. Palaeochannels within the 

sandy braided rivers were between 1.5 and 3.5 m in depth. Channel-belts resulted in 

the deposition of single and stacked sandbodies of thickness between 2.5 and 22+ m. 
Climate was seasonal and floodplains were both well and poorly drained with 
limited soil formation due to ensuing aggradation. A fine-grained sediment supply 

was critical for the preservation of extensive floodplain deposits. 

2. Results from the Lower Ketch Member are consistent with a regional model of a 

northerly supplied aggrading sandy braided river system, where sandbody net-to- 

gross and connectivity decreased in a southerly direction. Evidence for incised 

valley formation is inconclusive and predictions of sandbody connectivity are 

ambiguous. Comparison with the literature suggests that sandbody widths range 
between 20-2240 m and therefore, require further quantification to gain frequency 

distributions. Onshore UK stratigraphic analogues exhibit contrasting lithofacies 

trends and interpreted depositional environment to the deposits of the Lower Ketch 

Member, Tyne Field, consequently, an alternative outcrop analogue is required. 
3. Facies-dependent differential compaction within the Lower Ketch reservoir interval 

was minimal, and although errors are large, burial compaction estimates suggest the 

sequence may be -73 % of the original depositional thickness. 

4. The lithofacies units of the Lower Ketch Member show a direct relationship to 

petrophysical properties and thus permit the incorporation of three-dimensional 

lithofacies geometry into future static (object-based) and dynamic reservoir models. 
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Chapter 4. A low net-to-gross analogue for the Tyne Field: The Escanilla 

Formation, Southern Pyrenees, Spain 

4.1 Synopsis 

This chapter documents the findings of fieldwork carried out on the Escanilla 

Formation, Southern Pyrenees, Spain, and discusses the suitability of the Escanilla 

Formation as an outcrop analogue for the Lower Ketch Member, Tyne Field, SNS 

(Chapter 3). The Escanilla Formation exhibits comparable vertical facies trends to the 

Lower Ketch Member, which resulted from the co-existence of several channel-belt 

types operating in the Ainsa Basin during the deposition of the sequence. Channel-belt 

types include laterally unconstrained sandy-gravel braided streams, higher sinuosity 

channels, and laterally confined low sinuosity channels. Overbank flooding of the 

channel-belts resulted in sheet flows and splay deposition that extended out from the 

channel margins. Sandbodies are classified as: ribbons, sheet sandstones, sheet 

sandstone with conglomerates and splays. Overbank deposits comprise 36 % of the 

Escanilla Formation sequence and represent deposition on a floodplain where lakes 

existed for periods of time long enough for limestone and algal mat development to 

occur. Two-dimensional sandbody geometry is quantified and predictions made on 

Lower Ketch Member inter-well alluvial architecture. 

4.2 Introduction 

In order to understand subsurface reservoir architecture and aid prediction of 

heterogeneity, onshore outcrop analogues are used to gain information on sandbody 

size, geometry (width: length: thickness) and internal structure (e. g. Lorenz et al., 1985; 

Bridge et al., 2000). The Carboniferous Lower Ketch Member (Chapter 3) is 

characterised by alternations of coarse-grained sandbodies situated within fine-grained 

overbank floodplain deposits. Subsurface sandbodies within the Lower Ketch Member 

were estimated to have formed from channel-belts with widths of between 120-1080 m, 

and therefore many of the sandbody dimensions are less than the typical well spacing (- 

0.5 km) and cannot be resolved using subsurface techniques. Consequently, the 

application of a lithological outcrop analogue to evaluate the subsurface architecture of 

the Lower Ketch Member reservoir interval and validate subsurface well correlations 
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was chosen because: (1) UK stratigraphic analogues show dissimilar lithofacies 

characteristics and do not expose enough outcrop to gain geometric data over distances 

equivalent to well spacing; (2) well correlation, seismic, chemostratigraphic and 
biostratigraphic datasets poorly constrain internal reservoir architecture; and (3) 

estimates of channel-belt width from empirical equations (Chapter 3, Section 3.8) 

predict a wide range of possible sandbody geometries that need to be more accurately 
forecast. 

The lithological analogue chosen was the Eocene Escanilla Formation, Southern 

Pyrenees, Spain, which was first described by Garrido-Megias (1968). Subsequent work 
by Bentham (1992), Bentham et al. (1992,1993) and Dreyer et al. (1993) describe in 

detail the stratigraphy and sedimentology of the Escanilla Formation. Using the 
Escanilla Formation the aims of this chapter are: 

1. To characterise the lithofacies units present within the Escanilla Formation and 
reassess the depositional model put forward by Bentham et al. (1993). 

2. To assess the Escanilla Formation as an analogue for the Lower Ketch Member 
deposits from the Tyne Field reservoir, SNS. 

3. To quantify channel-belt sandbody geometry and provide estimates of inter-well 

sandbody connectivity for the Lower Ketch Member reservoir. 

4.4 Background and stratigraphy of the Escanilla Formation 
, 

The Escanilla Formation is a 750 m thick sedimentary sequence (Figure 4.1) located 

within the Ainsa and Tremp-Graus Basin complex, Southern Pyrenees, Spain. Escanilla 

Formation has been interpreted as medial/distal alluvial fan to axial fluvial system 
deposits (Bentham et al., 1993; Dreyer et al., 1993). The Escanilla Formation is 

characterised by a range of channel-belt sandbodies set within a sequence of fine- 

grained overbank deposits. Bentham et al. (1993) proposed a new aggrading braided 

stream model for the Escanilla Formation and attributed the presence of abundant fine- 

grained material to high aggradation rates of between 0.25-0.35 mm/1000 years 
(uncompacted). 
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Figure 4.1. Tertiary stratigraphic framework of the Ainsa Basin, Southern Pyrenees, Spain. 
C'hronostratigraph y has been taken from I lartland ei (i!. (1990) (i'i'55) tiincscalc and lithustratigraphy 
adapted from Bentham (1992). The bar indicates the interval investigated tier comparisons with the Iuwwer 
Ketch Member, SNS. Note the general increase in net-to-gross ur sequence. 

The Escanilla Formation forms the lower part of the ('anutpoclarhe ( irouh and is 

underlain by shallow marine and deltaic units of the 13elsue Format ion and the 

Sorbrarbe Formation (Dreyer et al., 1999, Figure 4.1 ). Bentham ( 1992) puts the base of 

the Escanilla Formation at the contact where the sequence is underlain by grey marls 

containing bivalves and trough cross-stratification. '['his underlying unit is capped by a 

horizon of shallow marine numinalitic foraminifera that can he observed on the dirt road 

between the villages of Olson and Mondot. A progressive unconfori»ity develops 

towards the anticlines of the Ainsa Basin and the Fscanilla Formation is superposed on 

a marine limestone of Lutentian age (Dreyer et (!., 1993). Am rjor sub-regional 

unconformity bounds the top of the Escanilla Formation, which is overlain by the coarse 

alluvial conglomerates of the Oligocene Collegates (iroup (Garrido-Megias, I973). The 

Escanilla Formation is divided into three informal members: Loner, Middle and (1/)1wi, 

Members (Bentham et (l., 1992). A thick 30--40 in basin-wide amalgamated sandbody 

unit has been taken as the boundary between the Lower and Middle F, scanilla Formation 

(Bentham, 1992) and the sequences immediately above and below this boundary exhibit 

similar facies. 
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1986). During this thrusting period major shortening occurred, which has been 

estimated to be in excess of 100 km (Deramond et al., 1985; Roure et al., 1989). 

Shortening occurred during the Eocene and culminated in the late Eocene to early 

Oligocene times (Burbank et al., 1992). 

The east-west striking Pyrenean thrust system created a series of north-south trending 

anticlines, which impeded the westward progradation of the alluvial systems, forming a 

series of laterally confined sub-basins, such as the Ainsa Basin. These smaller basins 

were the focus of sedimentary sequences, which exhibit a variety of deep water to 

fluvial facies. The Escanilla Formation outcropping within the Ainsa Basin was the 

focus for this study. The Ainsa Basin is a synclinal basin bounded by two parallel 

anticlines: the Boltana anticline in the west, and the Mediano anticline in the east. The 

basin axis runs in an approximately north-south orientation (Figure 4.2) and subsidence 

rate increases as a function of distance away from the growing anticlines (Bentham et 

al., 1993). 

Clastic detritus into the southern Pyrenean basin was predominantly derived from the 

Pyrenean source to the north of the basin. Clastic input from the Catalan ranges to the 

east and the Iberian ranges to the southwest were volumetrically less important (Turner 

et al., 1984). 

A palaeomagentic study by Smith (1996) suggests the Iberian Peninsular has only 

undergone approximately 4° northward drift in latitude since middle Eocene times when 

the basin was situated between 35-40° N latitude. During the Eocene the Ainsa Basin 

was subjected to a Mediterranean to semi-arid climate (Atkinson, 1983). 

4.5 Ainsa Basin field site 

The Escanilla Formation outcrops extensively within the small 20 km wide Ainsa Basin, 

Southern Pyrenees (Figure 4.2). The best exposure is along a prominent generally east- 

west trending, north facing ridge that outcrops across the entire basin. This ridge is 

formed by the differential erosion of a large amalgamated sandbody punctuated by a 

series of gullies. The Escanilla Formation has been mapped out between the villages of 
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Barcabo in the west, Escanilla in the east, and Castejon de Sobrabe in the north 
(Bentham et al., 1993, Figure 4.2). 

Access to the outcrop is generally good due to differential erosion of the finer overbank 
lithologies relative to the coarser channel deposits creating a stepped topography. A 

series of local roads allow access to the outcrops from the main A-138 (Ainsa- 

Barbastro) Road and the smaller Barcabo-Boltana Road (Figure 4.2), which are 

orientated parallel to the basin axis. 

4.6 Data acquisition and methodology 

In order to investigate the alluvial architecture of the Escanilla Formation, two 150 m 

vertical sedimentary successions were studied at two localities: (1) the centre (Olson), 

and (2) the western margin (Casa de Coloma) of the Ainsa Basin. These two locations 

were chosen on the basis of good exposure and access (Figures 4.3). Cross-sectional 

panels from the two localities provide data on sandbody geometry, size and location. 

Each section panel was orientated sub-perpendicular to the general north-south 

palaeoflow direction (Bentham et al., 1993; Dreyer et al., 1993) and extended for a 
distance of -1 km, allowing examination of the alluvial architecture on an inter-well 

scale. Sedimentary logs were taken through the two sectional panels to characterise the 

vertical and lateral lithofacies trends and provide net-to-gross estimates. 
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4.7 Lithofacies analysis from outcro 

The deposits of the Escanilla Formation consists of two distinct lithofacies groups: (1) a 

coarse channel-belt fraction forming discrete sandbodies containing sandstones, pebbly 

sandstones and conglomerates; and (2) a fine-fraction comprising red-orange overbank 

silts and muds exhibiting immature palaeosol development. A summary of the 

lithofacies scheme and interpretation is presented in Table 4.1. Where Escanilla 

Formation lithofacies analogue lithofacies that were observed within the Lower Ketch 

Member (Chapter 3, Table 3.2) identical lithofacies codes were assigned. 

Much of the facies descriptions from the Escanilla Formation bear similarities to those 

presented by Bentham et al. (1993) and Dreyer et al. (1993), although, some new 
information is presented regarding the palaeontology and limestone beds found within 

the overbank deposits of the Escanilla Formation. 

Initial assignment of the analogue sequence was founded on similarities in grain size 
fractions (i. e. sandbodies and floodplain deposits) and sedimentary structures between 

the Escanilla Formation and cored intervals from the Lower Ketch Member, SNS 

(Chapter 3). The Escanilla Formation lithofacies show a marked similarity to many of 
the lithofacies documented within the Lower Ketch Member. While matching facies is 

the foundation for any reservoir analogue study, quantitative geometrical information 

cannot be extrapolated from outcrop to the reservoir without a full comparison and 

validation of the two sequences. Consequently, the remainder of this chapter is 

dedicated to: (1) characterising the sandbody types and vertical facies associations; (2) 

quantifying the scale of the palaeochannels; (3) reviewing the depositional model; (4) 

quantifying the Sandbody geometries; and (5) assessing the suitability of the Escanilla 

Formation as an analogue to the Lower Ketch Member. 
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4.8 Significance of overbanks for environmental interpretation 

Fine-grained sandstone and siltstones representing overbank deposition within the 

Escanilla Formation exhibit pervasive reddening. In addition, very few primary 

sedimentary structures are preserved as a result of heavy weathering. Analysis of the 

overbank floodplain deposits reveals several important features, which are described in 

the proceeding sections and assist in environmental reconstruction. 

4.8.1 Palaeosols 

Observation of freshly weathered fines beneath sandbodies show cyclic palaeosol 
horizonation and bedding (Figure 4.4). However, these horizons cannot be traced 

laterally and therefore, pedofacies relationships (e. g. Kraus and Bown, 1987) cannot be 

applied. Where palaeosols can be observed, development is immature and characterised 
by an extensive mottling of the brown and red overbanks into greys, purples, greens and 

yellows. These poorly developed soils may have been analogous to modern day 

Aridisols and Entisols. Occasionally, desiccation cracks were observed on bedding 

surfaces indicating that some subaerial exposure of the floodplain occurred. The poorly 
developed palaeosol characteristics may indicate high aggradation rates prevailed 
during the deposition of the Escanilla Formation (Bentham et al., 1993). 
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Figure 4.4. Palaeosol development within the Escanilla Formation showing (a) horizonation and (b) 
horizontal bedding picked out by subtle changes in the grain size within the overbank deposits. 
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4.8.2 Gypsum beds 

Gypsum is found in the Lower Escanilla Formation, occurring in vertic structures. 
Gypsum is rarely present in the Middle and Upper Escanilla Formation. The gypsum 

may have been present in the Lower Escanilla because sediments represent deposition 

on a low-lying alluvial plain, which was subjected to marine incursions. Marine 

incursions replenished sulphate supplies in porewaters allowing gypsum to form. As the 

alluvial plain prograded basinwards, a shallowing upward sequence was created (Mutti 

et al., 1988) and the impact of marine incursions would have been less pronounced. 
Consequently, sulphate supplied to the floodplain was reduced, which resulted in a 

change from a marine evaporite environment to a shallow freshwater lake environment 

where carbonate precipitation occurred (e. g. Schreiber, 1980). The reduced sulphate 

supply to the Upper and Middle Escanilla Members may have inhibited gypsum bed 

formation. 

An alternative explanation for the development of gypsum may be that the vertic 

structures were produced diagenetically, in which case the Escanilla Formation would 

not have necessarily have undergone any base-level changes in order to get the change 
in facies up through the sedimentary sequence. Consequently, the change in facies could 

have formed as a result of the progressive progradation of the alluvial plain throughout 

the deposition of the Escanilla Formation sediments. Gypsum may be more similar to 

the satin spar veins described in Gustavson et al. (1994). The origin of the gypsum in 

the Escanilla Formation requires further investigation. 

4.8.3 Oncoids 

Cylindrical nodules were observed in clusters within the overbank deposits, commonly 
found to be preferentially eroded out of the floodplain fines (Figure 4.5). Sizes of 

nodules range from 0.1-1.6 m in length and 0.02-0.33 m in diameter. The external 

surfaces were commonly smooth with a concentric internal structure. Preserved nodules 

are often ellipsoidal in cross-section as a result of anisotropic compaction during burial. 

These nodules have been interpreted as oncolites, formed by Cyanophyta (blue green 

algae) with centrifugal growth patterns around an intermittently mobile nucleus (cf. 

Riding, 1983). Nodules are similar to the type C (concentrically stacked layers molding 

the outline of the core) and type R (randomly stacked more or less concentric layers 
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with protruding bumps or domal overgrowths) oncoids described in the Eocene Guarga 

Limestones in the adjacent Tremp-Graus Basin (Nickel, 1983). Oncoids would have 

formed under similar conditions to those depositing the limestone beds of facies L 

(Section 4.8.4). The oncoids observed within the Escanilla Formation are unusually 

large (maximum 1.6 m) and their elongate nature indicate that the algal growth 

nucleated on twigs, roots or logs that controlled the size and shape of the nodule. The 

internal fill of the oncoids varies and includes material from the surrounding overbank 

silts and drusy calcite replacement fill. The later replacement fill of the nucleus suggests 

the nucleus was soft organic material that has subsequently decayed, although, no 

evidence for the presence of vegetation for the nucleus was observed within the 

sequence. Vegetation that allowed oncoid nucleation to occur may have been provided 

from areas more proximal and at higher elevations within the basin. 

Algal mat oncoids indicate shallow continental lacustrine settings. In modem 

environments oncoids occur on a soft bottom substrate covered with marcophytes, in 

water depths less than 3m (Flügel, 1978; Schneider et al., 1983). Oncoids appear to 

have undergone several phases of growth and been rolled around by wave action. 

Oncoids alone are not environment specific, having been described in marine (Peryt, 

1981), brackish (Monty, 1979) and freshwater (Fritish, 1959; Monty, 1972; Nickel, 

1983; Riding and Voronova, 1982; Schneider et al., 1983) environments. Their presence 

has been noted to represent areas of slow sedimentation rate (Peryt, 1981) and in 

fluviolacustrine environments they require low sediment load and turbidity of the water 

(Mouline, 1977). Algal growth would have been stopped by reactivation of channels 

during flood periods. Periodic agitation is indicated by the oncoids concentric 

construction and documents the intermittent proximity of a high energy transporting 

medium to these sediments (Nickel, 1982). Flowing water would have been needed to 

form a crust on the oncoid. These oncoids probably formed rapidly, in the order of tens 

of years. Growth rates of up to 2.2 mm yr 1 have been noted by Merz-Preiß and Riding 

(1999), suggesting that the largest Escanilla oncoids could have formed in a minimum 

of 150 years. In summary, oncoids suggest shallow lakes formed on the floodplain 

where for significant periods of time there was no influence by fluvial activity. 
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Figure 4.5. Oncoids observed within the Escanilla Formation. (a) a cylindrical oncoid with a length of 1.6 

m, (b) oncoids showing a concentric growth pattern, and (c) an oncoid showing a silty internal fill. 

4.8.4 Limestones 

Whitish grey micritic limestones are observed in 0.1-0.4 m thick beds with lateral 

extents over 500 m (Figure 4.6a). Thin section analysis exhibits micritic textures and an 

absence of body fossils in some of the limestone beds. In other samples complete and 
fragmented gastropod and ostracods shells were observed within a faecal pellet matrix 

(Figures 4.6b-c). Limestones are analogous to those described as fluviatile/lacustrine 

distal interchannel carbonate facies in the Guarga Formation in the adjacent Tremp- 

Graus Basin (Nickel, 1982) and also descriptions presented in Freytet (1973) and 

Martinius (2000). Low energy shallow lakes, with limited suspended sediment 

concentration were the depositional setting for the limestone formation. Lakes were 

periodically separated from any fluvial activity and low clastic sedimentation rates 

allowed carbonates to form. Persistence of the lakes was controlled by channel-belt 

migration or avulsion, and their period of existence may have been in the order of 10000 

years based on the Guarga limestones (Nickel, 1982). Work by Crouzel and Meyer 

(1977) suggested that with increasing distance from the apical area of a fluvial fan, the 

relative contribution of carbonates to the overall clastic sequence would increase. 

Calcium is probably supplied to the distal parts of the alluvial system by groundwater 

that drained the southern Pyrenees (Nickel, 1982). These limestone beds indicate 

temporary ponding of water on the floodplain caused by either tectonically or 

climatically controlled base-level change. 
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Figure 4.6. (a) Limestone bed kithin the o,. erbank deposits and thin sections taken through the limestones 
showing (b-c) freshwater gastropods and (d) ostracods indicating the occurrence of lacustrine depositional 
systems on the floodplain. 

4.8.5 Trace fossils 

Vertical burrows, with maximum lengths from 100-200 mm and 10 mm in diameter, 

occur abundantly within the Escanilla Formation deposits (Figure 4.7a). Preservation is 

particularly good beneath the basal contacts of major fluvial sandbodies, where burrow 

fill material is often coarser than the surrounding sediment, forming positive relief casts. 

Cylindrical structures appear to be coarsely meniscate, with meniscate spacings of 

approximately 5-10 mm. Burrow orientation is commonly vertical, although they are 

often twisted. Preserved terminations are rare, gently rounded and do not taper or 

branch. Burrows from the Escanilla Formation are very similar to the Domichnia Type 8 

(Figures 12c, 'd and 13c) described by Bown (1982) within the fluvial Oligocene Jebel 

Qatrani Formation. Egypt. Burrows also occur within the fine-grained sandstone bodies, 

although they are less common, occurring on discrete pause-plain horizons within 

vertically stacked sandbodies (Figure 4.7b). 

Burrows were formed by organisms with little substrate preference or by multiple 

organism types. Bentham et al. (1993) suggested that the cylindrical structures formed 
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from vegetation such as thick grass or reed rizoliths, which colonised the floodplain. 

However, the lack of branching, tapering or size diversity argues against rizolith origin. 

Similar burrows have been documented by Stanley and Fagerstom (1974, p77, Figures 

10-11) and have been known to form by insects (e. g. Ratcliffe and Fagerstom, 1980) 

and spiders (e. g. Ahlbrant et a!., 1978; Ratcliffe and Fagerstom, 1980). 

Other burrows exhibit horizontal feeding traces on exposed overbank bedding surfaces 

(Figure 4.7c). These traces may have been formed by beetle larva similar to the traces 

observed in the red bed Wilwood Formation of Wyoming (Andy Pulham, pers. 

Comm. 1998). 
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Figure 4.7. Trace fossils observed within the Escanilla Formation: (a) Domichnia traces in overbank fines, 
(b) Domichnia traces in stacked sandbodies. and (c) a bedding plane view of continental trace fossils. 
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4.9 Classification of sandbodies and vertical lithofacies associations 

Initial qualitative observation of the Escanilla Formation indicates that the channel 

sandstones exhibit a low degree of vertical and lateral interconnectedness. Sandbodies 

can often be traced for 100's m forming sheet sandbodies, while other sandbodies 

appear to pinch out and form ribbon-type geometries (cf. Friend et al., 1979). 

Sandbodies may taper out into fine splay sandstones that are more laterally extensive. 
Sandstone bodies vary in thickness from 0.5 to 40 m and show lateral and vertical 

stacking. Commonly, sandbodies have a sharp basal erosion surface, fine upwards and 
display great variability in internal facies organisation. Combining vertical facies 

profiles with two-dimensional geometry can enhance understanding of channel pattern 

and depositional environment. Therefore, sedimentary logs were used to assess the 

similarity of vertical lithofacies profiles (Figure 4.8) to the Lower Ketch Member 

(Types A-D, Chapter 3, Figure 3.7). Sandbody geometry was then characterised and 

quantified using the methodology outlined in Table 4.2. 

Table 4.2. Step-by-step procedure for sandbody classification and quantification. 

Steps Procedure 

Fieldwork 
1 Measurement of sandbodies maximum thickness and maximum lateral extent of sandbody 

outcrop. 
2 Measurement of orientation of sandbody outcrop and grid references at each end of the sandbody. 
3 Assignment of partial, unlimited or complete codes (Geehan and Underwood, 1993) 
4 Classification of sandbody type based on internal structure and grain size. 
5 Collection of palaeocurrent data for each study area. 

Office 
6 Reorientation of sandbodies to the mean palaeocurrent direction and recalculation of adjusted 

widths (Haldorsen and Chang, 1986). Minimum lengths parallel to palaeoflow can also be 
calculated. 

7 Sandbodies divided into ribbons and sheets (Friend et a!., 1979) based on width to thickness ratios 
of <15: 1 or >15: 1 respectively. Using only the completely exposed sandbodies where both ends 
are observed to terminate. 

8 Calibration of partial and unlimited sandbodies with the complete sandbody PDF's (Geehan and 
Underwood, 1993; Visser and Chessa, 2000a, b) based on sandbody type guided by internal 

structure and grain size. 
9 Comparison and application of corrected Sandbody PDF's to the Lower Ketch Member reservoir 

interval. 

Using aerial photographs proved unsatisfactory for the quantification of sandbody 

geometries. Sandbodies with widths less than 50 m were measured with a tape and those 

greater than 50 m were mapped on to a 1: 50000 map using a three-point compass 
bearing and a Garmin Global Positioning System. Sandbodies were projected onto a 
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two-dimensional vertical plane perpendicular to the mean palaeocurrent direction; in 

order to obtain width and length estimates. Low topographic elevation to the north of 

the main outcrop ridge in the Ainsa Basin inhibited interpretation using basin-wide 

photomontages. Therefore, ground mapping was the only true way to provide the 

resolution required for detailed sandbody measurements and classification. 

Sandbodies were classified into four categories based on the scheme outlined in Table 

4.2 as: Ribbons, Sheet sandstones, Sheet sandstones and conglomerates and splays 

(Table 4.3) and generalised vertical facies profiles were characterised for each sandbody 

type (Figure 4.9). In addition, the frequency of occurrence of each of these sandbody 

types was quantified (Figure 4.10). 
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Figure 4.8. Comparison of vertical facies profiles through sandbody types in both the Lower Ketch 
Member and Escanilla Formation. Note the marked similarity of log profiles. For a description of vertical 
profiles refer to the text. 
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Figure 4.9. Summary of sandstone types from the Escanilla Formation (orientated perpendicular to 

palaeoflow direction). Vertical lithofacies profiles show similarities with the Lower Ketch Member 
(Chapter 3) 
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Figure 4.10. Percentage frequency of occurrence for sandbody type within the Escanilla Formation (n = 
136). 

Vertical facies profiles taken through the Escanilla Formation sandbodies bear 

similarities with the Lower Ketch Member (Figure 4.8) and therefore, permit the 

assignment of vertical facies profiles to the two-dimensional sandbody types shown in 

Figure 4.9. However, both sheet and ribbon sandbodies have Type B vertical facies 

association signatures, which makes extrapolation of sandbody geometries to the Lower 

Ketch Member in cored intervals ambiguous. To overcome this uncertainty, information 

on the relative proportions of sheet and ribbon sandbodies (Figure 4.10) can be used to 

predict the probability of occurrence of a particular sandbody type. 

136 
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In some cases, sandbodies can stack laterally and vertically to form composite vertical 

profiles termed Type D. Composite sandbodies are similar to those described in Nami 

and Leeder (1972, Figure 3-c) and Cuevas Gozalo and Martinius (1993). These 

composite sandbodies can often be subdivided into individual channel-belt sandbodies 

and measured, a procedure more difficult to undertake in one-dimensional cored 
intervals. Examples of images of the Escanilla Formation sandbodies are shown on the 

supplementary CD (Appendix D). 

4.10 Palaeocurrent indicators 

Palaeocurrent data from cross-bedding, gutter casts, current ripples and channel margins 
indicate a general south south-east trend in the centre of the Basin with a south-south- 

west trend to the west of the basin. (Figure 4.11). These palaeocurrents are consistent 

with a northerly-derived palaeosource controlled by active Pyrenean uplift during the 

Eocene. These data show broad agreement with previous studies (Bentham et al., 1992; 

Dreyer et al., 1993). Fluvial depositional systems were focused along the core of the 

Buil syncline and were deflected away from the growing marginal anticlinal structures 
(Bentham, 1992). These palaeocurrent data were used to derive the mean palaeocurrent 
direction, which was then used to reorientate sandbody widths, in order to remove any 
influence of outcrop orientation (Table 4.2) from geometrical statistics. 

CASA DE NA 
COLOMIA 

N=t0 

OLSEN B 

N 

N=70 

Figure 4.11. Palaeocurrent directions measured within sandbodies at (a) Olson and (b) Casa de Coloma. 
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4.11 Estimates of formative channel depth and channel-belt width 

The same techniques described in Chapter 3, Section 3.8 have been employed to 

estimate formative channel depths and channel-belt widths for the Escanilla Formation. 

Measurements were taken from low angle planar cross-bed thickness observed in the 

gravel facies (cf. Ramos and Sopena, 1983) and trough cross-bed thickness observed in 

the sands/pebbly sandstone facies, reflecting deposition by in-channel bar forms 

(Ashley, 1990) and dunes respectively (Table 4.4). Comparisons between the Escanilla 

Formation and the Lower Ketch Member were confined to the trough cross-bed 

measurements because more difficulties exist in defining planar cross-stratification 
boundaries in core than outcrop and also dunes and bars scale differently to flow depth 

(see Todd, 1996, p314; Bridge and Tye, 2000). Mean dune height from calculations 

using the equations of Yalin (1964) and Allen (1970) to estimate flow depths, yield flow 

depths between 2.5 and 5.5 m for sandstones (Table 4.5). 

Table 4.4. Summary of cross-set data from the conglomerates and pebbly sandstone lithofacies within the 
Escanilla Formation, which represent bar and dune deposition respectively. 

n Mean (m) Median (m) Minimum (m) Maximum (m) Standard 
deviation 

Conglomerates 14 1.21 0.75 0.2 4 0.4 
Sandstones/Pebbly sandstone 24 0.51 035 0.1 1.5 1.04 

Table 4S. Estimates of channel depths and channel-belt widths in both the Lower Ketch Member and the 
Escanilla Formation, using equations outlined by Bridge and Tye (2000). 

Lower Ketch Member Escanilla Formation 
Lithofacies SS/PS SS/PS 

N 30 24 

Mean set height (Sm) (m) 0.34 0.50 

Standard deviation (Ssd) 0.26 0.40 

Applicability test (Ssd/Sm = 0.88 * 0.3)' 0.78 0.79 
Mean dune height (hm) (m) 0.24 0.41 
Depth (Yalin, 1964) equation (m) 1.5 2.5 
Depth (Allen, 1970) equation (m) 3.5 5.5 

Estimate of channel-belt widths (cbw) 

Channel belt width (Bridge & Mackey, 1993) equation I using Yalin (m) 117 302 

Channel belt width (Bridge & Mackey, 1993) equation I using Allen (m) 320 657 

Channel belt width (Bridge & Mackey, 1993) equation 2 using Yalin (m) 578 1279 
Channel belt width (Bridge & Mackey, 1993) equation 2 using Allen (m) 1078 1973 

* Refer to Bridge and Tye (2000) for applicability test. 

Complete channel fill deposits were rarely observed within the Escanilla Formation and 

consequently, limited to three measurements (Table 4.6). Complete channel fill deposits 
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provide estimates of original channel depths of 1.6 to 3.0 m when derived using Paola 

and Borgman's (1991) range of estimated preserved channel fill thickness. Estimates of 

channel depth from preserved channel fills are lower than the formative channel depths 

predicted from cross-set heights and therefore, may only represent the final stages of a 

channel filling event. 

Table 4.6. Estimates of flow depth from channel fill deposits within the Lower Ketch Member and the 
Escanilla Formation. 

Lower Ketch Member Escanilla Formation 
N23 

Mean channel fill depth (m) 0.9 1.2 
Minimum flow depth (m)# 1.2 1.6 
Maximum flow depth (m)# 2.2 3 

# Based on estimates of preserved channel fill thicknesses being between 75% and 40% of original flow 
depth (Paola and Borgman, 1991). 

Formative channel depth estimates for the Escanilla Formation when predicted using 

single channel fill sequences and trough cross-bedding, are between -36-57 % greater 

than those derived from the Lower Ketch Member respectively. Underestimates in 

formative channel depth calculations from the Lower Ketch Member may be caused 

where bore holes fail to penetrate the maximum cross-set thickness and also because of 
differences in burial compaction estimates between reservoir and analogue. Both 

compaction and well penetration location may cause errors in formative channel depth 

estimates. However, channel depth estimates and subsequent channel-belt width 

estimates between reservoir and analogue fall into the same order of magnitude. 

4.12 Grain size distribution of the Escanilla Formation 

The grain size distribution for the Escanilla Formation (Figure 4.13) was calculated 

using the same methodology employed for evaluating the Lower Ketch Member 

(Chapter 3, Section 3.14). Results from the two grain size distributions show that Dso 

values (Table 4.7) between reservoir and analogue sequences are comparable, while D90 

values are greater in the Escanilla Formation. However, comparison of the D90 values 

from both sequences show that both systems are dominated by particles equal to or finer 

than sand grade. Matching the grain size distribution shape is crucial for the 

extrapolation of geometrical data from the analogue to the reservoir. 
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Figure 4.9. Comparison of cumulative percentage grain size distributions for the Lower Ketch Member 
and the Escanilla Formation. 

