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ABSTRACT 24 

 25 

Numerical models and recent outcrop case studies of alluvial-to-coastal plain strata suggest that 26 

autogenic avulsion can control the stacking density and architecture of channelised fluvial 27 

sandbodies. The application of these models to subsurface well data is tested via analysis of upper 28 

coastal plain deposits of the late Bajocian Ness Formation, in the Brent Field reservoir, UK North Sea. 29 

These coastal plain deposits accumulated during the progradation and retrogradation of the wave-30 

dominated ”Brent Delta”. 31 

 32 

Sedimentological facies analysis and palaeosol characterisation in core have been used to interpret 33 

styles of palaeochannel avulsion. These results have then been compared to the dimensions and 34 

distributions of channelised fluvial sandbodies which have been quantified using spatial statistical 35 

tools (lacunarity, Besag’s L function) applied to interpretative correlation panels between closely 36 

spaced wells. The results indicate that distributions of channelised sandbodies may plausibly have 37 

been generated by avulsions, and that they influence sandbody connectivity and pressure depletion 38 

patterns. Intervals of upper coastal plain strata with relatively wide sandbodies that display some 39 

clustering in their stratigraphic architecture are associated with a high proportion of avulsions by 40 

incision and annexation in core. Such intervals display relatively good vertical pressure 41 

communication and relatively slow, uniform pressure depletion. 42 

[end of abstract] 43 

 44 

INTRODUCTION 45 

 46 

Numerical models that investigate the dimensions and connectivity of channelised fluvial sandstone 47 

bodies suggest that avulsion frequency and sediment accumulation rate control the spatial 48 

distribution of such bodies in alluvial-to-coastal-plain strata (Leeder 1978; Allen 1978; Bridge & 49 

Leeder 1979; Mackey & Bridge 1995; Heller & Paola 1996; Törnqvist & Bridge 2002; Jerolmack & Paola 50 

2007). However, alluvial-to-coastal-plain successions are commonly interpreted with reference to 51 

sequence stratigraphic models that relate the character and distribution of channelised fluvial 52 

sandbodies to allogenic (external) controls such as tectonic subsidence, base level, and changes in 53 

sediment and water supply (e.g. Wright & Marriot 1993; Shanley & McCabe 1994). In this context, 54 

autogenic (internal) behaviours are often presumed to represent relatively small-scale, high-frequency 55 

‘noise’ that modulate the effects of larger-scale allogenic controls (Slingerland & Smith 2004; Hajek & 56 

Wolinsky 2011). Recent physical and numerical modelling experiments and selected outcrop case 57 
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studies of channel-belt stacking patterns suggest that autogenic behaviours can generate large-scale 58 

self-organisation whilst allogenic forcing remains relatively constant (Mackey & Bridge 1995; Blum & 59 

Törnqvist 2000; Jerolmack & Paola 2007; Bridge 2008; Straub et al. 2009; Hajek et al. 2010; Hajek & 60 

Wolinsky 2012; Flood & Hampson 2015). However, to date there have been few attempts to apply the 61 

concept of autogenic stratigraphic organisation to alluvial-to-coastal-plain reservoirs (Hofmann et al. 62 

2011). 63 

 64 

Avulsion is an autogenic process that occurs during active alluvial sedimentation, and involves the 65 

relatively rapid diversion of flow out of an established channel belt, either by reoccupation of a pre-66 

existing channel or relocation to a new permanent position on the floodplain (Allen 1978; Mohrig et 67 

al. 2000; Slingerland & Smith 2004; Jones & Hajek 2007). Avulsion typically controls the long-term 68 

distribution of sediment and water on the alluvial plain (Mohrig et al. 2000), and thus, plays an 69 

important role in controlling fluvial stratigraphic architecture (Leeder 1978; Allen 1978; Bridge & 70 

Leeder 1979; Mackey & Bridge 1995; Heller & Paola 1996; Mohrig et al. 2000). Two patterns of 71 

channel-belt stacking pattern can be generated by avulsion: clustering and compensational stacking 72 

(Straub et al. 2009; Hajek et al. 2010; Hofmann et al. 2011). Channel-belt clustering results from locally 73 

confined accommodation space and/or sediment supply (Leeder 1978; Shanley & McCabe 1994; Hajek 74 

et al. 2010; Hofmann et al. 2011). In contrast, compensational stacking results from preferential 75 

channel relocation into topographically lower positions on the floodplain due to differential 76 

sedimentation rate (Jerolmack & Paola 2007; Straub et al. 2009). 77 

 78 

Palaeosol analysis can be used to determine variations in floodplain sediment accumulation rate 79 

(Kraus & Gwinn 1997). The spatial relationships between channelised fluvial sandbodies and 80 

surrounding overbank deposits, including palaeosols, can help to determine avulsion style and 81 

variability in alluvial successions (Kraus & Aslan 1993; Kraus 1996). Three styles of avulsion have 82 

been documented in previous studies: avulsion by annexation (avulsion by reoccupation sensu 83 

Slingerland & Smith 2004), avulsion by erosion (avulsion by incision sensu Slingerland and Smith), 84 

and avulsion by progradation (Kraus & Wells 1999; Mohrig et al. 2000; Slingerland & Smith 2004; 85 

Flood & Hampson 2014). The style of avulsion may be controlled by floodplain topography, 86 

sedimentation processes, base level, and the distribution and stacking density of channels on the 87 

alluvial plain (Kraus & Wells 1999; Mohrig et al. 2000; Jones & Hajek 2007). These models of avulsion 88 

style have not been previously applied to subsurface data.  89 

 90 
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In this paper, we use data from an alluvial-to-coastal plain reservoir (Late Bajocian Ness Formation, 91 

Brent Field, UK North Sea) in order to: (1) analyse the detailed sedimentological character of 92 

overbank deposits and palaeosols in core, in orderso as to interpret stratigraphic and 93 

palaeogeographic variation in avulsion style, (2) quantitatively analyse the previously interpreted 94 

(Livera 1989) dimensions and spatial distribution of channelised fluvial sandbodies, and (3) compare 95 

patterns of interpreted sandbody distribution with core-based sedimentological analysis, in order to 96 

assess the degree of consistency between the two characterisation approaches and their utility in 97 

reservoir characterisation.  98 

 99 

GEOLOGICAL CONTEXT AND STRATIGRAPHIC FRAMEWORK 100 

 101 

The Middle Jurassic (Aalenian-Bathonian) Brent Group was deposited across the East Shetland 102 

Platform, North Viking Graben and Horda Platform, and forms a reservoir in over 65 fields in the 103 

northern North Sea (Fig. 1A; Husmo et al. 2003). The Brent Group was deposited over c. 12 Myr 104 

during a period of tectonic quiescence and passive thermal subsidence following Triassic rifting, and 105 

prior to the main phase of late Jurassic rifting (Husmo et al. 2003). The Brent Field is situated in a 106 

gently dipping (8°), westerly rotated fault block on the eastern margin of the East Shetland Basin 107 

(Taylor et al. 2003; Fig. 1B). The field was initially discovered in 1971 (Taylor et al. 2003), and had 108 

produced just over 2000 MMSTB of oil by December 2014 (DECC 2015). Planning of field 109 

abandonment is currently taking place (Shell UK 2015), but the Brent Group reservoir serves as a 110 

data-rich analogue for many less mature reservoirs in other Brent Province fields. 111 

 112 

The Ness Formation constitutes coastal plain deposits of the Brent Group, with the underlying 113 

Rannoch and Etive formations and overlying Tarbert Formation representing partly coeval shallow-114 

marine deposits (Fig. 2; Deegan & Scull 1977). In combination, the Rannoch, Etive, Ness and Tarbert 115 

formations record the overall regression and subsequent transgression of a wave-dominated delta 116 

(Fig. 2; Deegan & Scull 1977; Budding & Inglin 1981; Johnson & Stewart 1985). Various low-resolution 117 

and high-resolution sequence stratigraphic schemes have been constructed for the Brent Group (e.g. 118 

Helland-Hansen et al. 1992; Mitchener et al. 1992; Fjellanger et al. 1996; Hampson et al. 2004). High-119 

resolution sequence stratigraphic schemes tend to contain units that are comparable in scale to 120 

reservoir zones at a field scale (e.g. Flint et al. 1998; Morris et al. 2003). In the Brent Field reservoir, the 121 

Ness Formation is subdivided into lower (reservoir zones 3.1-3.3; Fig. 3), middle (reservoir zone 2.5; 122 

Fig. 4; “Mid-Ness Shale”; Budding & Inglin 1981), and upper intervals (reservoir zones 2.1-2.4 and 123 

1.2-1.4; Fig. 4) based on the distribution of field-wide coal zones and other facies associations (Livera 124 
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1989). The distribution of channelised fluvial sandbodies in the Ness Formation of the Brent Field is 125 

interpreted to reflect a combination of allogenic, high-frequency relative sea-level changes and 126 

associated variations in distance from the regional palaeoshoreline (e.g. Hampson et al. 2004), and 127 

localised, autogenic variations in sediment supply and basinal processes (e.g. Livera 1989). The Ness 128 

Formation was deposited under a relatively stable humid climate (e.g. Ryseth 1989). 129 

 130 

DATASET AND METHODOLOGY 131 

 132 

The dataset for this study comprises core from four wells (211/29-2, 211/29-3, 211/29-C06, 211/29-A16; 133 

Fig. 1) and the facies-architectural interpretations of Livera (1989), which are based on wireline log 134 

and core data from 72 wells, and have been supported by subsequent well data, reservoir modelling 135 

studies and reservoir monitoring (e.g. Bryant & Livera 1991; Bryant et al. 1991; Abbotts et al. 1997; 136 

James et al. 1999). In total, 570 m of core from four wells (211/29-2, 211/29-3, 211/29-BA16, 211/29-137 

BC06; Fig. 1B) was logged, in order to carry out facies analysis and palaeosol characterisation. The 138 

apparent widths and thicknesses of channelised fluvial sandbodies were measured from two cross-139 

sections aligned approximately perpendicular to the axes of channelised sandbodies, through the 140 

lower (Fig. 3), middle, and the upper Ness Formation (Fig. 4) (after figures 7 and 8 of Livera 1989). 141 

These cross-sections were constructed using core and wireline-log data from 51 wells projected into 142 

the lines of cross-section (Livera 1989). Both cross-sections are interpretative given the limitations 143 

imposed by well spacing (c. 200-1000 m, as projected into the lines of cross-section), and it has been 144 

previously inferred that channelised sandbodies are oriented west-east, are nearly linear and are 145 

parallel to each other in plan view (Livera 1989) (Figs. 3B, 4B). These inferences are consistent with 146 

subsequent well and production data, and have been retained in several generations of reservoir 147 

models (e.g. Bryant & Livera 1991; Bryant et al. 1991; Abbotts et al. 1997; James et al. 1999). The cross-148 

sections of Livera (1989) are also consistent with a sequence stratigraphic interpretation of the studied 149 

strata based on core data from the four studied Brent Field wells (211/29-2, 211/29-3, 211/29-BA16, 150 

