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ABSTRACT

Numerical models and recent outcrop case studies of alluvial-to-coastal plain strata suggest that
autogenic avulsion can control the stacking density and architecture of channelised fluvial
sandbodies. The application of these models to subsurface well data is tested via analysis of upper
coastal plain deposits of the late Bajocian Ness Formation, in the Brent Field reservoir, UK North Sea.
These coastal plain deposits accumulated during the progradation and retrogradation of the wave-

dominated ”Brent Delta”.

Sedimentological facies analysis and palaeosol characterisation in core have been used to interpret
styles of palaeochannel avulsion. These results have then been compared to the dimensions and
distributions of channelised fluvial sandbodies which have been quantified using spatial statistical
tools (lacunarity, Besag’s L function) applied to interpretative correlation panels between closely
spaced wells. The results indicate that distributions of channelised sandbodies may plausibly have
been generated by avulsions, and that they influence sandbody connectivity and pressure depletion
patterns. Intervals of upper coastal plain strata with relatively wide sandbodies that display some
clustering in their stratigraphic architecture are associated with a high proportion of avulsions by
incision and annexation in core. Such intervals display relatively good vertical pressure
communication and relatively slow, uniform pressure depletion.

[end of abstract]

INTRODUCTION

Numerical models that investigate the dimensions and connectivity of channelised fluvial sandstone
bodies suggest that avulsion frequency and sediment accumulation rate control the spatial
distribution of such bodies in alluvial-to-coastal-plain strata (Leeder 1978; Allen 1978; Bridge &
Leeder 1979; Mackey & Bridge 1995; Heller & Paola 1996; Térnqvist & Bridge 2002; Jerolmack & Paola
2007). However, alluvial-to-coastal-plain successions are commonly interpreted with reference to
sequence stratigraphic models that relate the character and distribution of channelised fluvial
sandbodies to allogenic (external) controls such as tectonic subsidence, base level, and changes in
sediment and water supply (e.g. Wright & Marriot 1993; Shanley & McCabe 1994). In this context,
autogenic (internal) behaviours are often presumed to represent relatively small-scale, high-frequency
‘noise’ that modulate the effects of larger-scale allogenic controls (Slingerland & Smith 2004; Hajek &

Wolinsky 2011). Recent physical and numerical modelling experiments and selected outcrop case
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studies of channel-belt stacking patterns suggest that autogenic behaviours can generate large-scale
self-organisation whilst allogenic forcing remains relatively constant (Mackey & Bridge 1995; Blum &
Tornqvist 2000; Jerolmack & Paola 2007; Bridge 2008; Straub et al. 2009; Hajek et al. 2010; Hajek &
Wolinsky 2012; Flood & Hampson 2015). However, to date there have been few attempts to apply the
concept of autogenic stratigraphic organisation to alluvial-to-coastal-plain reservoirs (Hofmann et al.

2011).

Avulsion is an autogenic process that occurs during active alluvial sedimentation, and involves the
relatively rapid diversion of flow out of an established channel belt, either by reoccupation of a pre-
existing channel or relocation to a new permanent position on the floodplain (Allen 1978; Mohrig et
al. 2000; Slingerland & Smith 2004; Jones & Hajek 2007). Avulsion typically controls the long-term
distribution of sediment and water on the alluvial plain (Mohrig et al. 2000), and thus, plays an
important role in controlling fluvial stratigraphic architecture (Leeder 1978; Allen 1978; Bridge &
Leeder 1979; Mackey & Bridge 1995; Heller & Paola 1996; Mohrig et al. 2000). Two patterns of
channel-belt stacking pattern can be generated by avulsion: clustering and compensational stacking
(Straub et al. 2009; Hajek et al. 2010; Hofmann et al. 2011). Channel-belt clustering results from locally
confined accommodation space and/or sediment supply (Leeder 1978; Shanley & McCabe 1994; Hajek
et al. 2010; Hofmann et al. 2011). In contrast, compensational stacking results from preferential
channel relocation into topographically lower positions on the floodplain due to differential

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

Palaeosol analysis can be used to determine variations in floodplain sediment accumulation rate
(Kraus & Gwinn 1997). The spatial relationships between channelised fluvial sandbodies and
surrounding overbank deposits, including palaeosols, can help to determine avulsion style and
variability in alluvial successions (Kraus & Aslan 1993; Kraus 1996). Three styles of avulsion have
been documented in previous studies: avulsion by annexation (avulsion by reoccupation sensu
Slingerland & Smith 2004), avulsion by erosion (avulsion by incision sensu Slingerland and Smith),
and avulsion by progradation (Kraus & Wells 1999; Mohrig et al. 2000; Slingerland & Smith 2004;
Flood & Hampson 2014). The style of avulsion may be controlled by floodplain topography,
sedimentation processes, base level, and the distribution and stacking density of channels on the
alluvial plain (Kraus & Wells 1999; Mohrig et al. 2000; Jones & Hajek 2007). These models of avulsion

style have not been previously applied to subsurface data.
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In this paper, we use data from an alluvial-to-coastal plain reservoir (Late Bajocian Ness Formation,
Brent Field, UK North Sea) in order to: (1) analyse the detailed sedimentological character of
overbank deposits and palaeosols in core, in-erderso as to interpret stratigraphic and
palaeogeographic variation in avulsion style, (2) quantitatively analyse the previously interpreted
(Livera 1989) dimensions and spatial distribution of channelised fluvial sandbodies, and (3) compare
patterns of interpreted sandbody distribution with core-based sedimentological analysis, in order to
assess the degree of consistency between the two characterisation approaches and their utility in

reservoir characterisation.

GEOLOGICAL CONTEXT AND STRATIGRAPHIC FRAMEWORK

The Middle Jurassic (Aalenian-Bathonian) Brent Group was deposited across the East Shetland
Platform, North Viking Graben and Horda Platform, and forms a reservoir in over 65 fields in the
northern North Sea (Fig. 1A; Husmo et al. 2003). The Brent Group was deposited over c. 12 Myr
during a period of tectonic quiescence and passive thermal subsidence following Triassic rifting, and
prior to the main phase of late Jurassic rifting (Husmo et al. 2003). The Brent Field is situated in a
gently dipping (8°), westerly rotated fault block on the eastern margin of the East Shetland Basin
(Taylor et al. 2003; Fig. 1B). The field was initially discovered in 1971 (Taylor et al. 2003), and had
produced just over 2000 MMSTB of oil by December 2014 (DECC 2015). Planning of field
abandonment is currently taking place (Shell UK 2015), but the Brent Group reservoir serves as a

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

The Ness Formation constitutes coastal plain deposits of the Brent Group, with the underlying
Rannoch and Etive formations and overlying Tarbert Formation representing partly coeval shallow-
marine deposits (Fig. 2; Deegan & Scull 1977). In combination, the Rannoch, Etive, Ness and Tarbert
formations record the overall regression and subsequent transgression of a wave-dominated delta
(Fig. 2; Deegan & Scull 1977; Budding & Inglin 1981; Johnson & Stewart 1985). Various low-resolution
and high-resolution sequence stratigraphic schemes have been constructed for the Brent Group (e.g.
Helland-Hansen et al. 1992; Mitchener et al. 1992; Fjellanger et al. 1996; Hampson et al. 2004). High-
resolution sequence stratigraphic schemes tend to contain units that are comparable in scale to
reservoir zones at a field scale (e.g. Flint et al. 1998; Morris et al. 2003). In the Brent Field reservoir, the
Ness Formation is subdivided into lower (reservoir zones 3.1-3.3; Fig. 3), middle (reservoir zone 2.5;
Fig. 4; “Mid-Ness Shale”; Budding & Inglin 1981), and upper intervals (reservoir zones 2.1-2.4 and

1.2-1.4; Fig. 4) based on the distribution of field-wide coal zones and other facies associations (Livera



125  1989). The distribution of channelised fluvial sandbodies in the Ness Formation of the Brent Field is
126  interpreted to reflect a combination of allogenic, high-frequency relative sea-level changes and

127 | associated variations in distance from the regional palaeoshoreline (e.g. Hampson et al. 2004), and
128 | localised, autogenic variations in sediment supply and basinal processes (e.g. Livera 1989). The Ness
129 Formation was deposited under a relatively stable humid climate (e.g. Ryseth 1989).

130

131 DATASET AND METHODOLOGY

132

133 The dataset for this study comprises core from four wells (211/29-2, 211/29-3, 211/29-C06, 211/29-A16;
134 Fig. 1) and the facies-architectural interpretations of Livera (1989), which are based on wireline log

135 and core data from 72 wells;a

136

137 James-etal1999). In total, 570 m of core from four wells (211/29-2, 211/29-3, 211/29-BA16, 211/29-

138  BCO6; Fig. 1B) was logged, in order to carry out facies analysis and palaeosol characterisation. The
139  apparent widths and thicknesses of channelised fluvial sandbodies were measured from two cross-
140  sections aligned approximately perpendicular to the axes of channelised sandbodies, through the
141  lower (Fig. 3), middle, and the upper Ness Formation (Fig. 4) (after figures 7 and 8 of Livera 1989).
142 These cross-sections were constructed using core and wireline-log data from 51 wells projected into
143 the lines of cross-section (Livera 1989). Both cross-sections are interpretative given the limitations
144 imposed by well spacing (c. 200-1000 m, as projected into the lines of cross-section), and it has been
145  previously inferred that channelised sandbodies are oriented west-east, are nearly linear and are

146  parallel to each other in plan view (Livera 1989) (Figs. 3B, 4B). These inferences are consistent with
147  subsequent well and production data, and have been retained in several generations of reservoir

148 models (e.g. Bryant & Livera 1991; Bryant et al. 1991; Abbotts et al. 1997; James et al. 1999). The cross-
149  sections of Livera (1989) are also consistent with a sequence stratigraphic interpretation of the studied
150 strata based on core data from the four studied Brent Field wells (211/29-2, 211/29-3, 211/29-BA16,
151  211/29-BCO06; Fig. 1B) and additional regional well and biostratigraphic data (Hampson et al. 2004).
152 However, alternative interpretations are clearly possible given that sandbodies are narrow relative to
153  well spacing in the cross-sections (Figs. 3A, 4A). It is not our intention in this paper to develop such
154  interpretations, but instead to test and appraise the architectural interpretations of Livera (1989) and
155  sequence stratigraphic interpretations of Hampson et al. 2004). However, our results are discussed in
156  light of potential variability in sandbody orientation and plan-view geometry, and in sequence

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

158  zones (Fig. 5), in order to measure the dimensions and spatial distributions of channelised sandbodies
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in upper coastal plain strata, as outlined below. Lower coastal plain strata contain too few
channelised fluvial sandbodies for meaningful analysis of their spatial distribution (Fig. 5). The

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

Measurement of sandbody dimensions

The apparent width and thickness of each channelised fluvial sandbody was measured from the
cross-sections, for upper coastal plain in reservoir zones 2.1-2.4 and 3.2 (Fig. 5). Errors associated with
the panel images are small, and reflect image resolution and measurement repeatability, although
there is large uncertainty in sandbody correlation, extent and orientation between wells in the original
work of Livera (1989). Sandstone isopach maps indicate that channelised sandbodies are oriented
approximately west-east, nearly perpendicular to the cross-sections (Figs. 3B, 4B). However, the
measured widths of sandbodies in the cross-sections are apparent values that may slightly over-
estimate true sandbody widths (by up to 6%, for portions of the cross-sections that are oriented

N019).