Table 4.7. Comparison of grain size data from the Lower Ketch Member and the Escanilla Formation. 

Lower Ketch Member Escanilla Formation 
D50 0.075 mm 0.085 mm 
Dgo 0.416 mm 1.227 mm 

4.13 A review of the depositional model for the Escanilla Formation 

Examination of outcrop data from the Escanilla Formation is reviewed and compared to 

Bentham et al. (1993) model of a rapidly aggrading and avulsing braided stream 
depositional system for the Lower Escanilla Member. In this section the depositional 

model (Figure 4.10) presented by Bentham et al. (1993) is refined to accommodate new 
information on: (1) the environmental conditions, especially in relation to lacustrine 

deposition; (2) the increasing net-to-gross towards the top of the Lower Escanilla and 
into the Middle Escanilla; and (3) the scale of the formative channels and channel-belts 

responsible for deposition of the sandbodies. 

During the deposition of the Escanilla Formation, a series of varying width channel- 
belts flowed axially within the north-south orientated Ainsa Basin. Main palaeoflow 
direction was derived from the north and clastic input was controlled by uplift of the 

Pyrenean mountain belt. Lithofacies comprise channelised sandstones and extensive 
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overbank floodplain silts. Bentham et al. (1993) interpreted the Lower Escanilla 

sandbodies as resulting from laterally confined channel-belts capable of rapid vertical 

aggradation. However, this model may not be applicable to the entire Escanilla 

Formation. Observations by Bentham et al. (1992) show an increase in the proportion of 

the coarse-grained sandstone bodies in combination with an increase in clast size up 

through the sequence. The preceding sections have provided evidence from a 150 m 

thick interval comprising the uppermost part of the Lower Escanilla Member and the 

lowermost part of the Middle Escanilla Member, and present evidence that is consistent 

with a general basin wide shallowing upwards model for the Ainsa Basin (Mutti et al., 

1988). Thus, this work extends the model of Bentham et al. (1993) to include the 

Middle Escanilla Formation and incorporates some suggestions on the application of 

alluvial architectural models. 

Evidence presented in this chapter documents a fourfold sandbody classification scheme 

(Table 4.3), which suggests that three types of channel-belt systems occurred during the 

deposition of the studied interval, to include: (1) laterally confined channels (cf. 

Bentham et al., 1993); (2) sand-bed braided river systems; and (3) gravel-bed braided 

river systems. In addition to channel-belt deposition, splay deposition occurred in 

association with sheet flood events from the margins of all three channel-belt types. 

Laterally confined channels produced ribbon-type sandbodies and the sheet sandbodies 

observed within the sequence exhibit features of both sand-bed and gravel-bed braided 

rivers. The presence of lateral accretion surfaces also infers the occurrence of higher 

sinuosity channels at the time of deposition. Sandbodies are observed to stack both 

vertically and laterally forming amalgamated sheets. Predicted channel depths ranged 

from 2.5 m to 5.5 m and channel-belt widths are estimated to have ranged from -300 to 

2000 m. Additional splay sands form the fourth sandbody type and are associated with 

overbank flooding from all the channel-belt types, resulting in the development of splay 

lobes. 

In order to review the controls on the depositional model of the Escanilla Formation 

further, several key features of the Escanilla Formation need to be addressed: (1) the 

high proportion of floodplain deposits preserved (36 %); (2) the general coarsening 

upwards observed between the Lower and Upper Escanilla Members; and (3) the 
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disappearance of gypsum and appearance of limestone beds at the top of the Lower 

Escanilla Member. These features shall now be reviewed in the following sections. 

4.13.1 Controls on the alluvial architecture of the Escanilla Formation 

The low degree of channel interconnectedness displayed within the Lower Escanilla 

Formation has been attributed to long-term, high aggradation rates (Bentham et al., 

1992; Dreyer et al., 1993). The Escanilla Formation is a very fine-grained system and 

therefore, in part, the composition of the deposited sequence will be a function of 

sediment supply grain size. Consequently, to attribute the preservation of the overbanks 

entirely to high aggradation rates, in comparison with other braided river facies models 

(e. g. Scott, Donjek, South Saskatchewan Rivers described in Miall, 1978) may overlook 

the impact of sediment source grain size and the sorting of this grain size distribution 

downstream. Evidence of aggrading coarse-grained gravel-bed braided river systems, 

such as in the North Canterbury Plains, New Zealand, show development of floodplains 

between adjacent channel-belts (e. g. Reinfields and Nanson, 1993). Although, 

examination of the Quaternary alluvial architecture reveals a low preservation potential 

of fine-grained floodplain material. In addition, aggradation rates for the Escanilla 

Formation are estimated to be between 0.01-0.57 mm yr 1 (Bentham et al., 1992), which 

are lower or comparable to estimated aggradation rates for deposition of the Canterbury 

Gravels (0.32-2.85 mm yr', Ashworth et al., 1999). Consequently, the difference in 

grain size being supplied to a particular drainage system is crucial in determining the 

relationship between channel-belt and floodplain deposits. Hence, the difference in 

grain size between the Canterbury Gravels comprising of -20 % sands or finer 

(Ashworth et al., 1999) and the Escanilla Formation comprising of > 90 % sands or 
finer (Section 4.12) may be the reason the sequences show a marked difference in the 

preservation potential of overbank deposits. Subsequently, in order that high volumes of 
floodplain deposits are preserved, the drainage system must be provided with a high 

proportion of fine-grained material, either at the source or by modification of the source 

grain size down the river course. 

Bentham et al. (1992) suggested that the gradual increase in sandbody proportion 

upsection is attributed to a gradual slowing down in the sediment accumulation rate, 
based on numerical stratigraphy models by Bridge and Leeder (1979) and outcrop 
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studies (e. g. Kraus and Middleton, 1987; Shuster and Steidmann, 1987). Theoretical 

stacking patterns models of Bryant et al. (1995) and Heller and Paola (1996) link 

channel-belt avulsion frequency to sedimentation rates. Therefore, the increase in 

sandbody proportion between the Lower and Upper Escanilla Members may 

substantiate a model of increasing aggradation rate associated with increasing clastic 

supply and clast size. Evidence for high aggradation rate is reinforced by suppression of 

palaeosol development. Bentham et al. (1993), using work by Retallack (1986), 

suggested that breaks in deposition were less than 10000 years. 

An alternative explanation may suggest that the increase in sandbody proportion 

between the Lower to the Middle Escanilla Formations in the Ainsa Basin may 

document a progradation of the downstream fining trend as the foreland basin migrated 

southwards. Moreover, the Escanilla Formation is representing a shift in facies to a 

more proximal position, and corresponding increase in the proportion of the coarse- 

grained material (sands and gravel). Whilst evidence for a change in grain size 

distribution has been observed at the gravel-sand transition within the channel-belts of 

gravel-bed rivers (Sambrook Smith and Ferguson, 1995; 1996), the relationship between 

the sand and silt in more distal sabkha type environments is more poorly understood. 

For the reason documented above, the change in the proportion of sandbody to overbank 

deposits is probably due to a change in both aggradation rates (Bentham et al., 1993) in 

combination with a progradation of the downstream fining trend. However, the relative 

contribution of the two mechanisms is inconclusive and requires further quantification 

from modem analogue systems. Furthermore, the incorporation of these downstream 

fining trends is critical to the development of three-dimensional alluvial architectural 

models (e. g. Mackey and Bridge, 1995; Heller and Paola, 1996). 

4.13.2 Evidence for base-level or progradational changes in the Escanilla Formation 

In addition to the increase in the proportion of the coarse-grained fraction upsequence 

(Bentham et a!., 1992), the occurrence of gypsum disappears near to the top of the 

Lower Escanilla Formation and limestone beds become visible. If the gypsum is the 

result of marine influence then these observations are consistent with the general 

shallowing upwards sequence model (Mutti et al., 1988). Gypsum precipitated within 

the Lower Escanilla sequence may have been formed by sulphate, sourced and 
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replenished by marine porewaters, which combined with a large available calcium 

carbonate source from uplift of the Pyrenean hinterland (Bentham, 1992). Limestone 

formation may have been suppressed during the deposition of the Lower Escanilla 

Formation because the presence of marine porewaters supplied sulphate to Lower 

Escanilla sequence, creating a calcium limited system. Consequently, the precipitation 

of sulphate in the form of gypsum depleted the available calcium reservoirs (see 

Reading, 1986). The switch from a gypsum forming system to a carbonate forming 

system is consistent to a general shallowing upward sequence and the change from a 

supratidal coastal alluvial plain to an alluvial plain. Replenishment of seawater to the 

alluvial plain of the Lower Escanilla could have been controlled by either regional or 
local base-level changes, driven by changes in sediment supply and/or tectonic 

subsidence associated with Pyrenean thrust emplacement or climate. The disappearance 

of gypsum at the top of the Lower Escanilla indicates a halt to marine supplied 

porewaters and the loss of a sulphate source at the top of the Lower Escanilla Formation 

allowed the free calcium to become available to permit limestone beds to form. 

Alternatively, a general progradation of the alluvial plain could have also caused the 

coarsening upwards sequence exhibited in the Escanilla Formation. The appearance of 
limestone beds may be associated with climatic fluctuations during deposition. 

Investigation is required into the controls on gypsum and limestone formation within 

the Escanilla Formation. 

The observation of nodules within the overbank deposits were initially classified as 

calcrete horizons by Bentham et al. (1993). However, internal structures show 

concentric or domal algal growth and evidence of fragmentation and regrowth, which 

suggest a surface rather than soil forming origin. According to estimates based on 

maximum oncoid size, these oncoids would have formed on the surface in shallow lakes 

that were present for 150+ years and were subjected to wave activity. The oncoids may 
have been nucleated on large branches or roots, although, no organic structures are 

observed within the core of the oncoids. No other evidence for roots or branches is 

observed within the floodplain deposits. The clustering of the oncoids implies that 

vegetation debris may have been brought downstream from the hinterland into shallow 
lakes, which had favourable conditions for cyanobacteria to attach and grow onto the 

vegetation. 
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The presence of laterally extensive limestone beds within the floodplain deposits also 

substantiates the evidence for shallow lake formation. Limestone beds are interpreted as 

the product of periodic ponding of floodwaters in areas away from the active channel- 

belts. Lakes may have formed in local topographic floodplain depressions and had 

maximum depths of -3 m and lateral extents of over 500 m. In order for both oncoids 

and limestones to develop, energy conditions must have been low, suspended sediment 

concentration limited and lake temperatures warm. These conditions suggest that the 

lake areas were cut-off from much of the channel-belt environment. Several phases of 

oncoid growth indicate that the lakes were periodically inundated with flowing water 

from intermittent channel-belt flooding, possibly as a result of a seasonal climate 

regime. When this flowing water waned, algal growth would have continued. Periodic 

lake formation may also inhibit the development of soil. Gastopods and Ostracods from 

the limestone beds provide evidence that indicates the carbonates are of freshwater 

origin. The presence of limestones and oncoids in an otherwise entirely oxidised 

sequence may suggest that waterlogged/lacustrine areas developed. 

Evidence for a fluvio-lacustrine environment is reinforced by the presence of vertical 

cylindrical structures, which are thought to be almost exclusively domichnia traces 

formed by continental fauna living on the floodplain. Development of extensive lakes 

and the lack of evidence for vegetation or organic matter within the deposits suggest 

that the level of vegetation on the floodplain may have been minimal and sediment 
binding may have been limited allowing channel-belts to migrate laterally. 

In summary, the depositional model for the Escanilla Formation may show similar 
facies trends to the terminal fan models of Olsen (1987) and Kelly and Olson (1993). In 

addition, the increase in sandbody proportions up-sequence may reflect a facies shift 
from a more distal to a proximal position as the alluvial plain progrades basinward in 

conjunction with changes in aggradation rate. Moreover, this basinward facies shift 

reinforces the shallowing and coarsening model of Mutti et al. (1988). No conclusive 

evidence can be found to differentiate between the relative effects of aggradation rate, 

sediment supply grain size, base-level change and climate on the depositional record of 

the Escanilla Formation. Further study of the Escanilla Formation examined in this 

section would benefit greatly from the assignment of a modem day analogue. 
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Figure 4.10. Schematic block diagrams to represent the depositional environments for the Escanilla 
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4.14 Impact of compaction on Escanilla Formation alluvial architecture 

In order to assess the impact of compaction on the alluvial architecture of the Escanilla 

Formation and use geometrical information from the Escanilla Formation to assist in the 

prediction of alluvial architecture of the Lower Ketch Member, two issues need to be 

addressed: (1) the facies-dependent differential compaction between the fine- and 

coarse-grained fractions (e. g. Collier, 1989) in the Escanilla Formation, and (2) 

comparison of burial depths and depositional environment between reservoir and 

analogue. Petrological studies suggest the maximum burial depth reached by the 

Escanilla Formation is approximately 1.2 km (Tom Dreyer, pers. comm. 2000). To 

estimate differential compaction for the Escanilla Formation the same arguments hold 

as those that provided the rationale for calculating compaction of the Lower Ketch 

Member (Chapter 3, Section 3.13). Evidence suggests climate regime and palaeosol 

development were comparable to the Lower Ketch Member and therefore, facies- 

dependent differential compaction was minimal. Additionally, the presence of extensive 

limestone beds within the overbank deposits can be traced above several adjacent 

sandbodies and interchannel-belt areas with no observable deformation. These 

limestones provide further evidence that no facies-dependent differential compaction 

has occurred between the fine- and coarse-grained deposits. Compaction estimates 

resulting from differences in burial depth between the Lower Ketch Member and the 

Escanilla Formation have been calculated using Retallack's (1993) Equation 3.8 

modified from the Sclater and Christie's (1980) formula. Calculations assume both 

formations had initial solidities of 0.6 (based on porosities from unconsolidated 

sediments from Beard and Weyl, 1973). 

Calculations based on a maximum burial depth of 1.2 Ian for the Escanilla Formation 

results in burial compaction estimates of 93 % of the original thickness. In comparison, 
based on a burial depth of 3.7 km, the compaction estimate for the Lower Ketch 

Member reservoir interval is 73 % of original thickness (Chapter 3, Section 3.12). 

Readjustment of sandbody thicknesses (Figure 4.11 a) to their original depositional 

thickness (Figure 4.11 b) shows that the Lower Ketch Member may have a similar range 

of Sandbody thicknesses to those of the Escanilla Formation. 
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Figure 4.11 (a). Comparison of Sandbody thicknesses between the Lower Ketch Member and the 
Escanilla Formation, and (b) adjustment of the thicknesses following decompaction using Retallack's 
expression of the Sclater-Christie (1980) equation. Both sequences were assummed to have an initial 
solidity of 0.6. Note only complete thicknesses were used in the Lower Ketch Member cored interval. 

4.15 Estimate of sandbody connectivity 

The Escanilla Formation exhibits a net-to-gross of -0.64, calculated from vertical 

logged thickness at Olson and Casa de Coloma. Net-to-gross values for the Lower 

Ketch Member (0.6) are comparable to those of the Escanilla Formation. However, in 

other areas of the basin and at different heights within the sequence the net-to-gross may 

vary (Bentham et a!., 1992). Theoretical studies suggest that the interconnectedness of 

channel-belt sandbodies is unlikely if the net-to-gross is below 0.4 (Fielding and Crane, 

1987) but certain if the ratio exceeds 0.75 (Bridge and Mackey, 1993b). While net-to- 

gross values suggest a high level of connectivity, variation in spatial sandbody stacking 

patterns may cause local reductions in net-to-gross to an extent where connectivity can 

become problematic. Therefore, quantification of the channel-belt sandbody geometry 

and frequency distributions of sandbodies and stacking patterns are required before 

management strategies are made. The following section deals with the quantification of 

Sandbody geometries described in Section 4.9. 
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4.16 Two-dimensional sandbodv eeomet 

The ultimate goal in collecting analogue outcrop information is to provide quantitative 
data for inter-well reservoir evaluation, to aid the construction of a realistic three- 

dimensional geological models, in order to predict sandbody connectivity and 
hydrocarbon flow patterns. This section presents geometrical information (width : 
length : thickness) and frequency distributions for sandbody types (ribbon, sheets and 

splays) identified in Section 4.9 for the Escanilla Formation. The use of these data in 

interpreting the inter-well alluvial architecture of the Lower Ketch Member is then 

evaluated. Sandbody width, which is defined as the dimension of a sandbody when 

perpendicular to the mean palaeocurrent direction is commonly reported in field studies 
(e. g. Hirst, 1991; Dreyer, 1993; Aitken et al., 1999). Sandbody length (e. g. North and 

Taylor, 1996), which is defined as the dimension of a sandbody parallel to the mean 

palaeocurrent direction, is less frequently documented, often due to the lack of available 

three-dimensional exposure. The distributions of sandbody geometries were collated 
from the two studied areas in the Ainsa Basin (Figure 4.3), yielding 136 sandbody 

measurements. Quantification of sandbody geometry is addressed in the following 

sections. 

4.16.1 Complete and partial sandbody dimensions 

Quantification of sandbody geometries requires an assessment of the sandbody 

completeness. The exposure of both margins or one margin of the sandbody defines the 

sandbody completeness, these are termed complete and partial sandbodies respectively 
(Geehan and Underwood, 1993). Studies such as that of Nami and Leeder (1978) 

recorded complete and observed sandbody widths within the Jurassic Scalby Formation. 

Failure to assess the completeness of sandbodies will result in an underestimate of the 

widths in the total sandbody frequency distribution. Consequently, the estimates would 
be a function of the level of exposure of any individual sequence and result in 

sandbodies with smaller widths having a greater probability of being fully exposed. The 

Escanilla Formation yielded 68 % partially and 32 % completely exposed sandbody 

measurements. 
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Several studies (Geehan and Underwood, 1993; Visser and Chessa, 2000a, b; White and 

Willis, 2000) have used correction factors to predict individual sandbody widths. These 

studies used partially exposed sandbody data by adjusting the partial width data 

according to the complete distribution data, then summing the two distributions to 

produce an adjusted width-frequency distribution for all the sandbodies. Several of these 

adjustment techniques have been validated against outcrop studies. For example, the 

Permian Cutler Group in Visser and Chessa (2000a, b) and the Frewens Sandstone in 

White and Willis (2000). 

The advantage of using the adjusted width distribution technique is that calculation of 

sandbody widths does not rely on sandbody thickness data, which are discussed in 

Chapters 2 and 3. Sandbody widths in the Escanilla Formation were corrected for partial 
lengths using the method proposed in Visser and Chessa (2000a, b) Equation 4.1. 

IWIN, I(A-w) 

n_w ew= 

1zw 

Equation 4.1 

where ew is the expected width for a body with partially observed width w, in an 
N', is the number of complete width that belong to width class 

W. Equation 4.1 was repeated for every partial width and the resultant adjusted width 

estimates were assigned to their corresponding width classes. Adjusted widths were 

summed with the complete width observations to produce an extended width 
distribution (Figure 4.12). The approach of Geehan and Underwood (1993) was not 

used, as the method does not take into account the shape of the outcrop. Figure 4.12 

illustrates how use of the adjusted width distribution can add considerable information 

about the larger width classes. More information can be gained on the distribution when 

the sandbodies are subdivided into individual type (Table 4.8, Figure 4.13 and 4.14). 

However, one drawback of the method is that the classification of partial sandbodies has 

to be guided by vertical and lateral facies associations (Section 4.8) and not only by 

geometrical information. This method may be reliably applied to sandbody data when 

the partial sandbody width/thickness ratios are over 15, but if ratios are below 15 a more 

subjective classification has to be applied. For example, ribbon and sheet sandstones can 
both display vertical facies association Type B and therefore present difficulties in the 
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assignment of two-dimensional geometry. This more subjective sandbody classification 

was to be applied to 5% of all the sheet sandstone bodies measured. 

Visser and Chessa's (2000a, b) conditioning method does not account for the partial 

widths that have a greater width than the maximum width of the complete dataset. 

Therefore, any partial or unlimited sandbody measurements with widths greater than the 

complete data cannot be adjusted to a greater width when included in the final 

conditioned dataset. Yet, these larger sandbodies may have a large impact on inter-well 

connectivity. Therefore, the method may still underestimate the largest sandbody widths 

observed within the Escanilla Formation. 

Table 4.8. Statistic for sandbody dimensions from the Escanilla Formation based on complete 
measurements (n =44) and (italics) recalculated datasets using the Visser and Chessa (2000a) width 
conditioning method (n =136). 

Ribbon 
Sandstone 

Sheet 
sandstone 

Sheet sandstone 
conglomerates 

Splays 

N 10 15 10 9 
19 37 37 43 

Width (m) Mean (m) 31 134 217 180 
43 300 334 274 

Median (m) 23 60 181 175 
50 212 325 175 

Standard deviation (m) 25 154 183 157 
22 252 218 270 

Minimum (m) 13 20 20 10 
13 20 20 10 

Maximum (m) 88 525 550 400 
100 1038 875 775 

Thickness (m) Mean (m) 42 2.3 4.4 1.4 
4.8 2.9 6.6 1.4 

Median (m) 3.1 1.6 3.9 1.2 
3.0 2.0 4.7 0.9 

Standard deviation (m) 3.8 1.5 3.8 0.6 
6.4 2.7 4.6 1.9 

Minimum (m) 1.5 0.8 1.0 0.8 
1.5 0.5 1.0 0.2 

Maximum (m) 14.0 6.0 13.0 2.3 
30.0 15.0 17.2 12.0 

Width /Thickness Mean 8 58 58 162 
14 163 64 340 

Median 8 27 47 114 
11 92 57 161 

Standard deviation 3 61 47 167 
10 226 45 452 

Minimum 4 16 17 4 
2 16 4 5 

Maximum 13 225 163 453 
48 1221 163 1844 

% occurrence of number 22.7 34.1 22.7 20.5 
14.0 27.2 27.2 31.6 
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Figure 4.12. Probability density functions of the sandbodies widths within the Escanila Formation 
following the conditioning method of Visser and Chessa (2000a, b). Showing the (a) raw, (b) complete 
and (c) adjusted data. 
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Figure 4.14. Box and whisker plots of (a) width/thickness ratios, (b) thickness and (c) width for Sandbody 
types measured within the Escanilla Formation sequences, showing the considerable range in sandbody 
geometries within the Escanilla Formation. 
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4.17 Comparisons between geostatistics from the Escanilla Formation and documented 
outcrop studies 

Geostatistical data from the Escanilla Formation (Table 4.8) were compared to three 

documented outcrop studies, which focus on channel-belt sandbodies (Fielding and 

Crane, 1987; Dreyer et al., 1993) and splay sandbodies (Walderhaug and Mjos, 1991). 

Data from the literature were digitized from the original papers for comparison with 

datasets from the Escanilla Formation. 

4.17.1 Channel-belt sandbody geometries 

Dreyer et al. (1993) presented a sample of geometrical width versus thickness data from 

the Escanilla Formation (Figure 4.15) and sandbody geometries fall into the same range 

of width and thickness data as this study. However, classification of both channel and 

channel-belt data (Dreyer et al., 1993) are not consistent with the sandbody 

classification scheme presented in Section 4.9. This highlights the problem that 

inconsistencies in sandbody classification between studies of the same outcrop sequence 

can lead to non-comparable datasets. 

Inconsistency in sandbody classification is encountered again when the geometrical data 

from the Escanilla Formation are plotted against width versus thickness data from 

Fielding and Crane (1987) (Figure 4.16). There is considerable scatter of points between 

channel pattern types defined by Fielding and Crane (1987) and the Escanilla 

Formation. The Escanilla sandbodies have not been plotted into sandbody types because 

classification schemes are not comparable and the Escanilla Formation sandbody data 

covers the whole spectra of channel types documented in Fielding and Crane (1987). 

Fielding and Crane's (1987) study takes no account of the depositional environments 
from any of the compiled datasets and therefore cannot be reliably used. The reliability 

of any outcrop analogue dataset to interpret channel-belt sandbody reservoir 

interconnectedness hinges upon the correct interpretation of the depositional 

environment, including, critically, the scale of the system. 
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Figure 4.15. Cross plot of Escanilla Formation sandbody geometries (n = 136) plotted against sandbody 
dimension data from the Escanilla Formation by Dreyer et al. (1993). 
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Figure 4.16. Width versus thickness cross plot for channel pattern types taken from Fielding and Crane 

(1987) compared to the Escanilla Formation sandbody geometries. 
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4.17.2 Splay lobe geometries 

Splay geometries require separate consideration to channel-belt sandbodies because 

their deposition is a product of overbank sheet flows rather than channelised flows. 

Very little geometrical information exists in the literature on splay deposits; exceptions 

include the studies by Walderhaug and Mjos (1991) and Mjos et al. (1993) who 

investigated the fluvio-deltaic successions within Ravenscar Group. Although the splays 

show a similar grouping to those of the Escanilla Formation (Figure 4.17), the 

depositional environments are not analogous and therefore, comparisons would not be 

appropriate. Splay geometries have been reoriented to mean palaeoflow direction. 

However, splays do not have the same geometrical relationship to mean palaeocurrent 

direction as the channel-belt sandbodies and therefore, modern field studies are required 

to quantify this association. 

100 

10 ; 
N 
N 
6! ý 

U 

0.1 
10 

Width (m) 

Figure 4.17. Width versus thickness cross plot for splay lobes from the Escanilla Formation compared to 
those defined in the Jurassic Saltwick and Scalby Formations (Walderhaug and Mjos, 1991). 

Figures 4.15-4.17 show considerable scatter and the application of linear trend lines to 

predict sandbody width from cored sandbody thicknesses is inappropriate. By correctly 

matching parameters including lithofacies, grain size, sandbody type and depositional 

model between reservoir and analogue the use of width probably density functions 

(Figures 4.12 and 4.13) for each sandbody can be employed to predict subsurface 

reservoir architecture. 
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4.17.3 Three-dimensional channel sandbody geometries 

In the preceding sections geometrical data has been dealt with in two-dimensions. Yet, 

for complete reservoir evaluation, three-dimensional geometries are required in order 

that reservoir volumes can be calculated. Data collected from the Escanilla Formation 

outcrop were reoriented back to a vertical plane perpendicular to mean palaeoflow 
direction, to yield two-dimensional width measurements. However, outcrop exposure 

only allowed minimum length measurements to be calculated and the complete 

sandbody lengths are more difficult to quantify. 

Estimates of length frequency distribution from width frequency distributions have been 

made by Geehan and Underwood (1993) using stereology expressions, which assumed 

an isotropic shape. Modem channel-belts have greater lengths than widths (e. g. Leckie, 

1994). Subsequently, the subsurface expression of channel-belt sandbodies is expected 

to be elongate (e. g. Mackey and Bridge, 1995), with the sandbodies long axis orientated 

approximately parallel to palaeocurrent direction (Visser and Chessa, 2000b). 

Furthermore, channel-belts are: (1) often sinuous (see Friend and Sinha, 1993), (2) 

bifurcate, and (3) will undergo channel avulsion and migration causing truncation or 

superposition of channel-belt sandbodies in the subsurface. These characteristics of 

channel-belts are not accounted for in the simple stereology expressions of Geehan and 

Underwood (1993) or the length measurements taken from the Escanilla Formation 

outcrop. 

Rarely are geologists presented with alluvial sequences where good outcrop data can be 

collected perpendicular to mean palaeocurrent direction at two sites in the down-basin 

direction; exceptions include Newell et al. (1999) and Martinius (2000). Mackey and 
Bridge (1995) and Heller and Paola (1996) have attempted to provide theoretical models 
to predict down-basin channel-belt sandbody stacking patterns, but these models require 
field validation. The use of minimum sandbody lengths from this study cannot be 

reliably used in any predictive model. In order to construct a three-dimensional 

geological model an assessment of. (1) sandbody width distribution changes down- 

basin, and (2) sinuosity and connectedness needs to be undertaken. These may provide 

future opportunity for investigation. 
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4.17.4 Three-dimensional splay geometries 

Splays display different geometries to channel-belt sandbodies and have to be assigned 

an entirely different shape. Three-dimensional splay shapes may be similar to splays 
described in modem systems, such as O'brien and Wells (1986) and Smith et al. (1989). 

Geometries may be similar to the wedge and lobe shaped geometries documented in 

Bridge (1993). Again, the three-dimensional geometry of splays needs further 

investigation. 

4.18 Comparison between measured and predicted channel-belt sandbody width 

Using cross-set heights to predict channel-belt widths provides a range of sandbody 

widths between 300-1980 m (Section 4.11). When compared to sandbody widths 

measured in the field (13-1038 m) the data shows that 74 % of the sandbody widths 

measured from the Escanilla outcrop fall below the minimum channel-belt widths 

predicted from cross-set data. Therefore, empirical estimates may lead to 

overcorrelation of sandbodies between wells. The maximum measured values from the 

field are limited by the maximum extent of the outcrop used in the study. Qualitative 

observations of the outcrop showed that some sandbodies extended for much greater 

width than the studied section panels (> 2 km). These field observations suggest that 

some of the sandbodies are also longer than the maximum predicted channel-belt width 
from cross-set data. These estimates do not account for the lateral migration or stacking 

of channel-belt deposits within the sequence. Therefore, the use of empirical 

relationships between cross-set height and channel-belt width does not provide accurate 

estimates of two-dimensional sandbody geometries within the Escanilla Formation. 
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4.19 Geometries of the overbank deposits (non-reservoir component) 

Quantification of two or three-dimensional architecture for the fine-grained fraction 

overbank floodplain deposits present inherent difficulties. Often compaction and 

weathering do not allow palaeosurfaces to be identified within fluvial sequences and 

therefore, two-dimensional information is scarce. Comparison of vertical overbank 
deposit thicknesses from well data and onshore analogue give insight into the general 

vertical stacking patterns between the coarse and fine fraction. Table 4.9 shows that 

there are similarities between the mean, minimum and maximum thicknesses of 

overbank deposits for the two sequences, which adds weight to the use of the Escanilla 

Formation as an analogue to the Lower Ketch Member. 

Table 4.9. Statistics from measured thicknesses for overbank mud/siltstones from the Lower Ketch 
Member and the Escanilla Formation. 

Lower Ketch Member (m) Escanilla Formation (m) 
n 18 101 
Mean 4.9 3.9 
Median 2.4 2.7 
Standard deviation 5.5 3.6 
Standard error of mean 1.3 0.36 
Minimum 0.16 0.30 
Maximum 21.7 22.0 

4.20 Application of sandbodv geometries to the Lower Ketch Member 

Published outcrop dataset, for example, Fielding and Crane (1987) are commonly used 
to evaluate sandbody continuity in subsurface fluvial reservoirs. Yet, lack of 
information on the scale of depositional system, palaeoflow direction, climate regime, 
burial depth and tectonic setting, creates difficulties in the application of these studies as 

analogues for the Lower Ketch Member reservoir interval. Additionally, standard width 

versus thickness cross plots (e. g. Lorenz et al., 1985; Fielding and Crane, 1987) use 
linear relationships to predict sandbody geometries in the subsurface. Width versus 

thickness cross plots for the Escanilla Formation study (Figure 4.18) in addition to 

many in the literature (Chapter 2, Table 2.2) show a great scatter of data points. 
Therefore, the prediction of Lower Ketch Member Sandbody widths from an assessment 

of thickness cannot be undertaken using linear trend lines, because: (1) a variety of 

channel patterns may have existed during deposition of the sequences, resulting in a 
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range of channel-belt widths; and (2) estimates rely on the correct measurement of 
thickness, which can be problematic in core. Therefore, the ambiguity of cross plot 
datasets suggest that the use of adjusted sandbody width PDF's (Figure 4.16) may 

provide a more reliable estimate of sandbody width because no reliance is placed on the. 

thickness data from the core. 
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Figure 4.18. Cross plot of adjusted sandbody geometrical data from the Escanilla Formation with a best 
fit line plotted (n = 136). Note the considerable scatter and the ambiguity in the application of general 
trend lines to the cross plot dataset. 

4.21 The Escanilla Formation: an analogue to the Lower Ketch Member 

Analysis of the Escanilla Formation outcrop has proved it to be a good analogue for the 

Lower Ketch Member, Tyne Field, SNS, and comparisons are summarised in Table 

4.10. Consequently, geometric data gathered from the Escanilla Formation may be used 
in the inter-well interpretation of lateral facies changes within the Lower Ketch Member 

reservoir. 

