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ABSTRACT

Heterogeneity in hydrocarbon reservoirs has significant impact on fluid flow during pro-
duction and may lead to oil being trapped in low-permeability reservoir compartments. This 
is particularly true for producing turbidite fields with significant thin-bedded turbidite 
(TBT; 3–10 cm [1.2–3.9 in.] sand and silt unit) and very thin-bedded turbidite (VTBT; 1–3 cm 
[0.4–1.2 in.] sand and silt unit) successions. The principal geological attributes used to char-
acterize TBT–VTBT include facies and facies associations, sandstone/mudstone ratio, bed 
geometry, sand connectivity, sediment texture, sedimentary structures, and vertical sequences 
of bed thickness. Their combination enables definition of four fundamental attribute indices 
that reflect the reservoir quality of TBT–VTBT successions. The attribute indices are sand con-
nectivity index, sediment textural index, facies ratio index, and facies net-to-gross index.

Twenty TBT and VTBT facies are recognized in cores from North Brae field wells. 
The combination of results from the application of the attribute indices approach to core 
data from the field reveals six facies associations (FA), which may also be applicable else-
where, each characterized by different attribute indices. FA1 has high-to-very-high sand 
connectivity and textural indices (mature, fine-medium-grained, well-sorted sand). Its 
core-based porosities and horizontal and vertical permeabilities indicate that it possesses 
the most favorable reservoir properties. For FA2, a lower sand connectivity index because 
of extensive mudstone lamination signals poorer quality reservoir features. FA3 and FA4 
show moderate attribute indices and mixed reservoir quality facies, whereas more studies 
are needed to determine the suitability of FA5 and FA6 for potential shale gas exploitation 
in other areas.
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INTRODUCTION

The Neglected Potential

This chapter contends that thin-bedded turbidites 
(TBTs) present a neglected potential within deep-water 
turbidite exploration and production. They have huge 
significance as both principal and marginal reservoirs, 
and for optimizing values of existing reservoirs, par-
ticularly in deep-water systems where investments 
are high and challenges severe. They have further 
significance as deep-water source rocks, as potential 
unconventional reservoirs, and, in the case of very 
thin-bedded turbidites (VTBTs), even as reservoir seals.

A large proportion of the world’s major hydrocar-
bon reservoirs occur in deep-water turbidite systems 
(Pettingill, 1998; Stow, 2000; Stow and Mayall, 2000; 
Khain and Polyakova, 2004; Gluyas and Garrett, 
2005; Hurst et al., 2005). Exploration in deep-water is 
increasingly active, with more than 50% of new dis-
coveries in the past 10 years coming from deep-water 
plays. In the enterprise of growing reserves and opti-
mizing field value in producing and marginal turbid-
ite fields, the significance of TBTs (3–10 cm [1.2–3.9 in.] 
thick sand and silt unit) and VTBTs (1–3 cm [0.4–1.2 in.] 
thick sand and silt unit) cannot be overemphasized.

TBT and VTBT are volumetrically the dominant 
facies in deep-water systems, occurring throughout 
the spectrum of architectural elements in deep-water 
environments (Stow et al., 1996; Stow, 2000; Stow 
and Mayall, 2000). They occur both separately and 
in association with thick (30–100 cm [12–39 in.]) and 
very thick-bedded turbidites (over 100 cm [39 in.]), 
in which the latter form the most prolific deep-water 
reservoirs. Although they are not the best-quality 
hydrocarbon reservoirs, TBT–VTBT successions can 
significantly enhance hydrocarbon reserves in fields 
producing from deep-water sandstones (Shepherd, 
1991; Clemenceau, 1995; Lerch et al., 1996; Clemenceau 
et al., 2000; Browne and Slatt, 2002). This is particu-
larly true if their specific properties, such as porosity, 
permeability, and lateral and vertical connectivities, 
are correctly estimated and incorporated into the 
modeling of fluid flow and estimation of hydrocarbon 
recovery factor.