211/29-BC06; Fig. 1B) and additional regional well and biostratigraphic data (Hampson et al. 2004). 151 

However, alternative interpretations are clearly possible given that sandbodies are narrow relative to 152 

well spacing in the cross-sections (Figs. 3A, 4A). It is not our intention in this paper to develop such 153 

interpretations, but instead to test and appraise the architectural interpretations of Livera (1989) and 154 

sequence stratigraphic interpretations of Hampson et al. 2004). However, our results are discussed in 155 

light of potential variability in sandbody orientation and plan-view geometry, and in sequence 156 

stratigraphic interpretation. The two cross-sections are subdivided into their constituent reservoir 157 

zones (Fig. 5), in order to measure the dimensions and spatial distributions of channelised sandbodies 158 
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in upper coastal plain strata, as outlined below. Lower coastal plain strata contain too few 159 

channelised fluvial sandbodies for meaningful analysis of their spatial distribution (Fig. 5). The 160 

dimensions and orientations of the panels are summarised in Table 1. 161 

 162 

Measurement of sandbody dimensions 163 

 164 

The apparent width and thickness of each channelised fluvial sandbody was measured from the 165 

cross-sections, for upper coastal plain in reservoir zones 2.1-2.4 and 3.2 (Fig. 5). Errors associated with 166 

the panel images are small, and reflect image resolution and measurement repeatability, although 167 

there is large uncertainty in sandbody correlation, extent and orientation between wells in the original 168 

work of Livera (1989). Sandstone isopach maps indicate that channelised sandbodies are oriented 169 

approximately west-east, nearly perpendicular to the cross-sections (Figs. 3B, 4B). However, the 170 

measured widths of sandbodies in the cross-sections are apparent values that may slightly over-171 

estimate true sandbody widths (by up to 6%, for portions of the cross-sections that are oriented 172 

N019). 173 

 174 

Measurement of sandbody distributions 175 

 176 

Spatial statistical methods have been applied to analyse the distributions of points and objects in 177 

various scientific disciplines. Several widely used methods are inappropriate for our analysis because 178 

they only compare results for areas of similar size (e.g. nearest neighbour distance method; Clark & 179 

Evans 1954), or require robust identification of a chronologically ordered series of depositional 180 

horizons (e.g. compensation index; Straub et al. 2009). For the purpose of this study, lacunarity and 181 

Besag’s L function (Fig. 6) are used because these methods can be applied to geological datasets to 182 

generate clear and easily interpretable outputs (e.g. Plotnick 1999; Rankey 2002; Hajek et al. 2010; Roy 183 

et al. 2010; Zhao et al. 2011; Flood & Hampson 2015). 184 

 185 

Lacunarity.--- Lacunarity is a scale-dependent measure of spatial dispersion (Plotnick et al. 1996). We 186 

use the gliding-box algorithm method (Allain & Cloitre 1991 ) to calculate lacunarity, because it is a 187 

relatively straightforward and computationally simple technique (Plotnick et al. 1996). A binary, 188 

black-and-white image of each panel was first generated (Fig. 6A). The gliding-box algorithm then 189 

uses square boxes of different sizes to sample the binary image. A box of given length is placed at the 190 

top left of the image, and the number of pixels representing sandstone (black in Fig. 6A) within the 191 

box is counted. The box is then moved one column along to the right and the process is repeated over 192 
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all rows and columns until the entire area of the panel has been scanned and counted. 12 box sizes 193 

were used to scan each panel, with minimum and maximum box sizes of 2% and 45% of the panel 194 

area, respectively. The maximum box size was chosen to be less than 50% of the panel area, because 195 

larger sizes introduce statistical errors (Karperien 1999-2013). The sliding box algorithm is typically 196 

used to generate a frequency distribution of lacunarity against box size (e.g. Plotnick et al. 1996). Since 197 

little variation in lacunarity exists for different box lengths used in this study, we calculate a single, 198 

mean value of lacunarity for each panel by averaging across the length scales of all grid box sizes and 199 

over all grid orientations, L(F), was calculated (Karperien 1999-2013) (e.g. on the vertical axis of Fig. 200 

6C). using the following equation: 201 

ሻܨሺܮ 202  ൌ ∑ሾி௸ሿீ௥௜ௗ௦                (1) 203 

 204 

where Λ is the mean value of lacunarity for all grid box sizes applied to a particular panel, and F 205 

refers to the total number of pixels that are considered as sandstone (black in Fig. 6A) in the scanned 206 

part of the image per box count. A low value of lacunarity (minimum = 0) is suggestive of a 207 

homogeneous and translationally invariant pattern containing gaps of similar size (Fig. 6C). A high 208 

value of lacunarity (maximum = 1) indicates a heterogeneous pattern with a varied range of gap sizes 209 

(Fig. 6C) (Plotnick et al. 1996). Values of lacunarity depend only on the assignment of pixels to 210 

sandstone or shale, not on interpretation of sandbody type or hierarchy. 211 

 212 

Ripley’s K function and Besag’s L function.--- Analysis of second-order spatial point patterns 213 

commonly involves the use of Ripley’s K function (Ripley 1977), which measures the extent of 214 

clustering and spatial dispersion at different length scales. Here, we use Ripley’s K function to analyse 215 

the distribution of the centroids of channelised sandbodies in each panel of interpreted facies 216 

architecture (white dots in Figs. 5, 6A) (cf. Hajek et al. 2010). 217 

 218 

Ripley’s K function, K(h), is obtained in a plane by comparing the predicted number of points (e.g. 219 

sandbody centroids) within a distance (h) of each point to the average rate of the point process (ߣ), as 220 

outlined in the following equation: 221 

݄ ݎ݋݂ ൫ܰሺ݄ሻ൯ ܧଵିߣ=෡ሺ݄ሻܭ 222  ൐ 0           (12) 223 

 224 

where ߣ is the number of centroid points in the 2D area of radius h(N) divided by the area of the 225 

study region, and E(N(h)) is the expected number of points in the same region (e.g. Cressie 1993; 226 
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Rosenberg & Anderson 2011). If the number of points found at a certain value of h is equal to the 227 

number of points expected, taking into account the intensity of the point process, then the resulting 228 

distribution pattern is random. If more points are found within a given value of h than the number 229 

expected, then this indicates clustering. If fewer points are found, then points are distributed 230 

regularly. We use Besag’s L function (Besag 1977), ܮ෠ሺ݄ሻ, a variance-stabilised version of Ripley’s K 231 

function, so that the K function can be compared to its expected value and against a benchmark of 232 

zero (Besag & Diggle 1977; Rosenberg & Anderson 2011):. 233 

෠ሺ݄ሻܮ 234  ൌ ݄ െ ට௄෡ሺ௛ሻగ                      (23) 235 

 236 

If the expected value of ܮሺ݄ሻ found at a certain distance is equal to the number of points estimated, 237 

taking into account the intensity of the point process, then the distribution pattern is close to zero and 238 

represents complete spatial randomness (L෠ሺhሻ = 0; Besag 1977). We use 99 Monte Carlo simulations of 239 

a completely spatially random point process to establish a probability distribution for the number of 240 

points expected for the studied range of h at a 95% confidence level (Rosenberg & Anderson 2011). If 241  points are regularly dispersed, then ܮ෠ሺ݄ሻ > 0 and the L function plots positively above the complete 242 

spatial randomness envelope (Fig. 6B; Besag 1977). In contrast, if points are clustered, then ܮ෠ሺ݄ሻ < 0 243 

and the L function plots negatively below the complete spatial randomness envelope (Fig. 6B; Besag 244 

1977). 245 

 246 

In our analysis of the facies architectural panels of Livera (1989), each panel was vertically 247 

exaggerated by x123 (i.e. the ratio of mean apparent sandbody width to mean maximum sandbody 248 

thickness over all of the studied panelsin reservoir zones 3.3-2.1; Fig. 5), in order to minimise the 249 

effects of anisotropy in sandbody dimensions on the results (cf. Flood & Hampson 2015). 250 

Consequently, the expected spacing of sandbody centroids displays a constant mean and constant 251 

variance in all directions. Length scale is expressed in multiples of mean apparent sandbody 252 

dimensions (labelled “x1”, “x2”, etc. on the horizontal axis of Fig. 6C), and vertical and horizontal 253 

spacings of sandbody centroids are scaled according to mean maximum sandbody thickness and 254 

mean apparent sandbody width, respectively. In order to avoid distortion by edge effects, we use 255 

Ripley’s weighted method (Ripley 1988) such that the maximum distance between points that is 256 

considered in our application of the L function is 25% of the width or height of each panel (Rosenberg 257 

& Anderson 2011). Sandbody centroids that lie outside of the limits of the panels are excluded from 258 

our analysis . The position of sandbody centroids within each panel is independent of the three-259 

dimensional orientation of the sandbodies, but their horizontal spacing may vary according to the 260 
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orientation of the panel. The total number of centroids in each panel (Fig. 5) ranges between 9 (Panel 261 

C; Table 1) and 34 (Panel A; Table 1). The identification of sandbody centroids is sensitive to 262 

interpretation of sandbody type and hierarchy. Results will be most robust if only sandbodies of a 263 

particular hierarchical level (e.g. channel belts) are included in the analysis. 264 

 265 

Sensitivity of spatial statistical tools.--- Villamizar et al. (2015) carried out several tests on cross-266 

sections extracted from 3D object-based reservoir models of channelised sandbodies, in order to 267 

investigate the sensitivity of lacunarity and Ripley’s K function to various parameters that may be 268 

poorly constrained in typical outcrop and subsurface datasets. Both lacunarity and Ripley’s K 269 

function are relatively insensitive to the orientation of the cross-section in which they are measured, 270 

relative to mean sandbody orientation, provided that the cross-section is oriented parallel or oblique 271 

to depositional strike. Increasing the range of sandbody orientations and/or sandbody sinuosities 272 

results in a greater number of sandbody intersections and amalgamations, and a wider range of gap 273 

sizes between sandbodies. Lacunarity is thus increased. Ripley’s K function is not significantly 274 

affected, because sandbody-centroid distributions show little variation as the range of sandbody 275 

orientations is increased. 276 

 277 

Both lacunarity and Ripley’s K function are strongly affected by stochastic variation in sandbody 278 

position (Villamizar et al. 2015), which depends on the number and distribution of well conditioning 279 

data. The relatively wide well spacing in the Brent Field dataset relative to interpreted sandbody 280 

dimensions (c. 200-1000 m; Fig. 1B) therefore implies that alternative sandbody distributions to those 281 

in the architectural interpretations of Livera (1989) (Figs. 3, 4, 5) may give significantly different 282 

spatial statistical results. 283 

 284 

FACIES ANALYSIS 285 

 286 

Facies analysis of the Ness Formation in the four studied cored wells has identified six facies 287 

associations, which are summarised in Table 2 (after Richards & Brown 1986; Livera 1989; Hampson 288 

et al. 2004). Three facies associations (FA 1-3; Table 2), documented below, characterise upper coastal 289 

plain strata and form the focus of this study. Facies associations that characterise lower coastal plain 290 

strata (FA 4-6; Table 2) are treated only briefly since they are not the focus of this study. Trace fossil 291 

assemblages and intensity of bioturbation are described using the ichnofacies scheme of Pemberton et 292 

al. (1992) and the bioturbation index (BI) of Taylor & Goldring (1993), respectively, while the intensity 293 
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of pedogenic modification is described using the palaeosol maturity index (MI) of Bown & Kraus 294 