The Lower Ketch Member and Escanilla Formation sequences exhibit cyclical 

alternations of vertical and laterally stacked channel sandbodies with pedogenically 

altered overbank fines. Thicknesses of sandbodies and fine overbanks are comparable in 

outcrop and core. Basal contacts between the sandstones and underlying fines are sharp 

and predominantly erosional. Often the sandbodies fine upwards and in many cases 

exhibit channel stacking. Summary vertical facies logs through the sequences show a 
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marked similarity between reservoir and analogue. Furthermore, the grain size 

comparison shows the D50 and D90 are similar, both exhibiting the same grain size 
distribution shape, with a dominance of sand grade particles. Matching the grain size 
distribution is critical to the comparison between the two sequences. In both sequences 

the proximal to distal trends relate to a decrease in net-to-gross and future study of these 
downstream trends may reveal vital information on the downstream channel-belt 

stacking patterns. 

Pedogenic indicators display poorly developed, red mottled palaeosols. Lack of 

correlative marker horizons and pervasive oxidation hinder environmental interpretation 

of the overbank environment. In both reservoir and analogue evidence is provided that 

indicates both well-drained (oxidation) and poorly-drained (reduced) soils coexisted 

within the floodplain. Limestones and oncoids in the Escanilla Formation indicate 

temporary lakes developed on the floodplain, however, there is no evidence to suggest 

whether lakes formed on the floodplain during the deposition of the Lower Ketch 

Member. Trace fossils are rare within the Lower Ketch Member unlike the Escanilla 

Formation; this difference may be attributed to the development of invertebrates from 

the Carboniferous to the Eocene. There is no evidence to suggest the floodplains in 

either sequence were covered with substantial amounts of vegetation, although evidence 

may have been destroyed by subsequent oxidation and mottling processes. 

Grain size distribution has been identified as a major control on the preservation 

potential of floodplain deposits with the deposits of the Escanilla Formation and the 

Lower Ketch Member reservoir. However, the identification of the relative impact of 

allocyclic and autocyclic controls in these two sequences is ambiguous. 

Based on the evidence presented in this chapter the use of the Escanilla Formation 

geometries for the interpretation for the Lower Ketch Member is recommended and 

definition of reservoir architecture benefits from this analogue study. 
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Table 4.10. Summary of criteria used to assess the viability of the Escanilla Formation as an analogue to 
the Lower Ketch Member reservoir interval. 

Parameter Lower Ketch Member, Tyne Escanilla Formation, Southern 
Reservoir, SNS Pyrenees, Spain 

Age Carboniferous (Westphalian C-D) Middle-Upper Eocene (38-39.5 Ma) 

Thickness 

Data set 

Net to Gross 

Grain size distribution 

Lithofacies/ sedimentary structures 

Thickness of channel sandbodies 
(compacted) 

Thickness of overbanks (compacted) 

150 m 

8 wells (Total of 905' core) 

601/e (Based on entire wireline log 
dataset) 

D5. =0.075mm, D90 =0.416mm 

GC) Massive crudely stratified coarse- 
gravel framework conglomerates 
PS) Parallel to cross-bedded pebbly 
sandstone 
SS) Parallel to cross-bedded medium 
to coarse-grained sandstone 
Fwc) Isolate laterally confined 
muds/silts 
FS) Fine to coarse-grained isolated 
sandstones 
SSrc) Intraformational rip-up clast 
muds within sandstones 
Fl) Parallel laminated muds/silts 
SSr) Pedogenically modified 
sandstones 
Fr) Pedogenically modified mud/silts 
0.1-22.4+m (mean= 3.9 m) 

0.16-21.7m(mean=4.9m) 

500-750 m 

Onshore outcrop 

64 % in the two logged intervals (150 m) 

Aso = 0.085 mm, Duo = 1.227 mm 

GC) Large planar and parallel bedded coarse- 
gravel framework conglomerates 
PS) Parallel to cross-bedded coarse-grained 
pebbly sandstone 
SS) Parallel to cross-bedded medium to 
coarse-grained sandstone 
Fwc) Isolate laterally confined mudstsilts 
FS) Fine to coarse-grained isolated parallel 
laminated sandstones 
SSrc) Intraformational rip-up clasts within 
sandstones 
SSr/Fr) Fine-grained pedogenically modified 
siltstones and fine sandstones 
L) Limestones 

0.2-30 m (mean = 3.7 m) 

0.3-22 m (mean = 3.9 m) 

Formative channel depths 

Width of sandbodies 

1.5-3.5 m 

Unknown 

Channel-belt width using empirical 117-1078 m 
relationships 

Sandbody width: thickness ratios Unknown 

Largest clast size 20-80 mm 

Depositional rate Unknown 
(undecompacted) 

Climate Semi-arid/Humid (Equatorial) (Rowley 
et al., 1985) 

Bioturbation Root disturbance 

Palaeosols Immature - well drained and within 
lacustrine sequences 

Main source area Fenno-Scandinavian high, 100's km to 
the north. MNSH (Stone & 
Moscariello (1999) 

Basin type Foreland (Quirk and Aitken, 1997) 

Burial depths 3650 m 

2.5-5.5 (using SS lithofacies only) 

10-1037.5 m* 

302-1973 m 

10-300: 1 

20-150 mm 

0.25-0.35 m/I000 years (Bentham et al., 
1993) 
0.53 m/1000 years (Dreyer et aL, 1993) 
Mediterranean semi-arid climate (3540*N 
latitude. (Atkinson, 1986) 

Domichnia traces, algal mats, gastropods, 
ostracods and oncoids 
Immature - well drained and within lacustrine 
sequences 

Pyrenees mountain belt approximately 60 km 
north. 

Foreland 

1200-2000m 

Depositional model Fine-grained depositional multichannel Braided and meandering stream channel-belt 
channel-belt with overbank deposition. undergoing overbank deposition. 

'Maximum outcrop length used in study area. 
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4.21.1 Limitations of the Escanilla outcrop study and future recommendations 

This chapter has raised several opportunities for further work. 

" Examinations of the Escanilla Formation and the Lower Ketch Member provide 

very little evidence for the development of vegetation on the floodplain during 

deposition. Whether this is a result of a poorly vegetated floodplain or subsequent 
destruction and lack of preservation of the vegetation is inconclusive. A study of 

modem analogue is required to establish how vegetation affects the binding capacity 

of floodplain sediments and channel-belt migration. Additionally, quantification of 

plant development from Carboniferous and Eocene times is required to determine 

the likely affect on the prevailing drainage systems. 

" The Escanilla Formation onshore analogue study provides a two-dimensional 

dataset of the cross-stream channel-belt architecture, but this study fails to provide 
full three-dimensional alluvial architecture, which includes: downstream geometry, 

stacking patterns and connectivity. Future work may investigate and quantify basin- 

wide spatial variations in stacking patterns. 

" Sandbody geometries have been calculated based on a rectangular form. Further 

work is required to quantify the shapes of individual sandbodies in order that 

reliable stacking patterns be developed. 

" The study also fails to quantify the within channel-belt scale architecture, due to: (1) 

lack of continuous, good quality lateral exposure as sandbodies are heavily 

weathered; (2) lack of common consensus on definitions of within channel-belt 

alluvial architecture (cf. Miall, 1985; Bridge, 1993); and (3) complexity of the three- 
dimensional shape and orientation of the within channel-belt architectural elements. 

" The lateral variability of the within channel-belt alluvial architecture of the Escanilla 

Formation sandbodies may result in the inappropriate application of vertical facies 

models. Future field studies may highlight the range of vertical facies profiles 

present within individual sandbodies types. 
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4.22 Requirements for full analogue comparison and validation 

Difficulties in Sandbody correlation between wells due to problems in establishing 

reference horizons in fluvial environments and the scarcity of biostratigraphic 

indicators, results in the application of outcrop analogues to improve the geological 

resolution. This chapter has highlighted several problems with the application of 

published outcrop geometrical datasets (refer to Chapter 2, Table 2.2) for subsurface 

prediction of alluvial architecture, which are outline below: 

9 Most literature studies only provide two-dimensional sandbody geometries as a 

consequence of. (1) sandbodies from large outcrop sections often being measured 
from photomontages, which may inhibit the collection of three-dimensional 

datasets, and (2) complete three-dimensional exposure of outcrops are rare. 

" Many published outcrop studies ignore the impact of burial compaction and do not 

apply any estimates of maximum burial depths and resultant compaction. 

" Studies do not state whether measured widths are partial (observed) or complete, 

which may result in a case where thicknesses are measured as maximums and 

widths are measured as minimums, which may bear no relationship to depositional 

process, rather to extent of exposure. Correction for outcrop orientation to mean 

palaeoflow is frequently not defined. 

" Correction for distortion of photomontages is not often presented, although this can 

produce significant errors (cf. Wizevich, 1991; Arnot, 1997, Caracuel et al., 2000). 

" Sandbody types are commonly not classified in a comparable way between studies 

and critically the scale of the depositional systems is often not considered. 

" Few published studies provide quantitative data for within channel-belt scale 

alluvial architecture (an exception is the study by Van der Neut and Eriksson, 1999), 

often due to difficulties in definition and exposure as architectural elements grade 
laterally into each other. 

Many of these problems arise because datasets are poorly constrained. Therefore, a list 

of the minimum requirements to enable reservoir-analogue studies to be compared is 

documented in Table 4.11, and must be included with future published geometrical 
datasets. 
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Table 4.11. List of minimum data requirements for full subsurface reservoir to outcrop analogue 
comparisons. 

Steps Data required 

Qualitative data 

I Lithofacies descriptions and classification to guide depositional model. 
2 Bioturbation and palaeosol assessment for prediction of climate. 
3 Source and basin setting classification. 

Quantitative data 

4* Measurements of width, length and thickness of channel-belt sandbodies with estimates of 
distortion and a full description of the measurement techniques. 

5 Orientation data of sandbodies. 
6 Characterisation of complete, observed and unlimited lengths. Conditioning observed data to 

complete sandbody datasets. 
7 Measurement of overbank thickness. 
8 An estimate of burial depth and compaction for both sandbodies and overbanks. 
9 Calculation of Net-to-Gross ratio and grain size distribution. 
10^ Calculation of net aggradation rate. 
II Calculation of formative channel depths to determine the scale of the system. 
*If exposure is good then measurements of within channel-belt scale architectural elements are also 
needed. 
^ Only acts as a guide as rate is often dependant on the time over which the sequence is averaged (Sadler, 
1981) 

4.23 Summary 

Conclusions from the comparative study between Lower Ketch Member and Escanilla 

Formation are: 

1. The depositional model proposed by Bentham et al. (1992,1993) has been expanded 

by this field study. New information is presented regarding the occurrence of 

limestones containing freshwater biota and the presence of oncoids, which suggest 

shallow lakes were pervasive on the floodplain. Channel-belts are estimated to have 

been between 300-2000 m in width, containing channels with depths of 3.5 to 5.5 in. 

The disappearance of gypsum at the top of the Lower Escanilla Formation was 

consistent with the general shallowing upward signature exhibited within the Ainsa 

Basin, and more specifically, the increase in the proportion of sandbodies during the 

deposition of the Escanilla Formation. However, it is postulated that the grain size 

distribution is critical in the development of substantial overbank deposition. While 

aggradation rates may play a part in the modification of channel-belt sandbody 

proportions throughout the sequence, there is no evidence to suggest that changes is 
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alluvial architecture could not have also resulted from a basinward facies 

progradation of the downstream fining trend as the foreland basin migrated 

southwards. 
2. The difference between burial depth of the Lower Ketch Member reservoir and, 

Escanilla Formation outcrop analogue suggest that the range of sandbody thickness 

is comparable when decompacted to original depositional thickness. 

3. Analysis of the Escanilla Formation provides a good analogue to the alluvial 

architecture of the Lower Ketch Member, Tyne Field, SNS. Conditioning methods 

of Visser and Chessa (2000a, b) have been successfully used to adjust the complete 
Escanilla Formation sandbody distributions and provide an order of magnitude more 
data than can be obtained from the partially exposed sandbody geometries. Without 

conditioning, the sandbody distributions would provide an underestimate of 

sandbody widths, leading to a smaller well spacing being chosen. Empirical 

estimates of channel-belt width overestimate -75 % of the measured sandbody 

widths within the Escanilla Formation. From the data presented in this chapter the 

use of geometrical information from the Escanilla Formation is recommended for 

prediction of alluvial architecture in the Lower Ketch Member. 

4. This chapter highlights the shortcoming of much of the literature where data are 

poorly-constrained, and suggests comparison must include, but not be limited to: 

depositional environment, climate, grain size, lithology, facies associations, 

palaeochannel depth, orientation, sandbody and overbank geometries, basin setting, 

and burial depth. Consequently, a list of minimum requirements for full reservoir 

and analogue comparisons is presented to facilitate the communication and 

application of geometrical datasets between sedimentary sequences. 
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Chapter 5. Experimental study of the impact of sediment supply grain size on 
down-basin braided alluvial architecture: rationale and methodology 

5.1 Synopsis 

This chapter details the rationale and methodology used for three experiments of a 1: 50 

generic-Froude scaled model (GFSM) of the braided Ashburton River, New Zealand. 

Physical modelling was employed to isolate the impact of grain size on surface channel 

morphology and alluvial architecture. Principles of physical modelling are reviewed and 

the modelling of fine-grained fluvial sediments appraised. Experiments were carried out 

in a flume facility, which allows the aggradation of fluvial sediments, followed by 

excavation and quantification of resultant depositional architecture. Details are 

presented on data acquisition methods from a field study of the Canterbury Gravels and 

modern Ashburton River, New Zealand that serve as prototype inputs and verify the 

model. Physical modelling employed the use of a bimodal sediment mix (-20 % sand, 

-80 % gravel). Three experiments were conducted with identical boundary conditions 

except for a fourfold change in sediment supply grain size. Details are provided on the 

measurements taken during each experimental run. 

5.2 Introduction 

Quantitative measurement of down-basin change in within channel-belt alluvial 

architecture is often difficult to gain from subsurface reservoir or outcrop studies, which 

suffer from the inherent limitations addressed in Chapter 2. Understanding how 

sediment grain size and alluvial architecture changes down-basin as a result of 
downstream fining processes is particularly important for hydrocarbon flow models. 

Studies that have focused on the. downstream changes in channel morphology and 

pattern have been concerned with modem fluvial systems, linking channel change 
downstream to factors such as discharge (Leopold and Maddock, 1953; Harvey, 1969; 

Stevens et al., 1975; Knighton, 1987b), hydraulic regime (Osterkamp, 1980; Yu and 

Wolman, 1987) and sediment characteristics (Pickup, 1976; Parker, 1979) (reviewed in 

Chapter 2). While these modern field studies provide a good insight on the range of 
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controls influencing the fluvial system, they fail to quantify the relative importance of 

each controlling factor on channel morphology and depositional architecture. 

Few studies have focused on the downstream changes in the internal architecture of 

alluvial deposits in relation to grain size changes. Robinson and Slingerland (1998) 

looked at grain size trends in the Pocono Formation, Central Appalachian Basin and 

concluded that subsidence rate and sediment supply are the most important controls on 

downstream fining profiles. Other studies have looked at down-basin facies changes for 

a range of outcropping fluvial and fan systems (e. g. Kelly and Olson, 1993; Martinius, 

2000). Studies such as Heller and Paola (1996) considered the changes to the down- 

basin architecture of channel-belt scale sandbodies within fine-grained overbank 

deposits in relation to subsidence rate and avulsion frequency. Often the link between 

grain size and depositional form is only tentatively made by linking the percentage of 

coarse- to fine-grained deposits to architecture on the gross scale. Understanding the 

within channel-belt architecture addressed in this chapter is paramount to the 

construction of stratigraphic and reservoir simulation models, and bridges the gap 

between the petrophysical scale and channel-belt scale (see Chapter 7). Physical 

modelling provides one of the only ways of disentangling these controls on alluvial 

architecture by varying a single controlling variable while keeping all other boundary 

conditions constant. Therefore, the objectives of the physical modelling were: 

1. To quantify the impact of grain size on braided river channel morphology. 

2. To isolate the control of grain size on within-channel-belt alluvial architecture. 

3. To explore the role of physical modelling as a complementary technique to well, 

outcrop and modem datasets addressing a scale of information that is difficult to 

quantify using any other method. 

In order to undertake FSM, a robust rationale was required to establish the most 

appropriate prototype to provide input parameters to the physical model and therefore, 

the aims of this chapter are to: (1) chose suitable modem and ancient analogue 

prototypes for FSM; (2) establish a characteristic source grain size distribution to model; 

and (3) determine how the source grain size distribution is modified (magnitude and 

modes) in a downstream direction. Since the choice of a suitable prototype hinges on 

satisfying scaling laws for hydraulic models, it is therefore appropriate to review the 

underlying principles of physical modelling. 
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5.3 Principles of Froude-scaled physical modelling 

Physical modelling techniques have been employed to study fluvial processes for many 

years (see reviews in Ashmore, 1982; Schumm, 1987). Experiments have become 

increasingly sophisticated and more recently have been used to investigate autocyclic 

and allocyclic controls on sediment deposition and preservation (e. g. Ashworth et al., 
1994,1999; Paola, 2000; Stokstad, 2000). 

Modelling approaches usually encompass the need for simplifications and assumptions, 

and provide a physical representation of form and evolution of a landform while 

compressing time and scale. This section briefly outlines the principles of physical 

modelling. More details on physical modelling of open channels are available in 

Henderson (1966), Mosley and Zimpfer (1978), French (1985) and Peakall et al. (1996). 

Physical models have been classified by how closely they replicate a prototype and by 

the controlling boundary conditions (Chorley, 1967; Schumm et al., 1987). The physical 

modelling described in this chapter is concerned with movable-bed models where the 

substrate is free to move within a constrained flume basin and where scaling laws for 

both sediment and water are satisfied (see Yalin, 1971; Langhaar, 1980). 

Scaled models are based on similarity theory, whereby a series of dimensionless 

parameters that fully categorise the flow are evaluated, which maintain geometric, 
kinematic (motion) and dynamic (force) similarity between model and prototype. 
Controlling variables (Yalin, 1971) for open channel flow with a fixed-bed are 

expressed as: the dynamic viscosity (p) and density (p) of the fluid; boundary conditions 

of the channel, normally the hydraulic radius (R) and surface roughness (ks); bed slope 

(S), downstream velocity (U), and gravitational constant (g). In movable-bed models, 

the flow can be considered as a two-phase flow containing both fluid and particles. 

Therefore, two parameters, which describe the sediment characteristics, ps (the sediment 

density) and D, (the characteristic grain size of the sediment) must also be incorporated 

together with the specific dimensionless properties of the fluid. These variables are used 

to calculate the three main dimensionless flow parameters: Froude number (Fr) 

Equation 5.1; flow Reynolds number (Re) Equation 5.2; and grain Reynolds number 
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(Re*) Equation 5.3. Grain Reynolds number is a measure of the roughness of the bed 

relative to the thickness of the viscous sub-layer based on D90. 

Fr =r Equation 5.1 

Re = 
PRU 

Equation 5.2 

Re*= pU. D 
Equation 5.3 

where U. is shear velocity. Since the parameters of acceleration due to gravity (g), 

density of sediment () and water ( ), and fluid viscosity (, u) are constant in the model 

(m) and prototype (p) and assuming a constant temperature, the flow Reynolds number 

(Re) may be relaxed, whilst keeping the flow within the fully turbulent regime (Re > 

2000). The Froude number (Fr) must be kept in the same range between model and 

prototype. If dynamic similarity is achieved, geometric and kinematic similarity are also 

assumed (Warburton and Davies, 1998). This modelling technique is known as Froude 

Scaled Modelling (FSM) and has been successfully employed to model fluvial systems 

(Ashmore, 1982; 1991 a; Warburton and Davies, 1998). 

FSM requires the scaling of Re* to ensure hydraulically rough flow conditions. 
Equation 5.4 expresses the Shields (1936) relationship that is normally rearranged as: 

T* =T 
(Ps-P)gI 

Equation 5.4 

where r is the bed shear stress responsible for initiating sediment entrainment for a 

particular grain-size, D, and T* is the dimensionless shear stress. The Shields 

entrainment diagram (Figure 5.1) uses ti* and Re* to define an entrainment threshold 

known as the critical shear stress, rc*, above which a flow is capable of entraining 

sediment. The Shields diagram also shows -cc* becoming constant (approximately 

0.056) at high values of Re*. The scatter of points has caused an ongoing debate 
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concerning the critical threshold value of Re* where the flow may be considered to be 

fully rough and turbulent and independent of viscous forces (Re*crit). Ashworth et al. 

(1994) noted that this value occurs at Re* = 5-70. Once these flow parameters have been 

fully scaled, the scaling of time and hydrographs needs to be addressed using the 

relevant prototype data (Sections 5.3.1 and 5.3.2). 
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Figure 5.1. Modified Shields curve from Ashworth et al. (1994) to show that the critical threshold above 
which the flow becomes hydraulically rough occurs where values of Re* are in the range of 5-70 based on 
calculations using grain size D90. 

FSM studies may not allow full replication of the fluvial system and some consideration 

must be given to how other factors that may control the depositional system, such as: (1) 

vegetation (Smith, 1976; Marsden, 1981) and cohesion (Schumm and Khan, 1972), 

which may affect binding of the floodplain sediment and increase channel stability; (2) 

climate, which may alter during the deposition of a complete sequence; (3) compaction, 

affecting the resultant geometry of the alluvial architecture; (4) base-level (Wood et al., 
1993a, b; Koss et al., 1994), which can influence incision rates; and (5) ground water. 

Validation and testing of the model is one of the most important steps in model 

construction. Measurements are made during the experiments and flow parameters 

calculated to validate the similarity of the model with the prototype. In experiments 

where aggradation is imposed, the subsurface depositional architecture can be 

characterised and verified by examination against field outcrop (Ashworth et al., 1999). 
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5.3.1 Scaling of time 

One of the advantages of physical modelling is they enable the study of long-term 

fluvial changes that would otherwise take place over time periods too long to be studied 
in the field. Two different approaches to the modelling of time are possible; one based 

on dimensional analysis and the other on magnitude-frequency analysis (see Peakall et 

al., 1996). No single scale is used to translate model time into geologic time, 

nonetheless Paola (in Stokstad, 2000) argues that physical models provide a distorted 

glimpse of time using real grains and water exhibiting processes that occur in nature. 
The time scale for mean flow velocity (Xt)v (Equation 5.6) is given by: 

(Xt)v = Xi s=), 
t Equation 5.6 

where 2,1 is the length scale being used in the physical model (e. g. 1: 50) and Xt is the 

scaling ratio of time between prototype and the model. 

5.3.2 Scaling of discharge 

Wolman and Miller (1960) showed that there is a good correlation between dominant 

discharge and the bankfull discharge. Most physical models use constant discharge that 

approximates to bankfull (Leopold and Wolman, 1957; Ashmore, 1982). Many fluvial 

processes such as overbank sedimentation and avulsion (Leddy et al., 1993) occur with 
fluctuating discharge and the use of hydrographs and sediment discharge improves the 

realism of the model (Ashworth et al., 1994). The scaling for discharge (Equation 5.7) 

has been given as (Peakall et al., 1996): 

QM 

Qp Equation 5.7 

where Q. is the length of the model, Q, is the length of the prototype and X is the 

scaling ratio for discharge. Before scaling of time and discharge can be performed, the 

collection of data from suitable field studies is required to serve as prototype data for 
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physical modelling. The choice of prototype used in physical modelling is discussed in 

the following sections. 

5.4 Scaled physical modelling of fine grained systems: the Lower Ketch Member 

Previous physical scale models have commonly been based on coarse proglacial gravel- 
bed rivers (e. g. Ashmore, 1982; Ashworth et al, 1994,1999; Warburton and Davies, 

1994) and little attention has been directed towards the modelling of fine-grained rivers. 
A series of calculations were performed to determine the theoretical hydraulic flow 

parameters (described in Section 5.3) for physical modelling of modem or ancient rivers 

exhibiting a very fine-grained grain size distribution. This section evaluates the potential 

of using FSM to investigate fine-grained reservoirs such as the Lower Ketch Member. 

The D90 estimate for the entire Lower Ketch reservoir interval grain size distribution is 

0.416 mm. Using a 1: 50 length scaling between the model and prototype provides a D90 

value for a model of the Lower Ketch Member of 8.3 µm. Input values for the 

calculation of hydraulic flow parameters were based on: (1) channel depths of 1.5-3.5 m 
based on empirical relationships derived from mean cross-set data in cored intervals 

(Chapter 3, Section 3.8); (2) channel widths based on a width/depth ratio of 30 (within 

the range documented by Parker, 1979); (3) a bed slope of 0.01; (4) mean flow 

velocities of 0.29 ms1 from previous modelling experiments (Peakall, 1995); and (5) a 

peak discharge of 3.2 1 s-1 based on the maximum obtainable in the flume facility. 

Theoretical calculations of Re* for the Lower Ketch Member produce a value of 0.1, 

which is below the critical grain Reynolds number (15-70) required for flow to be 

hydraulically rough (cf. Ashworth et al., 1994). White silica flour (<40 µm) is the 

smallest commercially available grain size and therefore, the use of the Lower Ketch 

Member grain size distribution (D90 value of 8.3 µm) for FSM would result in most of 

the D90 sediment comprising silica flour. 

Ashworth et al. (1994) coarsened the scaled grain size distribution whilst keeping the 

same grain size distribution curve shape, to avoid low Re* values. This method could 

not be employed with the grain size distribution from the Lower Ketch Member because 
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the range of particle sizes in the grain size distribution is too wide to incorporate into a 

physical model (i. e. mud to conglomerate clasts up to 80 mm). Alternatively, a smaller 
length scaling ratio could be used (e. g. 1: 20) to increase the magnitude of grain size 

distribution used. However, even at a 1: 20 scaling ratio the majority of sediment in the 

model would consist of silica flour. The use of a smaller scaling ratio also reduces the 

proportion of the braidplain that can be investigated in the flume facility. 

In summary, FSM of fine-grained fluvial systems with a high mud/silt content such as 

the Lower Ketch Member is impractical without introducing a high degree of model 

distortion. Therefore, modelling of fine-grained prototypes may be restricted to generic 

models with some relaxation on the scaling of the grain size magnitude or the 

construction of a larger flume facility. In order to investigate specifically the impact of 

sediment supply grain size on surface channel morphology and alluvial architecture a 

different prototype was used. Prototype data for physical modelling was gathered from 

the modem Ashburton River and the late Quaternary Gravels of the Canterbury Plains, 

New Zealand. Successful physical modelling work focusing on the control of 

aggradation rate on alluvial architecture has been previously undertaken using the 

Canterbury Plains as a prototype by Ashworth et al. (1999). 

Taking the Canterbury Plains as a prototype, physical modelling was used to establish 

the role of grain size on the channel morphology of braided rivers and within channel- 

belt alluvial architecture. The proceeding sections provide field data and evidence from 

published studies to establish and justify the most appropriate manner in which. to model 

a change in grain size distribution in braided river systems. Two factors need to be taken 

into consideration: (1) the initial grain size distribution supplied to the river, and (2) the 

modification of this initial grain size distribution down the rivers course. These two 

factors are quantified for the modem Ashburton River in the following sections. 
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5.5 Justification for the use of the Canterbury Plains 

Many ancient fluvial sequences have been exhumed following burial, compaction, 

tectonic deformation to provide outcrop analogues. In order that these analogues may be 

modelled, the assignment of a depositional model is required, together with an 

assessment of the processes acting within the system at the time of deposition. 

Subsequently, the aim is to find a modem day analogue for the outcrop to gain hydraulic 

and morphological data (e. g. hydrograph type, magnitude and channel dimensions) for 

inputs to the physical model. Gaining this information from outcrop studies suffers from 

inherent uncertainties (Alexander, 1993) and inappropriate application of this modem to 

ancient analogue link would seriously hinder any interpretation. The advantage of using 

the Canterbury Plains as a prototype system for modelling lies in the access to both 

modem and ancient datasets to provide prototype information for scaled modelling. 

Uniquely, the overlying modem day Canterbury braided river systems are very similar to 

those responsible for deposition of the braided river sediments of the Canterbury 

Gravels (Bal, 1996) and were chosen as a prototype for physical modelling for several 

reasons: 

1. Exposure of the late Quaternary braided river gravels allows quantification of the 

alluvial architecture. 

2. Modem gravel-bed braided rivers are (Figure 5.2a) forming in the same basin setting 

and supplied with the same source material as the underlying gravel-bed braided 

rivers deposits (Figure 5.2b). Access to the modem rivers allows the measurement of 

hydraulic parameters for input to and validation of the physical modelling. However, 

during the deposition of the Canterbury Gravels climate and discharge may have 

changed and these are more difficult to quantify from outcrop sequences. 
3. The characteristic grain size distribution is within the gravel range that satisfies all 

the Froude-scale modelling laws. 

4. The results from the physical modelling can be applied to a range of gravel-bed 

braided rivers documented for modem (e. g. Dawson, 1988; Warburton et al., 1993), 

outcrop (e. g. Steel and Thompson, 1983; Ramos et al., 1986; Siegenthaler and 

Huggenberger, 1993) and subsurface (e. g. Atkinson et al., 1990) studies. 
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Figure 5.2. (a) Modern Ashburton River Mouth (-1.2 km across) discharging into the Pacific Ocean, (b) 
The present day retrogradational Canterbury Cliff line composed of late Quaternary Gravels. Showing -10 
km of coastline and the Rangitata River Mouth at the top of the figure. 

5.5.1 Regional geological setting 

The Canterbury Plains are located in the Canterbury Basin to the east of the Southern 

Alps, New Zealand and extend over an area 70 km wide and 185 km long (Figure 5.3a). 

Uplift of the Alps is caused by oblique convergence of the Pacific and Indian plates, 

which initiated during the late Cenezoic. The Southern Alps are being uplifted at a rate 

of between 0.8-10 mm yr-1 (Wellman, 1979; Tippett and Kamp, 1995) in the central 

portion. This rate of uplift approximately equals denudation rate (Adams, 1980). Glacio- 

isostatic forces contribute about 10 % of the total uplift (Mathews, 1967). Uplift rates 

decline away from the Alpine transform fault and the Canterbury Plains are subsiding at 

a maximum of 0.2-0.3 mm yr » (Lensen, 1975; Wellman, 1979), which causes the 

Quaternary/Tertiary boundary to deepen towards the coast. The Mesozoic basement lies 

less than 500 m below sea-level at 105-120 m from the Canterbury coast. This basement 

deepens abruptly at the coast to 3000 m below sea-level and then gradually rises to the 

east (Atkins and Hicks, 1979). 

The Canterbury Plains are composed of a thick succession of unconsolidated late 

Quaternary fluvio-glacial and fluvial gravels and sands, here termed the Canterbury 
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Gravels, which have a maximum thickness of over 700 m (Atkins and Hicks, 1979; 

Wilson, 1985). This stratigraphy has been constructed as a series of broad glacial and 
interglacial outwash fans sourced from glacial fed rivers propagating from the Southern 

Alps. Deposition of much of the Canterbury Gravels is attributed to sedimentation 

during glacial episodes (Soons and Gullentops, 1973), although, deglaciation from c. 18 

ka caused rapid deposition of fluvial gravels (Suggate, 1965). Glacial deposits were then 

reworked as glaciers retreated (Mabin, 1987). The occurrence of interglacial and glacial 

cycles has been linked to periods of incision following deglaciation and valley filling 

during glacial periods (Bal, 1996). These valley fills have been recognised in the top 10- 

200 m of Canterbury Gravels by the presence of several high permeability corridors, 5- 

10 km wide, that trend sub-perpendicular to the current Canterbury coastline. These 

corridors are interpreted as the result of valleys formed during the last interglacial stage 

(130-75 ka) along a retrogradational coastline, which were subsequent infilled during 

the last glacial stage (Bal, 1996). 

During the last glacial maximum (-. 20 ka, known as the Otira Glaciation) the braidplain 

prograded -55 km out into Canterbury Basin from the present coastline and sea-level 

was 135 m below the present level (Chappell, 1983; Gibb, 1986; Brown et al., 1988). 

Between the last glacial maximum and 6.5 ka sea-level rose and since 6.5 ka has 

remained relatively stable (Gibb, 1986). 