A classic example is the Paleocene Forties field 
(North Sea UKCS), which despite increased estimated 
ultimate recovery from 40% in 1972 to more than 65% 
in 2005 (Gluyas and Garrett, 2005) still has significant 
reserves left in the TBT and VTBT successions. These 
low-pay sands have now become primary targets for 
enhanced oil recovery in the Forties field and might 
be considered for development in other mature tur-
bidite fields in the North Sea (e.g., fields described by 

Garland, 1993; Newton and Flanagan, 1993; Richards 
et al., 1993; Brehm, 2003; Fletcher, 2003; Wright, 
2003; Hempton et al., 2005; Gill and Shepherd, 2010; 
Worthington, 2010).

This chapter applies a new quantitative approach 
developed for characterization of TBTs and VTBTs 
(Stow et al., 2012; Omoniyi et al., 2014, 2015) in the 
North Brae field, South Viking Graben, North Sea. The 
approach uses principal geological attributes that per-
mit discrimination of TBT and VTBT facies in a vari-
ety of deep-water architectural elements. Combination 
of the attributes enables derivation of four attribute 
indices that provide quantification to TBT and VTBT 
properties such as lateral and vertical connectivities, 
sediment texture, and sand quality in the context 
of their depositional setting. The end results of the 
quantitative characterization may serve as both input 
parameters in running predictive simulation models 
or conditioning such models for economic recovery of 
hydrocarbon fluids bypassed in TBT and VTBT suc-
cessions for overall field value optimization.

Previous Work

The present study focuses on North Brae field, which 
is one of a cluster of fields located at the western 
margin of the South Viking Graben as part of the 
Upper Jurassic play in U.K. Blocks 16/07 and 16/08 
(Figure 1). The field, the first gas condensate recycling 
field to be developed in the North Sea, has an area of 
19 km2 1∼7 mi22, reservoir thickness in excess of 700 m 
(2300 ft), and average net to gross of 0.85. Its hydro-
carbon column is 169 m (554 ft) thick with estimated 
recoverable reserves of 207 million bbl of condensate 
and 800 bcf of dry gas in its three-way dip closure. 
Production began in 1988 using a gas recycling mecha-
nism to maintain reservoir pressure. The gas recovery 
factor is 80% (Stephenson, 1991; Brehm, 2003).

The Upper Jurassic Brae system was originally 
interpreted as a series of subaerial fan-deltas fring-
ing marine sediments (Harms et al., 1981). This was 
then reinterpreted as a deep-water turbidite system 
of overlapping slope-apron fans, in which conglom-
erate and sandstone turbidites and debrites interdigi-
tated with extensive TBT and VTBT facies (Stow et al., 
1982; Stow, 1984). Turner et al. (1987) later referred to 
this as a multiple-source ramp. The different parts of 
this multiple-source ramp or slope-apron fans system 
show slightly different geometries, in which the North 
Brae field is dominated by a coarse-grained channel 
complex system (Stephenson, 1991), the Central Brae 
field by an unchanneled cone of coarse-grained sedi-
ment (Turner and Allen, 1991), and the South Brae field 
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channelized submarine fans that represent South, 
Central, and North Brae systems. Note that these are 
relatively small-scale systems that extend only about 
20925 km 1∼12916 mi2  from the fault margin into the 
basin. Schematic cross sections from margin to basin 
are shown in Figure 2.

The principal east–west-trending channel-fill com-
plex of the North Brae field comprises sand-matrix 
conglomerates and sandstones flanked by TBT and 
VTBT slope facies (Brehm, 2003; Fraser et al., 2003; 
Turner et al., 2018). The conglomeratic facies pass 
eastward into predominantly sandstone facies and a 
sequence of sandstone–mudstone interbeds of the TBT 
and VTBT facies (Stow et al., 1982; Turner et al., 2018). 
Sandstone turbidites derived from the Fladen Ground 
Spur and fed via the South, North, and Central Brae 
complex channels form the principal reservoir facies 
of the Miller, Kingfisher, and East Brae fields that are 
located basinward (Rooksby, 1991; Garland, 1993; 
Branter, 2003; Spence and Kreutz, 2003). The thicker 
sandstone turbidites of these fields are interbedded 
with and pass laterally into TBT and VTBT facies. 
Garland (1993) described the thicker sandstones as 
interchannel deposits within a mid-fan setting. We 
consider them as terminal and interchannel sandy 
lobes.