(1987). 295 

 296 

FA1: Channelised fluvial sandbodies 297 

 298 

Description.--- Facies association 1 (FA1) comprises erosionally based, sharp topped units that are 299 

0.9-13 m thick in core (Table 2, Figs. 7, 8). Basal erosion surfaces are directly overlain by thin (<10 cm), 300 

pebble-grade mudstone intraclast lag deposits or carbonaceous debris, followed by a fining-upward 301 

succession (Fig. 7A-B). Fining-upward successions consist of trough and planar cross-bedded 302 

sandstone, horizontally-laminated sandstone and siltstone, current ripple cross-laminated sandstone 303 

and siltstone (Fig. 7C), massive sandstone and siltstone, and root-penetrated beds. Soft sediment 304 

deformation structures in the form of convolute lamination, and abundant plant debris are locally 305 

present in medium- and coarse-grained sandstones. Bioturbation is generally absent (BI: 0), but 306 

monospecific Planolites and Scoyenia ichnofacies (Taenidium) (BI: 1-2) occur locally in the upper 307 

portion of each fining-upward succession, as do roots, wood fragments, and siderite and pyrite 308 

concretions (MI: 0-3; Fig. 8B, C). Channelised fluvial sandbodies either consist of a single fining-309 

upward succession (i.e. single-storey sandbodies sensu Gibling 2006; e.g. Fig. 8A), or a series of 310 

stacked, fining-upward successions, each with a major erosion surface at its base (i.e. multistorey 311 

sandbodies sensu Gibling 2006; e.g. Fig. 8B, C). Single-storey channelised sandbodies are 0.9-11.1 m 312 

thick (e.g. Fig. 8A) and stacked multistorey channelised sandbodies reach up to 16.3 m in thickness 313 

(e.g. Fig. 8B, C). 314 

 315 

Interpretation.--- FA1 represents fluvial channel-fill and barform deposition (Livera 1989). Basal 316 

erosion surfaces and the overlying mudclast and carbonaceous lags record initial channel scour (Allen 317 

1984). Soft-sediment deformation structures situated towards the base of upward-fining successions, 318 

or immediately overlying internal erosional scour surfaces, provide evidence for bank collapse and/or 319 

rapid loading of sediment in the channel following a period of non-deposition (e.g. Alexander & 320 

Gawthorpe 1993). During the early stages of channel filling, when channel depth and sediment input 321 

were high, cross-bedded and current-ripple cross-laminated sandstones provide evidence for 322 

migration of dunes and ripples in response to unidirectional currents (Harms et al. 1975; Bristow 323 

1993). Towards the top of each upward-fining succession, the abundance of horizontally laminated 324 

and current-ripple cross-laminated sandstones and siltstones indicates that the later stages of channel 325 

filling occurred under decreasing flow velocities and reduced water depths. The development of root 326 

traces indicates channel abandonment and/or exposure of bar-tops (e.g. Fig. 8B; Miall 1977, 1985; 327 
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Olsen 1988). The occurrence of abundant erosion surfaces, palaeosol horizons, and lenses of 328 

aggradational floodplain fines (FA3) in successions containing channelised sandbodies (Fig. 8B, C) is 329 

suggestive of an environment that received variable sediment input and discharge and implies there 330 

was sufficient time between deposition of successive storeys for floodplain and fine-grained channel-331 

fill deposits to accumulate (e.g. Kraus & Davies-Vollum 2004). Occurrences of monospecific 332 

assemblages of simple traces (Planolites) and the Scoyenia ichnofacies (Taenidium) indicate temporary 333 

burrowing by deposit feeders (Pemberton et al. 1992). Taenidium may be associated with abandoned 334 

or inactive fluvial channels and desiccated overbank settings (Buatois & Mangano 2011). Single-storey 335 

and multistorey channelised sandbodies, containing one or multiple basal erosional scours 336 

respectively, are suggestive of a channel-belt architecture (Miall 1996; Bridge 2006; Payenberg et al. 337 

2011). From this analysis we can assume that the majority of channelised sandbodies illustrated in 338 

Livera’s (1989) well-correlation panels through the Ness Formation are channel belts (Figs. 3A, 4A). 339 

Individual storeys are difficult to distinguish in multistorey channelised sandbodies because only the 340 

uppermost storey is usually fully preserved (Rubidge et al. 2000). 341 

 342 

FA2: Non-channelised fluvial sandbodies 343 

 344 

Description.--- Facies association 2 (FA2) consists of sandstones and siltstones with sharp upper and 345 

lower boundaries that occur as individual beds and vertically amalgamated beds that are 0.6-6 m 346 

thick in core (Table 2). Sandstone and siltstone beds are variously planar cross-bedded, current-ripple 347 

cross-laminated (including climbing ripples), massive and bioturbated, and many beds are penetrated 348 

by roots or exhibit weak palaeosol development (MI: 0-2) (Figs. 7D, 8A). 28% of cored sandstone 349 

bedsets in the facies association exhibit a fining-upward grain-size trend, typically comprising planar 350 

cross-bedding overlain by current-ripple cross-lamination and capped by roots, while 28% exhibit a 351 

coarsening-upward grain-size trend, comprising structureless sandstone overlain by current-ripple 352 

cross-lamination and planar cross-bedding. The remaining 44% of cored beds comprise structureless 353 

sandstone or bioturbated sandstone and siltstone. Trace fossil assemblages are of low diversity, and 354 

constitute monospecfic Planolites montanus (BI: 0-3), an impoverished Skolithos ichnofacies (Skolithos; 355 

BI: 0-2), or the Scoyenia ichnofacies (Taenidium; BI: 0-2). 356 

 357 

Interpretation.--- The small thickness of beds and bedsets, predominance of structures indicating 358 

unidirectional currents, and close association with channelised fluvial sandbodies (FA1) implies that 359 

FA2 was deposited by crevasse splays and levees, which developed in response to the breaching of an 360 

active channel during overbank flooding (Livera 1989; cf. Fielding 1986). The fining-upward grain-361 
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size trend is suggestive of waning unidirectional flow conditions, and gradual abandonment of the 362 

crevasse splay (Bridge 1984). In contrast, coarsening-upward grain-size trends suggest crevasse-splay 363 

or levee progradation into aggradational floodplain fines (Elliott 1974; Farrell 2001). The structureless 364 

nature of some beds implies rapid sediment-laden fallout from a turbulent suspension (Shultz 1984) 365 

or, more likely, modification by soft-sediment deformation, bioturbation and/or pedogenic processes 366 

that destroyed the original sedimentary fabric. The development of roots, palaeosols, and 367 

bioturbation towards the top of most crevasse splay and/or levee deposits reflects repeated intervals 368 

of non-deposition and rapid colonization during breaks in sedimentation (cf. Fielding 1986). Planolites 369 

and Taenidium are commonly associated with subaqueous and dessicated floodplain environments, 370 

respectively (Buatois & Mangano 2011). 371 

 372 

FA3: Non-channelised floodplain fines  373 

 374 

Description.--- Facies association 3 (FA3) consists of coal-bearing and root-penetrated, bioturbated 375 

and structureless siltstone and mudstone successions that are 0.3-3.0 m thick in core (Table 2, Figs. 7E-376 

F, 8B). Weakly-developed palaeosols (MI: 0-3), and a low diversity trace fossil assemblage of 377 

monospecific Planolites montanus or an impoverished Skolithos ichnofacies (Planolites montanus, 378 

Arenicolites; BI: 0-2) occur locally. Additional features include soft sediment deformation in the form 379 

of convolute lamination, and pyrite and siderite concretions.  380 

 381 

Interpretation.--- FA3 was deposited under low flow regimes via suspension fallout during 382 

intermittent overbank flooding events (Livera 1989; cf. Miall 1977; Fielding et al. 1986). The 383 

occurrence of roots provides evidence for repeated periods of subaerial exposure following periods of 384 

overbank flooding (cf. Fielding 1986; Melvin 1987). Bioturbation and pedogenesis lead to the 385 

development of structureless siltstones and mudstones. Coals are associated with the accumulation 386 

and preservation of carbonaceous plant material in water-saturated peat swamps, which requires a 387 

sustained period of reduced clastic input and high water table (Haszeldine 1989; Bohacs & Suter 388 

1997), which likely occurred in between avulsion events (e.g. Davies-Vollum & Smith 2008). The low 389 

diversity of trace fossil assemblages suggests a restricted, shallow-water environment of deposition, 390 

such as a floodplain lake, while the sporadic occurrence of Arenicolites suggests that the water column 391 

was affected intermittently stirred and oxygenated by strong currents and/or waves (cf. Buatois & 392 

Mangano 2011). 393 

 394 

FA 4-6: Lagoonal deposits  395 
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 396 

Description.--- Facies associations 4, 5 and 6 (FA4, FA5, FA6; Table 2) generally occur as upward-397 

coarsening successions of variably interbedded mudstones siltstones and sandstones. Thicknesses of 398 

successions for each facies association range between 0.9-10 m thick (FA4; Table 2), 0.6-21 m thick 399 

(FA5; Table 2), and 0.3-14 m thick (FA6; Table 2), respectively. Units are sharp based and exhibit flat, 400 

upper contacts. Common features include hummocky cross stratification, wave-ripples, bioturbation 401 

and/ or rooting, pyrite and siderite concretions (< 5 cm in diameter), synaeresis cracks, and soft 402 

sediment deformation in the form of convolute laminations. Fining-upwards grain size trends also 403 

occur (e.g. Table 2, Figs. 8C). Sparse to intense bioturbation (BI: 1-4) by an impoverished Skolithos or 404 

mixed Skolithos-Cruziana ichnofacies is typical. 405 

 406 

Interpretation.--- The prevalence of hummocky cross-stratification and symmetrical wave ripples in 407 