The lithology of the mountain catchments of the Canterbury rivers is almost entirely 

indurated Mesozoic sandstone and mudstone (greywacke and argillite, respectively) 

(Gibb and Adams, 1982; Brown et al., 1988). Abrasion of greywacke gravels in the 

Canterbury Rivers produces mud with only small amounts of sand being generated 

(Adams, 1980). 
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Figure 5.3. Location maps for (a) the Canterbury Plains field sites, and (b) sites of Wolman grain size 
sampling along the modern Ashburton River. 

179 

ýý ýýý, _ 



Chapter 5 

5.5.2 Stratigraphy 

The nomenclature of the Canterbury Gravel deposits is complex and has been based on 

glacial advances, terminal moraines and Formations for individual valleys (e. g. Osborn 

and Suggate, 1959; Soons, 1963; Suggate, 1963; Soons and Gullentops, 1973; Brown et 

al., 1988). Moreover, the similarity of sediment characteristics makes subdivision of 
formations very difficult to distinguish within the outcropping cliff exposure. Analysis 

in this thesis was confined to the gravels exposed in the current Canterbury Blight 

cliffline, which includes the Windwhistle, Burnham, St. Bernard and Springstone 

Formations (Figure 5.4) representing between -30-35 ka of deposition constrained by 

optical stimulated luminescence dating of the base of the cliffs (Ashworth et al., 1997, 

1999). During the early advances of the Otira Glaciation outwash sediments formed the 

Windwhistle Formation. Subsequently, the Otira Glacial maximum deposited the 

Burnham Formation conformably above the Windwhistle Formation. Deglaciation 

commenced at -18 ka, with several smaller readvances occurring between 18 ka and 14 

ka producing rapid deposition of the St. Bernard Formation outwash gravels (Suggate, 

1965). During sea-level rise and coastal transgression (Flandrian transgression) 

associated with deglaciation, the fluvial gravels of the Springstop Formation were 
deposited unconformably above the St. Bernard Formation. A large proportion of the 

gravels are capped with a layer of fine loess deposits (wind borne), which was deposited 

over a large portion of the Canterbury Plains. 

Formation Date Climatic event Deposits 

No deposition 6 k. a. - Deglaciation Fluvial incision 

--------- 
present 

-------- ------------ - ------------- 
Aranui Postglaciation 

---------- 

Springston 14-6 k. a. Deglaciation Fluvial & fan 
Erosion surface? 

St. Bernard 18-14 k. a. 
------------------------- 
Glacial readvance Outwash 

Burnham 25-18 k. a. Maximum last glacial Otira Glaciation Outwash 

Windwhistle 70-25 k. a. Early glacial advance Outwash 

Figure 5.4. Late Quaternary History of the Canterbury Plains, based on Suggate (1963,1965) and Brown 
et al. (1988). 
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5.5.3 Canterbury Plains field site description 

This section describes the current field setting where information was gathered in order 
to perform physical modelling. Sediment is supplied to the present day Canterbury 

Basin via four main rivers in the study area, the Rakaia, Rangitata, Ashburton and Hinds 

River. Rivers exit the foothills of the Southern Alps onto the Plains via narrow gorges 

and discharge some 50-70 km downstream directly into the Canterbury Blight (Pacific 

Ocean). The Rangitata River meanders downstream of the gorge for a few kilometres 

before becoming braided (Carson, 1984a, b), while the Rakaia River emerges from its 

gorge to become fully braided. River mouths are characterised by spit formation (Figure 

5.2a), constructed by the strong northerly longshore drift (Carter and Herzer, 1979; Gibb 

and Adams, 1982). During river floods, these spits are breached and rebuilt as flow 

wanes (Leckie, 1994). Deltas are not formed off the present day coastline as all sediment 
is removed by the strong ocean currents and transported northwards around the Bank 

Peninsular to Pegasus Bay (Carter and Herzer, 1979). 

The present sea-level highstand is creating a retrogradational coastline, which is driving 

coastal erosion (Leatherman et al., 2000). Maximum coastal erosion rates are 1m yr' 
(Wilson, 1976; Gibb, 1978; Basher et al., 1988) and have resulted in the loss of 55 km 

of coastline, which has exposed up to 25 m of late Quaternary gravels near to the 
Ashburton River Mouth. The cliff height decreases to the north and south creating a 
broad convex fan. Incision has occurred as a result of shortening of the river long 

profiles as the rivers meet base-level. Rates of river down-cutting incision at the coast 
are 2.7 - 3.3 mm yr' (Leckie, 1994). At the foothills of the Southern Alps rivers incision 
is driven by tectonic and isostatic uplift. In an area 8-15 km from the coastline almost 

parallel to Highway 1, a zone where terraces converge and incision is minimal prevails, 
termed by Leckie (1994) as the Zone of Minimum Erosion. 

50 km of coastal cliffs section between the Rakaia and Rangitata Rivers was studied 
(Figure 5.3a). A gravel beach provides access to the cliffs through a series of gullies 
intersecting the current cliff line. Strong winter storms cause cliff erosion and provide 
freshly weathered gravel exposure. 
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5.6 Data acquisition for physical modelling input parameters 

In order to provide input data for the scaled physical model a number of parameters 

were measured in the field. A summary of data collected from the Canterbury Plains' 

field site is presented in Table 5.1, which are discussed in full detail in the proceeding 

sections. 

Table 5.1. Summary of data collected for input and validation of the Ashburton River physical model. 

Data collected Technique Reason for collection 

Grain size from the Ashburton River Wolman (>5.6 mm) Quantifying downstream fining rate and downstream 
modification of grain size shape. 

Grain size from the Canterbury Bulk sieving Surface-subsurface comparisons and input grain size to 
Gravels the model. 

Channel geometries Survey Calculation of hydraulic flow parameters and comparison 
with the physical model. 

Channel gradient Survey Imposed model slope, calculation of hydraulic flow 
parameters and comparison with the physical model. 

Alluvial architecture of cliff sections Photographed Comparison with preserved sections from the sediment 
sequence in all flume models. 

Physical modelling requires the scaling down of the full prototype grain size 

distribution. FSM of a full grain size distribution is necessary to allow the reproduction 

of bed morphology, which also implies the reproduction of sedimentary structures 

(Warburton and Davies, 1998). Therefore, sampling of grain size was carried out in the 

modem Ashburton River channel-belt and on the Canterbury Gravels exposed at the 

current coastline. 

The Wolman sampling method was carried out on the surface deposits of the modem 

Ashburton River to obtain a downstream fining rate. A truncation limit of 5.6 mm was 

imposed because representative samples could not be taken of particles below 5.6 mm. 

Consequently, bulk grain size sampling was undertaken on the exposed Canterbury 

cliffs to provide a full grain size distribution (including the sand mode) for physical 

modelling. The following sections describe the techniques used to obtain grain size data 

for physical modelling. 
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5.6.1 Downstream fining in the Ashburton River 

d) defined as the reduction 
in phi size per kilometre (yr km'l) for the South Branch Ashburton River where 

sampling sites were chosen on the basis of access to the river by road (Figure 5.3b). 

Sites were sampled transverse to the main channel-belt and incorporated the sampling of 
bar-tops, channel banks, channel beds, slackwater areas and abandoned channels. 
Particles were sampled at 1m intervals along each transect, yielding between 100-500 

measurements at each site. Care was taken to avoid any influence from possible 

anthropogenic activity in the channel-belt. 

5.6.2 Quantifying downstream fining rate for the Ashburton River 

Downstream fining trends for the Ashburton River were constrained by plotting D50 and 
D90 values against distance from the Ashburton River Mouth (Figure 5.5) and then 
fitting an exponential trend line to the data (cf. Sternberg, 1875). Quantification of 
downstream fining trends were confined to the South Branch of the Ashburton River. 

The Ashburton River downstream fining trend displays an exponential diminution 

coefficient of 0.0322 yr lan7 1, which falls into the range observed in braided rivers 
documented in the literature (Table 5.2). 
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Figure 5.5. Downstream fining curves plotted for D50 and D90 for the South Branch of the Ashburton 
River. 
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Table 51. Diminution coefficients reported for braided streams ad where the diminution coefficient is 
expressed as the reduction in particle phi size per kilometre (yi km'). Note all field study coefficients are 
for median or mean size of surface material. 

Stream Diminution coefficient ad(yr km-1) Source 

Sunwapta River 0.2278-0.9982 Dawson, 1988 

Squamish River 0.056 Brierley & Hickin, 1985 

South Saskatchewan River 0.00147 Shaw & Kellerhals, 1982 

North Saskatchewan River 0.0017 Shaw & Kellerhals, 1982 

Waimakariri River 0.0102 Hoey & Bluck, 1999 

Ashburton River, South Branch 0.0322 This study 

5.6.3 Downstream modification of the grain size distribution in the Ashburton River 

Results from the Wolman sampling are plotted in Figure 5.6 and show a downstream 

consistency in the overall grain size distribution shape of the gravel mode (>5.6 mm) 

between Thompsons Track and the Ashburton River Mouth sites. When these grain size 

distribution data are normalised to the D50 value at the uppermost sampling site, 

Inverary Road (Figure 5.7), deviation from this consistent trend is only evident in 

sampling sites more proximal than Thompsons Track (43 km upstream). Between 

Mount Somers and Thompsons Track (Figure 5.7) the channel becomes braided and the 

grain size distribution maintains a more consistent shape downstream. This maintenance 

of the grain size distribution shape has been noted in studies of the Allt Dubhaig (Hoey 

and Bluck, 1999, see Chapter 2, Figure 2.13), Bow-South Saskatchewan River (Shaw 

and Kellerhals, 1982), and the Watarase River (Kodama, 1994a). Hoey and Bluck 

(1999) suggested that the process of size selective sorting retains the overall sorting of 

the size distribution down the rivers course while the magnitude changes. 

Wolman sampling on the Ashburton River was restricted to measurements of the gravel 
fraction above 5.6 mm. Therefore, in order to obtain the full grain size distribution, bulk 

sampling from the exposed cliff Canterbury Gravels was undertaken. 
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from the modern Ashburton River Mouth. This may be associated with the change in channel pattern to a 
single thread channel to a braided channel between Mt. Somers and Thompsons Track (Figure 5.3b). 
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5.6.4 Quantification of bulk grain size for physical modelling 

Five bulk grain size samples were taken from the late Quaternary Gravels at the 

Wakanui and Rangitata field locations, these represent the thick central portion and, 
thinner margins of the current fan cross-section, respectively (Figure 5.3). Samples were 
taken from a range of coarse-grained (gravel) architectural elements (Chapter 6, Table 

6.6) that included planar and cross-set gravels, together with massive homogeneous 

gravels and lag deposits. All the coarse-grained elements contained interstitial sand. 
Gravels were sorted down to 8 mm using Wolman sampling techniques and weighed, 

while particles less than 8 mm were sieved then weighed. Grains less than 2 mm were 

measured using a Beckman-Coulter L5230 instrument. 

Grain size samples were also collected from the fine-grained architectural elements 
(sand fraction) and included: channel fills, bar margin fines, erosional remnants and bar 

top splays (Ashworth et al., 1999). The relative proportion of the sand to gravel was 

calculated by summing the surface area for each sandbody against the total area of the 

section panels under investigation. These data were summed with the bulk samples from 

the coarse-grained architectural elements to produce a composite grain size distribution 

for use in the physical modelling. The final grain size curve used in the modelling was 
based on the combined average of the grain size distribution at both the Wakanui and 
Rangitata field locations (Figure 5.8) and exhibited a strongly bimodal distribution, with 

the total Sandbody fraction accounting for -20 % of the cumulative grain size curve. 
Bimodal grain size distributions in fluvial gravels have been documented in both 

modem and ancient braided systems (e. g. Wolcott, 1988; Sambrook Smith, 1996). 

Grain size samples collected from the Ashburton River channel were compared to 

samples taken from the Canterbury Gravels. Superposition of the gravel fraction from 

the Ashburton River at Smalls Road (6.25 km upstream of the Ashburton River Mouth) 

onto the full grain size distributions from the Canterbury Gravels showed a direct match 
between the gravels fractions with particles above 5.6 mm (Figure 5.7). This suggests 

the downstream fining rate has undergone minimal change over -35 ka. Collection of 

the grain size distribution from the Canterbury Gravels adds information on the faction 

below 5.6 mm, which was not obtained in river sampling (Figure 5.7). This similarity 
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between surface and subsurface grain size distributions has also been noted by Dietrich 

et a!. (1989). 
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Figure 5.8. Bimodal grain size distribution for bulk samples taken from the Canterbury Gravels at the 
Rangitata and W'akanui sites (See Figure 5.3 for site locations). With the grain size distribution taken from 
Smalls Road superimposed for the gravel fraction >5.6 mm. 

A scaling of 1: 50 was imposed on the grain size distribution measure at the present day 

coastline (D; (, = 20 mm) to give a model D50 of 0.39 mm (series M). To isolate the 

effects of changing sediment supply grain size, the distribution was shifted by doubling 

and halving the magnitude of the distribution calculated for the present day coastal 

gravels. This shift resulted in two scaled grain size distributions with D. 0 = 0.78 mm 

(series C). which based on fining rates for the Ashburton River, is equivalent to moving 

32 km up the long profile, and D: 0= 0.19 mm (series F), equivalent to moving 32 km 

down the long profile (i. e. offshore) (Figure 5.8). Projection of the downstream fining 

curve offshore represent a period of time during the last Glacial maximum when the 

coastal gravel plain extended a further -55-5 km offshore from the present day coastal 

cliffline position and assumes a continuation of the grain size diminution rate offshore. 

Due to the extreme bimodality of the distribution of the deposits measured in the cliff 

section, a fourfold change in the median grain size only alters the sand to gravel ratio by 

-3%. 
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Figure 5.9. Shift in grain size distributions for the three proposed modelling scenarios, series F, M and C. 

5.6.5 Ashburton River channel geometries 

In order to validate the FSM, morphological data were collected from the modern 

Ashburton River. Surveys were carried out using a Spectra Precision Geodimeter® 

608S Autolock Total Station on several sites of the modern Ashburton River (Figure 

5.3b, sites 1,5,9). Channel geometries were measured at the three sites along the river 

long profile, in order to establish if any down-basin change in channel morphology 

occurs as a result of downstream fining. Bankfull channel depths were defined using the 

method of Williams (1978a). Data on channel dimensions were compared to 

measurements taken during the physical modelling. Results from the analysis of channel 

geometries are detailed in Chapter 6. 

5.6.6 Ashburton River channel gradients 

Channel gradient data were collected from four sites along the Ashburton River to 

constrain an appropriate basin gradient for the flume model. Results (Table 5.3) show an 

approximate halving of the channel gradient between 43 and 18 km upstream of the 

Ashburton River Mouth. Changes in long profile slopes have been associated with 

changes in channel pattern and sediment fining (Mackin, 1948; Ferguson and Ashworth, 

1991; Sambrook Smith and Ferguson, 1995). Therefore, for modelling purposes an 

initial basin gradient of 0.01 was selected for all experiments. Initial gradient was above 

the range of the Ashburton River 0.0046-0.009 because it was necessary to ensure full 
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braiding and active channel shifting. In addition, keeping the basin gradient at the higher 

range of gradient values helps satisfy all the scaling laws by increasing Re* values of 

each experiment to ensure fully rough flow is obtained (c. f. Ashworth et al., 1994, 

Figure 6.2 p. 120). 

Table 53. Channel gradient data taken at four river reaches along the modem Ashburton River. 

Site name Distance from river mouth (km) Channel gradient 
North Ashburton 43 0.009 

South Ashburton 43 0.0074-0.0084 

Ashburton Town 18 0.0046 

Ashburton Mouth 0.5 0.0049 

5.6.7 Quantification of alluvial architecture in the Canterbury Gravels 

Fifty kilometres of coastal outcrop were studied between the Rakaia and Rangitata River 

Mouths (Figure 5.3). Investigation of alluvial architecture was confined to the coastal 

outcrop as inland exposure was scarce and restricted to a few small gravel pits and 

vegetated terraces. The aims of the field study were to define architectural elements 

within the depositional architecture of the Canterbury Gravels to compare by and 

validate the physical modelling. Previous studies have investigated the geometries of 
depositional architecture observed within the Canterbury Gravels (Ashworth et al., 
1999). 

5.7 Implications of the Canterburv field study for nhvsical modetlinv! 

Grain size may be an important control on alluvial architecture (Chapter 2) and physical 

modelling was employed to isolate the control of grain size on alluvial architecture. The 

Canterbury field study provided information that the Ashburton physical model should 
firstly, incorporate a bimodal grain size distribution, and secondly, any change in 

magnitude of the grain size distribution between experiments would retain the grain size 

distribution shape. As a result of these conditions, three grain size distributions (series 

F--fine, M--medium and C--coarse) incorporating a fourfold change in the median grain 

size were scaled for physical modelling. Series C and F were conducted together, while 

189 



Chapter 5 

series M was performed in a previous experiment under identical conditions. The 

following section is devoted to: (1) an explanation of the flume facility used to 

undertake the FSM, (2) a description of the experiments, and (3) details of the 

measurements taken during the experiments. 

5.8 The flume basin facility and exnerimental nrocedure 

A flume basin of 5.5 m in length, 3.65 m in width and 0.5 m depth was used for the 

experimental work (Figure 5.10). The side walls and base of the flume tank are 

constructed of 10 mm thick industrial sheet plastic (Darvic), which is supported on a 

steel girder framework, with adjustable legs. The downstream wall of the flume is 

composed of a galvanised steel mesh with 3 mm diameter holes, overlain by a polyester 

mesh with 2 mm diameter holes. This mesh design allows the passage of both water and 
bedload from the active channels into a collection trough while permitting the floodplain 

to aggrade and minimising draw-down effects that may cause headward erosion. Water 

also passes through the sediment pile as groundwater throughflow and is allowed to pass 
through the mesh. Interlocking steel blocks mounted on plinths at the four corners of the 

flume support the weight of the flume and were set to provide a basin floor slope of 
0.01. Two steel girder bridges are mounted on rails that run parallel to the flume sides 

and span the width of the flume. Bridge 1 allows access to the overhead mounted video 

cameras and the mounting of the sectioning guillotine. Bridge 2 is used for mounting a 
lightweight aluminium trolley on two precision rails, which supports a Selcom 5070 

laser-profiler unit for measuring topographic profiles of the bed surface (Section 5.10.3). 

Water and sediment are fed into the flume basin from a feeder channel of dimensions 

2.4 m long, 0.4 m wide and 0.1 m deep, supported on a cradle by an outer frame. The 

feeder channel is attached to the centre of the upstream wall of the flume basin. Pulses 

controlled by LabView software supply a racking system driven by two electric DC 

stepper motor, which raise the inner channel to provide space in the flume basin, and in 

turn promotes aggradation of the sediment. 
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Figure 5.10. Diagram showing the experimental basin facility set-up used in the three experimental runs. 
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5.8.1 Water delivery, control and recirculation 

The flume basin is supplied by water through a pump with a discharge range from zero 

to 3.23 1 s-1, controlled by a 4-20 mA control unit via the LabView computer software. 

Discharge was calibrated by timing measured volumes of water at 0.5 mA increments. 

Twenty-six measurements were taken and the data characterised by fitting a sixth order 

polynomial. The resultant pump calibration curve (Figure 5.11) was used as the 

reference point in the LabView programme. The desired discharge is loaded into the 

programme and the computer calculates the required mA output in order to adjust the 

pump valve opening. 

y= -3E-06x6 + 0.0002x5 - 0.0034x4 + 0.0329x3 - 0.1393x2 + 0.211 Sx - 0.049 3. S 
R2 = 0.998 

3 
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00 
2 

1.5 

p1 
0.5- 

0 40 
02468 10 12 14 16 18 20 

mA output 

Figure 5.11. Calibration curve for the pump used for the physical modelling experiments. 

Water is supplied to the flume from a 1.3 m3 reservoir tank. Discharge passes into the 

dampener box at the upstream end of the feeder channel through flexible tubing. The 

dampener box allows water turbulence to be reduced before passing into the main flume 

basin. Water passes through a double notch weir within the feeder channel. Sediment is 

then dropped into the water where it mixes in the feeder channel before entering the 

main basin. Water and sediment exit the flume via a twin mesh system. Occasionally, 

sediment needs to be cleared from the end mesh to prevent water ponding. Sediment and 

water pass into a 0.11 m wide, 0.2 in deep trough that feeds the primary settling tank. 

The primary settling tank removes much of the bedload sediment passing through the 

system, also allowing the settling out of a significant amount of suspended sediment 
from the system. Water then passes into the main reservoir tank where suspension 
fallout continues before water is recirculated back into the feeder channel. 
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5.8.2 Modelled grain size distributions 

Experiments were carried out using a 1: 50 scale grain size distribution of the Canterbury 

Gravels, New Zealand (Figure 5.9). Series C and F represent the two end members of a 
downstream fining profile that incorporates a fourfold change in the magnitude of the 

grain size distribution, where series C has a D50 of 0.78 mm (bulk density =1 800 kg m 3) 

and the series F has a Dso of 0.19 mm (bulk density =1500 kg m-3). 

The grain size of the two scaled distributions were then matched with commercially 

available sediment (Figure 5.12). Individual distributions were mixed to provide a close 

match to the prototype distribution. Sediment was mixed in batches in a concrete mixer 

to achieve homogeneity of the grain size distribution. 

Five different coloured sediments, termed 'Chroma FO' with a grain size of 0.2-0.6 nun 

were added sequentially during every fourth hydrograph to act as time horizons. 

Coloured sediment was added immediately preceeding the peak discharge to allow 

particles to be transported and deposited over the entire flume basin. The addition of 

coloured sediment facilitates the identification of alluvial architecture exposed in the cut 

sections and the correlation of stratigraphy with laser profiles taken every 4 hours (refer 

to Section 5.10.3). Following each laser survey a layer of coloured sediment was 

sprinkled evenly over the central portion of the flume basin, encompassing an area -2 m 

x -2.5 m. To avoid flocculation of the coloured sediment a5% calgon solution was 

sprayed over the layer. 

The results from a third experiment, series M were used to complement data from series 
C and F and provide a mid-point between the two end members of the grain size 
distributions taken from the Canterbury Plains field prototype. Series M employed the 

same 1: 50 scaled grain size distribution (D50 = 0.39 mm) analogous to the grain size 
distribution sampled from the present day coastal gravels (Figure 5.12) and was 

conducted under identical imposed boundary conditions as those of series C and F. 
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Figure 5.12. Grain size distribution curves for series C, M and F (sampled from mixed batches) used for 
the physical modelling compared to a 1: 50 scaled bulk grain size distribution taken from the Canterbury 
Gravels. 

A 55 mm bed of the grain size distribution used in series C was laid down on the flume 

basin floor to prevent incision and scour down to the base of the flume during the 

experiment. Sediment was levelled with a metal beam spanning the entire flume width 

attached to the platform bridge and dragged across the sediment surface. Once levelled a 
0.4 m wide by 0.015 m deep central channel was dredged into the surface. Both the 

sediment surface and the channel base had an initial slope of 0.01. 

Dry sediment was loaded into a stainless steel 602 AccuRate volumetric feeder with a 

total capacity of 95 litres. The dimensions of the feeder are 0.552 x 0.552 x 0.762 m 

with a 0.0178 m feeder nozzle. The feeder is supported above the feeder channel on a 

self-supporting steel stand. Sediment is gravity fed into a stainless steel rotating helix 

(auger-type). The sediment sits in a Flexible walled Tuf-Flex 0 vinyl hopper, which is 

externally agitated by two paddles. The agitation action stops any material from adering 

to the walls of the hopper through electrostatic forces and maintains a uniform bulk 

density into the helix, by ensuring a constant helix fill. 

The sediment feeder is computer controlled using LabView 4.0 software, providing a 4- 

20 mA supply allowing feed rate to vary synchronously with a hydrograph form. Feed 

rates calibrations were performed at 0.5 mA increments for dry bulk densities of series F 

and C (Figure 5.13). A sixth order polynomial provided calibration equations for the 

LabView programme. 
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Figure 5.13. Calibration curves for the AccuRate sediment feeder for sediment mixes used in series F and 
C used in the physical modelling experiments. Note that higher feed rates were obtainable from series C 
sediment as a result of the a higher bulk density. 

5.8.3 Feed rate and aggradation 

The feed rate was based on a system with no net aggradation or degradation taking place 
in the flume basin. Sediment input was based on a capture ratio of I from Paola (1988), 

where the capture ratio is defined as the ratio of sediment flux to the rate of creation of 

cross-sectional area in the basin. Feed rate for the total mass of sediment required for 

one hydrograph was calculated in proportion to the shape of the discharge hydrograph 

(Figure 5.14). The feed rates vary between the two grain size distributions as a result of 
different bulk densities (Figure 5.13). Experiments were run with an imposed 

aggradation rate of 1 mm hr'. Aggradation rate was stepped at 0.5 mm increments at 30 

minutes intervals through the experiment. 
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5.8.4 Use of discharge and sediment hydrographs 

The use of scaled hydrographs based on the October 1990 flood for the Ashburton 

River, were employed in each of the experiments C, M and F to improve the realism of 

the modelling. During the October 1990 flood the flow reached a maximum of 360 m3s" 
1. Equation 5.6 and 5.7 were used to scale both discharge and time for each hydrograph 

to represent one annual flood event and compressed time to a model hydrograph 

duration of 1 hour (Figure 5.14). 125 hydrographs were run sequentially, incorporating a 

quartering of the grain size after hydrograph 80 (Table 5.4). Sediment input was 

supplied synchronously with discharge. However, during the experiment sediment 

would accumulate in the feeder channel at low discharges. At peak discharges this 

accumulated sediment was flushed out from the feeder channel, creating a lag in the 

sediment supply to the flume basin. This lag may be more representative of the time-lag 

of sediment behind the discharge peak experienced in modem fluvial systems. 
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Figure 5.14. (a) Discharge and (b) sediment input hydrographs used in the physical modelling 
experiments. Data taken from the October 1990 Ashburton River flood and scaled according to scaling 
laws detailed in Sections 5.3.1 and 5.3.2. 
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5.9 Description of experiments 

A series of five sequential experiments (Table 5.4) were performed to establish the role 

of sediment supply grain size on surface channel morphology and resultant depositional 

architecture. From an initial flattened bed surface (Figure 5.15a) sediment feed rate 

(0.004 kg s') and discharge (1.8 1 s-1) were kept constant for 21 hours to initiate 

braiding. Sediment was adding during this initial experiment to balance input with 

output to avoid incision at the upstream end of the flume or cause any net aggradation. 

After the initial run of 21 hours where no aggradation was imposed on the system the 

braiding had reached the side walls and therefore, was deemed to have braided 

significantly (Figure 5.15b) to start running the aggradation experiments. Following the 

initial braiding experiment, 125 sequential one-hour hydrographs were run (Table 5.4), 

incorporating a quartering of the grain size distribution after hydrograph 80. 

Aggradation imposed during these two runs totalled 125 mm. Following every fourth 

hydrograph, the discharge was stopped and the braidplain allowed to drain. Once 

drained a series of laser profiles (Section 5.10.3) were taken to obtain a map of the 

surface topography. Before starting the next four hydrographs, the discharge was 

gradually increased for 10 minutes to fill drained sediment pore spaces. 
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Figure 5.15. Oblique view of the Leeds flume facility (a) after initial water was turned on and (b) during 
experiment C. Flo\ enters the basin from the central feeder channel at the top and drains at the bottom of 
the image. 
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5.10 Measurements taken during the experimental runs 

During the experiments a series of measurements were taken to quantify surface flow 

velocity, surface braidplain topography, suspended sediment/bedload concentrations and 

grain size, in order to characterise and validate the physical modelling (Table 5.4). 

5.10.1 Video imaging 

Four 1000 Watt halogen lamps were situated around the flume facility and were 

reflected off the white ceiling to provide a uniform lighting intensity over the stream 

table for videoing purposes. Three varying format video cameras were used in the 

observation of the developing fluvial system (Figure 5.10). 

1. A Panasonic WV-CD130 colour Camera with a Molynx 4.8mm 1: 1.8 wide-angle 
lens mounted directly above the centre of the flume provides images of a central area 

of approximately 3.8 m downstream x 2.5 m cross-stream. Signals from the video 

camera were fed into a S-VHS AG6720 time-lapse video recorder set on 48 hour 

mode to record a frame every 0.32 seconds. This camera was used to capture flow 

paths of plastic floats added in the feeder channel to allow the surface velocity to be 

measured. 
2. A Sony DCR-VX1000E digital video camera with a Vivanco VC95 W 0.5 x 52 mm 

wide-angle lens was mounted alongside the Panasonic camera above the flume. One 

second of time-lapse footage was taken every 30 second time intervals. The 2mx 

2.5 m image covered the central portion of the flume basin. 

3. A JVC GR-SX1 S-VHS-C video camera was mounted obliquely above the main 
feeder channel supported on a Perspex fame attached to the side of the feeder 

channel walls. One second of time-lapse footage was captured every 30 seconds. 

Video images were captured using VidCap 4.1.2.3 with a compression rate of 1: 15 and 
imported into Adobe Premiere 5.1, where they were spliced together allowing 

continuous overhead video footage to be observed and related to subsurface deposits. 

The video file was exported at 5000 % speed and at 768 x 576 pixels at 10 frames per 
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second (see accompanying CD). Individual frames were converted to gif files for 

individual analysis. 

5.10.2 Surface velocity floats 

Average surface velocities were calculated from videos by measuring the distance 

travelled between frames of velocity floats and converted to mean flow velocity for both 

experiments. Surface velocity floats were added at different stages of the hydrograph to 

obtain an average velocity for calculation of flow and grain Reynolds numbers and 

Froude numbers. Mean velocities were calculated by multiplying the surface velocity by 

0.8 from the formula of Prony (Graf, 1998, p 12). 

5.10.3 Sediment surface measurements 

An infra-red Selcom SL5070 Class 3b laser (Figure 5.16) was used to measure the 

topography within a grid of dimensions 2.5 m downstream x2m cross-stream. A series 

of 26 predetermined cross-sectional profiles (Figure 5.17) were measured at 100 nun 

intervals downstream and at a coverage of 2267 points at 0.87 mm intervals (total 2 m) 

across-stream. The laser has an accuracy of ± 0.2 % of the vertical measurement range, 

which is equivalent to 0.14 mm. 

Figure 5.16. Photograph of the Selcom SL5070 laser unit mounted on an aluminium bridge and used for 

the measurement of surface braidplain topography. 
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From the starting position the laser-bed profiler, which is mounted on a trolley, travels 

in a cross-flume direction, driven by a stepper motor at a constant speed and controlled 
by the LabView software. Once moving, the trolley breaks an optical switch mounted on 

the supporting bridge and activates the data capture stream. The data stream from the, 

laser is downloaded directly into a text file. Measurements at a frequency of 25 Hz are 

gathered over the measurement area and stopped when the trolley breaks the optical 

switch at the opposite end of the bridge, causing a time-out switch to be activated. The 

motor is then stopped by a timeout control in the LabView programme. To allow the 

measurement range of the laser (70 mm) to be adjusted to the elevation of the sediment 

surface as the system aggrades the laser unit was raised by 5 mm intervals after each 

survey. 

Topographic profiles were taken of the entire basin area before the experiments 

commenced and then following every fourth hydrograph when the basin had been 

drained. A final profile was taken once all the experiments had been completed to 

determine the overall shape of the braidplain, and establish the volume of aggraded 

sediment and therefore, the mean capture ratio over the flume basin. 
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Figure 5.17. Diagram to show the plan view of the Leeds flume basin and the location of laser profiles and 
cut-section lines 1-26. 
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5.10.4 Suspended sediment and bedload 

During the experiments, suspended sediment and bedload samples were collected at two 

hour intervals from the downstream end outlet mesh. Samples were always collected at 

a discharge of 0.31 1 s". Samples were taken at the end of each set of four hour 

hydrographs and at the beginning of the subsequent set of four hydrographs to capture 

any settling effects of suspended sediment during periods when the discharge was turned 

off. Water was changed in the reservoir tank after 40 hydrographs to avoid any mixing 

of the suspended sediment between series C and F grain size distributions. Suspended 

sediment concentrations were calculated by percentage weight and grain size 
distributions were measured for each sample on the Beckman-Coulter L5230. 