Stratigraphically, the reservoir facies of all these 
fields (except Beinn) are part of the Upper Jurassic 

comprises a radiating pattern of channel complexes 
(Roberts, 1991). The Bracken reservoirs (see Figure 1) 
are a northern arm of the channelized North Brae fan 
system, which partially overlies the Beinn field, a gas 
condensate accumulation within the Callovian Hugin 
Formation (Turner et al., 1987; Brehm, 2003; Fraser 
et al., 2003). There are several other influx points and 
sediment bodies recognized along the margin, not all 
of which result in good hydrocarbon reservoirs (Fraser 
et al., 2003).

According to Stow et al. (1982), the provenance 
for the Brae system sediments is the Fladen Ground 
Spur to the west, where a series of Devonian and 
older sediments and granites were uplifted as part 
of ongoing tectonic activity related to the Cimmerian 
orogenic episode. Alluvial fans and high-energy riv-
ers fed sediment either onto a narrow shelf or directly 
onto a steep fault-controlled slope. Piano-key tecton-
ics (Stow et al., 1983), in which different segments of 
the margin undergo tectonic uplift and subsidence at 
different times, has led to variation in the timing and 
amount of sediment input along the margin. East–
west trending faults were probably important in sep-
arating the different parts (piano keys) of movement 
and in controlling the location of longer lived channels 
that served as conduits for sediment further eastward 
into the basin. Certainly, several discrete input points 
can be identified and linked to the short-headed 

Figure 1. Map showing the location of the North 
Brae field (based on Brehm, 2003, figure 1), which 
forms one of a cluster of Upper Jurassic fields 
located at the western boundary of the South 
Viking Graben. Central Brae and South Brae lie 
to the south, Miller and Kingfisher to the east, 
and East Brae to the northeast. West Brae and 
Sedgwick fields have Eocene reservoirs. Two red 
lines show directions of cross sections along lines 
A–A1 and B–B1 in Figure 2.
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(A)

(B)

Figure 2. Schematic cross sections from margin to basin along lines A and B in Figure 1, illustrating the geometry of (A) the 
South Brae–Miller–Kingfisher submarine fan system, and (B) the North Brae submarine fan system, which probably extends 
north-easterly to East Brae. See text for explanation.

Brae Formation, which interdigitates with and is 
overlain by the Kimmeridge Clay Formation and is 
underlain by the Heather Formation (Figure 3). The 
Kimmeridge Clay Formation serves as both the top 

and lateral seal for the Brae reservoirs. These three 
formations, together with the Birch and Ling sand-
stone members, constitute the Humber Group (Turner 
et al., 1987).
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Figure 3. Lithostratigraphic chart of the South Viking Graben, 
Northern North Sea. The Upper Jurassic Brae Formation is part 
of the Humber Group and overlies the Heather Formation. It is 
overlain by and interdigitates with the Kimmeridge Clay Formation 
(modified from Turner et al., 1987).

METHODOLOGY

Wells and Wireline Logs

Nine wells from the North Brae field (Figure 4) have been 
examined for this study, principally using wireline log 
and core data. Cored intervals from four of these wells, 
comprising 98–100% TBT and VTBT facies, were selected 
for more detailed examination. Logging of over 1500 m 
(4921 ft) of core was carried out at 1:20 scale, and a total 
of 337.4 m (1107 ft) of the core was logged at 1:10 scale 
for a more detailed study. Core intervals logged are well 
preserved. The four wells selected for detailed study are 
16/7a-7, 16/7a-B27, 16/7a-B14, and 16/7a-19 (Figure 4).

Gamma ray logs were used to delineate gross 
lithology. A combination of neutron and density logs 
enabled accurate lithology delineation and an estimate 
of the degree of shaliness. Based on the fact that sedi-
ment textural characteristics differ from one sediment 
type to another, boundaries between TBT successions 
and other facies were accurately delineated using 
sonic logs. In a typical TBT interval, sonic velocities 
become slightly higher (lower sonic transit times) 
because of the heterogeneous nature of the interval. 
Simple lithology logs were combined with the 
aforementioned wireline logs to permit accurate litho-
stratigraphic correlation and delineation of reservoir 
layers, using the top of Brae Formation as a datum. 
Well spacing was obtained from the top structure map 
of the study area.