FA 5-6 (Table 2) suggests deposition in a shallow water body at or above storm wave base and within 408 

close proximity to the coeval shoreline, to allow for wave and storm reworking of the sediment into 409 

sandy shoals and deposition under combined and oscillatory flow (Livera 1989; Tye et al. 1999). In 410 

this context, sandstones of FA4 (Table 2) contain predominantly cross-bedding and current-ripple 411 

cross-lamination, which indicate deposition from unidirectional currents, and are interpreted as 412 

mouth bars (Budding & Inglin 1981; Livera 1989). Interbedded siltstone and mudstone intervals (e.g. 413 

Fig. 10B) indicate periods of reduced flow velocities during the temporary abandonment of mouth 414 

bars, distributary channels, and floodplain lagoonal shoals. Palaeosol profiles and abundant root 415 

traces (e.g. Fig. 10B) record episodic emergence of the mouth bars and lagoonal shoals (Livera 1989, 416 

Tye et al. 1999). Synaeresis cracks in FA 4-6 indicate fluctuations in salinity during deposition (Livera 417 

1989). In combination with the impoverished character of trace fossil assemblages, which implies a 418 

physico-chemical stress (MacEachern & Bann 2009), synaeresis cracks are consistent with a brackish, 419 

lagoonal setting (Livera 1989) or a sheltered embayment or estuarine basin (cf. the “estuarine basin 420 

fill/outer estuary” facies association of Løseth et al. 2009). 421 

 422 

PALAEOSOL CHARACTERISATION 423 

 424 

88 palaeosols were identified in the studied core intervals (reservoir zones 3.2, 425 

 and 2.4-2.1), and their characteristics are summarised in Table 3. The studied palaeosols are assigned 426 

to palaeosol maturity stages 1 to 5 (Figs. 9, 10), using the palaeosol maturity scheme of Bown & Kraus 427 

(1987). Stage 1 palaeosols are very weakly developed, and contain >80% of the primary depositional 428 

fabric. Stage 2 palaeosols retain 60-70% of their primary depositional fabric and are weakly 429 
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developed. Stage 3 palaeosols are weakly to moderately developed and contain 30-60% of their 430 

primary depositional fabric. Stage 4 palaeosols are moderately to strongly developed and retain <30% 431 

of their primary depositional fabric. Stage 5 palaeosols are not present in the studied cores. 432 

 433 

Description 434 

 435 

Three types of palaeosol are recognized in the studied cores. Palaeosols of the first type exhibit a 436 

maturity stage of 1-2, are 15-150 cm thick, and constitute 37% of the palaeosols in the studied cored 437 

intervals. Stage 1 palaeosols of this type exhibit very little evidence of palaeosol development, are 438 

commonly bioturbated, retain their original primary depositional colour and fabric, and contain 439 

pyrite and siderite concretions and small (<5 cm long by <0.5 cm wide) carbonaceous root traces (e.g. 440 

Fig. 9A). Stage 2 palaeosols of this type are grey-white in colour, contain abundant root traces, and 441 

comprise a single weakly developed horizon.  442 

 443 

Palaeosols of the second type exhibit maturity stages 1-4, are 15-290 cm thick, contain pyrite and 444 

siderite concretions, and constitute 34% of the studied palaeosols. Stage 1 palaeosols of this type 445 

consist of a grey to white rooted horizon, with a greater degree of colouration than palaeosols of the 446 

first type. Stage 2 palaeosols of this type contain a red-brown horizon that grades upward into a grey-447 

white rooted horizon (e.g. Fig. 9B). Stage 3 palaeosols consist of a clayey or organic-rich lower horizon 448 

which passes upward into a root-penetrated, orange-brown or green-grey upper horizon that exhibits 449 

some degree of red and purple colouration (e.g. Fig. 9C). Stage 4 palaeosols exhibit a greater degree of 450 

red-purple colouration. The colour contacts in this type of palaeosol are diffuse.  451 

 452 

Palaeosols of the third type exhibit maturity stages 1-4, are organic-rich, dark grey-black in colour, 453 

and contain coal horizons of 15-150 cm thickness (e.g. Figs. 7F, 9D), and constitute 29% of the studied 454 

palaeosols. Palaeosols of this type also contain root traces, yellow patches of sulphur staining (up to 5 455 

cm in diameter) and carbonaceous lenses. 456 

 457 

Palaeosols are stacked into single, compound, or composite profiles. A single palaeosol profile is 15-458 

150 cm thick and exhibits a maturity stage of 1-2 (21% of palaeosols in the studied cored intervals; 459 

represented by black bars in Figs. 8, 10-12). Compound profiles (sensu Kraus 1986) are 2.1-5.7 m thick 460 

(represented by grey bars in Figs. 8, 10-12), exhibit a maturity stage of 2-4, consist of multiple horizons 461 

which are each separated by sediment, and are bounded above and below by channelised fluvial 462 

sandbodies of FA1 (11% of palaeosols in the studied cored intervals). Composite palaeosol horizons 463 
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occur as a series of vertically stacked successive profiles (sensu Morrison 1967; Kraus 1999), which are 464 

0.9-4.2 m thick, and have a maturity stage 2-4 (68% of studied palaeosols; represented by white bars in 465 

Figs. 8, 10-12). Weakly-to-moderately developed compound palaeosols are commonly associated with 466 

non-channelised floodplain levees and crevasse splays (FA2; Table 2, e.g. Fig. 9A, C) and lagoonal 467 

sandstones, sandstones, siltstones, and mudstones (FA6; Table 2, e.g. Fig. 10A). Compound profiles 468 

are also located at boundaries between two facies associations such as channelised fluvial sandbodies 469 

and aggradational floodplain fines (FA1, FA3; Table 2; Fig. 10B).  470 

 471 

Interpretation 472 

 473 

The first type of palaeosol is immature entisols (Mack et al. 1993) which record intermittent and 474 

relatively short-lived plant colonization of floodplain sub-environments such as levees, lagoonal 475 

shoals, floodplain lakes and crevasse splays (Figs. 9A, 10). The dark grey-black colour of Stage 1 476 

palaeosols of this type and the abundance of carbonaceous material within them are suggestive of soil 477 

formation under reducing conditions in poorly-drained, permanently waterlogged areas of the 478 

floodplain (e.g. Besly & Fielding 1989; Retallack 2001). The grey-white colour of Stage 2 palaeosols 479 

may record gleization, which implies development under generally waterlogged conditions, for 480 

example due to a high water table (Besly & Fielding 1989; Retallack 2001). 481 

 482 

The second type of palaeosol is inceptisols (Mack et al. 1993). Waterlogged and incipient inceptisols 483 

developed in an environment that exhibited variations in water table and occupied reducing 484 

conditions, as indicated by their dark grey colour, absence of desiccation cracks, and high abundance 485 

of carbonaceous material (Figs. 9B-C, 10) (e.g. Besly & Fielding 1989). In contrast, purple-red 486 

colouration in the upper part of some palaeosol profiles implies development under prolonged 487 

partially drained and oxidised conditions (Besly & Fielding 1989; Retallack 2001), possibly during 488 

episodic lowering of the water table (cf. Bown & Kraus 1987). This second type of palaeosol therefore 489 

records a wider range of environmental conditions than the first type. 490 

 491 

The third type of palaeosol consists of hydromorphic and peaty histosols (Mack et al. 1993), which 492 

developed in shallow, waterlogged areas of the floodplain with high concentrations of vegetation 493 

(e.g. Besly & Fielding 1989; Retallack 2001). The dark grey colour (Figs. 9D) is characteristic of the 494 

preservation of organic matter under poorly-drained, reducing surface and subsurface conditions 495 

(Duchaufour 1982). The development of coals requires a sustained high water table and limited clastic 496 
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input (Haszeldine 1989; Bohacs & Suter 1997), most likely during periods of sediment starvation 497 

between avulsion-related deposition (Davies-Vollum & Kraus 2001). 498 

 499 

The general abundance of moderately developed palaeosols (maturity stages 2-4 of Bown & Kraus 500 

1987), and the prevalence of stacked profiles consisting of entisols, inceptisols and histosols (68 % of 501 

profiles are composite and 11 % are compound) imply relatively sustained periods of non-deposition 502 

(Kraus & Bown 1993). Compound palaeosols are suggestive of rapid sedimentation, and developed 503 

adjacent to channel margins where sedimentation was rapid and episodic and erosion was minor (e.g. 504 

Wright & Marriott 1993; Kraus & Aslan 1999; Kraus 1999). Compound palaeosols may be associated 505 

with the avulsion of a main channel (Kraus and Aslan 1993; Kraus 1996; Kraus & Gwinn 1997). 506 

Composite palaeosols developed where the rate of pedogenesis was higher than the rate of 507 

deposition, or where erosion and channel incision were pronounced (Kraus 1992, 1999; Wright 1992; 508 

Kraus & Bown 1993). As a main channel migrated and avulsed laterally over time, a series of 509 

vertically and partially overlapping palaeosol profiles developed due to relatively short-lived pauses 510 

in pedogenesis (Morrison 1967; Miall 2013). Single palaeosols that consist of one single rooted horizon 511 

(21 % of palaeosol profiles) suggest that palaeosol development was relatively short-lived and 512 

aggradation rates were sufficiently high to limit the development of mature palaeosols (e.g. Kraus & 513 

Bown 1993; Kraus 2002). 514 

 515 

AVULSION STYLE 516 

 517 

As outlined below, three styles of avulsion are interpreted from the vertical facies context and 518 

palaeosol types associated with 41 channelised fluvial sandbodies in the studied core dataset: (1) 519 

avulsion by annexation, (2) avulsion by progradation, and (3) avulsion by incision (cf. Flood & 520 

Hampson 2014, after Mohrig et al. 2000; Slingerland & Smith 2004). There is uncertainty in our 521 

interpretation of avulsion style for three reasons. Firstly, only vertical facies relationships (e.g. Figs. 522 

11, 12) can be assessed, rather than the lateral facies relationships between channelised sandbodies 523 

and neighbouring deposits that can also be observed at outcrop. Secondly, several of the channelised 524 

sandbodies are interpreted to overlie sequence boundaries (Figs. 11, 12), implying that there is no 525 

genetic linkage between the sandbodies and underlying deposits. The interpretation of these 526 

sequence boundaries is not unequivocal, and several of the sequence boundaries cannot be readily 527 

traced across the field (SB350 in Fig. 3A, and SB550, SB600 and SB700 in Fig. 4A). An avulsion 528 

interpretation is presented for these sandbodies in Figures 11 and 12, which assumes that the 529 

sandbody bases are not sequence boundaries; the implications of these alternative sequence 530 
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stratigraphic and avulsion-based interpretation are discussed later. The style of avulsion cannot be 531 

determined for c. 17% of the channelised sandbodies, due to the absence of core data over their bases.  532 

 533 

(1) 12% of the channelised fluvial sandbodies (FA1) contain stacked, vertically amalgamated stories 534 