Measurement of sandbody distributions

Spatial statistical methods have been applied to analyse the distributions of points and objects in
various scientific disciplines. Several widely used methods are inappropriate for our analysis because
they only compare results for areas of similar size (e.g. nearest neighbour distance method; Clark &
Evans 1954), or require robust identification of a chronologically ordered series of depositional
horizons (e.g. compensation index; Straub et al. 2009). For the purpose of this study, lacunarity and
Besag's L function (Fig. 6) are used because these methods can be applied to geological datasets to
generate clear and easily interpretable outputs (e.g. Plotnick 1999; Rankey 2002; Hajek et al. 2010; Roy
et al. 2010; Zhao et al. 2011; Flood & Hampson 2015).

Lacunarity.--- Lacunarity is a scale-dependent measure of spatial dispersion (Plotnick et al. 1996). We
use the gliding-box algorithm method (Allain & Cloitre 1991 ) to calculate lacunarity, because it is a
relatively straightforward and computationally simple technique (Plotnick et al. 1996). A binary,
black-and-white image of each panel was first generated (Fig. 6A). The gliding-box algorithm then
uses square boxes of different sizes to sample the binary image. A box of given length is placed at the
top left of the image, and the number of pixels representing sandstone (black in Fig. 6A) within the

box is counted. The box is then moved one column along to the right and the process is repeated over
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all rows and columns until the entire area of the panel has been scanned and counted. 12 box sizes
were used to scan each panel, with minimum and maximum box sizes of 2% and 45% of the panel
area, respectively. The maximum box size was chosen to be less than 50% of the panel area, because
larger sizes introduce statistical errors (Karperien 1999-2013). The sliding box algorithm is typically
used to generate a frequency distribution of lacunarity against box size (e.g. Plotnick et al. 1996). Since
little variation in lacunarity exists for different box lengths used in this study, we-ealeslate-a single,
mean value of lacunarity for each panel by averaging across the length scales of all grid box sizes and

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

6C):_using the following equation:

_ X[F4]
L) = Grige——— )

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

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

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

homogeneous and translationally invariant pattern containing gaps of similar size (Fig. 6C). A high
value of lacunarity (maximum = 1) indicates a heterogeneous pattern with a varied range of gap sizes
(Fig. 6C) (Plotnick et al. 1996). Values of lacunarity depend only on the assignment of pixels to

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

Ripley’s K function and Besag’s L function.--- Analysis of second-order spatial point patterns
commonly involves the use of Ripley’s K function (Ripley 1977), which measures the extent of
clustering and spatial dispersion at different length scales. Here, we use Ripley’s K function to analyse
the distribution of the centroids of channelised sandbodies in each panel of interpreted facies

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

Ripley’s K function, K(h), is obtained in a plane by comparing the predicted number of points (e.g.
sandbody centroids) within a distance (/) of each point to the average rate of the point process (1), as
outlined in the following equation:

K(R)=A71E (N(h)) for h >0 (42)

where 1 is the number of centroid points in the 2D area of radius h(N) divided by the area of the

study region, and E(N(h)) is the expected number of points in the same region (e.g. Cressie 1993;
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Rosenberg & Anderson 2011). If the number of points found at a certain value of & is equal to the
number of points expected, taking into account the intensity of the point process, then the resulting
distribution pattern is random. If more points are found within a given value of & than the number
expected, then this indicates clustering. If fewer points are found, then points are distributed
regularly. We use Besag's L function (Besag 1977), L(k), a variance-stabilised version of Ripley’s K
function, so that the K function can be compared to its expected value and against a benchmark of

zero (Besag & Diggle 1977; Rosenberg & Anderson 2011):-
Ly =h— [*© (23)

If the expected value of L(h) found at a certain distance is equal to the number of points estimated,
taking into account the intensity of the point process, then the distribution pattern is close to zero and
represents complete spatial randomness (L(h) = 0; Besag 1977). We use 99 Monte Carlo simulations of
a completely spatially random point process to establish a probability distribution for the number of
points expected for the studied range of h at a 95% confidence level (Rosenberg & Anderson 2011). If
points are regularly dispersed, then L(k) >0 and the L function plots positively above the complete
spatial randomness envelope (Fig. 6B; Besag 1977). In contrast, if points are clustered, then L(k) <0
and the L function plots negatively below the complete spatial randomness envelope (Fig. 6B; Besag

1977).

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

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

thickness everall-ef the studiedpanelsin reservoir zones 3.3-2.1; Fig. 5), in order to minimise the

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

Consequently, the expected spacing of sandbody centroids displays a constant mean and constant
variance in all directions. Length scale is expressed in multiples of mean apparent sandbody
dimensions (labelled “x1”, “x2”, etc. on the horizontal axis of Fig. 6C), and vertical and horizontal
spacings of sandbody centroids are scaled according to mean maximum sandbody thickness and
mean apparent sandbody width, respectively. In order to avoid distortion by edge effects, we use
Ripley’s weighted method (Ripley 1988) such that the maximum distance between points that is
considered in our application of the L function is 25% of the width or height of each panel (Rosenberg
& Anderson 2011). Sandbody centroids that lie outside of the limits of the panels are excluded from
our analysis . The position of sandbody centroids within each panel is independent of the three-

dimensional orientation of the sandbodies, but their horizontal spacing may vary according to the
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orientation of the panel. The total number of centroids in each panel (Fig. 5) ranges between 9 (Panel
C; Table 1) and 34 (Panel A; Table 1). The identification of sandbody centroids is sensitive to
interpretation of sandbody type and hierarchy. Results will be most robust if only sandbodies of a

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

Sensitivity of spatial statistical tools.--- Villamizar et al. (2015) carried out several tests on cross-
sections extracted from 3D object-based reservoir models of channelised sandbodies, in order to
investigate the sensitivity of lacunarity and Ripley’s K function to various parameters that may be
poorly constrained in typical outcrop and subsurface datasets. Both lacunarity and Ripley’s K
function are relatively insensitive to the orientation of the cross-section in which they are measured,
relative to mean sandbody orientation, provided that the cross-section is oriented parallel or oblique
to depositional strike. Increasing the range of sandbody orientations and/or sandbody sinuosities
results in a greater number of sandbody intersections and amalgamations, and a wider range of gap
sizes between sandbodies. Lacunarity is thus increased. Ripley’s K function is not significantly
affected, because sandbody-centroid distributions show little variation as the range of sandbody

orientations is increased.

Both lacunarity and Ripley’s K function are strongly affected by stochastic variation in sandbody
position (Villamizar et al. 2015), which depends on the number and distribution of well conditioning

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

dimensions (c. 200-1000 m; Fig. 1B) therefore implies that alternative sandbody distributions to those
in the architectural interpretations of Livera (1989) (Figs. 3, 4, 5) may give significantly different

spatial statistical results.

FACIES ANALYSIS

Facies analysis of the Ness Formation in the four studied cored wells has identified six facies
associations, which are summarised in Table 2 (after Richards & Brown 1986; Livera 1989; Hampson
et al. 2004). Three facies associations (FA 1-3; Table 2), documented below, characterise upper coastal
plain strata and form the focus of this study. Facies associations that characterise lower coastal plain
strata (FA 4-6; Table 2) are treated only briefly since they are not the focus of this study. Trace fossil
assemblages and intensity of bioturbation are described using the ichnofacies scheme of Pemberton et

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

(1987).

FA1: Channelised fluvial sandbodies

Description.--- Facies association 1 (FA1) comprises erosionally based, sharp topped units that are
0.9-13 m thick in core (Table 2, Figs. 7, 8). Basal erosion surfaces are directly overlain by thin (<10 cm),
pebble-grade mudstone intraclast lag deposits or carbonaceous debris, followed by a fining-upward
succession (Fig. 7A-B). Fining-upward successions consist of trough and planar cross-bedded
sandstone, horizontally-laminated sandstone and siltstone, current ripple cross-laminated sandstone
and siltstone (Fig. 7C), massive sandstone and siltstone, and root-penetrated beds. Soft sediment
deformation structures in the form of convolute lamination, and abundant plant debris are locally
present in medium- and coarse-grained sandstones. Bioturbation is generally absent (BI: 0), but
monospecific Planolites and Scoyenia ichnofacies (Taenidium) (BI: 1-2) occur locally in the upper
portion of each fining-upward succession, as do roots, wood fragments, and siderite and pyrite
concretions (MI: 0-3; Fig. 8B, C). Channelised fluvial sandbodies either consist of a single fining-
upward succession (i.e. single-storey sandbodies sensu Gibling 2006; e.g. Fig. 8A), or a series of
stacked, fining-upward successions, each with a major erosion surface at its base (i.e. multistorey
sandbodies sensu Gibling 2006; e.g. Fig. 8B, C). Single-storey channelised sandbodies are 0.9-11.1 m
thick (e.g. Fig. 8A) and stacked multistorey channelised sandbodies reach up to 16.3 m in thickness

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

Interpretation.--- FA1 represents fluvial channel-fill and barform deposition (Livera 1989). Basal
erosion surfaces and the overlying mudclast and carbonaceous lags record initial channel scour (Allen
1984). Soft-sediment deformation structures situated towards the base of upward-fining successions,
or immediately overlying internal erosional scour surfaces, provide evidence for bank collapse and/or
rapid loading of sediment in the channel following a period of non-deposition (e.g. Alexander &
Gawthorpe 1993). During the early stages of channel filling, when channel depth and sediment input
were high, cross-bedded and current-ripple cross-laminated sandstones provide evidence for
migration of dunes and ripples in response to unidirectional currents (Harms et al. 1975; Bristow
1993). Towards the top of each upward-fining succession, the abundance of horizontally laminated
and current-ripple cross-laminated sandstones and siltstones indicates that the later stages of channel
filling occurred under decreasing flow velocities and reduced water depths. The development of root

traces indicates channel abandonment and/or exposure of bar-tops (e.g. Fig. 8B; Miall 1977, 1985;

10
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Olsen 1988). The occurrence of abundant erosion surfaces, palaeosol horizons, and lenses of
aggradational floodplain fines (FA3) in successions containing channelised sandbodies (Fig. 8B, C) is
suggestive of an environment that received variable sediment input and discharge and implies there
was sufficient time between deposition of successive storeys for floodplain and fine-grained channel-
fill deposits to accumulate (e.g. Kraus & Davies-Vollum 2004). Occurrences of monospecific
assemblages of simple traces (Planolites) and the Scoyenia ichnofacies (Taenidium) indicate temporary
burrowing by deposit feeders (Pemberton et al. 1992). Taenidium may be associated with abandoned
or inactive fluvial channels and desiccated overbank settings (Buatois & Mangano 2011). Single-storey
and multistorey channelised sandbodies, containing one or multiple basal erosional scours
respectively, are suggestive of a channel-belt architecture (Miall 1996; Bridge 2006; Payenberg et al.
2011). From this analysis we can assume that the majority of channelised sandbodies illustrated in
Livera’s (1989) well-correlation panels through the Ness Formation are channel belts (Figs. 3A, 4A).
Individual storeys are difficult to distinguish in multistorey channelised sandbodies because only the