Sediment Attributes and Attribute Indices

Drawing from a large number of studies of modern, 
ancient, and subsurface systems, we identify seven 
principal geological attributes of TBT and VTBT that 
can be used to discriminate between distinct facies and 
different architectural elements in deep-water systems. 
These geological attributes are facies and facies asso-
ciations (FAs), sandstone/mudstone ratio, sandstone 
and mudstone geometry and dimensions, sand con-
nectivity, sediment texture, small-scale sedimentary 
structures, and small-scale vertical sequences of bed 
thickness.
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silt) units. These definitions and practices are 
shown in Figure 5.

The bed thickness data acquired were plot-
ted as bar graphs with depth (m or ft) on the 
vertical axis and bed thickness (cm) on the 
horizontal axis (Figure 6). A total of over 3000 
beds have been measured and the basic statis-
tics of bed thickness data derived from these 
data are the mean and standard deviation.

Porosity and Permeability

Forty-eight cylindrical core plugs were acquired 
from well B27 using an Eibenstock EBM 250/2P 
coring drill (25.25 mm [1 in.] diameter). Coring 
was carried out at discrete points to represent 
the FAs identified. Samples were subsequently 
trimmed at both ends, using a Cutrock GSP 
1463 trimming saw. They were left to dry natu-

rally for 6 days after which a digital Vernier caliper was 
used to accurately measure their dimensions. For each 
dimension, three readings were obtained and an aver-
age value was calculated and recorded.

A helium gas expansion Porosimeter MK II was sub-
sequently used to measure sample porosity. This is capa-
ble of porosity measurements over a range of different 
sizes without instrument modification and also affords 
easy calibration. An EPS Nitrogen Gas Permeameter 
was used to measure permeability using backpressure 
flow technique. This technique enables accurate control 
of core pressure and flow rate while maintaining lami-
nar flow rates in higher permeability samples.

RESULTS

North Brae Fan Architecture

Over 40 wells have been drilled into the North Brae 
fan system in the area of the North Brae field, many 
of which have been extensively cored and all of which 
have full sets of wireline logs available. Based on 
our own analysis of selected wells, as well as build-
ing on four previous publications (Stephenson, 1991; 
Turner and Allen, 1991; Turner and Connell, 1991; 
Brehm, 2003), we propose the following depositional 
architecture.

Combination of these attributes enables definition 
of four principal attribute indices as follows:

1.	 Facies net-to-gross index (NGI)
2.	 Sand connectivity index (SCI)
3.	 Facies ratio index (FRI)
4.	 Sediment textural index (STI)

These indices provide numerical quantification of 
TBT and VTBT properties for input into reservoir simu-
lation models. Further description of these attribute indi-
ces is given under the “Results” section in this chapter.

Bed Thickness Definitions

We use the definition of bed thickness as the thickness 
of a sediment unit that appears to have been deposited 
under essentially constant physical conditions (Selley, 
2000). For turbidites, this generally includes the whole 
graded bed (i.e., both sand and mud parts of a graded 
bed). However, for the dual purposes of unambiguous 
measurement and applicability to reservoir character-
ization, we measure the thickness of the sand (or silt) 
part of the turbidite only. As the conventional defini-
tion of thin-bedded is 3–10 cm (1.2–3.9 in.) and of very 
thin-bedded is 1–3 cm (0.4–1.2 in.) (Stow, 2005), we 
therefore apply these thickness criteria to the sand (or 

Figure 4. Outline of the North Brae field, 
including the Bracken reservoirs (Brehm, 2003), 
showing the wells used in the study. Circled wells 
were studied in detail.
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facies (especially medium-bedded turbidites and 
TBTs) extend farther than 15 km 19 mi2 , reaching 
beyond the East Brae field (see Figure 2B); we inter-
pret this area as mid-fan lobes. This region merges 
basinward into more mudstone-rich facies of the 
distal fan and basin plain. TBT and VTBT facies, 
although mostly absent from the channel-fill sec-
tions, occur in four distinct regions: (1) marginal  
to the input point and canyon, across a narrow 
slope-apron belt (e.g., wells 19 and 7); (2) adjacent 
to the northern channel, as a channel-margin facies 
(well B14); (3) across the mid-fan lobe region (well 
B27); and (4) in the distal fan to basinal area. It is the 
four wells referred to above that are examined fur-
ther in this chapter.