(e.g. Fig. 12A, D). This vertical succession implies repeated reoccupation of the same site by an 535 

avulsing channel form, involving repeated phases of channel abandonment and subaerial exposure 536 

(i.e. avulsion by annexation; Slingerland & Smith 2004). A previously abandoned channel acts as 537 

partially infilled conduit for redirection during a later avulsion, or contains a more easily eroded 538 

lithology into which a newly avulsed channel can scour (e.g. Aslan & Blum 1999; Mohrig et al. 2000). 539 

 540 

(2) 49% of the channelised fluvial sandbodies (FA1) cut into an upward-coarsening (e.g. Figs. 10A, 541 

12A, C-D), upward-fining (e.g. Fig. 12A), or other succession (e.g. Figs. 11C, 12A) of crevasse-splay 542 

and/or levee deposits (FA3), or lagoonal deposits (FA4-6) that contain weakly to moderately 543 

developed palaeosols. This vertical succession implies gradual progradation of a fluvial channel into 544 

a topographically low part of a floodplain, as recorded by precursor crevasse splays or levees, prior to 545 

channel avulsion (i.e. avulsion by progradation; Mohrig et al. 2000), equivalent to “stratigraphically 546 

transitional avulsion” (sensu Jones & Hajek 2007). Avulsion by progradation occurs in locations 547 

proximal to the original parent channel, where precursor crevasse splays accumulate to form a 548 

downstream-thinning wedge of sediment (Slingerland & Smith 2004). 549 

 550 

(3) 22% of the channelised fluvial sandbodies (FA1) lie abruptly above aggradational floodplain fines 551 

(FA3) that contain palaeosols and coals, some of which are moderately to strongly developed (e.g. 552 

Figs. 11D, 12A, D). This vertical succession implies erosion and non-deposition prior to channel 553 

avulsion (i.e. avulsion by incision; Slingerland & Smith 2004), equivalent to “stratigraphically abrupt 554 

avulsion” (sensu Jones & Hajek 2007). Avulsion by incision may occur in locations distal to the 555 

original parent channel, where precursor crevasse splays are absent, or in floodplain settings with 556 

very slow or no aggradation (Slingerland & Smith 2004). 557 

 558 

There are too few data to confidently identify and interpret apparent lateral trends within reservoir 559 

zones in the proportion of channelised fluvial sandbodies (FA1) (Fig. 13A), palaeosol type (Fig. 13B), 560 

palaeosol stacking (Fig. 13C) and avulsion style (Fig. 13D) between cored wells. However, from base 561 

to top of the studied interval (reservoir zones 3.1-3.3, 2.1-2.5) there is an overall apparent decrease in 562 

the proportion of lower coastal plain facies associations (FA 4-6; Table 2) in the studied cores, and an 563 

associated increase in the proportion of upper coastal plain facies associations (FA 1-3; Table 2) (Fig. 564 
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13A). There is little apparent stratigraphic variation in the type of palaeosols (Fig. 13B), and histosols 565 

are abundant throughout. From base to top of the studied interval, the overall proportion of stacked, 566 

composite palaeosol profiles increases upwards as the proportion of single palaeosols decreases (Fig. 567 

13C). An apparent stratigraphic trend in avulsion style is observed, with an upward increase in 568 

avulsion by incision, and a corresponding decrease in avulsion by progradation (Fig. 13D), although 569 

data are sparse at some stratigraphic levels. The upward increases in the proportion of upper coastal 570 

plain facies associations, composite palaeosols and avulsion by incision are consistent with increasing 571 

distance from the coeval shoreline, as documented in previous studies (Mitchener et al. 1992; 572 

Fjellanger et al. 1996; Husmo et al. 2003; Hampson et al. 2004). More speculatively, these trends may 573 

also reflect an upward decrease in  tectonic subsidence rate, which may have forced overall 574 

progradation of the ”Brent Delta”; however, tectonic subsidence rates are not resolved in sufficient 575 

temporal detail to support this speculation. The occurrence of histosols throughout the studied 576 

interval suggests that the water table remained sufficiently high during deposition to enable 577 

development of mires. 578 

 579 

SANDBODY DIMENSIONS 580 

 581 

Description 582 

 583 

64 channelised fluvial sandbodies (FA1) were interpreted in the upper coastal plain strata of Cycles 2 584 

and 3 in the studied cross-sections by Livera (1989) (Figs. 3A, 4A, 5; Table 1). The mean apparent 585 

width of channelised fluvial sandbodies over the entire datasetin reservoir zones 3.2, 2.4, 2.2 and 2.1 is 586 

740 m (standard deviation of 630 m), although this value is highly interpretative given the well 587 

spacing of c. 200-1000 m in the lines of cross-section, and the mean thickness of these sandbodies is 5 588 

m (standard deviation of 2 m). Mean apparent sandbody width and thickness are greater (990 m and 589 

8 m, respectively) in Cycles 2 and 3 as a whole. 590 

 591 

Overall, channelised fluvial sandbodies in upper coastal plain strata of Cycle 3 (mean apparent 592 

widths of 580 m; Fig. 14J) are interpreted to be narrower than in Cycle 2 (mean apparent widths of 780 593 

m; Fig. 14F). Channelised sandbodies generally become wider in successively younger reservoir zones 594 

(mean apparent widths of 580, 670, and 830 m, respectively, in zones 3.2, 2.4, 2.1; Fig. 14J, I, G), except 595 

for reservoir zone 2.2 which contains the greatest value of mean apparent sandbody width (1330 m; 596 

Fig. 14H). Reservoir zone 2.2 contains an unusually wide sandbody (2830 wide by 8 m thick; Fig. 5) in 597 

the northern part of the field, which distorts the statistical trends that are based only on a small 598 
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number of data points. This sandbody has been interpreted previously as a trunk distributary channel 599 

(Livera 1989) or an incised valley fill (Hampson et al. 2004). Mean thickness values for upper-coastal-600 

plain channelised sandbodies in Cycles 2 and 3 and their associated stratigraphic subdivisions 601 

(reservoir zones 2.1-2.2 and 2.4) are similar (mean thicknesses of 5 m; Fig. 14A-E).  602 

 603 

Interpretation 604 

 605 

The interpreted general upward increase in mean apparent sandbody width in upper coastal plain 606 

strata of the Ness Formation (Fig. 14G, H, I, J) may have resulted from a greater degree of lateral 607 

channel migration and/or widening of channel belts (cf. Helland-Hansen et al. 1992; Wright & 608 

Marriott 1993), an increase in the supply of coarse-grained sediment (cf.  Törnqvist 1994), and/or an 609 

upward decrease in subsidence rate and differential compaction (cf. Allen 1978; Livera 1989; 610 

Mitchener et al. 1992; Hampson et al. 2004). 611 

 612 

SANDBODY DISTRIBUTIONS AND STRATIGRAPHIC TRENDS 613 

 614 

Description 615 

 616 

The value of lacunarity in Cycle 2 (0.32) is lower than the value of lacunarity in Cycle 3 (0.38), 617 

indicating greater spatial heterogeneity in sandbody distribution in the latter (cf. Fig. 6C). Values of 618 

lacunarity for each stratigraphic interval (reservoir zones 3.2, 2.4, 2.2 and 2.1) show no apparent 619 

relationship with stratigraphic position (black open circles in Fig. 15). Similarly, there is no apparent 620 

trend between stratigraphic position and net-to-gross ratio (grey filled circles in Fig. 15A). However, 621 

there is an upward-decreasing trend in the number of sandbodies per unit area (green filled circles in 622 

Fig. 15B), and an upward-increasing trend in apparent width of channelised fluvial sandbodies (blue 623 

filled circles in Fig. 15C). There are no apparent trends in the proportions of palaeosol type (orange 624 

symbols in Fig. 15D) or avulsion style (purple symbols in Fig. 15F) with stratigraphic position, but the 625 

proportion of composite (stacked) palaeosol profiles generally increases upwards (red crosses in Fig. 626 

15E). 627 

 628 

Reservoir zones 2.1, 2.2, 2.4, and Cycle 2 (Fig. 5) display clustering of sandbody centroids over length 629 

scales that lie between c. 1.5 and 3.5 times the mean sandbody dimensions (Figs. 16, 17). Reservoir 630 

zone 3.2 (Fig. 5) displays a random distribution of sandbody centroids over length scales of up to c. 631 

3.5 times the mean sandbody dimensions (Figs. 16, 17). Cycle 2, and reservoir zones 2.2 and 3.2 (Fig. 632 
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5) display spatial regularity in sandbody centroid positions over length scales of up to c. 0.8 times the 633 

mean sandbody dimensions width (Figs. 16, 17). Thus, randomly distributed and clustered patterns of 634 

sandbody centroids appear to be dominant, and there is no strong variation with stratigraphic 635 

position. 636 

 637 

Interpretation 638 

 639 

Spatial patterns of channelised sandbody distribution are more apparent when large stratigraphic 640 

intervals (e.g. Cycles 2 and 3 of Livera 1989) are broken down into stratigraphic subdivisions (e.g. 641 

reservoir zones 3.2, 2.4, 2.2, 2.1) (Fig. 16). This in part reflects the smaller number of sandbodies (i.e. 642 

smaller sample size) within the stratigraphic subdivisions. However, a similar trend is noted in 643 

outcrop datasets of comparable length scale, in which the stratigraphic subdivisions are related to 644 

variations in allogenic controls such as tectonic subsidence rate and distance from the coeval shoreline 645 

(e.g. Flood & Hampson 2015). Variations in spatial patterns of sandbody distribution between 646 

stratigraphic subdivisions may thus be obscured by averaging over larger stratigraphic intervals. In 647 

these same outcrop datasets, increasing values of lacunarity are associated with trends of increasing 648 

number of sandbodies per unit area, decreasing net-to-gross ratio, and decreasing apparent sandbody 649 

width (Fig. 15) (Flood & Hampson 2015), although no such relationships are apparent in the Brent 650 

Field reservoir (Fig. 15A-C). The general absence of trends in palaeosol type and avulsion style with 651 

stratigraphic position is also noted in outcrop datasets that show consistent stratigraphic variations in 652 

patterns of channelised sandbody distribution related to distance from the coeval shoreline (Flood & 653 

Hampson 2014, 2015), which implies that localised controls on palaeosol character and avulsion style 654 

(e.g. in specific wells or groups of wells) dominate over fieldwide stratigraphic variations in 655 

sandbody distributions (e.g. between reservoir zones). 656 

 657 

DISCUSSION 658 

 659 

Uncertainty in interpretations of sandbody dimensions, geometries and distributions 660 

 661 

Given the limitations imposed by well spacing (c. 200-1000 m, as projected into the lines of cross-662 

section) and distribution, there is significant uncertainty in the interpretation of stratigraphic 663 

architecture in the study dataset, including the dimensions, geometries and distributions of 664 

channelised fluvial sandbodies (Figs. 3, 4). Here we have used the architectural interpretations of 665 