5.11 Sectioning of the preserved sediment sequence for quantifying alluvial architecture 

After completion of the experimental runs, the preserved sediment was left to air dry for 

five weeks. An initial vertical sediment surface was excavated using a1 in wide steel 

guillotine mounted on the platform bridge and pushed vertically into the aggraded 

sediment. The surface was then cleaned with a trowel and sprayed with water to pick out 

the sedimentary architecture (Figure 5.18). Twenty-six faces were successively cut back 

perpendicular to the imposed palaeoflow direction (feeder channel) at intervals of 100 

mm, which correlated to laser profiles taken during the experimental runs (Figure 5.17). 

Two spotlights were set up 3m apart to illuminate the section and provide an even light 

intensity for photographing the section. A Nikon FS camera with a 50 mm lens, set at 
F11 and 1/15 speed, using Fuji 100 ASA film, mounted on a wooden board (placed 

vertically in the middle of the section face to minimise distortion) was used to take five 

successive across-section photographs with 10 % overlap. Photographs were assembled 
into photomontages for each cut section to allow identification and measurement of 

alluvial architecture. Acetate paper was placed over the photomontage and interpreted 

architecture drawn on and measured. Cut-sections were started 1.5 m downstream of the 

upstream basin wall to avoid the influence of the inlet channel. 
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Figure 5. l 
. 

Sectioning procedure for the FSM sediment sequence (a) showing the section face being 
photographed following cutting of the aggraded sediments and (b) an example of the 2m wide section 
exposure of alluvial architecture cut perpendicular to flow. 

5.12 Implications of physical modelling for future alluvial architecture studies 

Results from the physical modelling will have wider implications for the understanding 

of alluvial architecture, including: (1) investigating the differences between gravel-bed 

fluvial systems with varying grain size distributions; (2) allowing down-basin facies 

models to be constructed; and (3) providing the limits of grain size for physical 

modelling. These issues are addressed in Chapter 6. 
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5.13 Summary 

The main conclusions from this chapter are: 

1. Theoretical calculation of hydraulic flow parameters for FSM of the fine-grained 

Lower Ketch Member (Chapter 3) indicates that, Re* numbers are below the critical 

threshold for flow to be hydraulically rough and viscous forces to be minimised. 

Consequently, the use of coarse-grained prototypes such as the Canterbury Plains is 

recommended for FSM. 

2. Three experiments were conducted to quantify the impact of grain size on braided 

channel morphology and alluvial architecture using boundary conditions derived 

from the Canterbury Plains, New Zealand. The Canterbury Plains provide suitable 

prototype data from both the modem Ashburton River and the Quaternary 

Canterbury braided river gravels for input to the FSM. 

3. The Ashburton River displays a downstream fining of the grain size distribution 

over a 67 km distance from the current coastline. The exponential downstream 

fining curve fitted to D50 values taken from sites on the Ashburton River provides a 

diminution coefficient of 0.0322 yr km71, which lies within the broad range 

documented for braided rivers. 

4. While the magnitude of the grain size distribution diminishes downstream, the 

surface gravels in the Ashburton River show a conservation of the grain size 

distribution shape over a 44 km distance immediately preceding the Ashburton River 

Mouth. 

5. Bulk grain size samples from the Quaternary Canterbury gravels exhibit a bimodal 

grain size distribution comprising -20 % sand and -80 % gravel. The shape of the 

grain size distribution for the gravel fraction of the Quaternary braided river deposits 

show a good match to the modem Ashburton River surface deposits. 

6. Channel slopes from the modem Ashburton River reduce from -0.009 to -0.0046 

between 44 km and 18 km upstream of the river mouth. FSM imposed a bed slope of 

0.01 (above the upper limit of measured prototype slopes) to assist in the 

maintenance of hydraulically rough flow conditions. 
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Chapter 6. The influence of sediment supply grain size on alluvial architecture 

6.1 Synopsis 

This chapter quantifies the control of grain size on the surface channel morphology and 

subsurface alluvial architecture of a gravel-bed braided river using an aggrading 

generic-Froude scaled model of the Ashburton River (prototype), New Zealand. Results 

are presented from three physical modelling experiments, series C, M and F, which 

represent a fourfold change of the grain size distribution exhibited at the present day 

Canterbury Gravels coastal outcrop. A six-fold architectural element classification 

scheme is presented comprising of three coarse-grained architectural elements (primary 

channel fills, secondary channel fills, splays) and three fine-grained architectural 

elements (abandoned channel fills, erosional remnants, overbank fines), which are 
discussed in relation to formative surface morphology. Surface and subsurface 

verification between the model and prototype is offered and variations in size and 
frequency of occurrence of each architectural element quantified. The application of 

modelling data for interpretation of fluvial sequences exhibiting local and down-basin 

changes in channel-belt grain size are examined in relation to predicted alluvial 

architectural trends. A procedure for up-scaling is presented and the physical limits for 

modelling fine grain size distributions are reviewed. 

6.2 Introduction and background to the braided river experiments 

Field data were collected from the modem Ashburton River and late Quaternary Gravels 

of the Canterbury Plains, New Zealand (Chapter 5), in order to provide prototype 
information for conducting three 1: 50 generic-Froude scaled modelling experiments. 

The main aims of the physical modelling were to: 

1. Isolate the influence of grain size distribution on the surface channel morphology. 
2. Quantify the impact of grain size distribution on the within channel-belt depositional 

geometries. 
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The principal findings from the field study (Chapter 5) established that: (1) the 

subsurface grain size distribution is strongly bimodal, and (2) the modern Ashburton 

River exhibits a downstream fining rate of 0.0223 mm kin 1 while retaining the overall 

grain size distribution shape downstream. These characteristics of the Ashburton River 

were used to construct a methodology for the physical modelling (Chapter 5). 

Three experiments, series C, M and F (Table 6.1) represented a fourfold change in grain 

size and were run using a scaled flood hydrograph (Chapter 5, Figure 5.14). Sediment 

was added synchronously with discharge and provided a total imposed aggradation rate 

of 1 mm hr's, where the capture ratio was equal to 1. The initial experimental surface 

was flat with a downstream gradient of 0.01, comparable to the upper reaches of the 

Ashburton River (Chapter 5, Section 5.6.6). Differences in feed rate between the three 

experiments arise from variations in bulk density between the each of the grain size 
distributions in order to maintain a capture ratio in the three experiments of 1. 

Table 6.1. Summary of imposed conditions for the three FSM experiments used to compare the impact of 
sediment supply grain size on channel morphology and alluvial architecture. 

Experiment Scaled D5 Total run Mean sediment Imposed Actual aggradation 
series (mm) time (hr) feed rate (kgs') aggradation rate rate (mm hr') 

(mm he') 
F 0.19 45 8.0 1 0.82 
M 0.39 28 7.9 1 0.72 
C 0.78 88 9.7 1 0.82 

Superposition of the three experimental grain size distributions (DSO) on to the present 
day downstream fining profile of the Ashburton River (Figure 6.1), shows series C is 

located in a position -32 km upstream from the current coastline, series M at the 

Ashburton River Mouth, and series F, a position -32 km downstream from the present 

coastline (i. e. offshore). 
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Figure 6.1. Exponential downstream fining curve based on D50 values for the modem Ashburton River 
with the superposition of the DD values of the three scaled grain size distributions from series C, M and 
F. 

6.3 Data analysis: field and flume 

Data were also gathered from the modem Ashburton River and 50 km of exposed 

Quaternary Gravels between the Rakaia and Rangitata Rivers (Chapter 5, Figure 5.3a) 

in order to permit comparisons between the model and prototype. In order that FSM 

procedures are verified between the model and prototype, hydraulic flow parameters 

must show dynamic similarity. Warburton and Davies (1998) suggest that in satisfying 

dynamic similarity, kinetic and geometric similarity are also assumed. 

Analysis of the channel morphology of the Ashburton River and the alluvial architecture 

of the Canterbury Gravels allows direct comparison of geometrical similarity between 

model channel morphology and cut-sections from the preserved model sedimentary 

architecture respectively. Alluvial architecture from both prototype and analogue were 

examined in an orientation perpendicular to the mean palaeoflow direction. 

Analysis of the alluvial architecture was restricted to the current coastal outcrop because 

vegetation prevents observation of much of the alluvial architecture inland from the 

coastline. 
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6.4 Comparison of hydraulic flow parameters: field and flume 

Mean flow conditions (Table 6.2) show broad agreement with those documented in 

braided rivers (e. g. Young and Davies, 1990) and for previous modelling experiments 
(e. g. Ashmore, 1991a; Hoey and Sutherland, 1991; Ashworth et al., 1994; Warburton 

and Davies, 1994a, 1998). Mean Froude numbers in the model are below one, indicating 

subcritical flow conditions; although the observation of standing wave trains on the 

water surface indicate intermittent supercritical flow conditions. Flow Reynolds 

numbers are greater than 1000 and represent transitional to fully turbulent flow 

conditions. Mean grain Reynolds numbers for the three experimental grain size 
distributions fall below the critical value of 70 proposed by Yalin (1971) based on a 

version of the Shields diagram where the Shields curve becomes horizontal (Chapter 5, 

Figure 5.1). However, all three experiments produce Re* above the critical values 

recommended by other authors (Parker, 1979; Jaeggi, 1986; Ashworth et al., 1994). 

During the experiments the presence of bedforms in the channels of series F and M was 

noted, which are discussed in Section 6.9.1. Hydraulic flow conditions for all three 

experiments show dynamic similarity with the prototype. 

Table 6.2. A summary of mean key flow parameters calculated for the Ashburton River field study and 
physical modelling experiments series C, M and F. 

Flow parameters Prototype Model series 
Ashburton River C M F 

Grain D90 (m) 0.02 0.00179 " 0.00096 0.00050 

Slope 0.007 0.013 0.014 0.015 

Width (m) 9.97 0.18 0.28 0.31 

Depth (m) 0.48 0.007 0.009 0.010 

Mean velocity, U (ms ) 1.74 0.24 0.26 0.28 

Froude number, Fr 0.80 0.97 0.93 0.92 
Flow Reynolds number, Re 501844 1495 2160 2627 

Grain Reynolds number, Re* 2249 50 32 19 

Note the flow parameters have been calculated assuming a rectangular cross-section and water 
temperature of S°C in the prototype and 20°C in the model. Mean velocities for the physical model have 
been calculated from surface velocities multiplied by 0.8 (formula of Prony, in Graf, 1998). Values of 
Re* were calculated based on the D90 grain size. 

An aggradation rate of 1 mm hr "' was used in all three experiments. Using the time 

scale for the model ()) to equal to (XL)°3, the aggradation rate is calculated at 0.14 mm 
hr'1 in the prototype. This aggradation rate is several orders of magnitude greater than 
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many long-term aggradation rates documented for fluvial systems (e. g. Sadler, 1981; 

Bentham et al., 1993, Leeder et al., 1996; Kraus, 1997), but sits within the documented 

range in the literature (106-10-3 m/1000years, Sadler, 1981). 

6.5 Surface form and channel morphology: field and flume 

Analysis of the series C, M and F focused on the characterisation and quantification of 

channel geometry, channel occupancy, duration of channel occupancy and braidplain 

slope. To establish the impact of changing grain size on surface form and channel 

morphology, analysis of the modem Ashburton River was undertaken to compare 

geometric similarity between model and prototype. In order to compare the distributions 

of geometric information (namely: width, depth and width/depth ratio) and verify the 

geometric similarity at the 95 % significance level the Kruskal-Wallis test for non- 

parametric data was employed (Appendix B). 

6.5.1 Ashburton River channel geometries 

Surveys were performed to quantify the distribution of channel geometries (bankfull 

width and depth) on four sites (A, represents two sites at equal distances upstream, B 

and C) down the course of the modem Ashburton River (Table 6.3). Data from the north 
Ashburton and south Ashburton River sites (A) have been amalgamated because both 

represent an equal distance from the Ashburton River Mouth (Chapter 5, Figure 5.3b). 

Table 63. Comparison of channel geometries measured at four sites along the course of the modem 
Ashburton River. 

Site De pth (m) Width (m ) 
Distance from n mean median Standard max min mean median Standard max min W/D 

river mouth (km) deviation deviation ratio 
North Ashburton, A 43 7 019 0.31 0.07 0.39 0.17 9.41 8.64 2.33 13.17 6.79 32.5 

South Ashburton, A 43 8 0.32 0.32 0.10 0.50 0.17 10.82 10.97 3.87 16.66 5.87 36.4 

Ashburton Town, B 18 8 0.26 0.19 0.16 0.49 0.10 10.71 10.48 5.98 15.07 2.92 473 

Ashburton mouth, C 0.5 8 0.26 0.26 0.12 0.50 0.11 8.87 7.68 3.43 13.94 4.49 37.8 

Analysis of depth, width and width/depth ratio for the channels measured at four sites 

down the course of the Ashburton River reveal no significant change at the 95% 

confidence interval. These results (Table 6.3, Figure 6.2) suggest that the downstream 
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diminution of grain size have no significant effect on the channel geometry (either 

magnitude or shape) over a 43 km distance. An alternative interpretation may be that 

any impact that the grain size may have on the channel geometry is subordinate to other 

controls acting upon the Ashburton River such as discharge. The development of a 

wider channel-belt containing more active channels in the Ashburton River may be 

accommodating any increase in discharge that occurs downstream. A similar trend has 

been documented in the study of the braided Ashley River, New Zealand, by Warburton 

et al. (1993) who deduced that the number of channels in a transect across a river reach 

will increase rather than enlarge the existing channel geometries. 
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Figure 6.2. Box and whisker plots for the depth, width and width/depth ratios for three sites along the 
course of the Ashburton River, representing position (A) at 0 km (the Ashburton mouth), (B) 18 km 
(Ashburton Town) and (C) 43 km (Thompson Track, North and South Branches) upstream from the 
present coastline. 

However, a 'study on the Ohau River, New Zealand (Mosley, 1982) showed that as 
discharge increases existing channels become shallower and wider and merge, in 

addition to the generation of smaller channels with the same characteristics as those at 

lower discharges. Surveying of channel geometries in the Ashburton River took place 
during low summer discharges levels. Therefore, channel geometry measurements do 

not account for seasonal changes in discharge and any corresponding changes in 
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channel geometry, which highlight the drawback of field studies. The measurement of 
field channel geometries at high discharges is not often permissible due to the practical 

aspect of carrying out these studies (e. g. Warburton and Davies, 1998). Therefore, at 
the time of any particular field study, channel geometries will ultimately be a result of 
the magnitude and frequency of discharge effects occurring prior to that study. Physical 

modelling allows consistent discharge and frequency effects to be imposed on a scaled 

river, reducing the uncertainties described above. Therefore, to determine the relative 

effect of grain size on channel geometry, grain size must be first investigated in 

isolation from all other controls, a process that can be undertaken in FSM. 

6.5.2 The geometry of the Ashburton model channels 

To allow surface morphology to be characterised and compared between the three 

experiments channel geometries were measured. Bankfull width and depth 

measurements (Williams, 1978a) were gathered from laser profile information recorded 

at the end of every fourth hydrograph while the flume facility was left drained. Channel 

definition was assisted by the analysis of overhead video footage to corroborate the 
bankfull width. Figure 6.3a-c shows probability density functions of channel width in 

series C, M and F compared to the Ashburton River (Series 6.3d). Series C and M show 

similar PDF's to the Ashburton River, while series F exhibits a broader range of widths. 
Channel geometry results from series C, M and F are shown in Figures 6.4. In the three 

experiments, mean width/depth ratios (C=30, M=37, F=32) and 80 % of all the 

measured width/depth ratios sit within the range of the width/depth ratios measured 
from the Ashburton River (11-46) and agree with width/depth ratios documented in the 

literature (e. g. Parker, 1976,1979; Ashworth et al., 1994). A significant increase in the 

depth was noted between series C and M, and in width between series M and F. 

Furthermore, there was no significant difference in width/depth ratios of channels 
between the three experiments. These results suggest the relationship between grain size 

and channel geometry is ambiguous. Further discussion of these trends in channel 

geometry is found in Section 6.19. 
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Figure 6.3. Probability density functions of channel widths for (a) the modern Ashburton River and 
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Channel geometries within the Ashburton River and the physical model show no 

significant difference in width/depth ratio and are consistent with the studies 

summarised in Knighton (1998, Table 5.4, p173), which show that the hydraulic 

geometry exponents of width (b) -0.5 and depth (J) -0.36 in river are consistent. 

Therefore, any change in the width/thickness of the subsurface alluvial architectural 

geometries may reflect preservation potential of architectural elements deposited by 

these surface channels rather than a difference in surface channel width/depth 

geometries. Additionally, the channel morphology shows a marked similarity between 

prototype and model (Figure 6.5) and comparable width PDF's between series C and the 

prototype (Figure 6.3a, d). 

Mý 

Figure 6.5. Examples of overhead images from (a) Rakaia River, Canterbury Plains and (b) series C 
modelling experiment to show the marked similarity of form between the two scales. Flow direction in 
both (a) and (b) is from right to left. 

6.6 Channel occupancy 

Channel occupancy is defined as: the proportional occurrence of a particular flow type 

on the braidplain during each of the experiments. Overhead time-lapse digital video 

images of the flume model were downloaded as gif files and analysed by point 

sampling at 100 mm intervals across sections II and 21 (Chapter 5, Figure 5.17) and 

characterising the flow type at each point as: (1) channelised flow, (2) sheet flow, or (3) 

no flow%ponded water (Table 6.4). Images were collected at a frequency of one hour, at 

a discharge of 1.67 1 s-' following the peak of the hydrograph in all three experiments. 
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Table 6.4. Description of flow types observed within each of the three braided experimental runs. 

Flow type Description 

Channelised flow Channelised flow is confined flow, defined where the margins of the flow 

can be clearly observed. Channelised flow has mean width/depth ratios of 
32,37 and 30 in series C, M and F, respectively. When discharges are raised, 
channel banks are overtopped and the margins of the channel can become 
diffuse with the overbank flow. Channelised flow can diverge and converge 
as anabranch channels around a mid-channel bar or form chute channels that 
terminate in a chute lobe (cf. Southard et (j!., 1984). 

Sheet flow Sheet flow is characterised by very diffuse margins between the channelised 
and the overbank deposits. Shallow flows that expand across the floodplain 

as flow overtops the channel margins as discharge rises. 

No flow or ponded water Areas of the basin that have become abandoned and may have ponded water 
or very shallow, slow-moving water allowing deposition of suspended 
sediment. 

Results are displayed as stacked bar graphs (Figure 6.6) showing the proportion of time 

that the floodplain was occupied by channelised flow, sheet flow, or no flow. 

Comparison between the channel occupancy of series C, M and F shows a rise in the 

proportion of sheet flow occupying the floodplain from 8% to 15 % to 25 % 

respectively. This change relates to a 213 % increase in the proportional occurrence of 

sheet flow between series C and F. However, this increase in sheet flow does not 

correspond to a decrease in the channelised flow. These flow categories are discussed in 

relation to surface form and resultant depositional architecture in Sections 6.9 and 

6.10.1 respectively. 
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Figure 6.6. Comparisons of channel occupancy between the three experiments taken at a discharge of 
1.67 1 s-1. An increasing proportion of the floodplain is occupied by sheet flow between series C and F. 
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6.7 Duration of channel occupancy 

The duration of channel occupancy is defined as the period of time for which a channel 

occupies a point position on the braidplain before avulsing or migrating away from that 

point. The duration of channel occupancy was measured at four equally-spaced point 
locations across section lines 11 and 21 (Chapter 5, Figure 5.17) using the same 

sampling frequency as used for defining flow type (Section 6.6). The duration of 

channel occupancy is displayed as box and whisker plots in Figure 6.7. Although, series 

F appears to have a lower range of duration of channel occupancy, a Kruskal-Wallis 

non-parametric analysis of variance (Appendix B) between the three experiments shows 

no significant difference at a 95 % confidence limit. 
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0 

Figure 6.7. Duration of channel occupancy (see text for description) for series C, M and F, showing no 
significant difference between the three experiments. Note: the frequency of sampling was 1 hour, 
therefore any channel shifts below 1 hour will not be identified. 

6.8 Sediment surface gradients 

During the experimental set-up, the downstream gradient of the base of the flume 

facility was set at 0.01 to match prototype slopes and to increase Re* values (refer to 

Chapter 5). Laser data information (Chapter 5, Section 5.10.3) recorded at the end of 

every fourth hydrograph while the flume facility was left drained were used to calculate 
downstream sediment surface gradients (Figure 6.8). Results (Figure 6.9) show no 

significant difference in sediment surface gradients between C (0.0072-0.0165) and M 

(0.0119-0.0161) while significant differences exist in sediment surface gradients 
between series M and F (0.0144-0.0165). Nonetheless, all three series have similar 

maximum slope values (-0.0165, Figure 6.9). 
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Figure 6.8. The development of downstream sediment surface gradients during the 125 hour experiment. 
The area between the lines represents sediment accumulation during foie hour intervals. The bold line 
indicates where the grain size distribution was quartered. The gap in the line represents a section where 
no data were collected 
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Figure 6.9. Box and whisker plots showing the range, upper and lower quartiles, mean and median values 
for downstream sediment surface gradients measured in series C, F and M 

In the three experiments downstream sediment surface gradients increased from an 

initial basin slope of 0.01 in combination with a reduction in the aggradation rate 
distally from the exit point of the feeder channel, to produce a low-angle alluvial 

braidplain surface. This low-angle braidplain development is most pronounced in the 

2000 2500 3000 
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series F and mean downstream sediment surface gradients increase sequentially in series 
C (0.013), M (0.014) and F (0.015) respectively. Downstream sediment surface gradient 

values are generally higher than those of the modem Ashburton River channels (Chapter 

5, Section 5.6.5). Higher slope values in the model produce higher grain Reynolds 

numbers, which is beneficial for satisfying scaling laws (see Ashworth et al., 1994). 

Sediment aggrades immediately downstream of the feeder channel exit and aggradation 

rate decreases downstream (Figure 6.8). The smaller range of sediment surface 

gradients in series F may be the result of the differences in rate of sediment wave 

propagation downstream between the three experiments. Although no direct evidence 

was noted, the propagation of a sediment wave may be responsible for the differences in 

sediment gradient changes. The propagation of sediment waves has been noted in 

several previous braided river experiments (Ashmore, 1988; Hoey and Sunderland, 

1991; Hoey, 1994; Warburton and Davies, 1994). Propagation of a sediment wave 
downstream results in a progressive reduction in sediment surface gradient over time. 
On reaching the downstream exit mesh the sediment wave increases the bedload 

transport rate. The increase in bedload transport rate is particularly pronounced at high 

discharges (cf. Peakall, 1995) when transport rate exceeds the capacity of the 
downstream mesh trapping sediment upstream of the mesh. This trapping of sediment 
increases the local aggradation rate immediately upstream of the mesh, which 

propagates upstream, progressively reducing downstream sediment surface gradient 

over time. The retention of the sediment is less pronounced in series F resulting in a 

more consistent downstream aggradation rate. Additionally, the range of sediment 

surface gradients is smaller in series F compared to series C and M, due to the capacity 

of the discharge to transport the sediment load more evenly across the developing 

braidplain. Simons and Simons (1987) noted in comparisons between gravel and sand 
bed rivers that sand bed rivers respond more rapidly to changes in discharge than gravel 
bed rivers. Although, the flume experiments described here are designed to scale a 

gravel-bed river, the relative response time for morphological change between the three 

experiments may be different, with series F responding more rapidly to discharge 

resulting in a narrower range of sediment surface gradients. In order that this response 
time can be investigated, the frequency of topographic bed surveys needs to be 

increased in future FSM to investigate the censoring effect of sampling frequency. 
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6.9 Surface morphological forms 

Analysis of the overhead video footage allowed examination of the evolution of the 

sediment surface, which resulted in the classification of several geomorphological. 
features described in Table 6.5 and shown in Figure 6.10. 

Table 6.5. Summary of surface depositional forms from the three experiments, series F, M and C 
described from analysis of overhead video footage. 

Surface form Description and interpretation 

Primary channels Primary channels are broad with defined margins and commonly form anabranches around a mid-channel 
bar. During peak flows sediment is transported down the channels as migrating sediment lobes. The stalling 
of a sediment lobe within the channel often resulted in a narrowing of the channel to form a smaller 
secondary channel. Small, low relief-ridges and rhomboidal bedforms form on the head and sides of the 
sediment lobe indicating transitional flow Reynolds numbers and supercritical flow (Peakall et a!., 1996). 
Channels were observed to avulse by the mechanisms documented in Leddy et al. (1993). Channel filling 
and abandonment occurred by sediment lobe migration and blockage, often followed by passive filling (cf. 
Dreyer. 1990) and lateral accretion as the channel migrated across the braidplain. At low discharges in 
series F the formation of lunate bedforms within the channel was pronounced. 

Secondary channels Secondary channels are narrower than the primary channels and may form as a result of constriction or 
avulsion of a primary channel by sediment lobe migration (Leddy et a!., 1993). Secondary channels are 
often passively filled following abandonment or rapidly filled as a sediment lobe migrating down the main 
channel stalls at the confluence of the channel, resulting in fine- and coarse-grained channel fill deposits 
respectively. Secondary channels are also filled as splay deposition from the primary channels overtop the 
margins of the secondary channels and avalanches into the channels forming what may appear to be lateral 
accretion deposits in the subsurface. If complete abandonment from the primary channel occurs, water can 
pond within the channel enabling suspended sediment to be deposited as a fine-grained channel plug. 

Chute crevasse Chute crevasse channels form as the margins of primary channels are breached often by the avulsion 
channels and lobes mechanisms described in Leddy et al. (1993) initially forming a smaller channel that scours through the 

margins of the primary channel Flow expands radially over the floodplain to deposit a lobe of sediment (cf. 
Southard et al, 1984; Field, 2000) where flow becomes sheet-like. At lower discharges these sheet flows 
are concentrated into channels and dissect the sediment lobe. The subsurface expression of these chute 
channel and lobe would be similar to the secondary channels and splay deposits respectively, and are 
therefore, not differentiated in subsurface analysis. 

Splays Splays occur at high discharges when the channel margins are overtopped and sheet flow is initiated on the 
floodplain. This sheet flow deposits sediment onto the floodplain as a wedge shape, which tapers, away 
from the channel margin. Grain size can be observed to fine away from the channel (c£ Guccione, 1993). 

Abandoned Abandoned floodplain was defined as areas on the sediment surface where very shallow flows or no flow 
floodplain was occurring. Sedimentation in these in these areas occurs as suspension fallout, although no major 

morphological change occurs. 
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Figure 6 10 E k., rnplcs of o%erbead %idco in igcs showing the surface depositional forms described in 
Table 6.5. (a) from series C and (b) series F. Scale bar =Im. Flow direction is from right to left. Each 

image represents an area 2.5 mc2m. 
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6.9.1. Bedform generation 

In series F and M. bedforms (Figure 6.11) were periodically observed to form in the 

primary channels during low discharge stages. The presence of ripple bedforms in 

physical models has been noted by Jaeggi (1986) to occur when grain Reynolds 

numbers drop below 5. Additionally, ripple formation has been noted to be particularly 

pronounced in medium or fine sands (Warburton and Davies, 1998). In order to 

establish if these bedforms were unscaled current ripples or scaled antidunes hydraulic 

flow parameters were analysed (Section 6.4). 
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Mean calculated Re' for series F and M are greater than the minimum Re* values 

required for modelling (Parker, 1979; Jaeggi. 1986. Ashworth er al., 1994). However, 

locally the Re' may drop below the critical Re* required for hydraulically rough flow. 

Dc, and D.,,, %alues were plotted against dimensionless boundary shear stress (Chapter 5. 

f quation 5.4) on the hedtorm phase diagram (Figure 6.12) of Allen (1983a). ft values 
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Figure 1,1 1 (herhead Image of the braidplatn showing the bedforms that form at Iow tloN stage in series 
F and St I example from senes F). F lo%% direction is from right to left and the images represents an area of 
braidplain of 25ms2m. 
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for series F and M plot on the boundary of the ripple phase while D90 for series F and M 

plot within the dune phase and therefore are not forming at high enough shear stresses 

to be antidunes. Depending on local sediment sorting, finer-grained areas of the 

braidplain surface may intermittently develop ripples at the shear stresses plotted for 

series F and M in Figure 6.12. The D50 and D90 values of series C plot within the ranges 

of the dune and lower stage plane bed phases and are therefore, not subject to ripple 

propagation. 
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Figure 6.12. Phase diagram from Allen (1983a) showing the calculated dimensionless boundary shear 
stress for D50 and DO values from experiment series F. M and G 

Local Froude numbers were calculated for two individual channels containing bedform 

development in series F and yielded values of 0.82 and 0.92, which are in the 

transitional range for the formation of antidunes (Leeder, 1982). 

Further evidence that the bedfonns (Figure 6.13) are not antidunes is observed when 

during falling hydrograph flow stages bedforms start to form while at high stages 

bedforms are sheared out. During experiment F the discharge was instantaneously 

halted at a discharge of 1.67 1s1 and at a peak discharge of 3.21 1s1 and the flume was 

allowed to rapidly drain. Analysis of the surface channel topography at peak discharge 

showed no evidence of bedform fonnation (Figure 6.13). 
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Figure 6I, 0% enccad images of (a) a plan % ieu and (b) an oblique % ie%% looking upstream following 
instantaneous drainage of the flume facility at 1.67 L s-', confirming that bedforms that disappear at 
higher shear stresses are nppl s (see Figure 6.12). Black arrows indicate the floes direction. 

Qualitative observations of the surface morphology of these evolving ripples show 

similar surface morphologies to the dune formation in the Platte River, Nebraska, USA. 

(cf. Blodgett and Stanley, 1980) and shows some scale distortion from the Ashburton 

River. 

Evidence presented within this section suggests the bedforms observed in series F and 

M at lower discharge levels are ripples, which may not scale with the field protot}Pe 
bedforms. These results provide physical modellers with important constraints on the 

magnitude of grain size scaled in the physical models. To avoid the formation of these 

bedforms, the use of series C grain size is recommended for future modelling. The 

scaling of finer-grained systems may be attempted by using a lower scaling ratio (e. g. 

1: 20. Ashworth et a!.. 19941 or reducing the viscosity of the fluid, by heating the water. 
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6.10 Analysis of cut-faces 

Sections were cut and photographed in panels perpendicular to flow, with a 10 % 

overlap for each of the three experiments. Six cut-faces (11,13,15,17,19,21, Chapter 

5, Figure 5.17) representing 0.2 m intervals in a downstream direction were analysed for 

classification and quantification of alluvial architecture for each experiment. Acetate 

overlays were used to trace and interpret the alluvial architecture. Architectural 

elements were defined and correlated to their formative surface processes via analysis of 

overhead video footage. The maximum width and thickness of all architectural elements 

were measured (Section 6.12) in addition to the construction of horizontal proportion 

curves (Section 6.11) in order to compare experimental datasets. 

6.10.1 Classification of architectural elements 

Initial classification of depositional architecture was based on comparisons with 

overhead video footage to provide surface-to-subsurface relationships. This 

methodology greatly benefits the understanding of depositional architecture and goes 
beyond the level of outcrop studies of alluvial architecture. A six-fold architectural 

element classification scheme (Table 6.6, Figure 6.14) was adopted. This scheme bears 

some resemblance to the architectural element scheme of Miall (1985), which has been 

criticised by Bridge (1993) because similar preserved structures may be formed by very 
different surface processes. For example, channel splays and crevasse lobes may exhibit 

similar parallel-bedded, two-dimensional depositional features in vertical section, but 

their planform geometries may differ. The sediment sequence of series F presented 

more difficulty in the interpretation of the cut-sections due to the homogeneity of 

sediment colour between element types. Coloured sediment added to define time 

horizons was often reworked by migrating bedforms and not commonly preserved in 

discrete horizons. Although architectural elements for all three experimental sequences 

appear common (Table 6.6), the internal fill of primary channel fills (architectural 

clement A) in series F is dominated by trough structures as a result of ripple bedforms. 
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Figure h 14 tat f rnplc% ut architectural elements týpcs A-F taken teem the c: non, cut perpendicular to 
palacoflo%% in the series C and F. where flow direction is into the page. V% here A= primary channel tills. 
B= secondary channel fills, C= splay, D= fine-grained channel fills, E= erosional remnants. and F= 
overbank fines Refer to Table 66 for sedimentary descriptions. The dashed line represents the boundary 
bets een ones C at the bate and senes F at the top and the scale bar in each case is 20 mm. 
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Chapter 6 

6.11 Frequency of occurrence of architectural elements 

Horizontal proportion curves were constructed to characterise the relative proportion of 

architectural elements preserved in sequences from series F, M and C, using six cut- 

faces (11,13,15,17,19,21, Chapter 5, Figure 5.17). These sections represented cross- 

sections at 0.2 m intervals in a downstream direction and were sampled at a 0.1 m 
horizontal spacing and a 0.005 m vertical spacing for the construction of horizontal 

proportion curves. Horizontal proportion curves were used to complement the data 

gathered on architecture element geometries (Section 6.10) by using the same sections. 
The use of horizontal proportion curves to depict spatially complex datasets provides a 

way of classifying cross-sections rapidly and reduces the uncertainties and subjectivity 
in the identification of all the boundaries of a particular architectural element. For 

example, where difficulties in exist in the identification of width because architectural 

elements may grade subtly into one another, the horizontal proportion curve method 

overcomes this problem by only characterising architectural element type using vertical 

profile sampling. Furthermore, previous studies have documented relative proportions 

of each architectural element as a percentage occurrence of the element type (Ashworth 

et al., 1999), which again will bias the results towards the elements that are most easily 
identifiable. However, one disadvantage of horizontal proportion curves may be that 

they are influenced by the vertical and horizontal sampling frequency, which is explored 
further in Chapter 7, Section 7.8.1. 