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

FA2: Non-channelised fluvial sandbodies

Description.--- Facies association 2 (FA2) consists of sandstones and siltstones with sharp upper and
lower boundaries that occur as individual beds and vertically amalgamated beds that are 0.6-6 m
thick in core (Table 2). Sandstone and siltstone beds are variously planar cross-bedded, current-ripple
cross-laminated (including climbing ripples), massive and bioturbated, and many beds are penetrated
by roots or exhibit weak palaeosol development (MI: 0-2) (Figs. 7D, 8A). 28% of cored sandstone
bedsets in the facies association exhibit a fining-upward grain-size trend, typically comprising planar
cross-bedding overlain by current-ripple cross-lamination and capped by roots, while 28% exhibit a
coarsening-upward grain-size trend, comprising structureless sandstone overlain by current-ripple
cross-lamination and planar cross-bedding. The remaining 44% of cored beds comprise structureless
sandstone or bioturbated sandstone and siltstone. Trace fossil assemblages are of low diversity, and
constitute monospecfic Planolites montanus (BI: 0-3), an impoverished Skolithos ichnofacies (Skolithos;

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

Interpretation.--- The small thickness of beds and bedsets, predominance of structures indicating
unidirectional currents, and close association with channelised fluvial sandbodies (FA1) implies that
FA2 was deposited by crevasse splays and levees, which developed in response to the breaching of an

active channel during overbank flooding (Livera 1989; cf. Fielding 1986). The fining-upward grain-

11
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size trend is suggestive of waning unidirectional flow conditions, and gradual abandonment of the
crevasse splay (Bridge 1984). In contrast, coarsening-upward grain-size trends suggest crevasse-splay
or levee progradation into aggradational floodplain fines (Elliott 1974; Farrell 2001). The structureless
nature of some beds implies rapid sediment-laden fallout from a turbulent suspension (Shultz 1984)
or, more likely, modification by soft-sediment deformation, bioturbation and/or pedogenic processes
that destroyed the original sedimentary fabric. The development of roots, palaeosols, and
bioturbation towards the top of most crevasse splay and/or levee deposits reflects repeated intervals
of non-deposition and rapid colonization during breaks in sedimentation (cf. Fielding 1986). Planolites
and Taenidium are commonly associated with subaqueous and dessicated floodplain environments;

respectively (Buatois & Mangano 2011).

FA3: Non-channelised floodplain fines

Description.--- Facies association 3 (FA3) consists of coal-bearing and root-penetrated, bioturbated
and structureless siltstone and mudstone successions that are 0.3-3.0 m thick in core (Table 2, Figs. 7E-
F, 8B). Weakly-developed palaeosols (MI: 0-3), and a low diversity trace fossil assemblage of
monospecific Planolites montanus or an impoverished Skolithos ichnofacies (Planolites montanus,
Arenicolites; BI: 0-2) occur locally. Additional features include soft sediment deformation in the form

of convolute lamination, and pyrite and siderite concretions.

Interpretation.--- FA3 was deposited under low flow regimes via suspension fallout during
intermittent overbank flooding events (Livera 1989; cf. Miall 1977; Fielding et al. 1986). The
occurrence of roots provides evidence for repeated periods of subaerial exposure following periods of
overbank flooding (cf. Fielding 1986; Melvin 1987). Bioturbation and pedogenesis lead to the
development of structureless siltstones and mudstones. Coals are associated with the accumulation
and preservation of carbonaceous plant material in water-saturated peat swamps, which requires a
sustained period of reduced clastic input and high water table (Haszeldine 1989; Bohacs & Suter
1997), which likely occurred in between avulsion events (e.g. Davies-Vollum & Smith 2008). The low
diversity of trace fossil assemblages suggests a restricted, shallow-water environment of deposition,
such as a floodplain lake, while the sporadic occurrence of Arenicolites suggests that the water column

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

Mangano 2011).

FA 4-6: Lagoonal deposits
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Description.--- Facies associations 4, 5 and 6 (FA4, FA5, FA6; Table 2) generally occur as upward-
coarsening successions of variably interbedded mudstones siltstones and sandstones. Thicknesses of
successions for each facies association range between 0.9-10 m thick (FA4; Table 2), 0.6-21 m thick
(FA5; Table 2), and 0.3-14 m thick (FA6; Table 2), respectively. Units are sharp based and exhibit flat,
upper contacts. Common features include hummocky cross stratification, wave-ripples, bioturbation
and/ or rooting, pyrite and siderite concretions (< 5 cm in diameter), synaeresis cracks, and soft
sediment deformation in the form of convolute laminations. Fining-upwards grain size trends also
occur (e.g. Table 2, Figs. 8C). Sparse to intense bioturbation (BI: 1-4) by an impoverished Skolithos or

mixed Skolithos-Cruziana ichnofacies is typical.

Interpretation.--- The prevalence of hummocky cross-stratification and symmetrical wave ripples in
FA 5-6 (Table 2) suggests deposition in a shallow water body at or above storm wave base and within
close proximity to the coeval shoreline, to allow for wave and storm reworking of the sediment into
sandy shoals and deposition under combined and oscillatory flow (Livera 1989; Tye et al. 1999). In
this context, sandstones of FA4 (Table 2) contain predominantly cross-bedding and current-ripple
cross-lamination, which indicate deposition from unidirectional currents, and are interpreted as
mouth bars (Budding & Inglin 1981; Livera 1989). Interbedded siltstone and mudstone intervals (e.g.
Fig. 10B) indicate periods of reduced flow velocities during the temporary abandonment of mouth
bars, distributary channels, and floodplain lagoonal shoals. Palaeosol profiles and abundant root
traces (e.g. Fig. 10B) record episodic emergence of the mouth bars and lagoonal shoals (Livera 1989,
Tye et al. 1999). Synaeresis cracks in FA 4-6 indicate fluctuations in salinity during deposition (Livera
1989). In combination with the impoverished character of trace fossil assemblages, which implies a
physico-chemical stress (MacEachern & Bann 2009), synaeresis cracks are consistent with a brackish,
lagoonal setting (Livera 1989) or a sheltered embayment or estuarine basin (cf. the “estuarine basin

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

PALAEOSOL CHARACTERISATION

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

and 2.4-2.1), and their characteristics are summarised in Table 3. The studied palaeosols are assigned
to palaeosol maturity stages 1 to 5 (Figs. 9, 10), using the palaeosol maturity scheme of Bown & Kraus
(1987). Stage 1 palaeosols are very weakly developed, and contain >80% of the primary depositional

fabric. Stage 2 palaeosols retain 60-70% of their primary depositional fabric and are weakly
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developed. Stage 3 palaeosols are weakly to moderately developed and contain 30-60% of their
primary depositional fabric. Stage 4 palaeosols are moderately to strongly developed and retain <30%

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

Description

Three types of palaeosol are recognized in the studied cores. Palaeosols of the first type exhibit a
maturity stage of 1-2, are 15-150 cm thick, and constitute 37% of the palaeosols in the studied cored
intervals. Stage 1 palaeosols of this type exhibit very little evidence of palaeosol development, are
commonly bioturbated, retain their original primary depositional colour and fabric, and contain
pyrite and siderite concretions and small (<5 cm long by <0.5 cm wide) carbonaceous root traces (e.g.
Fig. 9A). Stage 2 palaeosols of this type are grey-white in colour, contain abundant root traces, and

comprise a single weakly developed horizon.

Palaeosols of the second type exhibit maturity stages 1-4, are 15-290 cm thick, contain pyrite and
siderite concretions, and constitute 34% of the studied palaeosols. Stage 1 palaeosols of this type
consist of a grey to white rooted horizon, with a greater degree of colouration than palaeosols of the
first type. Stage 2 palaeosols of this type contain a red-brown horizon that grades upward into a grey-
white rooted horizon (e.g. Fig. 9B). Stage 3 palaeosols consist of a clayey or organic-rich lower horizon
which passes upward into a root-penetrated, orange-brown or green-grey upper horizon that exhibits
some degree of red and purple colouration (e.g. Fig. 9C). Stage 4 palaeosols exhibit a greater degree of

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

Palaeosols of the third type exhibit maturity stages 1-4, are organic-rich, dark grey-black in colour,
and contain coal horizons of 15-150 cm thickness (e.g. Figs. 7F, 9D), and constitute 29% of the studied
palaeosols. Palaeosols of this type also contain root traces, yellow patches of sulphur staining (up to 5

c¢m in diameter) and carbonaceous lenses.

Palaeosols are stacked into single, compound, or composite profiles. A single palaeosol profile is 15-
150 cm thick and exhibits a maturity stage of 1-2 (21% of palaeosols in the studied cored intervals;
represented by black bars in Figs. 8, 10-12). Compound profiles (sensu Kraus 1986) are 2.1-5.7 m thick
(represented by grey bars in Figs. 8, 10-12), exhibit a maturity stage of 2-4, consist of multiple horizons
which are each separated by sediment, and are bounded above and below by channelised fluvial

sandbodies of FA1 (11% of palaeosols in the studied cored intervals). Composite palaeosol horizons
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occur as a series of vertically stacked successive profiles (sensu Morrison 1967; Kraus 1999), which are
0.9-4.2 m thick, and have a maturity stage 2-4 (68% of studied palaeosols; represented by white bars in
Figs. 8, 10-12). Weakly-to-moderately developed compound palaeosols are commonly associated with
non-channelised floodplain levees and crevasse splays (FA2; Table 2, e.g. Fig. 9A, C) and lagoonal
sandstones, sandstones, siltstones, and mudstones (FA6; Table 2, e.g. Fig. 10A). Compound profiles
are also located at boundaries between two facies associations such as channelised fluvial sandbodies

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

Interpretation

The first type of palaeosol is immature entisols (Mack et al. 1993) which record intermittent and
relatively short-lived plant colonization of floodplain sub-environments such as levees, lagoonal
shoals, floodplain lakes and crevasse splays (Figs. 9A, 10). The dark grey-black colour of Stage 1
palaeosols of this type and the abundance of carbonaceous material within them are suggestive of soil
formation under reducing conditions in poorly-drained, permanently waterlogged areas of the
floodplain (e.g. Besly & Fielding 1989; Retallack 2001). The grey-white colour of Stage 2 palaeosols
may record gleization, which implies development under generally waterlogged conditions, for

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

The second type of palaeosol is inceptisols (Mack et al. 1993). Waterlogged and incipient inceptisols
developed in an environment that exhibited variations in water table and occupied reducing
conditions, as indicated by their dark grey colour, absence of desiccation cracks, and high abundance
of carbonaceous material (Figs. 9B-C, 10) (e.g. Besly & Fielding 1989). In contrast, purple-red
colouration in the upper part of some palaeosol profiles implies development under prolonged
partially drained and oxidised conditions (Besly & Fielding 1989; Retallack 2001), possibly during
episodic lowering of the water table (cf. Bown & Kraus 1987). This second type of palaeosol therefore

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

The third type of palaeosol consists of hydromorphic and peaty histosols (Mack et al. 1993), which
developed in shallow, waterlogged areas of the floodplain with high concentrations of vegetation
(e.g. Besly & Fielding 1989; Retallack 2001). The dark grey colour (Figs. 9D) is characteristic of the
preservation of organic matter under poorly-drained, reducing surface and subsurface conditions

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

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

The general abundance of moderately developed palaeosols (maturity stages 2-4 of Bown & Kraus
1987), and the prevalence of stacked profiles consisting of entisols, inceptisols and histosols (68 % of
profiles are composite and 11 % are compound) imply relatively sustained periods of non-deposition
(Kraus & Bown 1993). Compound palaeosols are suggestive of rapid sedimentation, and developed
adjacent to channel margins where sedimentation was rapid and episodic and erosion was minor (e.g.
Wright & Marriott 1993; Kraus & Aslan 1999; Kraus 1999). Compound palaeosols may be associated
with the avulsion of a main channel (Kraus and Aslan 1993; Kraus 1996; Kraus & Gwinn 1997).
Composite palaeosols developed where the rate of pedogenesis was higher than the rate of
deposition, or where erosion and channel incision were pronounced (Kraus 1992, 1999; Wright 1992;
Kraus & Bown 1993). As a main channel migrated and avulsed laterally over time, a series of
vertically and partially overlapping palaeosol profiles developed due to relatively short-lived pauses
in pedogenesis (Morrison 1967; Miall 2013). Single palaeosols that consist of one single rooted horizon
(21 % of palaeosol profiles) suggest that palaeosol development was relatively short-lived and
aggradation rates were sufficiently high to limit the development of mature palaeosols (e.g. Kraus &

Bown 1993; Kraus 2002).