Livera (1989) (Figs. 3A, 4A), which have withstood the integration of additional well and production 666 
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data to remain the stratigraphic template for reservoir modelling and management in the Brent Field 667 

(e.g. Bryant & Livera 1991; Bryant et al. 1991; Abbotts et al. 1997; James et al. 1999). The reservoir 668 

modelling experiments of Villamizar et al. (2015) suggest that variations in sandbody dimensions and 669 

positions would have greater influence on the spatial statistical patterns measured here using 670 

lacunarity and Besag’s L function than variations in sandbody sinuosity and orientation. Livera’s 671 

(1989) interpretation is not based on sequence stratigraphic concepts, but implies that avulsion was 672 

the dominant control on sandbody distribution. Sequence stratigraphic interpretations (e.g. Hampson 673 

et al. 2004) and avulsion-based interpretations such as those presented herein (cf. Jones & Hajek 2007) 674 

are both based principally on vertical patterns of sandbody stacking and facies architecture in wells. 675 

Both approaches to architectural interpretation are uncertain, because lateral architectural 676 

relationships that would constrain the degree of genetic linkage between channelised sandbodies and 677 

underlying deposits are absent. We therefore consider them to be interpretative to the same degree in 678 

the context of the study dataset (i.e. in the absence of high-resolution 3D seismic, palynological and/or 679 

chemostratigraphic data). 680 

 681 

Relationships between sandbody distributions, sandbody dimensions and avulsion style 682 

 683 

In the studied upper coastal plain strata (reservoir zones 3.2, 2.1-2.4; Figs. 3A, 4A), clustered and 684 

random distributions of sandbody centroids in the interpreted architectural cross-sections (Figs. 16, 685 

17) are similar to those generated by avulsion of deltaic distributary channels in numerical models of 686 

delta plain strata (Mackey & Bridge 1995; Karssenberg et al. 2008). Furthermore, values of lacunarity 687 

and patterns of sandbody centroid distribution are directly comparable to those measured in large 688 

outcrops of coastal plain strata in which avulsion of deltaic distributary channels has been interpreted 689 

(figure 12B of Flood & Hampson 2015). In this context, the upward-increasing trend in mean apparent 690 

sandbody width (Fig. 15C) can be interpreted to reflect a greater degree of lateral channel migration 691 

and/or widening of channel belts (cf. Wright & Marriott 1993), and the upward-decreasing trend in 692 

the number of sandbodies per unit area (Fig. 15B) can be attributed to increased proximity to the 693 

upstream avulsion node(s) of a major trunk channel (cf. Mackey & Bridge 1995; Karssenberg et al. 694 

2008; Flood & Hampson 2015). Sandbody distributions can alternatively be interpreted in terms of 695 

temporal variations in accommodation and/or sediment supply using sequence stratigraphic models, 696 

but as noted above this approach is as interpretive as an avulsion-based approach. For example, it is 697 

difficult to interpret the position of sequence boundaries in regions between major channelised 698 

sandbodies (Figs. 3A, 4A), which would represent interfluves between incised valley fills in a 699 

sequence stratgraphic interpretation. 700 
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 701 

There is no apparent relationship between sandbody dimensions and distribution patterns in the 702 

upper coastal plain intervals of the interpreted architectural cross-sections (Figs. 3A, 4A) and the 703 

proportions of palaeosol type, palaeosol stacking and avulsion style interpreted in cores (Fig. 15D-F). 704 

The absence of such relationships may reflect the predominance of localised controls on palaeosol 705 

development and avulsion (e.g. palaeotopography, vertical sedimentation rate) that operated at inter-706 

well scales, rather than fieldwide stratigraphic controls. However, this absence may also arise from 707 

difficulties in defining avulsion style from vertical facies successions, because the degree of genetic 708 

linkage between a channelised fluvial sandbody and underlying deposits is uncertain in the absence 709 

of lateral architectural relationships. This uncertainty is most pronounced where a sequence 710 

boundary might plausibly be interpreted at the base of a sandbody (e.g. across “SB350?”, “SB550?”, 711 

“SB600?” and “SB700?” in Figs. 11, 12). However, it should be noted that avulsion by incision and 712 

avulsion by annexation are interpreted to be more common in upper coastal plain strata (reservoir 713 

zones 3.2, 2.1-2.4) than in lower coastal plain strata (reservoir zones 3.1, 3,3, 2,5) (Fig. 13D), which 714 

implies that core-based interpretations of avulsion style can be made that are consistent with 715 

interpretations of depositional environment from facies analysis. 716 

 717 

Linking sandbody distribution patterns to palaeosol type, palaeosol stacking and avulsion style may 718 

require denser spacing of cored wells than available in the Brent Field dataset, in order to: (1) to more 719 

tightly constrain sandbody dimensions and positions more tightly, (2) to characterise localised 720 

variations in palaeosol development and avulsion style with greater lateral resolution, and (3) to 721 

generate larger datasets that contain more samples and allow more robust statistical analysis. The 722 

acquisition of such core datasets is unrealistic for most reservoirs. Instead, it may be more plausible to 723 

integrate sparse core and well data with 3D seismic data of sufficient resolution and quality to 724 

constrain aspects of sandbody dimensions and distributions. 725 

 726 

Implications for reservoir characterisation 727 

 728 

In Cycles 2 and 3 of the Ness Formation in the Brent Field reservoir, pressure data indicate the 729 

presence of hydraulically isolated sandstones (flow units) that are separated by laterally extensive 730 

shales (Johnson & Stewart 1985; Livera 1989; Bryant et al. 1991; James et al. 1999). The vertical 731 

communication of channelised fluvial sandbodies in reservoir zones 3.3-3.1 (Fig. 3) is relatively poor 732 

(Taylor et al. 2003). These reservoir zones are associated with fieldwide lagoonal shales in lower 733 

coastal plain strata (reservoir zones 3.1, 3.3) (Livera 1989), a higher proportion of avulsions generated 734 



23 
 

by progradation in lower coastal plain strata (Fig. 13D), and contain randomly distributed 735 

channelised sandbodies (Figs. 16E, 17). Channelised sandbodies are better connected in parts of 736 

reservoir zones 2.1-2.4 (Fig. 4) (Bryant et al. 1991). In these zones, channelised sandbodies in the 737 

southern part of the Brent Field display better vertical communication than in the northern part of the 738 

field, and also less rapid and more uniform pressure depletion (Taylor et al. 2003). Cycle 2 is 739 

associated with a higher proportion of avulsions generated by incision and annexation (Fig. 13D), and 740 

generally contains relatively large, randomly spaced and clustered sandbodies (Figs. 16A-D, 17). 741 

Alternatively, the relatively high connectivity of channelised sandbodies in reservoir zones 2.1-2.4 742 

may be attributed to the occurrence of three sequence boundaries (“SB550?”, “SB600?” and “SB700?” 743 

in Figs. 4A, 12), each overlain by a multistorey incised valley fill that is in contact with smaller 744 

sandbodies below the sequence boundary (Hampson et al. 2004). 745 

 746 

Based on facies analysis and palaeosol characterisation of the four studied cored wells in the Brent 747 

Field, it is possible to interpret lower and upper coastal plain deposits which have different spatial 748 

distribution patterns and connectivities of channelised fluvial sandbodies. Furthermore, it is possible 749 

to link these patterns of sandbody distribution to differences in avulsion style interpreted in sparse 750 

core data. However, it is not possible to accurately predict the positions of individual channelised 751 

fluvial sandbodies or clusters of such sandbodies (cf. Villamizar et al. 2015). Thus, uncertainty in the 752 

precise positions of sandbodies needs to be incorporated into reservoir modelling efforts, even though 753 

appropriate patterns of sandbody distribution in lower and upper coastal plain deposits may be 754 

interpreted from core-based evaluation of depositional environment and avulsion style during the 755 

early stages of field development. This will likely require simulation of stochastic variability in 756 

sandbody positions within the context of a “template” of their spatial distribution for a given 757 

depositional environment or range of avulsion styles. 758 

 759 

CONCLUSIONS 760 

 761 

The late Bajocian Ness Formation constitutes an alluvial-to-coastal plain succession situated in the 762 

Brent Field, UK North Sea. This study has characterised the distribution of channelised sandbodies in 763 

upper coastal plain strata of the reservoir (reservoir zones 3.2, 2.1-2.4) based on previously interpreted 764 

facies architectural panels. 765 

 766 

Facies analysis of cored wells indicate that upper coastal plain deposits comprise three facies 767 

associations: (FA1) channelised fluvial sandbodies, (FA2) non-channelised fluvial sandbodies, and 768 
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(FA3) non-channelised floodplain fines. Palaeosols comprise poorly-to-strongly developed entisols, 769 

inceptisols, and histosols which are associated with single, compound (overprinted), and composite 770 

(stacked) palaeosol profiles. Three styles of avulsion are identified on the basis of vertical facies 771 

relationships in cored wells. Avulsion by annexation is represented by vertically stacked (i.e. 772 

multistorey) channelised fluvial sandbodies, and records re-occupation of previously abandonned 773 

palaeochannels. Avulsion by progradation is represented by a channelised fluvial sandbody that 774 

directly overlies non-channelised fluvial sandbodies deposited by crevasse splays and levees as a 775 

precursor to avulsion. Avulsion by incision is represented by a channelised fluvial sandbody that 776 

directly overlies non-channelised floodplain fines, indicating channel erosion into a relatively distal 777 

area of the floodplain. Spatial statistical measures (Besag’s L function, lacunarity) applied to facies-778 

architectural interpretations of well correlation panels indicate that the dominant patterns of 779 

sandbody distribution are random and clustered, the latter over a range of length scales (x1.5 - x3.5 780 

mean sandbody dimensions). These sandbody distribution patterns can be attributed to autogenic 781 

avulsion of deltaic distributary channels downstream of a major avulsion node(s). 782 

 783 

These avulsion-generated patterns of sandbody distribution influence sandbody connectivity and 784 

pressure communication within the Brent Field reservoir. There is limited vertical communication 785 

between channelised fluvial sandbodies in lower coastal plain deposits (reservoir zones 3.1, 3.3, 2.5) 786 

due to the presence of fieldwide lagoonal shales and thick floodplain intervals, the latter consistent 787 

with avulsion by progradation. In comparison, upper coastal plain deposits (e.g. reservoir zones 2.1-788 

2.4) display better vertical communication and slower, more uniform pressure depletion, consistent 789 

with increased sandbody connectivity due to a higher proportion of avulsions generated by channel 790 

incision and annexation. More detailed patterns of sandbody distribution and connectivity (e.g within 791 

upper coastal plain deposits) cannot be readily linked to interpretations of palaeosol type, palaeosol 792 

stacking or avulsion style using sparse core data. Additional uncertainty arises from interpretation of 793 

the degree of genetic linkage between a channelised fluvial sandbody and underlying deposits, which 794 

is uncertain from vertical facies successions in core; this interpreted degree of genetic linkage is 795 

fundamental to any interpretation of avulsion style or sequence stratigraphy. 796 
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 1168 