The percentage frequency of occurrence for each architectural element was calculated 
by summing the architectural element at each grid point for the sedimentary sequences 
from series C, M and F and results are shown in Figure 6.15. The additional assignment 

of a reference horizon, in this case the base of the flume facility allows the construction 

of vertical proportion curves (Figure 6.16). 
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of splay deposit_% toward the top of the sequences where the deposits became abandoned. 

Analysis of the three experiments shows the preserved alluvial architecture is dominated 

by coarse-grained primary channel fill architectural elements (A). representing between 

-70-8O °o of the architectural element proportion with subordinate amounts of 

architectural element B (secondary channel fills deposits). Much of the internal fill of 

the channel deposits in series F is dominated by the reworking of sediment by ripples at 

low discharges. Analysis of the preserved splay deposits (C) shows there is a small 

increase in the proportion of this architectural element between series C and M. and a 
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decrease between M and F. The increase in occurrence of splay deposits between series 
C and M may be attributed to the increase in overbank sheet flow on the sediment 

surface between series C and M (Figure 6.6). 

The proportion of fine-grained architectural elements (fine-grained channel fills, 

erosional remnants and overbank floodplain deposits) increases from 0.2 %-0.6 %-3.3 

% in series F, M and C respectively. This increase in fine-grained deposits tentatively 
implies that more proximal coarse-grained deposits (gravel) may contain a higher 

proportion of fine-grained architectural elements (sand). However, these results need 

verifying with field analogues. Furthermore, the issue of whether the lower proportion 

of fine-grained architectural element observed between series C and F is a result of the 

progressive reduction in deposition of the fine particles between series C and F, or that 

the fine particles are deposited as interstitial fines within the coarse fabric rather than as 
discrete elements, is unclear. To resolve this issue in the future, grain size samples 

should be taken from all architectural elements to determine the proportion of interstitial 

fine-grained material preserved within the coarse-grained architectural elements. 
Possible reasons for the increase proportion of in fine-grained material preserved in 

discrete architectural element are explored in Section 6.11.1. 

The top of the series F sequence displayed an increase in the preservation of splay 

architectural elements (Figure 6.16) that reflects the relationship between the time taken 

to rework the deposits and the length of time available before complete abandonment of 

the channel-belt occurs. Consequently, the sequence in series F may represent two 

forms of preserved deposits: (1) primary deposits and (2) reworked deposits. Therefore, 

the final preserved thickness of series F may only represent a completely reworked 

sequence when the deposits have exceeded approximately two formative channel depths 

of -1 m when scaled up (cf. Figure 6.4 and Figure 6.16). The differences observed in 

the proportions of architectural elements between series C-M and C-F may be a result of 

series C deposits being fully reworked by subsequent experiments, whilst in the cases of 

series M and F, these top experimental sequences were relatively untouched. The 

implication from the FSM results suggest that when examining modern surface 

sediments some consideration is required for how representative the proportion of 

architectural elements in the immediate subsurface are to the proportions of 

architectural elements at depths below the level of several channel depths where 
increased reworking has occurred. 
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6.12 Two-dimensional architectural element entry 

Maximum widths and thickness were measured for 1063 coarse-grained and 663 fine- 

grained architectural elements in the three experiments. Architectural element 

geometries were compared between preserved experimental sequences. Table 6.7 shows 

summary statistics for the coarse-grained architectural elements and Table 6.8 for the 
fine-grained architectural elements (refer to Table 6.6 for element descriptions). 

Dimensions were measured on the photographs to an accuracy of ±0.5 mm (section data 

from series C and F had a 1: 1 scaling of photograph to actual size, while series M 

involved an up-scaling by 1.31). A correction factor was applied to the photograph scale 

and scaled up by 1: 50 for comparison with the prototype and the literature. For 

comparison box and whisker plots are presented (Figures 6.17-19) along with PDFs that 

have been plotted for the widths of all architectural elements (Figures 6.20-21) and for 

width/thickness ratios for the coarse-grained elements only (Figure 6.22). 

Table 6.7. Geometrical dimensions for the coarse-grained architectural elements observed in the sections 
of the three experiments of series C (standard text), M (italics) and F (bold) grain size distributions 

Nidtk (m) Thickness (m) 

a Mean Median Standard deviation Min Max Mean Median Standard deviation Min Max W/T 

A 213 732 6.85 3.57 1.75 1920 0.42 0.40 0.16 0.15 1.13 19.24 

118 6.74 6.72 2.60 1.11 15.13 0.41 0.42 0.19 0.08 0.95 19.85 

97 1132 9.60 7.73 1.60 46.35 0.72 0.65 0.30 0.15 135 16.20 

B 106 331 3.01 1.44 1.10 7.20 0.49 0.46 0.17 0.18 0.98 7.09 
126 2.19 2.06 073 0.63 3.97 0.39 0.36 0.14 0.10 0.86 6.00 
29 2.26 195 1A7 0.75 5A5 038 0.30 0.14 0.15 0.75 6.01 

C 218 6.17 5.50 3.10 0.65 16.55 021 020 0.10 0.08 0.58 33.75 
105 7.71 6.87 4.13 1.34 21.60 0.19 0.17 0.09 0.06 0.46 46.92 

49 13.41 10.90 *30 0.70 37.60 034 033 0.15 0.15 0.88 41.97 

Table 6.8. Geometrical dimensions for the fine-grained architectural elements observed in the sections of 
the three experiments of series C (standard text), M (italics) and F (bold) grain size distributions. 

N1dth (m) Thickness (m) 

Man Medan Standard deviation Mug Max Mean Median Standard deviation Min Max W/ T 

D9 130 130 0.42 0.60 1.8$ 0.14 0.13 0.04 0.10 0.20 9.94 

2 0.19 0.19 0.11 0.11 0.27 0.03 0.03 0.01 0.02 0.04 8.50 

7 1.3* 1.15 0.73 0.60 2.30 0.24 0.25 0.10 0.13 0.08 5.70 

E 206 0.67 0.49 0.51 0.08 2.45 0.07 0.05 0.05 0.03 0.35 11.46 

56 0.47 0.38 0.31 0.10 1.56 0.04 0.04 0.02 0.02 0.13 14.00 

25 0A3 0.40 017 0A5 1.15 0.08 0.08 0.07 0.03 0.35 637 

F 218 1.65 125 135 0.1$ 8.85 0.08 0.05 0.06 0.03 035 24.76 

118 0.39 0.44 0.62 0.08 4.85 0.05 0.04 0.04 0.02 0.19 17.11 

22 0.85 036 0.74 0.20 3.05 0.04 0.03 0.03 0.03 0.10 23.01 
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Figure 6.17. Geometrical information for architectural element A, primary channel fills. 
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Figure 6.18. Geometrical information for architectural element B, secondary channel fills. 
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Figure 6.19. Geometrical information for architectural element C, splays. 

The preservation potential of individual architectural elements is a function of initial 

depositional geometry and subsequent reworking within the aggrading channel-belt. No 

statistical significant difference in the geometry of primary channel fill deposits was 

recorded between series C and M, while a significant increase in the primary channel 

fill width and thickness was observed between series M and F, probably in relation to 

the larger formative channel depths in series F (Figure 6.4). Splay widths show a 

significant increase between C-M and then M-F, which may be related to the 

progressive increased proportion of sheet flow on the sediment surface between series C 

to F (Figure 6.6). No corresponding increase is observed with splay thickness and 

width/thickness ratios show a significant increase between series C and M, and no 

significant change between series M and F. These results are also reflected in the PDF's 

for architectural elements shown in Figures 6.20-22. 
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Analysis of the stacked bar graphs for all three experiments (Figure 6.15) shows a 
decrease in the proportion of fine-grained elements (D-F) from 3.3 % to 0.6 % to 0.2 % 

between series C, M and F respectively. This difference in the proportion of fine- 

grained architectural elements preserved is combined with a significant decrease in the 

width and thickness measurements for all fine-grained architectural elements between 

series C and F. Reasons for these differences in the proportion of fine-grained 

architectural elements preserved are discussed in the following section. 

6.12.1 Deposition of fine grained architectural elements 

Cut-section analysis shows that the proportion of fine-grained deposits (silica flour) 

increases progressively from series F to C (Figure 6.15). During experiments C and F 

samples of suspended sediment were collected and analysed for grain size distributions 

and suspended sediment concentrations. Average D50 values of the suspended sediment 

concentrations sampled for series F and C are 0.0011 mm (n=28) and 0.0015 mm 
(n=29) respectively (Appendix Q. For particles smaller than 0.1 mm (Peakall et al., 
1996) the fall velocity of a particle can be related to the grain size using Equation 6.1: 

Uf cc D2 Equation 6.1 

where U1 is the fall velocity and D is the grain size. Therefore, settling velocities will be 

lower in series F compared to series C. 

The differences in concentration of suspended sediment between series C and F can also 
be related to fall velocity using Equation 6.2 from Richardson and Zaki (1958). Figure 

6.23 shows the results of suspended sediment concentrations measured during series F 

and C. Using suspended sediment concentrations from series C and F, the fall velocity 

of a spherical particle vi', in a dispersion of other falling grains was calculated using 
Equation 6.2. 

V= Lt 0 -cy Equation 6.2 
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where va is the fall velocity of a single grain (DSO) in an otherwise grainless fluid, C is 

the volume concentration of grains in the falling dispersion, and n is an exponent 

varying between 232 and 4.65. The calculation in the experimental runs has to be first 

converted to a volume percentage from a weight percentage by using densities of 1000 

kg m3 for water and 2650 kg m3 for silica flour and sand. Figure 6.23 shows the 

suspended sediment concentrations increase at a greater rate in series F compared to 

series C. 
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Figure 6.23. Running mean of suspended sediment concentrations by weight for series C and F, 
measured during at minimum discharge (031 1 s"). Note the higher rates for series F compared to C. 

Figure 6.23 shows that the higher concentration of suspended sediment in series F may 

cause lower fall velocities than in series C. Calculated settling velocities resulting from 

series C and F show the greater suspended sediment concentrations observed in series F 

(Figure 6.24) would result in lower fall velocities and consequently, fine suspended 

sediment would be inhibited from settling in series F. Moreover, lower fall velocities 

will keep the fine-grained material in suspension and prohibit fines being deposited and 

subsequently being preserved as fine-grained architectural elements. 
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Figure 624. Calculated fall velocities for particles in suspension in series C and F based on sediment 
concentration presented in Figure 6.23. Note: the vertical exaggeration. 

Possible reasons for the increase in the proportion of fine-grained architectural elements 

with an increasing grain size can be summarised by: (1) smaller D50 values of suspended 

sediment in series F causing a lower fall velocity of a particles in series F compared to 

series C, which inhibits the settling out of suspended sediment; (2) the higher suspended 

sediment concentrations in series F causing a reduced settling of fine-grained deposits, 

creating less opportunity for preservation of these fines; and (3) the higher aerial 

proportion of sheet flow and wider channels present on the sediment surface in series F 

may prohibit settling of fine-grained silica flour, by inhibiting the ponding of water. 

If natural systems follow the same general trends, sand deposited in discrete 

architectural elements may have a higher frequency of occurrence in coarser-grained 

gravels (i. e. more proximal positions on the long profile). These results need further 

field study validation to assist in interpreting the occurrence and preservation potential 

of fine-grained deposits in fluvial sequences. 
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6.13 Preservation notential 

Comparisons have been made between the mean values of surface channel geometries 

(width and depth) measured in Section 6.12 and the mean values of the preserved 

channel fill geometries (width and thickness) for all primary and secondary channel fill 

deposits (architectural elements A and B). The results displayed in Table 6.9 shows the 

mean values for preserved thickness in series C and F are greater than the means of the 

formative channel depths, while series M shows a lower preservation potential. All 

values lie above the range of 40-75 % for preserved channel fill thickness defined by 

Paola and Borgman (1991) who assume no deposition occurs. Therefore, as the physical 

model is an aggrading braided river system, the results may reflect the process of 

vertical aggradation and/or scour of the individual channels (described in Salter, 1993) 

to produce higher preserved thicknesses than those of Paola and Borgman (1991). 

Furthermore, this vertical thickening may be occurring in preference to lateral 

migration. 

Mean values of preserved channel fill widths in all experiments are between 32-69 % of 

their original formative channel widths. Comparison of preserved geometries to 

formative width and depth, indicate width/thickness ratios of preserved channel fill 

geometries that are between 34-53 % of their original values. Therefore, channel fills 

are narrower than the formative channel widths suggesting that processes such as 

avulsion are occurring, which dissect the original channel fill deposits before 

aggradation allows the original channel geometry to be preserved. These results may 

suggest that avulsion is a more important process than lateral migration in creating the 

final preserved architectural form. These issues are addressed further in the discussion. 

Table 6.9. Comparisons of formative channel width and depth data with preserved channel fill width and 
thickness data from the Ashburton model. The mean values of maximum channel depth were used. 

Series Surface channel geometries Preserved channel rills Surface/subsurface ratio 

Mean Depth (in) Width (m) WAD Thickness (m) Width (m) W/T Thickness Width W/T 

C 03 8.9 30.4 0.4 6.1 16.0 132 0.68 0.53 

At 0.4 142 37.0 0.4 4.4 12.7 0.92 031 0.34 

F 0.5 15.7 31.6 0.6 9.4 13.9 1.28 0.60 0.44 

Maximum 

C 0.8 17.8 72 1.1 19.2 52.7 139 1.08 0.73 

61 0.6 20.2 74 1.0 15.1 72.8 1.53 0.75 0.98 

F 1.1 42.8 77 1.6 46.4 75.5 1.41 1.08 0.98 

Minimum 

C 0.1 33 9.1 0.2 1.1 2.0 1.14 0.33 0.22 

41 0.3 7.8 17 0.1 2.0 2.5 0.30 0.25 0.15 

F 0.2 3.0 11 0.2 0.8 2.6 0.61 0.25 0.23 
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6.14 A summary of the impact of grain size on within channel-belt channel morphology 

and alluvial architecture 

A summary of the statistical differences at the 95 % significance level between series C, 

F and M are displayed in Table 6.10. These results can be applied in two ways to 

alluvial architecture models: (1) as a comparison between different sediment sourced 

river systems or, (2) a comparison between reaches on the same river long profile 

exhibiting a downstream fining trend with no overall change in sorting. 

Table 6.10. Summary information on the statistical differences using the Kruskal-Wallis test between 
series C-M-F, showing at the 95 % confidence limit the + represents a significant increase and -a 
significant decrease in the variables. Where no symbol is present, no significant differences between the 
series %%-as found. 

Series C>DM DI =>F 
Surface channel morphology 

Channel width + 
Channel depth + 
Channel w/d ratio 

Braidplain slope + 
Duration of channel occupancy 

Architectural elements 
A (Primary channel fills) Width + 

Thickness + 
W/T ratio - 

B (Secondary Channel fills) Width - 
Thickness 

WIT ratio - 
C (Splays) Width ++ 

Thickness -+ 
W/T ratio + 

D (Fine-graincd channel fills) Width* -+ 
Thickness' -+ 
Wir Tatios 

E (Erosional remnants) Width - 
Thickness - 
W! T ratio +- 

F (Overbank fins) Width - 
Thickness -- 
W/i' ratio - 

* Comparisons wYre conducted with a small sample number. 
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6.15 Three-dimensional element architecture 

Previous physical modelling work by Ashworth and Best (1994) has showed that the 

shape of PDF's for shale lengths in both the downstream and cross-stream orientations 

were similar and therefore, architectural element dimensions may be considered 
isotropic. WVadman et al. (1979) and Haldorsen et al. (1987) assumed an aspect ratio, 
defined by width/length for shales of 0.33 for the Prudhoe Bay Field and used the same 

value to calculate shale volumes. Ashworth et al. (1994) measured aspect ratios for 

different sedimentary surface deposits in a scaled braided model, and found a mean of 
0.47 and varied according to depositional element type. However, work by Ashworth 

and Best (1994) indicates that the surface aspect ratio of shales is subsequently modified 

as channels bifurcate at high angles to the mean flow direction causing a shift towards a 

more equant preserved depositional geometry. Although, the analysis of the surface 

channel morphology and alluvial architecture is confined to two-dimensional analysis in 

this thesis, future physical modelling may quantify the three-dimensional geometries of 

the architectural elements. 

6.16. Comparison of prototype and model alluvial architectural 

Qualitative analysis of alluvial architecture exposed in the Canterbury Plains cliff 

section at the present day coastline reveals similarities to the depositional architecture 
displayed in the FSM. Examples of architectural elements from the Canterbury Gravels 

are shown in Figure 6.25. In light of the results described in Section 6.12.1 highlighting 

the differences in the proportion and size of the fine-grained architectural elements (D- 

F) measured in the model, and the difficulties in identification of coarse-grained 

architectural elements (A and C) in the field as a result of weathering causing 
difficulties to distinguish lateral boundaries, quantitative comparison between prototype 

and model architecture has been confined to coarse-grained secondary channel fill 

deposits (architectural element B). Architectural element B is analogous to the coarse- 

grained channel fill depositional niche described in Ashworth et al. (1999). 
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Figure 6.25. Examples of architectural elements observed within the Canterbury Gravels. New Zealand. 
Where A= pnmarv channel fills. B= secondary channel fills, C= splay, D= fine-grained channel fills. E 
= erosional remnants, and F= o%erbank fines. White scale bars represent 0.5 m. 

Comparisons (Table 6.11 I suggest prototype coarse-grained channel fills exhibit width 

and thickness magnitudes greater than double the magnitude of the mean width and 

thickness measurement in the model. Nevertheless, similar width,, thickness ratios 

suggest a scaling factor may be applied to up-scale the model architectural datasets. 

Application of scaling factors requires further investigation. 

245 



C6apta 6 

Table 6.11. Two-dimensional geometries of coarse-grained channel fill architectural elements B measured 
from the Ashburton model and the Canterbury Gravels as documented in Ashworth et a!. (1999). 

Canterbury Gravels coarse- 
grained channel fills 

Ashburton model architectural 
element B 

Width (m) Thickness (m) Width (m) Thickness (m) 
N 24 24 126 126 
Mean (m) 6.79 1.25 2.19 0.39 
Minimum (m) 3.52 0.65 0.65 0.10 
Maximum (m) 15.8 2.26 3.97 0.86 
Width/thickness ratio 5.45 6.00 

The difference in coarse-grained channel fill geometries may be a result of some of the 

underlying assumptions in the FSM. Firstly, the model only represents, at the reach 

scale, part of a single channel-belt system, therefore processes such as avulsion and 

migration may be limited, and secondly the model is a generic model of the Ashburton 

River and therefore not mimicking a specific reach. Consequently, while the surface 

channel geometries between prototype and model may scale on a -1: 1 basis (Section 

6.5), the model is not capturing the natural depositional complexity imposed on the 

system by the interaction of multiple channel-belts of different sizes. From observation 

of the modem day Canterbury rivers, the Ashburton River is smaller than the Rakaia 

and Rangitata Rivers, and it is therefore not unreasonable to suggest that during the 

construction of the Canterbury Gravels a range of larger, differently sourced rivers than 

the current Ashburton River were also present. Consequently, while the surface channel 

geometries measured in Ashburton model may scale well between the Ashburton River 

channels the channel fill deposits do not account for the complete range of channel 

hierarchies. A comparison with the larger Rakaia and Rangitata Rivers to up-scaled 

model channels, shows that model channels may only be scaling second order channels. 

The issue of whether FSM can be directly up-scaled using a linear scaling needs 

consideration in future studies and the issue of up-scaling is explored further in the 

following section. 

6.17 Scaling within nhvsical modelling and annlication to analogue/reservoir studies 

The issue of scaling is clearly central in the application of any one dataset to a different 

analogue, whether these data are derived or collected from modem or ancient 

sedimentary environments or physical models. Transferral and application of datasets 

derived from any one of these sources into reservoir models requires both appreciation 

of the scaling assumptions and a testing of the output. Clearly, an essential aspect of this 
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issue is the correct estimation and scaling of channel depth and testing of possible scale 
invariance of alluvial architecture across several orders of magnitude in physical scale. 
Sapozhnikov and Foufoula-Georgiou (1996,1997) and Foufoula-Georgiou and 
Sapozhnikov working on fractal scaling suggested that braided rivers displayed similar 

anisotropic scaling (self-affinity), despite the three rivers in their study displaying 

marked differences in scale (0.5-15 km in braidplain width), slopes (0.007 - 0.00008), 

and types of bed material (gravel to sand). Sapozhnikov and Foufoula-Georgiou (1996, 

1997) results are important guides for up-scaling physical modelling data to a range of 
fluvial outcrop and subsurface sequences. 

When up-scaling FMS datasets, two scaling factors must be considered. Firstly, the 

length scale of the model, in this case 1: 50, and secondly, a further scaling factor may 
be required to account for the larger first order channels that may not be represented in 

the model as discussed in Section 6.16. 

In its simplest form, the relationship between physical modelling data and field data 

would require a linear scaling. The relative up-scaling between model and prototype 

may be based on a linear scaling ratio of maximum channel depth. For example, the 

Ashburton physical model experiments were undertaken at a scale ratio of 1: 50 based 

on a prototype of the Ashburton River. Comparison between maximum channel depth in 

the model series C (0.81 m, up-scaled) and maximum channel depth obtained from the 

modem Ashburton River (0.83 m) suggest that relationships follow a -1: 1 scaling based 

on the maximum channel depths. However, when the coarse-grained channel fill 

architectural elements B are compared between prototype and model (Section 6.12) this 

1: 1 ratio does not appear to account for the total amount of up-scaling required. Channel 

fill deposits from the Canterbury Gravels have a maximum thickness of 2.26 m, 

whereas the channel fill architectural elements (B) from the model have a maximum 

thickness of 0.86 m when up-scaled. This difference in maximum channel fill thickness 

implies a scaling factor of -2.6 is required to up-scale the data from the model to the 

prototype. 

The results suggest that whilst the FSM of the Ashburton River may be scaling well 

with the prototype Ashburton River over the entire hierarchy of channel geometries; the 

alluvial architecture from the FSM may be only scaling smaller channel orders. 
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Therefore, may not accounting for the different scales of channel-belts that may have 

contributed to the deposition of the Canterbury Gravels. 

Additionally, comparisons of alluvial architecture between FSM and prototype are 

complicated by the interaction of formative channel size, aggradation and preservation 

rate and processes of avulsion and migration of channels, resulting in the erosion and 
dissection of alluvial deposits (discussed in Section 6.19). These relationships are 
difficult to quantify in field studies due to river size, limited time constraints and 

episodic changes in channel form (Warburton and Davies, 1998). Nevertheless, these 
links warrant further investigation in future studies. Peakall et al. (1996) also 
documented that vertical erosion and deposition operates on a much faster time frame 

than horizontal accretion in FSM (Warburton and Davies, 1998). This difference in 

deposition of horizontal and vertical accretion rates may result in a distortion in the size 

of scours and overbank splays preserved in aggrading river models and cause 
inconsistencies when comparisons are made between model and prototype. 

6.18 Comparisons between geostatistics from physical modelling, and documented 

outcrop studies 

Whilst comparison of channel fill deposits between physical model and the prototype 
Canterbury Gravels has been undertaken in Section 6.16, comparison to literature 

studies is more problematic, again because the scale considered in the physical model is 

often different than that identified in the literature (channel scale versus channel belt 

scale). The majority of studies reported in the literature are concerned with channel 

sandbodies and in most cases refer to a range of sandbodies, many of which have been 

formed by deposition from: (1) the amalgamation of a series of channels or, (2) a single 

channel avulsing or migrating across an alluvial plain and constructing a series of 

stacked multilateral and multi-storey sandbodies. Analysis of the literature reveals a 

paucity of quantitative, within channel-belt alluvial architecture (Chapter 2, Table 2.3). 

Therefore, it is inappropriate to compare physical modelling datasets with many of these 

documented studies of channel-belt architecture because the physical model results 

present a level of resolution that is different to many outcrop analogue studies. 
Additionally, the large scatter of datapoints highlights the need to be highly critical in 

applying modern and ancient analogues and defining the parameters for modelling. Use 
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of general trend lines to compare the scaled datasets to previous literature studies should 

not be adopted without knowledge of the level of significance, errors and composition 

of the database. 

The three physical modelling experiments were run under precisely known, repeatable 
conditions, while field datasets are the result of a combination of temporally variable 
controlling parameters. FSM must be scaled using the correct analogue. Therefore, the 
deposits described for the Lower Ketch Member (Chapters 3) and the Escanilla 

Formation (Chapters 4), which are not generic examples of a proglacial gravel-braided 
fluvial depositional environment, require further quantification of the scaling 

relationships between different fluvial systems before data can be applied from the 

Ashburton FSM. There is a need for further studies to be undertaken on a range of 
depositional settlings before the modelling dataset can be applied to all depositional 

environments. Where these experiments have compared the geometry of surface 

channels (Section 6.16) and architectural elements (Section 6.12) with specific outcrops 
from which prototype data were obtained, good agreement between physical model 

results and the field has been achieved. 

6.19 Discussion 

While some studies have included some river bed grain size parameter into channel 

pattern classification schemes (e. g. Leopold and Wolman, 1957; Schumm, 1960; 

Schumm, 1977), no fully quantitative models currently exist that compare the response 

of within channel-belt braided channel morphology and alluvial architecture to an 
imposed change in sediment supply grain size. The use of FSM has allowed the 
isolation and quantification of channel morphology and alluvial architecture in response 
to a change in sediment grain size. A bimodal grain size distribution was used to impose 

a fourfold change in grain size in a FSM while maintaining the overall grain size sorting 

to represent a reduction in grain size that takes place over a distance of -64 km down 

the modern Ashburton River. 
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The results from series C, M and F suggest there are differences between the three 

experiments. This section identifies these differences and discusses their significance 
for improved understanding of braided alluvial architecture. 

6.19.1 Channel geometry 

Analysis of bankfull channel geometries from the Ashburton River reveals no 

significant change in the width, depth and width/depth ratios over a 43 km distance 

downstream. Results are consistent with the conservation of width and depth exponents 
in a range of fluvial systems (see Knighton, 1998, Table 5.4, p 172) and strengthen the 

suggestions of Bridge (1985,1995) that grain size of sediment load may not have a 

major control on channel pattern. Alternatively, any changes in gradient or discharge 

that occur down the rivers course may counteract any morphological changes that occur 

as a result of in downstream grain size diminution (cf. Chew and Ashmore, 2001). FSM 

can isolate these effects by keeping all boundary effects constant with the exception of 

grain size. 

The results from series C, M and F showed that the magnitude of the depths increased 

significantly from series C to M and widths increased significantly from M to F. This 

trend suggests that channels tend to increase firstly in depth and then width between 

series C and F. In spite of this, no significant change in the width/depth ratio is observed 
between the three experiments. The bimodality of the Canterbury Gravels grain size 

distribution used in the FSM mean the distributions only experiences a -3 % shift in the 

proportion of coarse (gravel) to fine (sand) modes following a fourfold reduction in 

grain size (Chapter 5, Figure 5.6.4). Knighton (1998) reports that coarser bed load is 

often associated with wider, shallower channels and Parker (1979) predicted that for a 

given discharge, a 30 % increase in gravel load leads to a 40 % increase in width and a 

25 % reduction in centre depth, ultimately increasing the width/depth ratio. Sambrook 

Smith (1996) suggested from analysis of Iseya and Ikeda's (1987) work that when 

surface sand content exceeds 30 % the bed changes from behaving as a gravel bed to 

behaving as a sand bed. These studies suggest that the relative proportions of the coarse 
(gravel) and fine (sand) modes of the grain size distribution may be more influential in 

determining individual width/depth ratios within in bimodal grain size supplied river 

rather than the absolute magnitude of change. Moreover, with the sand mode of the 
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Canterbury Gravel only representing between -19 to -22 % of the total distribution, 

levels may be below the critical threshold of sand proportion where the channels alter 
their geometry. Future modelling could focus on the impact on channel morphology and 

resultant alluvial architecture when a change in the relative proportions of sand to gravel 

modes is imposed on the fluvial system. 

Results from series C, M and F show a general increase in channel widths and depths 

and an increase in sheet flow in the finer grain size distributions. Studies by Whipple et 

al. (1998) on experimental fan development show the opposite effect, with enhanced 
flow channelisation in sediment distributions with a D50 finer than 0.16 mm, due to the 

onset of significant suspended sediment transport and effect of cohesion of the fine- 

grained channel banks. The D50 grain size for series C, M and F was above 0.12 mm and 

therefore above the threshold grain size for channelisation documented in Whipple et al. 
(1998). Additionally, the use of non-cohesive silica flour in the Ashburton Model 

allows the channels to migrate and erode laterally. 

While no significant change in the width/depth ratios of the channels was observed 
between series C and F there was an increase in the proportion of sheetflow on the 

braidplain. The increase in sheet flow between successively finer grain size distributions 

may correspond with the general increase in magnitude of bankfull channel geometries 
in the finer distributions representing a different scaling of the overall system. 

6.19.2 Bedform generation 

The development of bedforms within the channels of series M and F show a similar 

planform surface morphology to dunes migrating in the Platte River, Nebraska 

(Blodgett and Stanley, 1980). However, the low dimensionless shear stresses, locally 

low grain Reynolds numbers, subcritical flow conditions, and disappearance of 
bedforms at high discharges indicate these bedforms may be current ripples. Therefore, 

while the channel geometries may scale with the field prototype, the ripples may not be 

scaling with the prototype. The resultant impact on the alluvial architecture is that the 

internal fill of the primary channels (architectural element A) in series F may be 

dominated by the deposits of these migrating ripples. It is therefore recommended that 

future physical modelling be undertaken using a grain size distribution with a Dso 
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equivalent to series C to avoid the formation of unscaled bedforms and a scale distortion 

from prototype to model. In addition to this, calculations of flow parameters for scaled 

models of low net-to-gross fluvial sequences documented in Chapters 3 (Lower Ketch 

Member) and 4 (Escanilla Formation) at a 1: 50 scaling would produce grain size 
distribution with D" values of - 0.0015 mm (Chapter 5) and therefore may be 

influenced by scaling effects documented in Whipple et al. (1998). The problems of 
FSM of fine-grained fluvial systems could be addressed in the future by: (1) decreasing 

the scale ratio the prototype to model (e. g. 1: 20; 1: 10) while using a larger flume 

facility, and (2) relaxing the scaling of grain size and using a grain size distribution that 
is above the magnitude where non-scaled bedforms occur. The physical modelling 
described in this chapter has helped define the lower limit for FSM a 1: 50 scaled grain 

size distributions of the Ashburton River. 

6.19.3 Alluvial architecture and preservation potential 

A six-fold architectural element scheme comprising of coarse-grained (primary channel 
fills, secondary channel fills, splays) and fine-grained (channel fills, erosional remnants, 
floodplain fines) element for the Ashburton model shows similarities with the 

Canterbury Gravels, New Zealand. 