AVULSION STYLE

As outlined below, three styles of avulsion are interpreted from the vertical facies context and
palaeosol types associated with 41 channelised fluvial sandbodies in the studied core dataset: (1)
avulsion by annexation, (2) avulsion by progradation, and (3) avulsion by incision (cf. Flood &
Hampson 2014, after Mohrig et al. 2000; Slingerland & Smith 2004). There is uncertainty in our
interpretation of avulsion style for three reasons. Firstly, only vertical facies relationships (e.g. Figs.
11, 12) can be assessed, rather than the lateral facies relationships between channelised sandbodies
and neighbouring deposits that can also be observed at outcrop. Secondly, several of the channelised
sandbodies are interpreted to overlie sequence boundaries (Figs. 11, 12), implying that there is no
genetic linkage between the sandbodies and underlying deposits. The interpretation of these
sequence boundaries is not unequivocal, and several of the sequence boundaries cannot be readily
traced across the field (SB350 in Fig. 3A, and SB550, SB600 and SB700 in Fig. 4A). An avulsion
interpretation is presented for these sandbodies in Figures 11 and 12, which assumes that the

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

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

(1) 12% of the channelised fluvial sandbodies (FA1) contain stacked, vertically amalgamated stories
(e.g. Fig. 12A, D). This vertical succession implies repeated reoccupation of the same site by an
avulsing channel form, involving repeated phases of channel abandonment and subaerial exposure
(i.e. avulsion by annexation; Slingerland & Smith 2004). A previously abandoned channel acts as
partially infilled conduit for redirection during a later avulsion, or contains a more easily eroded

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

(2) 49% of the channelised fluvial sandbodies (FA1) cut into an upward-coarsening (e.g. Figs. 10A,
12A, C-D), upward-fining (e.g. Fig. 12A), or other succession (e.g. Figs. 11C, 12A) of crevasse-splay
and/or levee deposits (FA3), or lagoonal deposits (FA4-6) that contain weakly to moderately
developed palaeosols. This vertical succession implies gradual progradation of a fluvial channel into
a topographically low part of a floodplain, as recorded by precursor crevasse splays or levees, prior to
channel avulsion (i.e. avulsion by progradation; Mohrig et al. 2000), equivalent to “stratigraphically
transitional avulsion” (sensu Jones & Hajek 2007). Avulsion by progradation occurs in locations
proximal to the original parent channel, where precursor crevasse splays accumulate to form a

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

(3) 22% of the channelised fluvial sandbodies (FA1) lie abruptly above aggradational floodplain fines
(FA3) that contain palaeosols and coals, some of which are moderately to strongly developed (e.g.
Figs. 11D, 12A, D). This vertical succession implies erosion and non-deposition prior to channel
avulsion (i.e. avulsion by incision; Slingerland & Smith 2004), equivalent to “stratigraphically abrupt
avulsion” (sensu Jones & Hajek 2007). Avulsion by incision may occur in locations distal to the
original parent channel, where precursor crevasse splays are absent, or in floodplain settings with

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

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

zones in the proportion of channelised fluvial sandbodies (FA1) (Fig. 13A), palaeosol type (Fig. 13B),
palaeosol stacking (Fig. 13C) and avulsion style (Fig. 13D) between cored wells. However, from base
to top of the studied interval (reservoir zones 3.1-3.3, 2.1-2.5) there is an overall apparent decrease in
the proportion of lower coastal plain facies associations (FA 4-6; Table 2) in the studied cores, and an

associated increase in the proportion of upper coastal plain facies associations (FA 1-3; Table 2) (Fig.
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13A). There is little apparent stratigraphic variation in the type of palaeosols (Fig. 13B), and histosols
are abundant throughout. From base to top of the studied interval, the overall proportion of stacked,
composite palaeosol profiles increases upwards as the proportion of single palaeosols decreases (Fig.
13C). An apparent stratigraphic trend in avulsion style is observed, with an upward increase in
avulsion by incision, and a corresponding decrease in avulsion by progradation (Fig. 13D), although
data are sparse at some stratigraphic levels. The upward increases in the proportion of upper coastal
plain facies associations, composite palaeosols and avulsion by incision are consistent with increasing
distance from the coeval shoreline, as documented in previous studies (Mitchener et al. 1992;
Fjellanger et al. 1996; Husmo et al. 2003; Hampson et al. 2004). More speculatively, these trends may
also reflect an upward decrease in tectonic subsidence rate, which may have forced overall
progradation of the ”"Brent Delta”; however, tectonic subsidence rates are not resolved in sufficient
temporal detail to support this speculation. The occurrence of histosols throughout the studied
interval suggests that the water table remained sufficiently high during deposition to enable

development of mires.

SANDBODY DIMENSIONS

Description

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

and 3 in the studied cross-sections by Livera (1989) (Figs. 3A, 4A, 5; Table 1). The mean apparent
width of channelised fluvial sandbodies ever-the-entire-datasetin reservoir zones 3.2, 2.4, 2.2 and 2.1 is

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

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

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

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

Overall, channelised fluvial sandbodies in upper coastal plain strata of Cycle 3 (mean apparent
widths of 580 m; Fig. 14]) are interpreted to be narrower than in Cycle 2 (mean apparent widths of 780
m; Fig. 14F). Channelised sandbodies generally become wider in successively younger reservoir zones
(mean apparent widths of 580, 670, and 830 m, respectively, in zones 3.2, 2.4, 2.1; Fig. 14], I, G), except
for reservoir zone 2.2 which contains the greatest value of mean apparent sandbody width (1330 m;
Fig. 14H). Reservoir zone 2.2 contains an unusually wide sandbody (2830 wide by 8 m thick; Fig. 5) in

the northern part of the field, which distorts the statistical trends that are based only on a small
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number of data points. This sandbody has been interpreted previously as a trunk distributary channel
(Livera 1989) or an incised valley fill (Hampson et al. 2004). Mean thickness values for upper-coastal-
plain channelised sandbodies in Cycles 2 and 3 and their associated stratigraphic subdivisions

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

Interpretation

The interpreted general upward increase in mean apparent sandbody width in upper coastal plain
strata of the Ness Formation (Fig. 14G, H, I, J) may have resulted from a greater degree of lateral
channel migration and/or widening of channel belts (cf. Helland-Hansen et al. 1992; Wright &
Marriott 1993), an increase in the supply of coarse-grained sediment (cf. Tornqvist 1994), and/or an
upward decrease in subsidence rate and differential compaction (cf. Allen 1978; Livera 1989;

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

SANDBODY DISTRIBUTIONS AND STRATIGRAPHIC TRENDS

Description

The value of lacunarity in Cycle 2 (0.32) is lower than the value of lacunarity in Cycle 3 (0.38),
indicating greater spatial heterogeneity in sandbody distribution in the latter (cf. Fig. 6C). Values of
lacunarity for each stratigraphic interval (reservoir zones 3.2, 2.4, 2.2 and 2.1) show no apparent
relationship with stratigraphic position (black open circles in Fig. 15). Similarly, there is no apparent
trend between stratigraphic position and net-to-gross ratio (grey filled circles in Fig. 15A). However,
there is an upward-decreasing trend in the number of sandbodies per unit area (green filled circles in
Fig. 15B), and an upward-increasing trend in apparent width of channelised fluvial sandbodies (blue
filled circles in Fig. 15C). There are no apparent trends in the proportions of palaeosol type (orange
symbols in Fig. 15D) or avulsion style (purple symbols in Fig. 15F) with stratigraphic position, but the
proportion of composite (stacked) palaeosol profiles generally increases upwards (red crosses in Fig.

15E).

Reservoir zones 2.1, 2.2, 2.4, and Cycle 2 (Fig. 5) display clustering of sandbody centroids over length
scales that lie between c. 1.5 and 3.5 times the mean sandbody dimensions (Figs. 16, 17). Reservoir
zone 3.2 (Fig. 5) displays a random distribution of sandbody centroids over length scales of up to c.

3.5 times the mean sandbody dimensions (Figs. 16, 17). Cycle 2, and reservoir zones 2.2 and 3.2 (Fig.
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5) display spatial regularity in sandbody centroid positions over length scales of up to c. 0.8 times the
mean sandbody dimensions wieth-(Figs. 16, 17). Thus, randomly distributed and clustered patterns of
sandbody centroids appear to be dominant, and there is no strong variation with stratigraphic

position.

Interpretation

Spatial patterns of channelised sandbody distribution are more apparent when large stratigraphic
intervals (e.g. Cycles 2 and 3 of Livera 1989) are broken down into stratigraphic subdivisions (e.g.
reservoir zones 3.2, 2.4, 2.2, 2.1) (Fig. 16). This in part reflects the smaller number of sandbodies (i.e.
smaller sample size) within the stratigraphic subdivisions. However, a similar trend is noted in
outcrop datasets of comparable length scale, in which the stratigraphic subdivisions are related to
variations in allogenic controls such as tectonic subsidence rate and distance from the coeval shoreline
(e.g. Flood & Hampson 2015). Variations in spatial patterns of sandbody distribution between
stratigraphic subdivisions may thus be obscured by averaging over larger stratigraphic intervals. In
these same outcrop datasets, increasing values of lacunarity are associated with trends of increasing
number of sandbodies per unit area, decreasing net-to-gross ratio, and decreasing apparent sandbody
width (Fig. 15) (Flood & Hampson 2015), although no such relationships are apparent in the Brent
Field reservoir (Fig. 15A-C). The general absence of trends in palaeosol type and avulsion style with
stratigraphic position is also noted in outcrop datasets that show consistent stratigraphic variations in
patterns of channelised sandbody distribution related to distance from the coeval shoreline (Flood &
Hampson 2014, 2015), which implies that localised controls on palaeosol character and avulsion style
(e.g. in specific wells or groups of wells) dominate over fieldwide stratigraphic variations in

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

DISCUSSION

Uncertainty in interpretations of sandbody dimensions, geometries and distributions

Given the limitations imposed by well spacing (c. 200-1000 m, as projected into the lines of cross-
section) and distribution, there is significant uncertainty in the interpretation of stratigraphic
architecture in the study dataset, including the dimensions, geometries and distributions of
channelised fluvial sandbodies (Figs. 3, 4). Here we have used the architectural interpretations of

Livera (1989) (Figs. 3A, 4A), which have withstood the integration of additional well and production
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data to remain the stratigraphic template for reservoir modelling and management in the Brent Field
(e.g. Bryant & Livera 1991; Bryant et al. 1991; Abbotts et al. 1997; James et al. 1999). The reservoir
modelling experiments of Villamizar et al. (2015) suggest that variations in sandbody dimensions and
positions would have greater influence on the spatial statistical patterns measured here using
lacunarity and Besag’s L function than variations in sandbody sinuosity and orientation. Livera’s
(1989) interpretation is not based on sequence stratigraphic concepts, but implies that avulsion was
the dominant control on sandbody distribution. Sequence stratigraphic interpretations (e.g. Hampson
et al. 2004) and avulsion-based interpretations such as those presented herein (cf. Jones & Hajek 2007)
are both based principally on vertical patterns of sandbody stacking and facies architecture in wells.
Both approaches to architectural interpretation are uncertain, because lateral architectural
relationships that would constrain the degree of genetic linkage between channelised sandbodies and
underlying deposits are absent. We therefore consider them to be interpretative to the same degree in
the context of the study dataset (i.e. in the absence of high-resolution 3D seismic, palynological and/or

chemostratigraphic data).