Table 2 1169 
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bioturbation index of Taylor & Goldring (1993), and the palaeosol maturity index of Bown & Kraus 1172 

(1987), respectively. 1173 

 1174 

Table 3 1175 

Summary of palaeosol characteristics. Stages of palaeosol maturity are described using the palaeosol 1176 

maturity index (MI) of Bown & Kraus (1987). Palaeosols of various types and maturities occur as 1177 

isolated (single) palaeosols, are as densely stacked vertically to form overprinted (composite) 1178 

palaeosols, or are as loosely stacked vertically to form partially overlapping (compound) palaeosols 1179 

(e.g. Kraus 1999). 1180 

 1181 

Figure 1 1182 

A) Paleogeographic map for maximum regression of the Brent Group during the Late Bajocian (after 1183 

Husmo et al. 2003 and references therein). Late Bajocian strata are absent over the Mid-North Sea 1184 

Doime and adjacent areas (shaded white).The location of the Brent Field is shown. B) Map of the 1185 

Brent Field, locating the position of stratigraphic cross sections (Figs. 3, 4), selected cored wells 1186 

(211/29-2, 211/29-3, 211/29-A16 and 211/29-C06; Figs. 9, 11, 18, 19), original oil-water contact (after 1187 

Taylor et al. 2003), and faults.  1188 

 1189 

Figure 2 1190 

Summary lithostratigraphic scheme for the Middle Jurassic Brent Group (after Deegan & Scull 1977). 1191 

 1192 

Figure 3 1193 

A) Stratigraphic cross section of the lower Ness Formation in the Brent Field (Fig. 1), showing the 1194 

distribution of channelised fluvial sandbodies and field-wide coal zones, which are used to define 1195 

reservoir zones 3.1, 3.2 and 3.3 (Livera 1989, after his figure 3). Cored wells 211/29- BA16 and 211/29-1196 

C06, shown in Figures 8 and 11, are located. A high-resolution sequence stratigraphic interpretation 1197 

(Hampson et al. 2004) is also shown. The cross-section is vertically exaggerated by x100. B) Hand-1198 

contoured sandstone isopach map (in metres) of reservoir zone 3.1 (Livera 1989, after his figure 7). 1199 

Large sandstone thicknesses (c. >12 m) are interpreted as a series of parallel, west-east-trending 1200 

channelised fluvial sandbodies (Livera 1989). 1201 

 1202 

Figure 4 1203 

A) Stratigraphic cross section of the middle and upper Ness Formation in the Brent Field (Fig. 1), 1204 

showing the distribution of channelised fluvial sandbodies and field-wide coal zones, which are used 1205 
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to define reservoir zones 2.1-2.5 (Livera 1989, after his figure 4). Cored wells 211/29- 2 and 211/29-3, 1206 

shown in Figures 10 and 12, are located. A high-resolution sequence stratigraphic interpretation 1207 

(Hampson et al. 2004) is also shown. The cross-section is vertically exaggerated by x100. B) Hand-1208 

contoured sandstone isopach map (in metres) of reservoir zone 2.5 (Livera 1989, after his figure 8). 1209 

Large sandstone thicknesses (c. >12 m) are interpreted as a series of parallel, west-east-trending 1210 

channelised fluvial sandbodies (Livera 1989). 1211 

 1212 

Figure 5 1213 

Cross-section panels for stratigraphic subdivisions of the Ness Formation in the Brent Field: A) “Cycle 1214 

2”, B) reservoir zone 2.1; C) reservoir zone 2.2; D) reservoir zone 2.4; and E) reservoir zone 3.2 (after 1215 

Figs. 3, 4; Livera 1989). Net-to-gross ratios within each reservoir zone in the panels are taken from 1216 

Livera (1989). Each panel is converted into a binary image in which “foreground” channelised 1217 

sandbodies (black) are distinguished from “background” floodplain and lagoonal deposits (white), in 1218 

order to measure lacunarity. A white point represents the centroid of each channelised fluvial 1219 

sandbody, and the distribution of centroids is used for our application of Besag’s L function. 1220 

 1221 

Figure 6 1222 

Diagrams illustrating the application of lacunarity and the L function in this study. A) Binary image 1223 

of panel of reservoir zone 2.4 (Fig. 5D) in which channelised fluvial sandbodies (black) are 1224 

distinguished from floodplain deposits (white), in order to measure lacunarity. The centroid of each 1225 

channelised fluvial sandbody is illustrated as a white point, and their distribution is used for our 1226 

application of Besag’s L function. The panel is vertically exaggerated by x123 (i.e. ratio of mean 1227 

apparent sandbody width, 985 990 m to mean sandbody thickness, 8 m, in reservoir zones 3.3-2.1). B) 1228 

Plot of L function for panel of reservoir zone 2.4 (Fig. 6A). The horizontal and vertical axes show 1229 

distances expressed as multiples of mean apparent sandbody dimensions, in order to minimise the 1230 

effects of anisotropy in sandbody dimensions. Random distributions plot within the envelope (grey 1231 

area) for complete spatial randomness (CSR) defined by 99 Monte Carlo simulations of centroid 1232 

distributions. Clustered and regularly spaced centroid distributions plot below and above this 1233 

envelope, respectively (after convention of Rosenberg & Anderson 2011). C) Plot of lacunarity versus 1234 

inhomogeneity in spatial positioning of sandbody centroids, as identified using the L function. Data 1235 

are shown for three cartoons that illustrate type examples of spatial patterns (right of plot) and for 1236 

panel of reservoir zone 2.4 (Fig. 6A). Grey bars represent the spatial extent of data for each image, and 1237 

superimposed black bars show the length scales of sandbody-centroid clustering or regular spacing. 1238 

Length scales not represented by black portions of the grey-and-black bars correspond to random 1239 
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spacing of sandbody centroids. Length scales are expressed as multiples of mean apparent sandbody 1240 

dimensions. Lacunarity is dimensionless. 1241 

 1242 

Figure 7 1243 

Photographs illustrating key features of selected facies associations (Table 2) in well 211/29-BC06 (Fig. 1244 

8). Facies association 1 (FA1), comprising channelised fluvial sandbodies: A) Basal erosion surface (at 1245 

11952’), B) mudstone and carbonaceous intraclast lag (at 11599’), and C) current-ripple cross-1246 

laminated sandstones and siltstones (at 11908’). Facies associations 2 and 3 (FA2, 3) comprising non-1247 

channelised floodplain deposits: D) root-penetrated sandstone (at 11454’), E) root-penetrated siltstone 1248 

containing monospecific Planolites montanus (labelled Pm) (at 11877’), and F) coal (at 11899’).  1249 

 1250 

Figure 8 1251 

Representative core descriptions from well 211/29-BC06 that illustrate facies associations (Table 2), 1252 

associated wireline log trends, bioturbation intensity, and intensity of pedogenic modification. The 1253 

locations of photographs in Figures 7 and 9B are shown. Well 211/29-BC06 is located in Figures 1 and 1254 

3. 1255 

 1256 

Figure 9 1257 

Photographs of representative palaeosols (Table 3): A) entisol of stage 1 palaeosol maturity (sensu 1258 

Bown & Kraus 1987), with no horizon development, minor root hairs, and little alteration of the 1259 

primary depositional fabric (at 9980’ in well 211/29-BA16); B) inceptisol of stage 2 palaeosol maturity 1260 

in which more intense pedogenesis has led to horizon development (defined by diffuse grey and red 1261 

colouration) and overprinted the primary sedimentary fabric (at 11900’ in well 211/29-BC06); C) 1262 

inceptisol of stage 3 palaeosol maturity that exhibits development of diffuse green, grey and purple 1263 

horizons, root hairs and siderite nodules (at 8830’ in well 211/29-2); and D) histosol of stage 2 palaeosol 1264 

maturity, with an upper horizon marked by a coal and a lower horizon consisting of a clay-rich layer 1265 

containing root traces and a yellow-to-white coloured concretion (at 9094’ in well 211/29-3). Black 1266 

arrows in the centre of the core in Figure 9D have been drawn to indicate way up. The locations of 1267 

these photos are shown in Figures 8 and 10.  1268 

 1269 

Figure 10 1270 

Core descriptions of representative palaeosols in the Ness Formation: A) one single palaeosol 1271 

succession, one composite palaeosol profile, and one compound palaeosol succession (well 211/29-3); 1272 

B) one single palaeosol succession, one compound palaeosol succession, and one composite package 1273 
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consisting of inceptisols and histosols (well 211/29-2); and C) one composite palaeosol succession 1274 

consisting of entisols and histosols (well 211/29-BA16). Refer to Figure 8 for key to core descriptions. 1275 

 1276 

Figure 11 1277 

Core descriptions of upper coastal plain successions in Cycle 3 (Fig. 3) in wells A) 211/29- BA16, B) 1278 

211/29-2, C) 211/29-C06, and D) 211/29- 3, respectively, showing facies successions, interpreted 1279 

avulsion style and channelised sandbody distributions (Fig. 16). Refer to Figure 8 for key to core 1280 

descriptions. 1281 

 1282 

Figure 12 1283 

Core descriptions of upper coastal plain successions in Cycle 2 (Fig. 4) in wells A) 211/29-BA16, B) 1284 

211/29-2, C) 211/29-C06, and D) 211/29- 3, respectively, showing facies successions, interpreted 1285 

avulsion style and channelised sandbody distributions (Fig. 16). Refer to Figure 8 for key to core 1286 

descriptions. 1287 

 1288 

Figure 13 1289 

Comparison of selected parameters in cored successions from wells 211/29-BA16, 211/29-2, 211/29-C06 1290 

and 211/29- 3 (e.g. Figs. 11, 12) for stratigraphic subdivisions of lower (reservoir zones 3.1, 3.3 and 2.5; 1291 

Figs. 3A, 4A) and upper coastal plain strata (reservoir zones 3.2  and 2.1-2.4; Figs. 3A, 4A): A) 1292 

proportions of facies associations, B) palaeosol type, C) palaeosol stacking, and D) interpreted 1293 

avulsion style. 1294 

 1295 

Figure 14 1296 

Graphs illustrating the A-E) thicknesses and F-J) apparent widths of channelised fluvial sandbodies in 1297 

stratigraphic subdivisions of the Ness Formation (Panels A-E in Fig. 5; after the interpretations of 1298 

Livera 1989): A, B) Cycle 2, C, D) reservoir zone 2.1, E, F) reservoir zone 2.2, G, H) reservoir zone 2.4, 1299 

and I, J) reservoir zone 3.2. The number of channelised fluvial sandbodies (n), their mean apparent 1300 

width and mean thickness, and values of standard deviation (S.D.) for apparent sandbody width and 1301 

thickness are listed in the top right of each graph. Black, white and grey bars represent channelised 1302 

fluvial sandbodies that intersect panels that are oriented at N175, N014 and N019, respectively. 1303 