The preservation potential of individual architectural elements is a function of initial 

depositional geometry and subsequent reworking within the aggrading channel-belt. 
Therefore, based on the results that show the duration of channel occupancy in the three 

experiments showed no significant difference. Assuming that the duration of channel 

occupancy gives some indication of the stability of the channels, it may be proposed 

that architectural element geometries are principally dependant on the formative channel 

morphology and reworking. Results show that no significant difference in the geometry 

of primary channel fill architectural elements was recorded between series C and M, 

while a significant increase in the primary channel fill width and thickness was 

observed between series M and F. The significant increase in primary channel fill 

thickness between series M and F, are consistent with the increase in formative channel 
depth between series M and F. Splay architectural elements (C) show a significant 
increase in width between series C-M and M-F. Since sheet flows are responsible for 

the deposition of the splays, the increase in splay deposit widths can be, related to the 
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increased proportion of sheet flows occupying the sediment surface in progressively 
finer grain size distributions. Horizontal proportion curves reveal the proportion of splay 
deposits between series C and M also increases, providing further evidence that splay 
deposition is related to the proportion of sheet flow over the sediment surface. However, 

while there is a significant increase in the width and thickness of the splay deposits 

between series M and F, there is no corresponding increase in the proportion of splay 
deposits in relation to the channel deposits between these two experiments. Therefore, 

the depositional architecture appears to be the result of more complex relationships 
between processes, which are still not fully understood. 

Further comparisons of the mean, minimum and maximum preservation potential 

percentages (e. g. bankfull channel depth/preserved channel fill thickness) of the coarse- 

grained channel-fill architectural elements in the three experiments show a decrease in 

the preserved width/thickness ratios in comparison to the formative channel width/depth 

ratios. The lower preserved thicknesses of channel-fill architectural elements within 

series M compared to series C and M may relate to the lower feed rates and subsequent, 
lower actual aggradation rates recorded in series M (Table 6.1). Analysis of the three 

experiments reveals that mean architectural element widths are smaller than, or 

approximately equal to formative channel widths. The mean thickness of the channel fill 

deposits generally responds to a lesser extent than the width in all three series and both 

series C and F are greater than their formative channel depth (cf. Salter, 1993). A 

reduction in width and channel fill thickening reduces the width/depth ratio. This 

reduction in width/thickness ratio of channel fill deposits from formative channel 

geometry may result from a process of vertical aggradation or scour (e. g. Salter, 1993), 

limited lateral migration and scour and dissection of underlying channel fill deposits. 

Peakall et al. (1996) suggests that since vertical erosion and deposition are much faster 

than horizontal accretion, there may be a distortion in the size of scours and overbank 

splays preserved in aggrading river models. However, identification of any major 
differences in preservation potential between the three experiments and the underlying 

processes that control these relationships are ambiguous. 
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6.19.4 Alluvial architecture models 

Recent alluvial architecture models (e. g. Leeder et al., 1993; Peakall et al., 2000) 

suggest channel-belt avulsion results in sandbodies with ribbon geometries, while, 

gradual channel-belt migration produces wider sheet-like sandbodies. If these models of 

alluvial architecture also apply to the within channel-belt scale architecture, the general 

reduction in channel fill widths in comparison to formative channel width implies that 

channel avulsion is the dominant mechanism controlling the within channel-belt 

architecture in the model. Future FSM work is required to quantify the relative 
importance of avulsion versus lateral migration of individual channels. 

Series C, M and F were imposed with an equal aggradation rate (Table 6.1). Under 

conditions of similar aggradation rates, models of Bridge and Leeder (1979), Bryant et 

aL (1995) and Heller and Paola (1996) may predict a similar alluvial architecture for all 

three experiments. However, the proportion of channel fill to overbank deposits in the 

three experiments differed. While alluvial architecture models such as Bridge and 

Leeder (1979), Bryant el aL (1995), Mackey and Bridge (1995) and Heller and Paola 

(1996) provide theoretical scenarios for architectural stacking patterns between channel- 
belt sandbodies and floodplain deposits, they require testing before they can be scaled 

down to interpret the within channel-belt architecture. Consequently, the relationship of 

formative channel size and the proportion of overbank sheet flow versus channelised 
flow must play an important role in determining the proportion of channel to overbank 
deposition and thus stacking patterns. The results from this physical modelling must 

now be incorporated into some of the existing theoretical and computational models of 

alluvial architecture both at the channel-belt (e. g. Mackey and Bridge, 1995; Heller and 

Paola, 1996) and within channel-belt scale (e. g. Peakall, 1995; Ashworth et aL, 1999). 

6.19.5 Preservation of fine grained deposits 

The proportion of fine-grained (sand) architectural elements fine-grained channel fills, 

erosional remnants and overbank floodplain deposits) increased from 0.2 %-0.6 %- 

3.3 % in series F, M and C respectively. The increase in fine-grained architectural 

elements in series C may result from: the lower suspended sediment concentrations and 

higher median grain size values for suspended sediment in series C creating higher 
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settling velocities. Additionally, the larger channel geometries in the series F suggest 
that a lower proportion of the braidplain is available for water to pond and allow fines to 

settle out in order to deposit fine-grained architectural elements. These findings are 
important for the construction of fluvial heterogeneity models where differences in 

permeability exist between the sand and gravel fractions. However, field studies are 

needed to identify the differences in the proportion of fine-grained material in outcrops 

with different grain size distributions. 

6.19.6 Up-scaling of physical model datasets 

The preserved alluvial architecture in FSM shows similar architectural elements to the 

Canterbury Gravels field prototype. While width/thickness ratios of secondary channel 
fill deposits (B) are comparable between field and model, the magnitude of the 

secondary channel fill deposits (B) geometries in the model are smaller than those 

measured in the outcrop. This difference in magnitude between prototype and model 

may be a result of the combination of different scale rivers coalescing to deposit the 
Canterbury Gravels and the assumptions of generic scaling principles. While physical 

modelling can provide valuable insight into understanding of controls on the rivers and 

their deposits, scaled models must be tested with a field analogue and cannot be applied 

to fluvial sequences without full appraisal of all the criteria listed in Chapter 4 for 

reservoir-analogue comparisons. 

6.20 Limitations and potential benefits of future physical modelling 

Physical modelling permits capture of some of the complexity of real systems, however 

a number of limitations can be identified. The limitations and results from the physical 

modelling have suggested that several factors be considered in future studies, including: 

" Architectural element data obtained from series F, M and C are provided as two- 

dimensional measurements and use maximum width and thickness perpendicular to 

the mean palaeoflow direction to characterise shape. Quantification of the three- 

dimensional shape and spatial distribution of architectural elements from physical 

modelling is required in future modelling. 
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" The physical model only incorporates the use of one input source channel. 
Comparison with the field prototype suggests the Canterbury Gravels deposits were 

constructed from several braided rivers. Future FSM may assess the impact of 

several input channels with varying discharge on the alluvial architecture. 

" The impact of changing the relative proportion of sand to gravel modes in a bimodal 

sediment distribution, changing discharge and sediment supply rate on channel 
braided rivers and alluvial architecture may be investigated. 

" Field studies are required to investigate the proportion of fine-grained architectural 

elements deposited in relation to sediment supply grain size. 

" Quantification of the rates and frequency of channel avulsion and migration is 

needed in order to test alluvial architecture models (e. g. Mackey and Bridge, 1995; 

Heller and Paola, 1996). 

" The investigation of scaling relationships between different braided river systems. In 

future studies quantification of these scaling relationships is paramount for the 

application of FSM datasets to reservoir characterisation. 

6.21 Summary 

Seven conclusions can be summarised from the field and FSM of the Ashburton River. 

1. Channel geometries (width, depth and width/depth ratio) from the modem 
Ashburton River study show no significant difference over a 43 km distance 

downstream in a river experiencing a downstream fining rate of 0.0322 y km71. 

2. Three experimental runs, series C, M and F representing a quartering of the scaled 
Ashburton River grain size distribution show no significant difference in the channel 

width/depth ratios. However, a significant increase in channel depth was present 
between series C and M and an increase in width between series M and F, 

suggesting that channel geometries fast deepen then widen as grain size is reduced. 
3. A six-fold architectural element scheme comprising of coarse-grained (primary 

channel fills, secondary channel fills, splays) and fine-grained (channel fills, 

erosional remnants, floodplain fines) architectural element for the Ashburton model 

is presented, which are comparable to the alluvial architecture of the Canterbury 

Gravels, New Zealand. 
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4. Preservation potential of individual channel fill architectural elements (A and B) is a 
function of initial depositional geometry and subsequent reworking within the 

aggrading channel-belt. Results suggest that the process of local vertical channel 

aggradation or scour and avulsion may control the final channel geometry in 

preference to channel migration. 
5. Splay architectural elements show a significant increase in width between C-M and 

M"F, which corresponds to the increased proportion of overbank sheet flow splay 
deposition between series C and F. The proportion of splay deposits between series 
C and M increases in combination with an increase in the proportion of overbank 

sheet flows and resultant increase in depositional width. 
6. The proportion and size of fine-grained architectural elements increased between 

series F and C as a result of. lower suspended sediment concentrations, a larger 

suspended sediment median grain size creating higher settling velocities, smaller 

channels, and a lower proportion of sheet flow providing larger areas of abandoned 
floodplain for water to pond and allow fines to settle out. 

7. In series M and F pronounced bedform formation occurred in the channels at low 

flow stages, which are current ripples. The presence of ripples and the calculation of 
low Re* numbers for fine-grained FSM provides lower grain size limits for future 

FShi. 

257 



Chapter 7 

Chapter 7. Application of combined core-physical modelling-outcrop approach to 

reservoir simulations: future potential 

7.1 Synopsis 

This chapter illustrates the potential of using an integrated approach to reservoir 

characterisation and provides details on how different scales of alluvial heterogeneity 

might benefit from the use of techniques discussed in Chapters 3-6. An exploration of 

the use of the outputs from physical modelling for fluvial reservoir characterisation is 

presented. A methodology is introduced for gaining the necessary inputs for specific 

pixel- and object-based reservoir simulations, which is founded on the assumption that 

architectural elements have a direct relationship to petrophysical attributes. The use of 

physical models to test the sensitivity of geostatistical techniques is also demonstrated. 

Recommendations for further work in the use of physical modelling datasets for 

reservoir characterisation are presented. 

7.2 Introduction 

Chapters 3 and 4 demonstrated the use of an outcrop analogue dataset to provide 
information on the inter-well scale alluvial architecture (<0.5 1cm) for a subsurface 

reservoir, using examples from the Carboniferous Southern North Sea and the Eocene 

Escanilla. Formation, Spain. Chapters 3 and 4 highlighted the difficulty in obtaining the 

geometries of architectural elements at the within channel-belt scale. Chapter 6 

described results from three physical modelling experiments that used different grain 

sizes distributions in order to quantify the impact of grain size on alluvial architecture. 
While physical models provide the ability to control the depositional system and isolate 

the main variable influencing the system, in order to make progress with their use in the 

hydrocarbon industry, the results have to be addressed in a manner in which to supply 
data to both the geological modeller and petroleum engineers. This involves combining 

the more traditional approaches of fluvial sedimentology and facies modelling with a 

more quantitative approach that incorporates the flow properties of individual facies. 

Existing reservoir simulation software requires the collection of geologic data for inputs 

and validation of the model outputs. With this in mind, data from outcrop and physical 
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models must be collected and related to petrophysical properties in order to run full flow 

simulations in a dynamic model. Therefore, this chapter has four main aims: 

1. To highlight the scale of heterogeneities addressed by each of the core, outcrop and 

physical modelling statistics and emphasise the importance of an integrated 

approach. 
2. To establish the link between architectural elements in the preserved stratigraphy of 

physical models and petrophysical properties for specific case studies. 
3. To provide a methodology for the use of physical modelling datasets in reservoir 

characterisation, and show the potential use of these data for object-based 

modelling. 
4. To present recommendations for future research. 

7.3 Scales of heterogeneity 

Cross (1991) highlights the need to treat and analyse each scale of heterogeneity within 

a reservoir in a manner that ensures they all complement each other (Table 7.1). The 

information from the physical model presented in Chapter 6 may fill the data gap 
between: (1) the channel-belt scale alluvial architecture, for example, sandbodies in 

Bridge and Leedcr (1979), Mackey and Bridge (1995), Dreyer el al. (1993), Fielding 

and Crane (1987), and (2) the grain and bcdform scale data that provides petrophysical 
information. Physical modelling can provide details on the smaller-scale, within 

channel-belt scale to nest within simulation models. 

The need to predict performance from individual sandstone packages is clearly vital for 

exploitation strategies of a reservoir (Van der Graaff and Ealey, 1989) and physical 

modelling can quantify heterogeneity of the genetic sandbody and architectural element 

scale reservoir heterogeneities (>0.001 to 0.5 km). As the incorporation of increasingly 

smaller scales in simulation models is now becoming possible, the heterogeneities 

become more complex and the required inputs to these models are lacking. 
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Table 7.1. Scales of heterogeneity for consideration of fluvial reservoir performance, showing how 
different techniques provide data at different scales that complement each other as various aspects of the 
reservoir model are constructed. 

Scale Example Most appropriate data source 

Field scale 1- 10 km Formation scale Seismic resolution 

Reservoir scale 0.1 -1 km Channel-belt complexes Outcrop analogue 

Genetic 0.01 - 0.5 km Architectural elements Physical modelling experiments and 
sandbody scale field analogue application/verification 

Small scale 0.01 -1 m Petrophysical Physical modelling experiments down 
properties/sedimentary to the metre scale, field analogue and 
structures well data 

7.4 Quantitative data needs for petroleum engineering 

While in the past, many models for the interpretation of alluvial architecture and vertical 
facics types (e. g. Miall, 1977; Collinson, 1978) have been qualitative, there has been a 
lack of quantitative information gathered. Qualitative data allow conceptual models of 
inter-wcll reservoir heterogeneity to be constructed and may guide geologists in 

decision making. With the advancement of technology, a host of simulators are 

available to provide three-dimensional models of geological structure and flow path 

simulations. Reservoir modellcrs and petroleum engineers require quantitative datasets 

to run these simulation models. The key to providing data for the petroleum and 
hydrogeology industry is twofold: (1) to collate a database on the quantitative statistics 
for a range of depositional systems and scales, and (2) to quantitatively link 

facies/architcctural elements to petrophysical attributes for the construction of flow 

cells. Only then can such data serve both as input data to reservoir models and test the 

output. 
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7.5 Advantaees of using nhvsical models over conventional methodoloeies 

Physical modelling can investigate parameters that cannot be obtained fully from 

conventional outcrop studies that are inhibited by limited exposure, assignment of 
depositional model, and lack of three-dimensional definition of architecture. In outcrop 

studies, failure to classify all the architectural elements in any sequence introduces gaps 
in the data and a bias to those most easily identified deposits, such as channel fills. 

Therefore, physical modelling has a number of advantages over conventional outcrop 

analogue description because it can provide: 

" an order of magnitude more datapoints than existing outcrop datasets that are often 
limited to two-dimensional exposure, 

" information on the scales of heterogeneity that are currently poorly understood in 

three-dimensions within the channel-belt environment, 

" X, Y, Z location data to permit down and cross-channel correlations, 

9 observation of the evolution of the depositional system via the use of a variety of 

overhead and oblique digital video cameras, 

" an identification of `true' palaeoflow direction and hence correction of depositional 

geometries, 

"a sedimentary basin infilled under controlled conditions where the sediment source 

and depositional environment are known, 

9 several parameters that help constrain current reservoir models (e. g. geometrical 

characteristics) and test the sensitivity of the analysis technique to quantify the 

alluvial architecture, 

" data that can test the output from both pixel- and object-based reservoir models, 

" data that needs no correction for outcrop orientation, topographic distortion, or 

partial and complete lengths, 

" data where lateral and vertical variations can be examined at the same resolution, 

which improves understanding of subsurface reservoir data, which typically, have a 

greater resolution in the vertical (e. g. cores) than in the horizontal. 
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7.6 Application of physical modelling to the characterisation of alluvial reservoirs 

Penneability data is often up-scaled in current reservoir flow simulation models to the 

scale of the channel-bclt sandbody as a result of the scarcity of geometrical data at the 

within channel-belt scale. Current models have been based on modem channel or 

channel-bclt parameters, and applied to subsurface objects, such as channel-belt width, 

thickness and sinuosity. As the power of workstations increases a finer detail of alluvial 

architecture can be introduced. In order to apply physical model datasets to any 

particular subsurface study an appreciation of the depositional model for the reservoir is 

first required. Subsequently, the application of any physical modelling dataset needs to 

be correlated to flow cells and this requires an evaluation of the relationship between 

facies type and parophysics, which is discussed in the proceeding section. 

7.6.1 Relationships between petrophysical properties and lithofacies 

Permeability is the most important quantifiable control in reservoir fluid flow 

simulations and a number of studies assume that permeability distribution pattern is a 
function of sedimentary facies; and depositional process (Alexander, 1993). 

Petrophysical parameters arc primarily controlled by grain size and sorting (Freeze and 
Cherry, 1979; Domenico and Schwartz, 1990, Brayshaw el al., 1996; Robinson and 
Friedman, 2001) and secondly, by diagenesis (Homung and Aigner, 1999). In Chapter 3 

the link between lithofacies type in the Lower Ketch Member and permeability was 

made, and this is complementary to many studies of fluvial deposit in the literature that 

have also made the link in both reservoir wells (Begg et al., 1989; Atkinson et al., 1990; 

Lui el al., 1996; Eschard et al., 1998; Tye et al., 1999; Vaughan et al., 1999) and 

onshore outcrop (Ravcnne el al., 1988: Dreyer et al., 1990; Miller el al., 1990; Jacobsen 

and Rendall, 1991). 

Lithofacies units with similar hydrogeological properties must be identified 

(Koltermann and Gorelick, 1996; Webb and Davis, 1999). This has been attempted by 

applying Miall's (1985a) concept of architectural element analysis to outcrop studies 
(Anderson, 1989; Phillips el al., 1989). Hazen's equation (1893) has been applied by 

Anderson et al. (1999) to calculate hydraulic conductivity for several hydrofacies units 
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and uses the relationship of hydraulic conductivity to the square of the 1310 grain size. 
This method is based on the assumption that the 1310 is the effective diameter that 

controls hydraulic conductivity. Klingbeil el aL (1999) showed a reduction of 23 

lithofacies types into 5 hydrofacies, types for the fluvial gravels. This simplification to 

five fundamental hydrofacies suggests that several simple building blocks can be used 
in models with relative permeabilities. Permeability classes have been allocated to each 

of the resultant architectural elements to produce a relative scale of permeability as 

absolute values of hydraulic conductivity may be affected by scaling laws (Bradbury 

and Muldoon, 1990; Anderson et aL, 1999). 

The Ivishak Formation, Prudhoe Bay (rye et aL, 1999) was used in Ashworth et al. 
(2000) to provide permeability values via core comparison and calibration to the scaled 
braided river deposits of the Ivishak physical model of Ashworth el al. (1994). 

However, data from the Ivishak Formation is not an appropriate match for the entire 

architectural element scheme defmed in the Ashbuton model (Chapter 6, Table 6.6). 

Therefore, two more appropriate examples to calibrate the Ashburton River model may 
be the deposits of Quaternary Stoughton Gravels, Winconsin (Anderson et al., 1999, 

Figure 7.1) and the Quaternary Gravel deposits of the Singen Basin (Klingbeil et al., 
1999). Braided river deposits described in Quaternary Stoughton Gravels (Anderson et 

al., 1999, Table 2) have been used to assign permeability values to architectural 

elements of the Ashburton model (Chapter 6) based on the similarity of grain size and 

sedimentary structure characteristics, which can be used tý indicate facies type (Table 

7.2). When coupled with the geometrical information from the Ashburton model section 
data, architectural elements can be assigned dimensional data in addition to flow 

properties, and distributed according to vertical proportion curves (Section 7.7.1) in any 

particular reservoir interval. 
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FIL'ure -l Photozraph from Anderson et ill. t191)1)l >ho%%ing lithofacies Gs. Gm. and Sh within the 
Stoughton Gravel deposits used to apply permeability information to architectural elements from the 
Ashburton model. 

Table 7.2. Assignment of permeability classes based on calibration of Soughton Outwash Gravels (from 
Anderson er a/.. 19914) to architectural elements described in Chapter 6. Table 6.6. 

Element Architectural elements Lithofacies similarities Mean hydraulic Permeabilih 
code description from the from the Stoughton conducti%it (cads) class 

Ashburton model site 

A Pnmar% channel fills Gm Gs O. ORR-0.090 2 
B Secondary channel fills Gmc 0.17 1 
C Splays Gp 0.090 3 
D Fine channel fills St Sh 0.030 4 
F Erosional remnants St Sh 0.030 4 
F O%erbank fines St Sh 0.030 4 

The fine-grained architectural elements in the model (Table 7.2) have each been 

assigned an equal permeability class, because the internal structures are too fine to 

identify in the model, but the study of the fine-grained lithofacies in Anderson et al. 

(1999) shows both Sr and Sh lithofacies exhibit the same permeability. With field 

validation, differences in permeability between fine-grained architectural elements may 

be established and relative permeabilities adjusted accordingly. The application of this 

methodology is based on the assumptions that: (I) the architectural elements in field 

studies can he identified in the model and were deposited under a similar depositional 

environment, (2) there is a direct link between facies and petrophvsics. and (3) the 

model has a linear scaling to the field prototype. 
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If each of these assumptions can be made, the model can be used to establish trends 

within the sequence. Care must also be taken when applying these models universally to 
fluvial deposits without full consideration and assessment of the controls acting upon 

the system at the time of deposition (Chapter 2, Table 2.1). 

Vaughan el aL (1999) show how there may be a large range of porosity-permeability 

values in one facies type across any specific reservoir interval. It may therefore be 

appropriate to run a series of reservoir simulations using different petrophysical values 
found in specific areas of the field (i. e. proximal to distal trends). Homung and Aigner 

(1999) documented that the highest porosities occur in proximal palaeogeographic 

positions on the alluvial plain and stratigraphically in the middle parts of macrocycles. 
Bal (1996) noted the presence of distinct large scale permeability trends within the 

Canterbury Gravels represented incised valley fills - 5-10 km wide that must be 

incorporated in geological models at the channel-belt scale. 

7.7 A methodology for collecting data from physical modelling experiments for 
reservoir evaluation 

Combined grain size and scdimcntological analysis including sedimentary structures, 

grain size and grain size variation observed in each element type can give an indication 

of parophysical attributes for each clement. Petrophysical attributes can then be 

assigned to the various facies types or architectural elements observed in the physical 

model as described in Section 7.6.1. This section will highlight the potential of detailed 

sedimentological study of cut sections taken from the physical model to allow improved 

reservoir simulations to be undertaken at the within channel-belt scale of heterogeneity 

(i. e. 0.1 -500 m). Several key steps are required in this process: 

1. Identification of architectural elements observed in the cut sections (Chapter 6, 

Table 6.6). The shapes and geometry of the various architectural elements also need 
to be categorised at this stage. 

2. Assignment of reference horizons. In this example from the Ashburton physical 

modelling experiment, the base of the flume basin was taken as the reference 
horizon and 60 vertical sequence logs were taken through the series C. Vertical 

proportion curves (Section 7.7.1) can be been calculated on the thickness of 
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sediments at each logged interval. This will subsequently allow model data to be 

used to populate the reservoir block by providing an estimate of the percentage of 

various facics at a specific reservoir interval. Physical modelling also allows a better 

temporal constraint than outcrop through the use of coloured sediment to act as time 

horizons across the sedimentary package. 

3. Classification of lithofacies. Sequences through preserved sections of the Ashburton 

model were logged. Lithology was classified into three broad grain size categories: 

(1) silica flour, representing fine-grained sediment in the field (sands in the 

Ashburton prototype); (2) fine to medium sand; and (3) coarse sand (the later two 

categories representing gravel grade sediment in the field equivalent). Lithofacies 

units were also coded in terms of their architectural element type. Future modelling 

should more accurately constrain the grain size ranges and sorting for specific 

architectural element. The grain size of each type of architectural element should be 

sampled within the cut sections during the sectioning phase of the experiment, and 

be guided by previous classification of clement categories (Chapter 6, Table 6.6). 

Each of the facies types or architectural elements can then be calibrated against 

specific reservoir facies and a hierarchy of heterogeneity within the reservoir 

assigned to the physical model architectural elements. 

4. Assignment of parophysical properties to the lithofacies observed in the physical 

model. Application of this methodology to the physical model cut sections allows a 

comprchensive hierarchy of flow units to be constructed for within channel-belt 

architectural clements. Petrophysical data from the Stoughton Gravels (Table 7.2) 

were assigned to the architectural elements described in Chapter 6, Table 6.6. The 

Stoughton Gravels are not an ideal match and refinement is possible by the use of 

grain size sampling of architectural elements from the model stratigraphy and the 

subsequent assignment of permeability based on grain size. These quantitative grain 

size data from the model architectural elements were not available in this study. 
However, this section illustrates how the method can be applied to a specific 

reservoir interval. For any specific modelling, calibration of specific petrophysical 

properties to lithofacies would be required for a reservoir model to be constructed 
(e. g. lithofacies from the Lower Ketch Member, Chapter 3). No distinction in the 

present "ample has been made between horizontal (Kh) and vertical permeability 
(K. ), although this may again be incorporated into future modelling. 
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5. Quantification of the scaling factor required to scale the physical model alluvial 

architecture up to the prototype scale (refer to Chapter 6, Section 6.17). 

6. At the reservoir simulation stage, petrophysical data (core) are combined with 

physical model data including stop data (from vertical proportion curves, Section 

7.7.2), geometries, shape, spatial distribution and sinuosity at the within-channel 
belt scale. The input from channel-belt and field scale datasets such as outcrop and 

seismic data can complete the hierarchy of scales needed for full flow simulation 

models. These steps are summarised in Table 7.3. 

Table 73. A step-by-step methodology required to collect data from stratigraphic physical models to 
serve as inputs to object-based geological simulations. 

Step Procedure 

Data collectionfi-om the model 
I Identification of architectural elements in the cut sections and classification of shapes and 

geometries of architectural elements. 
2 Assignment of a reference horizon and production of vertical proportion curves. 
3 Quantification of grain size distribution for each of the architectural elements using sampling 

of grain size or a broad qualitative scheme. Comparison of vertical and lateral facies; trends 
with the specific reservoir interval to calibrate the architectural elements. 

Calibration with thefield studies 
4 Assignment of petrophysical properties from the field prototype. 

ype and calculation of scaling factors 5 Quantification of channel geometries from the protov 
needed to apply model datasets to the prototype. 

6 Integration of the channel-belt and field scale datasets such as outcrop and seismic data. 

Primary depositional petrophysical properties need to be isolated from diagenctic 

alteration, because diagenctic alteration may impact differently on the petrophysical 

properties of each facies type. Although this approach does not take into account any 

burial compaction or diagenetic effects that have altered the primary porosity and 

permeability trends, analysis of core would allow calibration of the model for field- 

specific applications. 

7.7.1 Vertical proportion curves 

Commonly, reservoir simulation models use input data from vertical proportion curves 

as stop data for models (Escard et al., 1998). Vertical proportion curves provide data on 

a particular vertical sedimentary sequence parallel to a given reference horizon, 
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allowing rapid visualisation of the vertical organisation of lithofacies. These data allow 

reservoir simulators to distribute a lithofacies type in a particular horizon, defined by the 

cell size, according to the proportion of that facies type in any specific sequence. In core 

the proportions of any particular facies are based on the vertical thickness and involve 

using a reference horizon. These proportions may be ambiguous if a well-defined 

reference horizon is lacking. 

Two vertical proportion curves are presented using data gathered from 60 vertical 

profiles from series C (Figure 7.2) and series F (Figure 7.3) in the Ashburton model. 
The base of the flume basin was used as the reference horizon and profiles have been 

up-scaled by the length scale of 50. 

Figure 7.2 indicates two peaks in the channel fill proportions (elements A and B) above 

and below a peak in the overbank splays (element C) at 2.25 m. These types of data are 
important for showing the internal cyclicity associated with intrinsic variability of the 

fluvial system. The second example (Figure 7.3) shows the vertical proportion curve for 

series F, exhibiting a dominance of primary channel fill deposits, architectural element 
A (Chapter 6). Visual analysis of series F sequence exhibits a considerable increase in 

the proportion of splay deposits (element C) at the top of the sequence. This change 
from channel fill deposits to a more horizontal laminated unit at the top of sandbodies 
has been noted in deposits such as the Escanilla Formation (Chapter 4). Increased splay 

preservation towards the top of the sequences is also important for calculation of gross 

vertical permeability trends especially if channel-belts are stacked. An increase in splay 
deposits will affect the gross calculation of permeability across a specific sandbody. 
Changes in vertical sandbody permeability trends have been noted in braided 

(Richardson el aL, 1987a), meandering (Richardson el aL, 1987b) and ephemeral stream 
(North and Taylor, 1996) deposit sequences. Vertical proportion curves described in this 

section have highlighted the potential of physical models to constrain facies trends at 

the within channel-belt scale. 
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Figure 7-2. Vertical proportion cur%cs for scries, C. showing a possible c,. -clicit,, - with an increasing 
percentage of -. pla,. dkTosits (architectural element C) around the 2-25 m level. %ith 

. two peaks either side 
of increased pnrnarý channel deposits (A). Note the %equencc has been up-scaled bv 1: 50 (n =60). 

Classification of %ertical pen-neability profiles can be carried out on cut-sections from 

the physical model. By linking a senes of these permeability profiles it is possible to 

pick out permcability trends within the physical model sections in cross-stream and 
do%p, mstream orientations. 
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Figure 7.3. Vertical proportion curve for series F showing the dominance of channel fill deposition and an 
increase in the proportion of splay deposits towards the top of the sequences, reflecting the reworking 
to%%ards the top of the sequence. Note the sequence has been upscaled by 1: 50. 

7.8 Data fTom physical models as input to object- and pixel- based reservoir simulation 
models 

Table 7.4 summarises the inputs needed for object-based modelling (e. g. RMS software) 

and provides examples of how physical model datasets combined with conventional 

techniques can provide data for this type of simulation. Log data can provide vertical 

proportions curves that supply stop cnteria for -various architectural elements in the 

physical modelling. Using the methodology detailed in Section 7.7 and integrated field 

and physical model data, the parameters for a variety of reservoir simulation packages 

can be provided. Hirst et al. (1993) shows similar input parameters for reservoir 

simulation software to those illustrated in Table 7.4. which are currently being used in 

the h,. -drocarbon indusirv. 
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Table 7A. Typical input parameters for a current fluvial reservoir modelling software simulators, 
ROXAR - RNISISTOM The versatility of the physical modelling dataset allows provision of all 
parameters to cover a spectrum of methods for reservoir evaluation. 

Modelling Criteria Example from the physical model 

Facies type Fluvial 

Body qpe Coarse- and fine-grained architectural elements (Chapter 6). 

Body shape e. g. half cylinder, could be constrained more accurately if needed. 

Thickness Preserved thickness (c. & probability distribution function, Chapter 6) modem and 
preserved available. 

Width Preserved width (e. g. probability distribution function, Chapter 6) modem and 
preserved available. 

Orientation Orientations of architectural element gathered from overhead video footage as a 
probability distribution function. 

Amplitude Overhead video footage of the developing model. 

Wavelength Overhead video footage of the developing model. 

X-position Reference horizon in the physical model. 

Y-position From a vertical reference position in the physical model 

Z-position Distance down-strcam (section number) 

Relative Z-position Position in the physical model 

Stop criterion Percentage of each architectural element in a particular interval (e. g. vertical 
proportion curves) 

Branch points Overhead video footage of the developing model. 

Branch locations Overhead video footage of the developing model. 

Erodelreplacc if Estimates on preservation potential from superimposing topographic profiles onto cut 
sections in the physical model. 

Physical modelling can provide a level of detail that is not commonly addressed in 

current reservoir simulation models. Within channel-belt alluvial architecture may be 

needed for future modelling exercises during secondary reservoir evaluation stages. 