Relationships between sandbody distributions, sandbody dimensions and avulsion style

In the studied upper coastal plain strata (reservoir zones 3.2, 2.1-2.4; Figs. 3A, 4A), clustered and
random distributions of sandbody centroids in the interpreted architectural cross-sections (Figs. 16,
17) are similar to those generated by avulsion of deltaic distributary channels in numerical models of
delta plain strata (Mackey & Bridge 1995; Karssenberg et al. 2008). Furthermore, values of lacunarity
and patterns of sandbody centroid distribution are directly comparable to those measured in large
outcrops of coastal plain strata in which avulsion of deltaic distributary channels has been interpreted
(figure 12B of Flood & Hampson 2015). In this context, the upward-increasing trend in mean apparent
sandbody width (Fig. 15C) can be interpreted to reflect a greater degree of lateral channel migration
and/or widening of channel belts (cf. Wright & Marriott 1993), and the upward-decreasing trend in
the number of sandbodies per unit area (Fig. 15B) can be attributed to increased proximity to the
upstream avulsion node(s) of a major trunk channel (cf. Mackey & Bridge 1995; Karssenberg et al.
2008; Flood & Hampson 2015). Sandbody distributions can alternatively be interpreted in terms of
temporal variations in accommodation and/or sediment supply using sequence stratigraphic models,
but as noted above this approach is as interpretive as an avulsion-based approach. For example, it is
difficult to interpret the position of sequence boundaries in regions between major channelised
sandbodies (Figs. 3A, 4A), which would represent interfluves between incised valley fills in a

sequence stratgraphic interpretation.
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There is no apparent relationship between sandbody dimensions and distribution patterns in the
upper coastal plain intervals of the interpreted architectural cross-sections (Figs. 3A, 4A) and the
proportions of palaeosol type, palaeosol stacking and avulsion style interpreted in cores (Fig. 15D-F).
The absence of such relationships may reflect the predominance of localised controls on palaeosol
development and avulsion (e.g. palaeotopography, vertical sedimentation rate) that operated at inter-
well scales, rather than fieldwide stratigraphic controls. However, this absence may also arise from
difficulties in defining avulsion style from vertical facies successions, because the degree of genetic
linkage between a channelised fluvial sandbody and underlying deposits is uncertain in the absence
of lateral architectural relationships. This uncertainty is most pronounced where a sequence
boundary might plausibly be interpreted at the base of a sandbody (e.g. across “SB350?”, “SB550?”,
“SB600?” and “SB700?” in Figs. 11, 12). However, it should be noted that avulsion by incision and
avulsion by annexation are interpreted to be more common in upper coastal plain strata (reservoir
zones 3.2, 2.1-2.4) than in lower coastal plain strata (reservoir zones 3.1, 3,3, 2,5) (Fig. 13D), which
implies that core-based interpretations of avulsion style can be made that are consistent with

interpretations of depositional environment from facies analysis.

Linking sandbody distribution patterns to palaeosol type, palaeosol stacking and avulsion style may
require denser spacing of cored wells than available in the Brent Field dataset, in order to: (1) to-mere
tightly-constrain sandbody dimensions and positions more tightly, (2) te-characterise localised
variations in palaeosol development and avulsion style with greater lateral resolution, and (3) te
generate larger datasets that contain more samples and allow more robust statistical analysis. The
acquisition of such core datasets is unrealistic for most reservoirs. Instead, it may be more plausible to
integrate sparse core and well data with 3D seismic data of sufficient resolution and quality to

constrain aspects of sandbody dimensions and distributions.

Implications for reservoir characterisation

In Cycles 2 and 3 of the Ness Formation in the Brent Field reservoir, pressure data indicate the
presence of hydraulically isolated sandstones (flow units) that are separated by laterally extensive
shales (Johnson & Stewart 1985; Livera 1989; Bryant et al. 1991; James et al. 1999). The vertical
communication of channelised fluvial sandbodies in reservoir zones 3.3-3.1 (Fig. 3) is relatively poor
(Taylor et al. 2003). These reservoir zones are associated with fieldwide lagoonal shales in lower

coastal plain strata (reservoir zones 3.1, 3.3) (Livera 1989), a higher proportion of avulsions generated
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by progradation in lower coastal plain strata (Fig. 13D), and contain randomly distributed
channelised sandbodies (Figs. 16E, 17). Channelised sandbodies are better connected in parts of
reservoir zones 2.1-2.4 (Fig. 4) (Bryant et al. 1991). In these zones, channelised sandbodies in the
southern part of the Brent Field display better vertical communication than in the northern part of the
field, and also less rapid and more uniform pressure depletion (Taylor et al. 2003). Cycle 2 is
associated with a higher proportion of avulsions generated by incision and annexation (Fig. 13D), and
generally contains relatively large, randomly spaced and clustered sandbodies (Figs. 16A-D, 17).
Alternatively, the relatively high connectivity of channelised sandbodies in reservoir zones 2.1-2.4
may be attributed to the occurrence of three sequence boundaries (“SB550?”, “SB600?” and “SB700?”
in Figs. 4A, 12), each overlain by a multistorey incised valley fill that is in contact with smaller

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

Based on facies analysis and palaeosol characterisation of the four studied cored wells in the Brent
Field, it is possible to interpret lower and upper coastal plain deposits which have different spatial
distribution patterns and connectivities of channelised fluvial sandbodies. Furthermore, it is possible
to link these patterns of sandbody distribution to differences in avulsion style interpreted in sparse
core data. However, it is not possible to accurately predict the positions of individual channelised
fluvial sandbodies or clusters of such sandbodies (cf. Villamizar et al. 2015). Thus, uncertainty in the
precise positions of sandbodies needs to be incorporated into reservoir modelling efforts, even though
appropriate patterns of sandbody distribution in lower and upper coastal plain deposits may be
interpreted from core-based evaluation of depositional environment and avulsion style during the
early stages of field development. This will likely require simulation of stochastic variability in
sandbody positions within the context of a “template” of their spatial distribution for a given

depositional environment or range of avulsion styles.

CONCLUSIONS

The late Bajocian Ness Formation constitutes an alluvial-to-coastal plain succession situated in the
Brent Field, UK North Sea. This study has characterised the distribution of channelised sandbodies in
upper coastal plain strata of the reservoir (reservoir zones 3.2, 2.1-2.4) based on previously interpreted

facies architectural panels.

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

associations: (FA1) channelised fluvial sandbodies, (FA2) non-channelised fluvial sandbodies, and
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769  (FA3) non-channelised floodplain fines. Palaeosols comprise poorly-to-strongly developed entisols,
770  inceptisols, and histosols which are associated with single, compound (overprinted), and composite
771  (stacked) palaeosol profiles. Three styles of avulsion are identified on the basis of vertical facies

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

773  multistorey) channelised fluvial sandbodies, and records re-occupation of previously abandonned
774  palaeochannels. Avulsion by progradation is represented by a channelised fluvial sandbody that
775  directly overlies non-channelised fluvial sandbodies deposited by crevasse splays and levees as a
776  precursor to avulsion. Avulsion by incision is represented by a channelised fluvial sandbody that
777  directly overlies non-channelised floodplain fines, indicating channel erosion into a relatively distal
778  area of the floodplain. Spatial statistical measures (Besag’s L function, lacunarity) applied to facies-
779  architectural interpretations of well correlation panels indicate that the dominant patterns of

780  sandbody distribution are random and clustered, the latter over a range of length scales (x1.5 - x3.5
781  mean sandbody dimensions). These sandbody distribution patterns can be attributed to autogenic
782 avulsion of deltaic distributary channels downstream of a major avulsion node(s).

783

784  These avulsion-generated patterns of sandbody distribution influence sandbody connectivity and
785  pressure communication within the Brent Field reservoir. There is limited vertical communication
786  between channelised fluvial sandbodies in lower coastal plain deposits (reservoir zones 3.1, 3.3, 2.5)
787  due to the presence of fieldwide lagoonal shales and thick floodplain intervals, the latter consistent
788  with avulsion by progradation. In comparison, upper coastal plain deposits (e.g. reservoir zones 2.1-
789  2.4)display better vertical communication and slower, more uniform pressure depletion, consistent
790  with increased sandbody connectivity due to a higher proportion of avulsions generated by channel
791  incision and annexation. More detailed patterns of sandbody distribution and connectivity (e.g within
792  upper coastal plain deposits) cannot be readily linked to interpretations of palaeosol type, palaeosol
793  stacking or avulsion style using sparse core data. Additional uncertainty arises from interpretation of
794 the degree of genetic linkage between a channelised fluvial sandbody and underlying deposits, which
795  isuncertain from vertical facies successions in core; this interpreted degree of genetic linkage is

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

797
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FIGURE CAPTIONS

Table 1

Dimensions and orientations of panels A-E in the Ness Formation (Fig. 5).

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

(1987), respectively.

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, are-as densely stacked vertically to form overprinted (composite)
palaeosols, or are-as loosely stacked vertically to form partially overlapping (compound) palaeosols

(e.g. Kraus 1999).

Figure 1

A) Paleogeographic map for maximum regression of the Brent Group during the Late Bajocian (after
Husmo et al. 2003 and references therein). Late Bajocian strata are absent over the Mid-North Sea
Doime and adjacent areas (shaded white).The location of the Brent Field is shown. B) Map of the
Brent Field, locating the position of stratigraphic cross sections (Figs. 3, 4), selected cored wells
(211/29-2, 211/29-3, 211/29-A16 and 211/29-C06; Figs. 9, 11, 18, 19), original oil-water contact (after
Taylor et al. 2003), and faults.

Figure 2

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

Figure 3

A) Stratigraphic cross section of the lower Ness Formation in the Brent Field (Fig. 1), showing the
distribution of channelised fluvial sandbodies and field-wide coal zones, which are used to define
reservoir zones 3.1, 3.2 and 3.3 (Livera 1989, after his figure 3). Cored wells 211/29- BA16 and 211/29-
C06, shown in Figures 8 and 11, are located. A high-resolution sequence stratigraphic interpretation
(Hampson et al. 2004) is also shown. The cross-section is vertically exaggerated by x100. B) Hand-
contoured sandstone isopach map (in metres) of reservoir zone 3.1 (Livera 1989, after his figure 7).
Large sandstone thicknesses (c. >12 m) are interpreted as a series of parallel, west-east-trending

channelised fluvial sandbodies (Livera 1989).

Figure 4
A) Stratigraphic cross section of the middle and upper Ness Formation in the Brent Field (Fig. 1),

showing the distribution of channelised fluvial sandbodies and field-wide coal zones, which are used
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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,
shown in Figures 10 and 12, are located. A high-resolution sequence stratigraphic interpretation
(Hampson et al. 2004) is also shown. The cross-section is vertically exaggerated by x100. B) Hand-
contoured sandstone isopach map (in metres) of reservoir zone 2.5 (Livera 1989, after his figure 8).
Large sandstone thicknesses (c. >12 m) are interpreted as a series of parallel, west-east-trending

channelised fluvial sandbodies (Livera 1989).