 1304 

Figure 15 1305 

Cross plots of (A-F) lacunarity, (A) net-to-gross ratio, (B) number of sandbodies per unit area, (C) 1306 

mean apparent sandbody width, (D) proportion of palaeosol type, (E) palaeosol stacking, and (F) 1307 
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avulsion style against stratigraphic subdivisions of upper coastal plain strata in the Ness Formation 1308 

(reservoir zones 3.2, 2.1, 2.2, and 2.4 in Fig. 5). Interpreted trends are shown as coloured lines in 1309 

Figure 15B and 15C, and for composite palaeosols in Figure 15E. 1310 

 1311 

Figure 16 1312 

Graphs of L function for sandbody centroids in upper coastal plain strata of the Ness formation for A) 1313 

Cycle 2 (Fig. 5), and B-E) for each stratigraphic subdivision (reservoir zones 3.2, 2.1, 2.2, 2.4 in Fig. 5), 1314 

positioned to illustrate variability from base to top of the study area. Randomly distributed centroids 1315 

plot in the envelope for complete spatial randomness (CSR) defined by 99 Monte Carlo simulations 1316 

(grey). Clustered and regularly spaced sandbody centroids plot beneath and above the Monte-Carlo 1317 

envelope (grey), respectively. 1318 

 1319 

Figure 17 1320 

Plot of lacunarity versus inhomogeneity in spatial positioning of sandbody centroids (cf. Fig. 6C) for 1321 

stratigraphic subdivisions of upper coastal plain strata in the Ness Formation (Cycles 2 and 3, and 1322 

reservoir zones 3.2, 2.1, 2.2, and 2.4 in Fig. 5). Grey bars represent the spatial extent of data for panels 1323 

of each stratigraphic interval, and superimposed coloured bars show the length scales of sandbody-1324 

centroid clustering or regular spacing. Length scales not represented by coloured portions of the grey 1325 

bars correspond to random spacing of sandbody centroids. Length scales of L Function results are 1326 

expressed as multiples of mean apparent sandbody dimensions. Lacunarity is dimensionless. 1327 



Panel 
Stratigraphic 
unit or cycle 

Panel 
thickness 

Panel 
width 

Panel 
orientation 

Number of 
sandbodies 

A Cycle 2 52 m 12 km N019 / N175 34 
B Unit 2.1 15 m 12 km N019 / N175 13
C Unit 2.2 12 m 12 km N019 / N175 9
D Unit 2.4 17 m 12 km N019 / N175 14 
E Unit 3.2 23 m 12 km N014 / N175 28 
 
Table 1 
Dimensions and orientations of panels A-E in the Ness Formation (Fig. 5). 



Facies association Description Thickness 
Bioturbation and 
pedology  Interpretation 

Upper 
coastal 
plain 

FA-1:  
Channelised 
fluvial  
sandstone 

Erosionally based, fine- to coarse-grained sandstone 
with pebble-grade intraformational lags and 
carbonaceous debris. Trough and planar cross-
bedding, horizontal lamination, current ripple cross-
lamination and soft sediment deformation are 
common. Successions generally fine upwards. Roots 
and pedogenic modification in some multistorey 
(stacked) successions. Pyrite and siderite 
concretions.  

0.9-13.0 m 

Generally absent (BI: 
0), but locally sparse 
to low (BI: 1–2; 
Taenidium).  
MI: 0-2 

Fluvial channel-fill deposits contain internal 
cross-stratification produced by the migration of 
bars, dunes and ripples in response to 
unidirectional currents. Periods of non-
deposition and subaerial exposure characterised 
by root traces. 

FA-2:  
Non-
channelised 
fluvial 
sandstones 
and 
siltstones 

Siltstone to medium-grained sandstone. Planar 
cross-bedding, current ripple cross-lamination, 
structureless bedding and carbonaceous debris are 
common. Modification by soft sediment 
deformation, bioturbation and pedogenesis. Pyrite 
and siderite concretions.  

0.6-6.0 m 
 

Absent to moderate 
(BI: 0–3; Skolithos, 
Taenidium).  
MI: 0-3 

Sandstones and siltstones record waxing and/or 
waning of unconfined unidirectional currents in 
crevasse splays. Stacked coarsening-upward and 
fining-upward successions of beds record 
progradation and retreat of main fluvial channel 
(e.g. Miall 1985). 

FA-3:  
Non -
channelised  
floodplain 
fines 
(including 
coals)  
 

Mudstone, siltstone and coals. Pedogenic 
modification, bioturbation, soft sediment 
deformation, carbonaceous debris, and pyrite and 
siderite nodules are common. Rare desiccation 
cracks and synaeresis cracks. 

0.3-3.0 m Generally absent (BI: 
0), but locally low 
(BI: 2; Arenicolites).  
MI: 0-4 

Vertical aggradation on a vegetated floodplain 
via intermittent influx of fine-grained sediment 
from suspension during river flooding, followed 
by period of subaerial exposure characterised by 
rootlets, pedogenic horizons, bioturbation and 
coal seams (e.g. Miall 1996). Synaeresis cracks 
indicate variations in salinity during deposition. 

Lower 
coastal 
plain 

FA-4:  
Lagoonal  
mouthbar 
sandstones 

Siltstone to coarse-grained sandstone; sandstones 
have sharp-to-irregular basal erosion surfaces lined 
by mudstone intraclasts. Cross-bedding, wave and 
current ripple cross-lamination, planar lamination, 
and soft sediment deformation. 

0.9-10.0 m Generally absent (BI: 
0), but locally sparse 
to moderate (BI 1–3; 
Skolithos, 
Arenicolites). MI: 0-2 

Sharp-based sandstone beds record deposition of 
deltaic mouth bars by migration of dunes and 
ripples in response to unidirectional currents, 
with later wave-reworking and modification. 

FA-5:  
Lagoonal  
wave-
influenced  
sandstones 
and 
siltstones 
 

Siltstone to coarse-grained sandstone. Wave and 
current ripple cross-lamination, micro-scale 
hummocky cross-stratification, planar cross-
bedding, and horizontal bedding. Additional 
features include pyrite and siderite concretions, 
carbonaceous debris, synaeresis cracks, and rooting. 

0.6-21.0 m 
 

Sparse to moderate 
(BI: 1-3; Skolithos, 
Diplocraterion, 
Arenicolites, 
Teichichnus). MI: 0-3 

Wave-influenced lagoon or bay associated with 
episodic storms, and migration of dunes and 
ripples in response to unidirectional currents. 
Low diversity ichnofauna suggests brackish 
conditions. Synaeresis cracks indicate variations 
in salinity during deposition. 

FA-6:  
Lagoonal  
sandstones, 
siltstones, 
and 
mudstones 

Parallel-laminated mudstone and siltstone with rare 
very fine- to medium-grained sandstone beds 
containing micro-scale hummocky cross-
stratification and current-ripple cross-lamination. 
Additional features include concretions, 
carbonaceous debris, synaeresis cracks, and rooting. 

0.3-14.0 m Sparse to high (BI 1–
4; Skolithos 
ichnofacies: 
Arenicolites, 
Teichichnus). 
MI: 0-4 

Mudstones and siltstones deposited from 
suspension settling in lagoon or embayment. 
Sandstone beds record rare episodic sand influx 
by unidirectional currents and reworking by 
storm waves. Low diversity ichnofauna suggests 
brackish conditions.  

 
Table 2 
Summary of facies associations (after Livera 1989). Trace fossil assemblages, intensity of bioturbation, and palaeosol maturity are described using the ichnofacies 
scheme of Pemberton et al. (1992), the bioturbation index of Taylor & Goldring (1993) and the palaeosol maturity index of Bown & Kraus (1987), respectively. 



Palaeosol type and 
maturity stage Thickness Description Interpretation 

Entisols 

MI =1 

15-150 cm 

>80% of primary depositional fabric preserved. Single pedogenic 
horizon of dark grey-black colour. Bioturbation and mottling, rare 
carbonaceous root traces, pyrite and siderite concretions. 

Short-lived, intermittent plant colonization under 
reducing conditions on poorly-drained or waterlogged 
floodplain. 

MI =2 60-70% of primary depositional fabric preserved. Single pedogenic 
horizon of grey-white colour. Abundant carbonaceous root traces. 

Weak soil development under reducing conditions on 
poorly-drained or waterlogged floodplain, resulting in 
development of characteristic (gleyed) colour. 

Inceptisols 

MI =1 

15-290 cm 

>80% of primary depositional fabric preserved. Single pedogenic 
horizon of grey-to-white colour. Rare carbonaceous root traces, 
pyrite and siderite concretions. 

Very weak soil development under generally reducing 
conditions on poorly-drained floodplain. 

MI =2 
60-70% of primary depositional fabric preserved. Two pedogenic 
horizons of red-brown (lower) and grey-white (upper) colour. 
Abundant carbonaceous root traces, pyrite and siderite concretions. 

Weak soil development under generally reducing 
conditions on poorly-drained floodplain. 

MI =3 

30-60% of primary depositional fabric preserved. Lower pedogenic 
horizon is clayey or organic rich; upper pedogenic horizons is 
orange-brown or green-grey in colour with weak red and purple 
mottling. Abundant carbonaceous root traces, pyrite and siderite 
concretions. 

Moderate soil development under episodic conditions of 
poor drainage, partial drainage and oxidation-on the 
floodplain. 

MI =4 

<30% of primary depositional fabric preserved. Lower pedogenic 
horizon is clayey or organic rich; upper pedogenic horizons is 
orange-brown or green-grey in colour with strong red and purple 
mottling. Carbonaceous root traces, pyrite and siderite concretions. 

Strong soil development under episodic conditions of 
poor drainage, partial drainage and oxidation-on the 
floodplain. 

Histosols MI = 1-4 15-150 cm 

Variable preservation (>80% to <30%) of primary depositional 
fabric. Lower pedogenic horizon is organic-rich and dark grey-
black in colour; upper horizon comprises black coal. Carbonaceous 
root traces, sulphur staining. 

Very weak to strong soil development under reducing 
conditions on permanently waterlogged floodplain. Peat 
accumulation (to form coal) records sustained high 
water table and clastic sediment starvation. 

 
Table 3 
Summary of palaeosol characteristics. Stages of palaeosol maturity are described using the palaeosol maturity index (MI) of Bown & Kraus (1987). Palaeosols of 
various types and maturities occur as isolated (single) palaeosols, as densely stacked vertically to form overprinted (composite) palaeosols, or as loosely stacked 
vertically to form partially overlapping (compound) palaeosols (e.g. Kraus 1999). 
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