Physical models also provide the potential to evaluate averaging and sampling 

frequency procedures, which are often used in up-scaling reservoir data. The following 

sections deal with averaging and sampling issues. 
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7.8.1 Altering grid size and sample averaging 

Section 7.5 illustrated some of the advantages of using physical modelling for within 

channel-belt reservoir characterisation. In order to collect this data for input to reservoir 

simulators, issues of sampling frequency and averaging data must be addressed. In 

cored reservoir intervals, sampling is often much more detailed in the vertical than the 

horizontal orientation. Typically, in subsurface datasets <1 % of the volume of the 

reservoir is considered in order to classify the geological properties. Outcrop datasets 

suffer similar problems and commonly an exposed outcrop cannot be fully classified 
due to weathering, vegetation, and the ability of the geologist to define the margins of 

each architectural element. For example, Anderson et al. (1999) estimate that only 40 % 

of the outcrop volume using mapping and ground penetrating radar was used to classify 

the geological description of the site. 

Ile section below explores the potential benefits of using physical modelling to test the 

sensitivity of the sampling frequency and averaging effects. The two examples shown 
below illustrate the effect of: (1) averaging the vertical data over the Ashburton model 

sequence (series Q from 60 vertical profiles (Figure 7.4), and (2) changing the vertical 

sampling frequency (Figure 7.5) for 60 vertical profiles through the model sequence 
(series Q. Visual comparison of the two techniques suggests that the changing the 

sampling frequency will have different effects from averaging the data. In the example 

shown in Figure 7.4, averaging the data retains all the architectural element categories, 

while losing the vertical stacking patterns of elements by distributring elements equally 

within each of the horizons. Alternatively, reducing the sampling frequency (Figure 7.5) 

results in a progressive reduction in the number of architectural element categories 

represented in the sequence, starting wiih the most volumetrically insignificant (i. e. 
fine-grained architectural elements D-F). The differences in permeability between the 

firie- and coarse-grained architectural elements may be significant (Table 7.2) and the 

loss in fine-grained architectural elements will alter the total permeability balance of the 

sequence. This type of sampling and averaging information may have important 

ramifications for prediction of reservoir performance, especially in determining how 

well data in a single borehole represents the entire reservoir interval. This information 

will allow decisions on cell size for the reservoir simulation models to be made to 

capture the level of heterogeneity needed for realistic flow simulations. In order to 
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determine how the gcostatistics of a particular reservoir sequence alter as a result of 

sampling and averaging procedures, future studies should quantify: 

1. The sensitivity of altering sampling frequency on the proportion of architectural 
elements in vertical and horizontal proportion curves. Analysis of Figure 7.5 

suggests that N, 6ith decreasing sampling frequency there is a progressive reduction in 

the incorporation of fine-grained architectural elements. 
2. The cffects of up-scaling alluvial architecture by averaging the values with a 

constant sampling frequency over progressively larger reservoir volumes (cell 

sizes), which may affect the proportion and stacking of architectural elements within 

the sequence. This analysis may be carried out using a similar method to that 

described in Section 7.7. The problems of up-scaling data from the metre scale to a 

scale of tens to hundreds of metres suitable for modelling have been addressed by 

Mansoori (1994), Desbarats and Bachu (1994), Ewing (1997) and Kitandis (1997). 

3. The impact of grid size and averaging effects on the vertical (K,, ) and horizontal 

(Kh) permeability data, in order to determine whether the effects are isotropic. 

Analysis of geometrical data of architectural elements in the physical model 
(Chapter 6) shows all of the architectural elements have greater widths than 

thicknesses. This geometrical anisotropy may be reflected in any up-scaling and 

choice of grid spacing for flow cells in existing reservoir simulation models. 

Incorporating petrophysical properties into this type of analysis allows the incorporation 

of variograms, in future research. The variogram is a geostatistical tool that relates 

geological variability to physical distance in a reservoir (Kupferberger and Deutsch, 

1999). Variograms need quantitative datasets; in order to plot the distributions and 

therefore, in many cases the petrophysical properties are used to assess the attributes 

using a variograrn. The use of geostatistics and variograms is becoming increasingly 

common to evaluate the spatial variation in any particular reservoir unit (Davis et aL 
1992,1993; Dominic et aL, 1998; Sahin et aL, 1998; Kupferberger and Deutsch, 1999). 

Often these techniques use datasets of the order of well spacing on the scale (0.5 km). 

Physical models from aggrading basins allow the variograms or proportion curves to be 

constructed at a much higher resolution than well data permits and consequently, the 

effect of changing sampling distance on the geostatistical reproducibility can be 

quantified. 
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7.9 Alternative analysis techniques 

This chapter has detailed the ftiture potential of how data from physical models can not 

only yield information on the controls of alluvial architecture but also provides a host of 

quantitative information to apply in hydrocarbon and aquifer geological studies. While 

Section 7.6 descnbes a methodology of assigning permeability to architectural elements 
based on compansons of grain size and internal sedimentary structures, other 

approaches to this type of analysis may be used. 

Work being carried out by Davis ei al. (2WO) on the sedimentary deposits from the 

experimental facility (Jurassic Tank) at St. Anthony Falls. University of Minnesota 

(refer to Paola. 2000. Stokstad. 2000) is focussing on the difference in facies 

pen-neability at a range of scales. The experimental facility is fed with a mixture of pale 

off-white sand and black coal grains to represent coarse- and fine-grained clastics 

respectively. The resultant depositional architecture comprises a mixture of the two 

materials (Figure 7.6). The composition of pale off-white sand and black coal grains 

within the sequence determines the grevness of each pixel covering the cut-section. 
Permeabilities are assigned to pixels based on this grey scale using the geometric mean 

of the two end members. Pixel size can be altered and the grevness becomes an average 

of the larger pixel size. This method can be used to address up-scaling effects and initial 
results showed effective pen-neability balance was not maintained as pixel size was 
increased (Davis et al. 2000). 

0.25 m 

t 1: !rTI)LITIIC. iI L' ,i t- ide I, trom thc c\pcmliental 

it ,I %'Ilthoný I ilk, nncr%itý tit Mmncsoti \ote palaeofloik direction -. as out of the page 
(Courics-, of Ilkn Shocts. I ntý crm1% of Nfinncýota). 

276 



Mpw 7 

This methodology shows potential for use on a section from the Ashburton model, to 

allow rapid quantification of the flow through these coarse-grained architectural 

elements. An example of a cut section photograph from the Ashburton model is 

presented following conversion to a greyscale in Adobe Photoshop 5.0 (Figure 7.7ab). 

This may yield important information on the permeability balance from these coarse- 

gravel braided river deposits and can be tested against the more time consuming 

methods of assigning specific permeability values of architectural elements described in 

Section 7.6. This type of analysis may also be used to test the effect of up-scaling the 

architecture, by using different pixel sizes to characterise the sequence. This technique 

may be more problematic when applied to the Ashburton model deposits as the range of 

grain sizes and colour are more varied than those used in the St. Anthony Falls 

Laboratory facility. General trends within the deposits show darker colours are 

associated with coarser grain sizes and therefore relative trends may be established. 
Conversion to a black and white scale (Figure 7.7c) highlights the coarse-grained 

channel fill deposits (elements A and B). This pixcl-bascd analysis technique does not 

rely on the geologist to identify the alluvial architecture and relies of the assumption 

that gre), ness is linked to permeability and in turn facies type. 

Alternative techniques to test conductivity may include mini-permeameter apparatus 

(e. g. Dreyer el aL, 1990) that may need to be adapted for use in small-scale physical 

models. To gain bulk conductivity, tracer or pump tests could be employed in future 

modelling experiments before the sequence is sectioned. 
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7.10 Recommendations 

This chapter has explored the potential of physical modelling to provide information at 

the within channel-bclt architecture scale to serve as direct input to current reservoir 
simulation soft%,. -are. A series of recommendations are made to continue this research 

theme. 

* Future work- on the physical model datascts needs to constrain more accurately the 

influence of changing the sampling grid and averaging the data when up-scaling at 

the within channel-bclt scale. 

e Allu%ial architectural elements and channel-belt sandbodies are often considered as 

rectangular block in quantitative models (e. g. Bridge and Lecder, 1979; Mackey and 
Bridge, 1995) based on a maximum width and thickness measurements. 
Quantification of the three-dimensional shape of architectural elements in the 

physical model needs to be undertaken in order that future models are not reliant on 

this rectangular forn-L 

* Incorporation of the uithin channel-belt architectural clement heterogeneities into 

reservoir simulation models is required to validate the model outputs and test their 
impact on flow simulation models. 

* Testing of the methods of conditioning outcrop width distributions (Visser and 
Chessa, 2000ab) employed in Chapter 3, is required, using complete and partial 

sections of the alluvial architecture displayed in the physical model cut-section 

sequences. 

* Permeability studies using a portable air pcrmewnctcr to allow in situ mcasuremcnts 

of unconsolidated sediments in physical models. Tracer tests and pump tests may 

also be used for bulk hydraulic conductivities. 

* Analysis of scale invariancc in fluvial s)ltcms is needed, coupled with an 

appreciation of the depositional model to enable application of physical modelling 
datascts to outcrop and subsurface studies to be carried out. 

* Input the data into current reservoir simulation soft%%-are such as IRAPS RMS or 

GcoQuest and test model sensitivity. 

279 



C**"7 

7.11 Summary 

The main conclusions to the chapter are outlined below: 

1. The potential of using a combined approach to fluvial reservoir evaluation is 

highlighted using both more traditional techniques of core and outcrop analogues 

studies together %%ith aggrading basin physical models to address all scales of 
heterogeneity required for fluvial reservoir evaluation. 

2. With direct correlations between, %vithin channel-bclt architectural elcment/facies 
t), pe and pctroph)-sical properties, a methodology for collection of data from 

prcsmcd stratigraphy of physical modelling is presented with the aims of. (i) 

providing vertical proportion curves to exhibit vertical facies trends within the 

model sequences; (ii) provide quantitative data to serve as inputs to object-based 

reservoir simulation models; and (iii) to assess the sensitivity of sampling grid size 

and sampling averaging in up-scaling of geological datasets. 

3. The future potential benerits of using ph)sical modelling are explored and several 

recommendations for future work arc expressed. These are: (i) improved 

quantitative datascts for hydrogeological simulations; (ii) quantification of three- 

dimensional architectural element shape; (iii) sensitivity testing of geostatistical 

techniques; (iv) permeability studies; (v) application of physical models to different 

fluvial depositional environments and different scales of fluvial systems; and (vi) 

use of alternative pixcl-based and permeability analysis techniques. 
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Ch2pter 8: Conclusions 2nd recommendations for further work 

8.1 Conclusions 

This thesis has presented an integrated subsurface, physical modelling and field 

analogue approach to the investigation of allocyclic and autocyclic controls on river 

morphology and the prediction of alluvial architecture at both the channel-belt and 

%ithin channel-belt scales. This chapter summariscs the main conclusions of the thesis 

and presents ideas for further worL 

1.1 Carboniferous of the UK SouthemVorth Sea 

1. Subsurface prediction of inter-wcll alluvial architecture and connectivity of the 

continental Barren Red Beds of the Upper Carboniferous, Lower Ketch Member, 

Tyne Ficid, UK SNS, is problematic, because of the lack of correlative marker 
horizons and low seismic resolution. The Lower Ketch Member exhibits a variety of 
discrete sandbodies nested within heavily oxidized finc-grained silts and a nct-to- 

gross of 0.6. A new model for the depositional environment of the Lower Ketch 

Member is presented that proposes an alluvial plain developed that was traversed by 

a series of coarse-graincd sandy, braided channel-bclts in co-existencc with 

extensive floodplains, which were subject to crevasse splay events. Palaeochanncl 

depths were estimated as between 1.5 and 3.5 rn and occurred within sandy, braided 

channel-bclts with widths ranging between 100 tol 100 m. The depositional model 
for the T)me Field is consistent with the depositional model from the Ketch and 
Schooner Fields (Stone and hioscaricllo, 1999) and can be consolidated to produce a 

rcgional depositional model with the folloAing characteristics: (i) predominant 

sediment supply was from the north, and (ii) proximal to distal trends exhibit a grain 

size diminution, lowering of net-to-gross and connectivity, and increase in 

pedogencsis to the south. Differentiating between the control of climate, base-level, 

sediment supply and tectonics as the main controlling mechanisms for the Lower 

Kctch hfcmbcr alluvial architecture is ambiguous. 
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8.1.2 Onshore analoguesfor the UK Southem North Sea 

1. Lithofacics characteristics and the proposed depositional model for the Tyne Field 

arc dissimilar to UK stratigraphic outcrop analogues and onshore UK exposure is 

often limited to distances below typical well spacing (-0.5 km). Therefore, the 

application of onshore UK stratigraphic analogues for reservoir evaluation of the 
Lower Kctch Member is rejected. 

2. The Eocene Escanilla Formation, Southern Pyrenees, Spain, is proposed as a 
suitable analogue for the Lower Ketch Member, T)me Field, SNS. The depositional 

model proposed by Bentham el aL (1992,1993) has been expanded in this thesis and 

new information regarding the occurrence of limestones containing freshwater biota 

and presence of oncoids suggest shallow lakes were pervasive on the floodplain. 
The increase in the proportion of sandbodies at the top of the Lower Escanilla 
Formation %%-as consistent with the overall shallo%%ing upward sequence exhibited 
within the Ainsa Basin. This thesis provides the first complete comparative study 
between the Tyne Field and an onshore analogue. Marked qualitative and 
quantitative similarities between the two sedimentary sequences give confidence in 

the analogue and permit the use of sandbody datasets that include information on 

width'thickncss ratios, probability density functions, and channcl-bclt orientation for 

use in populating stochastic reservoir models. This thesis presents a case to show 
that while many modem fluvial systems exhibit extensive floodplains, grain size is 

the critical control on the preservation of floodplain deposits within the subsurface 

of the EscanilLa Formation and the Lower Kctch Member. 

8.1.3 Quantitathr prediction ofalluvial architecture 

1. A review of the literature reveals several key considerations rekarding the 

application of alluvial architecture datasets; to the prediction of subsurface datasets, 

including: (i) the use of vertical facies profiles may be ambiguous in determining 

channel pattern. (ii) several channel patterns may have been responsible for the 

deposition or a particular sNucncc; (iii) a single channel pattern type may show a 

wide range in sandbody Aidths and thickncsscsý and (iv) allocyclic and autocyclic 

controls also dctcnninc sandbody geometry. Consequently, the use of general trend 
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lines to predict sandbody geometry is not recommendcd. Instead, a match of all 

geological characteristics and the subsequent use of frequency distribution of 

sandbodies geometries may be more reliable. Quantitative datasets for reservoir- 

analogue studies arc often too poorly-constrained to be applied reliably without a 

visit to the analogue outcrop. This study highlights the need to critically appraise 

reservoir and analogue studies by comparing- depositional environment, climate, 

grain size, lithofacies associations, formative channel depth, channel-bclt widths, 

palacoflow direction, orientation, sandbody and overbank geometries, basin setting, 

burial depth and compaction. A list of minimum requirements for a procedure for 

sandbody classification for full reservoir and analogue comparisons is presented to 

facilitate communication between geologists and the application of geometrical 

datasets between sedimentary sequences, without the necessity to visit the field. 

2. This study shows that the use of single sandbody measurements for the comparison 

of rcscrvoir-analoguc sequences must account for compaction. A rationale is 

presented, which has ascertained that the sedimentary sequences from both the 

Lower Ketch Ntembcr and the Escanilla Formation have undergone minimal facies- 

dependent differential compaction and that much of the dewatcring associated with 

standard shale burial compaction curves occurs during the formation of wcll-drained 

palacosols. 
3. The conditioning methods of Visscr and Chessa (2000ab) have been successfully 

used to adjust the partially exposed Escanilla sandbody distri-butions; to provide an 

order of magnitude more data points than when only the completely exposed 

sandbodies; arc measured. The conditioning method also adds considemble 

information on the larger %%idth distributions and failure to account for sandbody 

exposure results in an underestimation of sandbody widths. Empirical calculations 

of channcl-belt %%idth from cross-set data overestimated -75 % of the measured 

channel-belt sandbody uidths taken in the Escanilla field study. Empirical 

calculations of channcl-beit width fail to capture the intrinsic variability of sandbody 

geometry. 
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8.1.4 Plipical modelling offine-grainedsysterm 

1. The direct 1: 50 generic Froude-scaling of rivers supplied with fine-grain size 
distributions, such as the rivers responsible for the deposition of the Lower Ketch 

Member, is not possible %%ithout introducing significant distortion to the model. 
Theoretical calculations of scaled hydraulic flow parameters for the Lower Kctch 

Member produce grain Rcynolds numbers below the critical level for flows to be 

hydraulically rough. The physical limits of grain size distributions needed for 

successful Froude-scaling modelling are explored in three braided (series C= 

coarse, NI = medium, F= fine) river experiments. The presence of pronounced 
bcdform development was noted %%ithin the channels of series F and M experiments. 
Phase diagram plots of D3o and D90 values fall within the dune/ripple/lower-stage 

plane bed field, and the disappearance of bedforms at higher flow stages suggest the 

bedforms represent current ripples. These current ripples do not scale with field 

prototype bedforms; and therefore this study may provide minimum grain size 
distribution limits to guide future physical scale modelling. 

8.1.5 7he impact ofgrain ske on alluvial architecture 

1. The Ashburton River displays a diminution coefficient of 0.0322 y 1cm-1 and retains 

the grain size distribution shape along the length of river. Channels exhibit no 

significant change in geometry along the length of the Ashburton River, because 

either. (i) grain size has no significant impact on channel geometry compared to 

other controls, or (ii) downstream changes such as increasing discharge and 

reduction of downstream channel gradient counteract the impact of downstream 

grain size diminution on channel geometry. Physical modelling suggests other 

controls such as field discharge or sediment load may be more important controls on 
dctcn-nining channel geometry. 

2. This thesis is the first study that quantifies the influence of grain size on within 

channcl-bclt surface morphology and depositional architecture, using a unique 1: 50 

scaled model of the modem Ashburton River prototype. Three reach-scale, generic 
Froude-scaled modelling experiments, incorporating a fourfold change in grain size 

were conducted in a flume facility that permits aggradation. Changes in braided 
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channel morphology show that as grain size distribution is decreased by 50 % and 
7511 0: (i) channel geometries first deepen then widen, (ii) the proportion of overbank 

sheet flow increases, (iii) the duration of channel occupancy remains constant, and 
(iv) sediment surface gradients are significantly higher in series F. The surface 

morphology shows a marked similarity between the field prototype and model. 
3. The two-dimensional geometry and frequency of occurrence of alluvial architectural 

elements are controlled by grain size. Architectural elements from FSM of the 

Ashburton River show that alluvial architecture is dominated by primary channel fill 

deposits and a fourfold change in the grain size distribution resulted in: (i) an 

increase in primary channel fill width and thickness between series M and F; (ii) an 

increase in splay width between series C and F; (iii) a higher proportion of preserved 

splay deposits between series C and M; and (iv) a decrease in the size and 

proportion of fine-grained architectural elements between series C and F. The 

reduction in preservation of fine-grained architectural elements between series C 

and F may be attributed to: (i) the smaller median grain size and lower fall velocity 

of particles in series F compared to series C, which inhibits the settling of suspended 

sediment; (ii) the higher suspended sediment concentrations in series F causing a 

reduced settling of fine-grained deposits, creating less opportunity for preservation 

of these fincs; and (iii) the higher aerial proportion of sheet flow and wider channels 

present on the sediment surface in series F may prohibit settling of fine-grained 

silica flour. 

4. Channcl-belt architectural models such Bridge and Leeder (1979) and Heller. and 

Paola (1996) cannot be scaled down to the channel scale without the incorporation 

of grain size controls. Preservation of channel fill geometry is determined by 

vertical channel aggradation. bed scour and deposit dissection by channel avulsion. 
These processes result in a reduction in the %%idth/thickncss ratio of channel fill 

deposits from their formative channel geometry. 
5. Despite the presence of large amounts of finc-grained material in the Lower Ketch 

Member and the Escanilla Formation that is usually attributed to high aggradation or 

subsidence rates, it is difficult to unambiguously isolate aggradation as the 

mechanism controlling alluvial architecture. Existing alluvial architecture models 
(e. g. Bridge and Leeder. 1979; Br)-ant ct a/, 1995; Mackey and Bridge, 1995; 

1 IcIler and Paola. 1996) fail to incorporate downstream grain size changes. 
6. Grain size distribution is critical to the interpretation of alluvial sequences. 

Sedimentary fluvial dcposits displa)ing an increasing sandbody proportion relative 
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to ovcrbank- deposits up-sequencc do not necessarily represent a change in 

aggradation rate or sediment supply rate. Alternatively, these sequences could result 
from a basin%%-ard facies shift associated with a modification of downstream fining 

trend or a progradation of the alluvial plain. Both a modification of the downstream 
fining trend and a basin%%-ard facies shift would alter the relative proportions of 
coarse- and fine-grained material being supplied to a particular location in the basin. 

8.1.6 Integrated approaches lofluvial resen-oir evaluation 

1. Quantitative geometrical datasets for alluvial architecture within the published 
literature are biased tom-urds the channcl-belt scale architecture and there is a data 

gap concerning the within channcl-bclt alluvial architecture. This is the first study to 

explore the potential benefits of using preserved stratigraphy from physical models 
for the construction of both static and d)marnic reservoir models at the within 
channel-belt scale. These physical modelling datasets, complement analogue and 
subsurface datascts to address all the scales of heterogeneity required in full 

reservoir appraisal. 
2. Allu%ial architccturc data from the physical model requires up-scaling to a prototype 

and then extrapolation to analogue deposits. This thesis shows that physical models 

scale well with maximum depth to the modem prototype, but require a further 

scaling factor to account for the full hierarchy of channel scales that may have been 

responsible for the dqvsition of the ancient prototype. 
3. The Lower Kctch Member and literature studies show a direct relationship between 

architectural elcmcniffacics type and permeability, indicating that reservoir quality 
improves with increasing particle grain size and sorting. This direct correlation 
between within channel-belt architectural element/facies type and petrophysical 

properties allows a methodology for collection of data from preserved stratigraphy 

of physical modelling to be presented to: (i) provide vertical proportion curves to 

characterise vertical facies trends uithin the model sequences; (ii) provide 
quantitativc data on the architectural element geometries to servc as inputs to object- 
based reservoir simulation modcls; and (iii) assess the sensitivity of sampling grid 

size and sampling averaging in up-scaling of geological datascts. 
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8.2 Recommendations for future work 

This thesis provide significant advances in the understanding of fluvial reservoirs and 

lays the foundation for more detailed investigations. Fruitful avenues for future research 

could be: 

1. Examination of core data from the Tyne Field now needs to be supplemented with 

investigation of %vireline well data in order to investigate the alluvial architecture 

within the entire reservoir interval. In addition, an understanding of the Lower Ketch 

Member would be significantly enhanced by the incorporation of a wider study of 

the Southern North Sea Fields that have wells that penetrate the Carboniferous 

Barren Red Beds. A broader study would, allow a more regional quantitative 

depositional model to be generated and assist in constraining downstream changes 

in channcl-bclt sandbody geometries. The development of a depositional model for 

the Lower Ketch Member and the Escanilla Formation should be complemented by 

the establishment of a modem day analogue (if it exists). 

2. Future work should quantify the grain size distributions for individual facies types in 

both the Lower Ketch Mcmber and the Escanilla Formation. Uncertainties 

associated uith the contribution of illuvial material to the overbank deposits 

required quantifications through anal)sis of thin sections, in order to isolate the 

proportion of the grain size distribution supplied to the basin from fluvial processes. 

3. Future work may focus on differentiating the palaeocurrent populations for 

individual channel sandstone body t)l)es. This may add particular value to the 

estimation of connectivity in the Lower Kctch Member, especially following the 

work of hiijnssen (1997) who identificd sandbody orientation as the critical 

parameter affecting sandbody connectivity within the Schooner Formation, SNS. In 

addition. an assessment of cross-sct thickness within individual sandbodies may 

assist the application of empirical relationships that predict channcl-belt width (e. g. 

Bridge and Mackey, 1993) rather than taking a mean of all the set thicknesses 

measured in all the sandbodics. 
4. Sandbody geometrical datascts from the Escanilla Formation do not provide 

information on the lateral and vertical basin uide stacking patterns. Bentham et al., 
(1992) document a general increase in sandbody proportion up-section within the 

Escanilla Formation. The understanding of geometrical data from this thesis would 

be improved by the examination and quantification of stacking patterns, in addition 
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to the acquisition of more sandbody dimension data, to include shape, in different 
locations within the sequences to those used in this study. Oblique aerial 
photography of the main 20 kan exposed ridge in the Ainsa Basin is recommended to 

quantify the basin%%ide alluvial architecture. 
5. The conditioning method of Visser and Chessa (2000ab) provides considerably 

more information on the longer width classes. Detailed stratigraphy from physical 
modelling sections provides well-constrained datasets; that can be used to validate 
the conditioning method of Visser and Chessa (2000ab). Preserved alluvial 
architecture from physical models provides only complete width or length 
distributions for which palacocurrcnt direction is known. Preserved sections could 
be progressively obscured to simulate outcrop conditions and the sensitivity of the 

conditioning method to predict the width distributions may be tested against the 

completely exposed section. 
6. Datascts gathered from both the Escanilla Formation and the preserved stratigraphy 

from the physical modelling provide the necessary geostatistics for stochastic 
reservoir simulation models at the charincl-belt and within channcl-bclt scale 
architecture respectively. Opportunities exist to input these data into a geological 
modelling package such as ROXAWs RNIS or Schlumberger's GeoQuest software 
packages in order to validate the outputs. 

7. The physical model presented in this thesis is a simplification of the multiple 
controls that may act on or within one particular basin. The key now lies with the 
systematic isolation and incorporation of factors such as: (i) discharge magnitude 
and frequency. (ii) spatial and temporal variations in sediment supply rate, (iii) the 
density and sediment binding capacity of floodplain vegetation, and (iv) 

quantification ora-vulsion frequency and duration controls on stacking patterns. 
8. A linear scaling %%-as employed to up-scale physical modelling datasets of two- 

d imcnsional cross-sectional alluvial architecture. Sapozhnikov and Foufoula- 
Gcorgiou (1996,1997) suggested that planform geometry of braided rivers exhibited 
an anisotropic scaling. Studies are required to both assess and validate the scaling 
relationships between rcservoir-outcrop studies, model-outcrop studies and model- 
modem river studies in order that data may be up-scaled in an appropriate manner. 
Following the problems with the scaling of fine-grained systems in a physical 
model. a large study is needed of how subsurface geometries can be applied to 
fluvial systcms at a range of scales. A study of the scale invarience of planform 
geometry between modem braided rivers is required. The failure to satisfy Froude- 
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scale model scaling laws for the fine grain size distributions such as observed in the 

Lower Kctch Member, make necessitate a study on the applicability of using coarse- 

gravel rivers to interpret sandy rivers by quanti4ing the scaling relationship 

between sand and gravcl braided rivers. 

9. Along a river course, grain size has been identified to alter in two ways: (i) by 

reducing the magnitude of particle sizes, andor (ii) changing the overall sorting of 

the grain size distribution. This thesis investigated the first of these modifications. 

However, studies such as Parker (1979), Ise)-a and Ekeda (1987), Sambrook Smith 

(1996) and Knighton (1998) advocate that rivers supplied with a bimodal grain size 

distributions %vill undergo a change in river morphology (e. g. planform and cross- 

sectional geometry) when the relative proportion of gravel and sand modes alters 

beyond a critical thrcsholdL A major opportunity exists to use physical modelling to 

isolate the impact of altering the modal proportion of a bimodal grain size 

distribution. Furthermore, the collection of grain size distribution data in modem 

rivers is often confined to the charincl-belt. Grain size acquisition needs to be 

extended to include the floodplain to ascertain the extent to which changes in 

channel-belt sandbody proportions observed in the Escanilla Formation are the 

result of downstream fining trends or other controlling mechanisms (e. g. 

sedimentation rate and avulsion frequency). 

10. Gmin size has an impact on both the channel-belt and within channel-belt 

architecture. Consequently, the incorporation of grain size into alluvial architecture 

models (e. g. Bridge and Lecdcr, 1979; Mackey and Bridge, 1995; Heller and Paola, 

1996) both at the channcl-belt and within channel-belt scale is required. 

Incorporation of grain size would allow the construction of more comprehensive 

alluvial architecture models that could be tied back to the gross permeability 

structure. 

11. This thesis has shoum the direct link between facics/architcctural element type and 

permeability. Sampling of grain size from architectural elements that have been 

dcrincd in the physical model cut-scctions is required, in. order to quantify the 

qualitativc link between architectural elements and permeability ascertained in 

Chapter 7. In addition, there is also need to investigate the permeability within 

individual architectural elements by calibrating uith outcrop studies. Further 

opportunities exist to cvaluatc the effect of within channel-belt architecture on the 

permeability distribution of alluvial scqucncm by- (i) performing airflow tests 

through the sequence to determine the connectivity of the sediment sequence in 
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thrcc-dimcnsions, and (ii) the assignmcnt of permeability to pixels based on the 

conversion of cut-section photographs to a greyscale and the assignment of a 

relative permeability on the grey intensity to act as a surrogate for facies type (e. g. 

Davis et al., 2000). In addition, the cffects, of uP-scaling and averaging of the 

alluvial architecture from the physical model sections warrants quantification to 

determine: (i) the importance of within channel-belt architecture on the permeability 
balance, and (ii) optimal flow cell size for simulation modelling. 
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Appendix A: Ty! 2e Field sedimentary core logs 

The following pages display sedimentary core logs taken from eight well (Figures Al- 

A8) from the Ketch Member of the Tyne Field reservoir, Southern North Sea, UK. Well 

locations are shown in Chapter 3, Figure 3.1. 
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Appendix B: Kruskal-Wallis Test: Analysis of variance by ranks 

The nonparametric Kruskal-Wallis one-way analysis of variance, is a test of the equality 

of medians for two or more populations. Nonparametric implies that there is no 

assumption of a specific distribution for the population. The Kruskal-Wallis hypotheses 

are: 

Ho: the population medians are all equal versus, 
H I: the population medians are not all equal. 

An assumption for this test is that the samples from the different populations are 
independent random samples from continuous distributions, with the distributions 

having the same shape. 

The Kruskal-Wallis test uses the ranks of the data rather than their raw values. The 

values are first ranked from low to high, disregarding which group each value belongs. 

If two values are the same, then they both get the average of the two ranks for which 

they tie. The smallest number gets a rank of 1. The largest number gets a rank of N, 

where N is the total number of values in all the groups. The ranks are then summed in 

each group. If the sums of the ranks are very different, the P value will be small. If the P 

value is greater than 0.05 (95 % significance level) then there is no difference between 

the population medians. 

The Kruskal-Wallis test was performed using MiniTab 12.2 for comparison of channel 

geometry and architectural element distributions in Chapter 6. 
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Appendix C: Grain size for suspended sediment samples 

D50 values for samples of suspended sediment taken during series C and F are presented, 
in Table CI and were used to establish relative fall velocities for each experiment 
(Chapter 6, Section 6.12.1). 

Table C I. D50 values for samples of suspended sediment taken from series C and F. 

D50 (microns) 

Series C Series F 
4.837 2.11 
3.529 1.467 
1.95 0.895 

2.325 1.174 
2.061 1.016 
1.153 1.072 
1.663 1.169 
1.715 0.568 
1.524 1.254 
1.563 1.129 
0.969 1.046 
1.226 1.407 
1.366 1.165 
1.521 0.749 
1.269 1.003 
1.269 1.027 
1.134 0.932 
1.09 1.071 

1.074 0.992 
0.763 1.044 
1.042 1.014 
0.947 1.04 
0.955 1.08 
1.22 0.79 

0.787 1.057 
0.929 0.965 
0.805 2.308 
0.794 1.688 

0.866 
Mean Mean 
1.481 1.141 
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Appendix D: Supplementaly CD 

A supplementary CD is provided in a web-browsable fon-nat to provide additional 
information to support this thesis, which includes: 

1. Lithofacies for the Lower Ketch Member, Tyne Field, Southem North Sea. 

2. Extra images of sandbody types from the Escanilla Formation. 

3. Overhead video footage from generic-Froude-scaled modelling of the Ashburton 

River from the series C and F. 

In order to access the CD, double click on the 'Thesis CD May 2001' folder and then the 

'index. htm' file. The index page will open in either Internet Explorer or Netscape. Click 

on the above contents to access the information. Video files will open in the Netscape 

window or in Windows Media Player within Internet Explorer. 
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