Figure 5

Cross-section panels for stratigraphic subdivisions of the Ness Formation in the Brent Field: A) “Cycle
2”, B) reservoir zone 2.1; C) reservoir zone 2.2; D) reservoir zone 2.4; and E) reservoir zone 3.2 (after
Figs. 3, 4; Livera 1989). Net-to-gross ratios within each reservoir zone in the panels are taken from
Livera (1989). Each panel is converted into a binary image in which “foreground” channelised
sandbodies (black) are distinguished from “background” floodplain and lagoonal deposits (white), in
order to measure lacunarity. A white point represents the centroid of each channelised fluvial

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

Figure 6

Diagrams illustrating the application of lacunarity and the L function in this study. A) Binary image
of panel of reservoir zone 2.4 (Fig. 5D) in which channelised fluvial sandbodies (black) are
distinguished from floodplain deposits (white), in order to measure lacunarity. The centroid of each
channelised fluvial sandbody is illustrated as a white point, and their distribution is used for our
application of Besag’s L function. The panel is vertically exaggerated by x123 (i.e. ratio of mean

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

Plot of L function for panel of reservoir zone 2.4 (Fig. 6A). The horizontal and vertical axes show
distances expressed as multiples of mean apparent sandbody dimensions, in order to minimise the
effects of anisotropy in sandbody dimensions. Random distributions plot within the envelope (grey
area) for complete spatial randomness (CSR) defined by 99 Monte Carlo simulations of centroid
distributions. Clustered and regularly spaced centroid distributions plot below and above this
envelope, respectively (after convention of Rosenberg & Anderson 2011). C) Plot of lacunarity versus
inhomogeneity in spatial positioning of sandbody centroids, as identified using the L function. Data
are shown for three cartoons that illustrate type examples of spatial patterns (right of plot) and for
panel of reservoir zone 2.4 (Fig. 6A). Grey bars represent the spatial extent of data for each image, and
superimposed black bars show the length scales of sandbody-centroid clustering or regular spacing.

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

dimensions. Lacunarity is dimensionless.

Figure 7

Photographs illustrating key features of selected facies associations (Table 2) in well 211/29-BC06 (Fig.
8). Facies association 1 (FA1), comprising channelised fluvial sandbodies: A) Basal erosion surface (at
11952’), B) mudstone and carbonaceous intraclast lag (at 11599’), and C) current-ripple cross-
laminated sandstones and siltstones (at 11908"). Facies associations 2 and 3 (FA2, 3) comprising non-
channelised floodplain deposits: D) root-penetrated sandstone (at 11454’), E) root-penetrated siltstone

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

Figure 8

Representative core descriptions from well 211/29-BC06 that illustrate facies associations (Table 2),
associated wireline log trends, bioturbation intensity, and intensity of pedogenic modification. The
locations of photographs in Figures 7 and 9B are shown. Well 211/29-BC06 is located in Figures 1 and
3.

Figure 9

Photographs of representative palaeosols (Table 3): A) entisol of stage 1 palaeosol maturity (sensu
Bown & Kraus 1987), with no horizon development, minor root hairs, and little alteration of the
primary depositional fabric (at 9980" in well 211/29-BA16); B) inceptisol of stage 2 palaeosol maturity
in which more intense pedogenesis has led to horizon development (defined by diffuse grey and red
colouration) and overprinted the primary sedimentary fabric (at 11900” in well 211/29-BC06); C)
inceptisol of stage 3 palaeosol maturity that exhibits development of diffuse green, grey and purple
horizons, root hairs and siderite nodules (at 8830" in well 211/29-2); and D) histosol of stage 2 palaeosol
maturity, with an upper horizon marked by a coal and a lower horizon consisting of a clay-rich layer
containing root traces and a yellow-to-white coloured concretion (at 9094’ in well 211/29-3). Black
arrows in the centre of the core in Figure 9D have been drawn to indicate way up. The locations of

these photos are shown in Figures 8 and 10.

Figure 10
Core descriptions of representative palaeosols in the Ness Formation: A) one single palaeosol
succession, one composite palaeosol profile, and one compound palaeosol succession (well 211/29-3);

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

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

Figure 11

Core descriptions of upper coastal plain successions in Cycle 3 (Fig. 3) in wells A) 211/29- BA16, B)
211/29-2, C) 211/29-C06, and D) 211/29- 3, respectively, showing facies successions, interpreted
avulsion style and channelised sandbody distributions (Fig. 16). Refer to Figure 8 for key to core

descriptions.

Figure 12

Core descriptions of upper coastal plain successions in Cycle 2 (Fig. 4) in wells A) 211/29-BA16, B)
211/29-2, C) 211/29-C06, and D) 211/29- 3, respectively, showing facies successions, interpreted
avulsion style and channelised sandbody distributions (Fig. 16). Refer to Figure 8 for key to core

descriptions.

Figure 13

Comparison of selected parameters in cored successions from wells 211/29-BA16, 211/29-2, 211/29-C06
and 211/29- 3 (e.g. Figs. 11, 12) for stratigraphic subdivisions of lower (reservoir zones 3.1, 3.3 and 2.5;
Figs. 3A, 4A) and upper coastal plain strata (reservoir zones 3.2 and 2.1-2.4; Figs. 3A, 4A): A)
proportions of facies associations, B) palaeosol type, C) palaeosol stacking, and D) interpreted

avulsion style.

Figure 14

Graphs illustrating the A-E) thicknesses and F-J) apparent widths of channelised fluvial sandbodies in
stratigraphic subdivisions of the Ness Formation (Panels A-E in Fig. 5; after the interpretations of
Livera 1989): A, B) Cycle 2, C, D) reservoir zone 2.1, E, F) reservoir zone 2.2, G, H) reservoir zone 2.4,
and I, J) reservoir zone 3.2. The number of channelised fluvial sandbodies (n), their mean apparent
width and mean thickness, and values of standard deviation (5.D.) for apparent sandbody width and
thickness are listed in the top right of each graph. Black, white and grey bars represent channelised

fluvial sandbodies that intersect panels that are oriented at N175, N014 and NO019, respectively.

Figure 15
Cross plots of (A-F) lacunarity, (A) net-to-gross ratio, (B) number of sandbodies per unit area, (C)

mean apparent sandbody width, (D) proportion of palaeosol type, (E) palaeosol stacking, and (F)
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avulsion style against stratigraphic subdivisions of upper coastal plain strata in the Ness Formation
(reservoir zones 3.2, 2.1, 2.2, and 2.4 in Fig. 5). Interpreted trends are shown as coloured lines in

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

Figure 16

Graphs of L function for sandbody centroids in upper coastal plain strata of the Ness formation for A)
Cycle 2 (Fig. 5), and B-E) for each stratigraphic subdivision (reservoir zones 3.2, 2.1, 2.2, 2.4 in Fig. 5),
positioned to illustrate variability from base to top of the study area. Randomly distributed centroids

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

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

envelope (grey), respectively.

Figure 17

Plot of lacunarity versus inhomogeneity in spatial positioning of sandbody centroids (cf. Fig. 6C) for
stratigraphic subdivisions of upper coastal plain strata in the Ness Formation (Cycles 2 and 3, and
reservoir zones 3.2, 2.1, 2.2, and 2.4 in Fig. 5). Grey bars represent the spatial extent of data for panels
of each stratigraphic interval, and superimposed coloured bars show the length scales of sandbody-
centroid clustering or regular spacing. Length scales not represented by coloured portions of the grey
bars correspond to random spacing of sandbody centroids. Length scales of L Function results are

expressed as multiples of mean apparent sandbody dimensions. Lacunarity is dimensionless.
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Panel Stratigraphic | Panel Panel Panel Number of
unit or cycle | thickness | width | orientation | sandbodies

A Cycle 2 52m 12 km N019 /N175 | 34

B Unit 2.1 15m 12 km N019/N175 | 13

C Unit 2.2 12m 12 km NO019/N175 | 9

D Unit 2.4 17m 12 km N019/N175 | 14

E Unit 3.2 23m 12 km N014 /N175 | 28

Table 1

Dimensions and orientations of panels A-E in the Ness Formation (Fig. 5).




Bioturbation and

Facies association Description Thickness Interpretation
pedology
Erosionally based, fine- to coarse-grained sandstone
with pebble-grade intraformational lags and
p & . 5 Fluvial channel-fill deposits contain internal
carbonaceous debris. Trough and planar cross- Generally absent (BL: e L
FA-1: . . .o ) cross-stratification produced by the migration of
. bedding, horizontal lamination, current ripple cross- 0), but locally sparse . )
Channelised . . . bars, dunes and ripples in response to
. lamination and soft sediment deformation are 0.9-13.0 m | to low (BIL: 1-2; . . .
fluvial . . . unidirectional currents. Periods of non-
common. Successions generally fine upwards. Roots Taenidium). .. . .
sandstone . e ) deposition and subaerial exposure characterised
and pedogenic modification in some multistorey MI: 0-2
. . Dy by root traces.
(stacked) successions. Pyrite and siderite
concretions.
FA-2: 0.6-6.0m | Absent to moderate
Non Siltstone to medium-grained sandstone. Planar (BL: 0-3; Skolithos Sandstones and siltstones record waxing and/or
Upper . cross-bedding, current ripple cross-lamination, o ’ waning of unconfined unidirectional currents in
channelised . . Taenidium). )
coastal . structureless bedding and carbonaceous debris are crevasse splays. Stacked coarsening-upward and
. fluvial e . MI: 0-3 . .
plain common. Modification by soft sediment fining-upward successions of beds record
sandstones . . . . . . . .
and deformation, bioturbation and pedogenesis. Pyrite progradation and retreat of main fluvial channel
. and siderite concretions. (e.g. Miall 1985).
siltstones
FA-3: 0.3-3.0m | Generally absent (B , , _
Y ( Vertical aggradation on a vegetated floodplain
Non - . . 0), but locally low . : . . . X
_ Mudstone, siltstone and coals. Pedogenic o via intermittent influx of fine-grained sediment
channelised e . . ] ; (BI: 2; Arenicolites). . . . ]
. modification, bioturbation, soft sediment from suspension during river flooding, followed
floodplain . . . MI: 0-4 ) . .
fines deformation, carbonaceous debris, and pyrite and by period of subaerial exposure characterised by
. . siderite nodules are common. Rare desiccation rootlets, pedogenic horizons, bioturbation and
(including . . .
coals) cracks and synaeresis cracks. coal seams (e.g. Miall 1996). Synaeresis cracks
indicate variations in salinity during deposition.
Siltstone to coarse-grained sandstone; sandstones 0.9-10.0 m | Generally absent (BI: .
FA-4: 158 . . Y ( Sharp-based sandstone beds record deposition of
have sharp-to-irregular basal erosion surfaces lined 0), but locally sparse . .
Lagoonal . . deltaic mouth bars by migration of dunes and
by mudstone intraclasts. Cross-bedding, wave and to moderate (BI 1-3; ) . A
mouthbar . - - . ripples in response to unidirectional currents,
current ripple cross-lamination, planar lamination, Skolithos, : ) o
sandstones . . o with later wave-reworking and modification.
and soft sediment deformation. Arenicolites). MI: 0-2
FA-5: 0.6-21.0 m
Lagoonal Siltstone to coarse-grained sandstone. Wave and Wave-influenced lagoon or bay associated with
. . . Sparse to moderate . . A )
wave- current ripple cross-lamination, micro-scale (BI: 1-3; Skolithos episodic storms, and migration of dunes and
Lower | influenced | hummocky cross-stratification, planar cross- o ’ ripples in response to unidirectional currents.

. . . .. Diplocraterion, . N )
coastal | sandstones | bedding, and horizontal bedding. Additional Arenicolites Low diversity ichnofauna suggests brackish
plain and features include pyrite and siderite concretions, . | conditions. Synaeresis cracks indicate variations

i i . ) Teichichnus). MI: 0-3 | . . . -

siltstones carbonaceous debris, synaeresis cracks, and rooting. in salinity during deposition.
FA-6: Parallel-laminated mudstone and siltstone with rare | 0.3-14.0 m | Sparse to high (BI 1- | Mudstones and siltstones deposited from
Lagoonal very fine- to medium-grained sandstone beds 4; Skolithos suspension settling in lagoon or embayment.
sandstones, | containing micro-scale hummocky cross- ichnofacies: Sandstone beds record rare episodic sand influx
siltstones, stratification and current-ripple cross-lamination. Arenicolites, by unidirectional currents and reworking by
and Additional features include concretions, Teichichnus). storm waves. Low diversity ichnofauna suggests
mudstones carbonaceous debris, synaeresis cracks, and rooting. MI: 0-4 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.




Pal 1t d
2 aeo.so ypean Thickness | Description Interpretation
maturity stage
>80% of primary depositional fabric preserved. Single pedogenic Short-lived, intermittent plant colonization under
MI =1 horizon of dark grey-black colour. Bioturbation and mottling, rare | reducing conditions on poorly-drained or waterlogged
Entisols 15-150 em carbonaceous root traces, pyrite and siderite concretions. ﬂoodplai.n. ' _
. . . . . Weak soil development under reducing conditions on
60-70% of primary depositional fabric preserved. Single pedogenic . ) ..
MI =2 . . poorly-drained or waterlogged floodplain, resulting in
horizon of grey-white colour. Abundant carbonaceous root traces. .79
development of characteristic (gleyed) colour.
>80% of pri d itional fabri d. Single ped i
80,A) O primary depositiona’ fabric preserve Single pedogenic Very weak soil development under generally reducing
MI =1 horizon of grey-to-white colour. Rare carbonaceous root traces, o . _
. L . conditions on poorly-drained floodplain.
pyrite and siderite concretions.
60-70% of pri d itional fabri d.T d i
. /o of primary depositional fabric preserved. Two pedogenic Weak soil development under generally reducing
MI =2 horizons of red-brown (lower) and grey-white (upper) colour. it . .
. S . conditions on poorly-drained floodplain.
Abundant carbonaceous root traces, pyrite and siderite concretions.
30-60% of primary depositional fabric preserved. Lower pedogenic
Inceptisols 15-290 cm | horizon is clayey or organic rich; upper pedogenic horizons is Moderate soil development under episodic conditions of
MI =3 orange-brown or green-grey in colour with weak red and purple poor drainage, partial drainage and oxidation-on the
mottling. Abundant carbonaceous root traces, pyrite and siderite floodplain.
concretions.
<30% of pri d itional fabri d. L d i
,A) OF primaty cepositiona’ Tabric preserved. Lower pedogenic Strong soil development under episodic conditions of
horizon is clayey or organic rich; upper pedogenic horizons is . . ) .
MI =4 . . poor drainage, partial drainage and oxidation-on the
orange-brown or green-grey in colour with strong red and purple floodplain
mottling. Carbonaceous root traces, pyrite and siderite concretions. plaimn.
Variable preservation (>80% to <30%) of primary depositional Very weak to strong soil development under reducing
Histosols | MI=1-4 | 15-150 cm fabrlc.. Lower pedogenic h.orlzon is orgamc—rlch and dark grey- COI‘IdlthI‘lS.Ol’I permanently waterlogged f.loodpl‘am. Peat
black in colour; upper horizon comprises black coal. Carbonaceous | accumulation (to form coal) records sustained high
root traces, sulphur staining. 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).



location of
Brent Field

Tarbert Formation

Ay £

-~

-~
-~

56°N

Bryne Formation

. Delta plain / coastal plain /
marginal marine

Shallow marine / delta front

. Offshore marine

UK North Sea
block 211/29

—Z

211/29 - C06

4
5[2
0

211/29 -2
211/29 - A16

Outline of Brent
Field shown in
palaeogeographic
map

T Y

—— Cross section

---- Origional oil-water
contact

=L, Fault
o Well locations







SOUTH
“p VWWVYW WY W VVVVV V VVV YVV VTV s

211/ 29-BA16

0 1 2 3

CYCLE 3: BRENT FIELD

NORTH

211/ 29-BC06

FS400
SB400

< FS350
SB3507

FS300

Stratigraphic surfaces

Facies association and sandbody type

== coal zone
- == unit boundary

Sequence stratigraphic interpretation

SB000 Sequence boundary 4 Regional biostratigraphic marker
FS000 Major flooding surface € Local biostratigraphic marker

@ channelised sandbody

[ upper coastal plain: undifferentiated floodplain fines

. lower coastal plain: lagoonal sandstones, siltstones and
mudstones, mouthbar/ distributary channel sandstones,

wave influenced sandstones and siltstones

¥V well log location

O-T: Coal Zones

o well location

0




A. 20 CYCLE 2: BRENT FIELD
) SOUTH

EvRy VY VVVIVV V WVV WYVVV

NORTH
vV VvV YW

211/ 29-2 211/ 29-3  stratigraphic
0 interpretation
€ FS800
SB7007
Zone 2.1
__________ <
& SB6007?
Zone 2.2
Zone 2.3
"""""" & SB5507
FS500
Zone 2.4 SB500
*
----------- *
FS400
Zone 2.5
Vertical exaggeration x100 Stratigraphic surfaces Facies association and sandbody type
[ . -
0 1 2 3 = coal zone @ channelised sandbody
km === unit boundary . upper coastal plain: undifferentiated floodplain fines
Sequence stratigraphic interpretation . lower coastal plain: lagopnql sandstones, siltstones and
SB000 Sequence boundary 4 Regional biostratigraphic marker ::\?:ﬁ;ﬁzﬂxggﬁgﬂ:z::ﬁ%ﬁ::::; sandstones,
FS000 Major flooding surface < Local biostratigraphic marker ¥ wellloglocation O Goal Zones

o well location




Zone 2.2
E Zone 2.3
[BR i .
==
O

Zone 2.4

Cycle 3

(4)
Zone 24| L

Vertical exaggeration x100

CE .

1 2
(km)

Ness Formation: Brent Field
SOUTH NORTH

VVYVVVVVVWY WVVWVVVY V V VWuerato

Distributary
channel

Facies association and sandbody type
20 “ Channelised fluvial sandbody (solid white circle = sandbody centroid)
D Undifferentiated floodplain fines

=10 D Upper coastal plain: undifferentiated floodplain fines

é . Lower coastal plain: lagoonal sandstones, siltstones and mudstones,
mouthbar/ distributary channel sandstones, wave influenced sandstones
and siltstones

0 V  welllog location




A. Binary 2-D section (unit 2.4) with B. Panel D (unit 2.4)

centroid coordinates n=14
€ 15 B d x1- Wa =670 m
£ "
@ 5 ' I ~:: x0.5-
E u ____.,,-"
a 0 I I I | | )(0 [ A— A S

0 2 4 6 8 10 12 _
Distance (km) Clustering

%1 x'2 x'3

h, normalized to mean apparent sandbody dimensions (m)

0.5 - e 4 Heterogeneous
%;% wide range
of gap sizes
0.4 A

| ] o &’ Clustered

o
w
1

Increasing Lacunarity, L(F)
(spatial heterogeneity)

|

1

|

|

|

|

I o

: vl - Random
0.2 1 : N Ug O

1 O 9 o
0.1 1 I o oo Regular

i " - p Homogeneous

| o e w low range
0 T T ; ' r ; ; W W W |, ofgapsizes

X3 X2 X1 0 X1 X2 X3

Length scales of clustering Length scales of regular spacing




very large pebbles

s _~een




A.

Bioturbation
GR Index and
Paleosol Core |Og
0 150 Maturity Index C .
- <
11430 — — . D(23 = Bioturbation
GR i Index and
o CNL Paleosol Core log
= P 150. 45 =151 | Maturity Index
' N 5 b ™En
11445’ — 11595 En ©
| - ' 3 Hi - o
< F‘E. 7D s ] En w
o o ~
11610 .
11460" ' e 0 -
& B-
- [BLBLIL N F\OJ
5 06 11625
B. MBI .
r
Bioturbation \ In
GR Index and )’ ] Hi
Palecsol - In
0 150 Maturity Index 11640"
En i
- Fig. 7E
En 9
Hi
11880" N i
o 11655 j
- O {
S ;
w
| N { i
1ges . Fig. 7F 11670' = -
In - Fig. 9B 3 c
¢ e}
- Fig. 7C i N
T — “
11910 11685’ — {
‘I.
HEn \‘|
1
i
1 — »
11925 = 11700" — y
5 o
o 1
L]
11940’ ™ {
o R i —
; ™
o ' 5
11955 — B ; :l =
4
L
1
11970 TTTT - TTTTTT] TTTT TTTT - =
0 5 0-6 = 2 & 0 5 086 T = o)
m~ B o ®§° w B G 8 §°
Key . Bioturbation index (BI) Pedogenic modification
Facies Association Sedimentary structures ology g:x;gﬂ:{: ated '(?Eli:; g;eaw. 5 - mature palasosal

. (FA-1) Channelised fluvial sandbody 2 Mudstone intraclast deposit
D (FA-2) Non-channelised fluvial sandbody § Trough cross-stratification
- (FA-3) Non-channelised floodplain fines == Planar cross-stratification
E (FA-4) Lagoonal Mouthbar/ Channelised
Distributary Sandstones
(FA-5) Lagoonal Wave-Influenced
Sandstones and Siltstones
D (FA-B) Lagoonal Sandstones,
Siltstones, and Mudstones
I Single palaeosol package
[' Composite palaeosol package
I Compound palaeosol package

——_ Horizonal lamination
— Current-ripple cross-stratification
—— \Nave-ripple cross-stratification
= Hummocky cross-stratification
S Soft sediment deformation
-

< Synaeresis cracks

Sandstone
E Siltstone
[] muastone
. Coal

F

(1-6)

bioturbated

Palaeosol/ bioturbation
< @ Pyrite concretion
< @ Siderite concretion

4 Roots, root hairs

< Fossil wood
/& Carbonaceous
@ {f Bioturbation

— ‘Simple’ palaeosol horizon
— 'Single’ palaeosol horizon

(1-5)

Palaeosol type

En !mmature, incipient
palaeosols (entisols)

Partly drained, incipient and
young palaeosols (entisols
and inceptisols)

Hi Hydromorphic, peaty
palaeosols (hisfosols)

debris === Sequence boundary

=== Flooding surface







9065

9080°

8830

8845

8860

8875

8890

Bioturbation
Index and

Paleosol

Maturity Index

I
Zone 3.4 & Zone 3.3

Bioturbation
Index and

Palecsol
Maturity Index

Hi
En

i En

0 506

Ml Bl

e 3.1

Fig.9C -

Zone 3.2

r—

Silt
Sand

O

Maturity Index

Bioturbation
Index and
Paleosol

w
o

9820" —

9835 —

9850" —

9965°

9980" —

9895 —

10010" —

L T T T

Core log

Zone 2.4

Fig. 9A

Zone 2.5




A.

Bioturbation
Index and
Paleosol

Maturity Index

10115’

10130

10145’

10160

10175'

Core log

T
Zone 3.2

C.

Bioturbation
Index and
Paleosol

- 19| [ Maturity Index

Core log

11790" -

11805’

11820" —

11835’

11850’

11865’

11880"

11895’

_FS350 |
B

Zoné 3.2

N
Avulsion

by incision

Avulsion

by incision |by incision

Avulsion

|
Avulsion by progradation

Avulsion by
progradation

Avulsion by
progradation

Avulsion
by progradation

Zone 3.2

B_ Bioturbation
‘Paxosar | | Core log
2191 [Maturity Index _
FS350
8865
n = 5Ts il
8880 - Hi =
In s
In EEiE
8895 — 0
8910 1 e
= : £ _.n
?
— SB3507?)

0 506 =72
MBI O ® §O
D. Bioturbation
e and Core log
2|| Maturity Index =
i o F5350
8945’ L e’
b 1
8960’ E o
8975 i (1| 7
Hi i S AT Y
]En AR
8990’ 7
||r|51‘g‘1"gl‘ >|:||%||L|
M- Bl G PGS €

Zone 3.2

Lrl

Avulsion style

)

Avulsion style

Avulsion style unknown

unknown

unknown




uonepelbo.d

umouxun

uonepeiboid

UollEXSUUE  UOISIDUI

uonepeiboid

Aq uois|inay  ejfys uois|nay Ag uoisinay Aq uoisinay  Ag uois|nay
— — — ! _
I I 1
L2 w:oN Z'g duoz €'g suoz s
| i
o
o
[+e]
]
LL
[=)]
°
o
[=]
(&)
£33
HE
3¢
a1 2
CZ ! m
ms_m : -
= 5 —
3
x 2
g by 7
[=]
I I 1 ] I I 1 I I T T T
=] in [ in o in [=] in () in o in
i 3 8 § 8 & g & 8 & § & &g
B =e] =] =s) @ @ @ c«© o w0 [=o] [+0] [+0]
umouyun  uonepelfoid  uonexsuue uOISIoUl uonexauue
a]A1s uois|inAy  AQ uoIS|NAY Ag uoisinay  Ag uoisinay Aq uoisinay  Aq uoisinay
_ | .|__ _ 1 0 | : |
| suoz Z'Z duoz €'z suoz ¥’z auoz
L | |

Core log

SB7007

Bioturbation
Index and

Paleosol
=131 [ Matwrity Index

FDC |
185 295
—

CNL
150 45

GR

0

9770’
9815’

A

9935’
9950’
9965’




C. - g vl o
0 150| 4 Hitaety oo o 5
‘_.ca = [T, FS800 5
K SB700? 8
11460’ - ]S e
_‘;:} a DI GR 1_9;002.95 Bﬁl:mil‘iﬁ;&ﬂ C I
S .E‘ {0150 s 15| atury ore o9
11475 N8 8705 += ' FS800 ]
= 2 SB700?
! SB6007— < e
11490’ - |
:' ’
. i 8735 —
11505" — ,: o~
: o
| —Q
) c 8750 — =1
11520’ - ; N i 8
Wi
11535’ | pe
] SB600?
11550" - PR
Hi ] o
) S i .
11565 | N . fi
o
| = a
S | g
11580' 5 e
S
c® SB5507?
S o e
11595’ 1 138 - ~
41 <& ‘
) 8840’ - 1 B
. « nld FS500 _|
o L« 0 5 06 26
o o Mi B
lsl = ‘% 0
gl £
11625’ - : -
SB5507? < Y
FS500] -

Sand

Zone 2.1

Zone 2.2

Zone 2.3

Zone 2.4




A.

Facies composition (%)

Palaeosol type C. Palaeosol stacking D.

Avulsion style

Cycle 2

zone 2.1

zone 2.2

zone 2.3

zone 2.4

zone 2.5

Cycle 3

zone 3.1

zone 3.2

zone 3.3

core
length
=142
core
length
= 06'
core
length
=157
core
length
=160
core
length
=230

core
length
=226
core
length
=276
core
length
=83

OF EEON

--- Reservoir zone boundary Palaeosol type

Facies association O entisots

Channelised fluvial sandbodies (FA-1) W inceptisols

histosol
Mon-channelised fluvial sandbody (FAv2). slosals
MNon-channelised floodplain ﬁlnes (FA-3) Palaeosol stacking
Lagoonal mouthbar/ channelised
distributary sandstones (FA-4)
Lagoonal wave-Influenced sandstones
and siltstones (FA-5) )
Lagoonal mudstones, siltstones, and . Compound paleosol horizon
sandstones (FA-6)

B composite paleosol horizon
. Single paleosal profile

Avulsion style
[l Avulsion by incision

. Awvulsion by annexation
Avulsion by progradation
|:| Avulsion style unknown

n = number of instances




@
frequency (%)

frequency (%)

-

o

frequency (%)

2

uonewsoq SssaN ule|d |eiseo) Jaddn

O

frequency (%)

:

m

frequency (%)

F

aseg

Panel A (Cycle 2)

70 n=10

60 7 Mean: 5 m
50 - SD:2m
40 1

30 1

20

10 1

0 -

Panel B (unit 2.1)

s n=10

60 Mean: 5 m
50 - S.D:2m
40 4

30 1

20 A

10 1

0

Panel C (unit 2. 2)

70
60
50 A
40 4
30 A
20 A
10 1
0-

n=8
Mean: 5 m
S.D:2m

Panel D (unit 2. 4)

70
60 1
50 1
40 4
30 A
20 A
10 1
0 A

n=14
Mean: 5 m
§D:2m

Panel E (unit 3. 2)

70
60 7
50 1
40 1
30 1
20 1

10 1

0-2.0
2.0-4
4.0-6
6.0-8

8.0-10

>10

thickness (m)

Panel A (Cycle 2)

70
60 |
50 1

n=10
Mean: 780 m
S.D: 1130 m

Panel B (unit 2.1)

Orientation of
correlation panel

W=N175
[]=No14
B = No19

60
50 4
40
30 4
20 A
10
0+

n=10
Mean: 830 m
S.D: 1130m

Panel C (unit 2.2)

70
60
50 1
40 A
30 A
20 1
10 4
0_

n=8
Mean: 1330 m
S§.D: 1280 m

Panel D (unit 2.4)

70
60
50 1
40 -
30 A
20 A
10 A
04

n=14
Mean: 670 m
S.D:290m

Panel E (unit 3.2)

70
601
501
40 1
30 1
20 1
10 1

n=28
Mean: 580 m
S.D: 380m

D-

0-200
201-400
401-600
601-800

801-1000

1001-1200

>1200

apparent width (m

—

A
-




" BASE < » TOP " BASE < » TOP
0.8 < 0.8 SE € > TO ;
0.7 - s c
. 0 £100 3
=
g8 04 2 g
205 0 oz L80 o
= I [0 &
S04 A M 03 3 -60 2
g | ® o =3
3 0.3 02 3 L40 3
-l 0.2 - ® [+] = g
0.1 - 0.1 01 1 20 7
0 : : : : 0 0 : . . , G &
3.2 24 2.2 2:1 3.2 24 22 2.1
(Zone) (Zone)
C' BASE < » TOP D. BASE < » TOP
0.8 0.8 100 .
0.7 2000 0.7 3
P <
06 - =0 1 80 9
= 1500 . £ 06 2
5\0.5 - " > ~05 - ° 3
7 S 2 o0 o
g 0.4 - o R o L1000 é "g 0.4 - o 0 o r?
> i X LA @
§ 0.3 e % é 0.3 1 o - (m} 40 ;’i
0.2 - 0 L500 = — 0.2 A x r H s
2 o 20 ©
0.1 1 0.1 =
0 : : , i 0 5 . . . . g 2
32 24 22 21 32 24 22 21
(Zone) (Zone)
E. BASE < > TOP F. < >
< . BASE < » TOP
0.8 100 - 0.8 100 -
0.7 4 “ é 0.7 o)
X g ! o
T 06 T " 80 S 06 o0 %
- 4 o | -~ -
308 5 60 = 305 n - ;
g 047 X ° S 5§04 ° 5 &
= . ® 5 o . ! @
B 08 A 40 =~ 303 - 2 40 3
5 u| o o o 0 | o (%)
0.2 20 et 0.2 = 20 <
o o = o L =
0.1 1 2 E o R x -4
=
0 T T T T 0 0 T T T T 0 S
3.2 24 2.2 2.1 3.2 24 2.2 2.1
(Zone) (Zone)
Key
o Lacunarity (A) Paleosol types Paleosol Profile types  Avulsion styles
® Net to gross ratio o Entisol o Single © Avulsion by incision
o Mean apparent sandbody X Inceptisol X Composite O Avulsion by progradation

width (Wa) (m)
e Number of sandbodies per
unit area (km2)

O Histosol o Compound X Avulsion by annexation




A. Panel A (Cycle 2)

Regularity n =34
p -+
x0.5 Wa =780 m
=
o X0 T, A et CSR
clustering
¥
x1 x2 x3
h, normalized to mean apparent sandbody dimensions (m)
B Panel B (Reservoir zone 2.1)
X2 n=13 A
Wa =830 m
@@
= xN
<l

V] (] =
Clustering

xH x2 xé

h, normalized to mean apparent sandbody dimensions (m)
€ Panel C (Reservoir zone 2.2)
n=9
X2 Wa = 1330 m,
&

R:;gularity

L (h)

A

!

Clustering

X0l .

T T 1
x1 x2 x3
h, normalized to mean apparent sandbody dimensions (m)

Panel D (Reservoir zone 2.4)

D. n=14

x1 - Wa =670 m
&

Clustering

XH xé xé

h, normalized to mean apparent sandbody dimensions (m)

E. Panel E (Reservoir zone 3.2)

Y

T 1 1
x1 X2 x3
h, normalized to mean apparent sandbody dimensions (m)
h=x1=985m (w), 8 m(h),
n = number of sandbodies, Wa = Mean apparent width

doj

uield |eiseo) Jaddn :uonewlo sseN

aseg




Increasing Lacunarity, L(F)

(spatial heterogeneity)

o
o)}

0.5
0.4
0.3
0.2
0.1

0

«—— Clustered ——«—— Regular —

l Key

2 Extent of panel
1 1. Stratigraphic subdivisions
] i == Panel A: cycle 2

Panel B: zone 2.1
== Panel C: zone 2.2
Panel D: zone 2.4
== Panel E: cycle 3 (zone 3.2)

C w—

x4 x3 x2 x1

x1 x2 x3 x4

cSRi----F--Hi-1---

length scales of clustering  length scales of regular spacing
(h) x1=985m (w), 8 m () (h) x1=985m (w), 8 m (t)




	Article File
	Table 1
	Table 2
	Table 3
	Figure 1 - colour
	Figure 2 - colour
	Figure 3 - colour
	Figure 4 - colour
	Figure 5 - colour
	Figure 6 - colour
	Figure 7 - colour
	Figure 8 - colour
	Figure 9 - colour
	Figure 10 - colour
	Figure 11 - colour
	Figure 12 part1 - colour
	Figure 12 part2 - colour
	Figure 13 - colour
	Figure 14 - black & white
	Figure 15 - colour
	Figure 16 - colour
	Figure 17 - colour