Lithofacies correlation between individual wells 
has a high degree of uncertainty as the exact geom-
etry and extent of individual conglomerate or sand-
stone bodies are not well constrained. Previous 

The North Brae system is best referred to as a 
short-headed submarine fan linked to one specific 
input point along the faulted slope apron mar-
gin of the Late Jurassic. It extends eastward from 
this input point into the western part of the South 
Viking Graben and has a total radius of 15–20 km 
1∼9912 mi2 . The nature of sediment supply from 
the provenance region is uncertain, but the coarse-
grained, poorly sorted nature of the facies suggests 
either an alluvial fan or high-energy fluvial system 
that delivered sediment directly to the principal 
feeder channel.

The fan radiates out from the input point 
(Figure 7), with one major conglomeratic channel 
system extending 5–8 km 1∼395 mi2  basinward. 
The close tracking of principal fault lines to two of 
these channels suggests that their location may have 
been influenced by synsedimentary fault tectonics 
during Late Jurassic time. Sandstone-dominated 

Figure 5. An illustrative definition of bed thickness as used in the study. A turbidite deposit comprising a 3–10 cm 
(1.2–3.9 in.) thick sand/silt unit is termed a thin-bedded turbidite (TBT). By contrast, a turbidite deposit with a sand/silt unit 
that is 1–3 cm (0.4–1.2 in.) thick is generally regarded as a very thin-bedded turbidite (VTBT). Where laminae (e.g., Stow’s 
divisions) are present within a bed, they are treated not as disparate beds but as part of the bed (white arrows on the photos 
indicate individual TBTs or VTBTs).
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east-west) cross section (Figure 8) shows the concen-
tration of coarse-grained facies in what we interpret 
as the principal channels. These areas also represent 
the thickest depocenter for the upper Brae Forma-
tion, which reaches to over 350 m (1148 ft) thick. 
The two cross-channel cross sections (Figures 9, 10)  

studies have proposed lower and upper Brae reser-
voir units separated by a more or less widespread 
mudstone-rich layer (Stephenson, 1991; Brehm, 
2003). These divisions are not everywhere appar-
ent and are not easily applied to the wells examined 
for this study. Our down-channel (approximately 

Figure 6. Bed thickness profiles for wells 7, B27, B14, and 19 for the intervals studied in detail within the cored intervals (see 
Figures 9A, 10A for core locations). The profiles reflect an irregular or oscillation sequence type (Stow et al., 1996) (e.g., B27), 
or a random noncyclic pattern (Piper and Stow, 1991) (e.g., 19). These are considered typical of slope apron, basin plain, and 
interchannel depositional environments.
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and mudstone facies groups were further classified 
into 20 distinct facies on the basis of composition, 
grain size, type of bedding and lamination, inter-
nal structures, and average sandstone/mudstone 
ratio. Within these 20 distinct facies, we recognize 9 
that are dominantly sandstone-rich, 5 that are mixed 
sandstone–mudstone, and 6 that are dominantly 
mudstone–siltstone. The full range of facies names 
are presented in Table 1 and in Figure 11 for the pur-
pose of illustration. The facies are discussed briefly 
below.

S 1 :  S t r u c t u r e l e s s  P l a n a r - B e d d e d  S a n d -
stone  Facies S1 occurs as an ungraded and largely 
structureless, well-sorted medium light gray fine- 
to medium-grained sandstone with mean grain 
diameter of 131.52 µm, mean sphericity of 0.36, 
and mean aspect ratio of 1.85. With the exception 
of rare mudstone drapes that tend to occur irregu-
larly, the facies is composed entirely of sandstone. 

serve to illustrate the location and nature of the TBT 
and VTBT facies that both surround and interdigi-
tate with the coarse-grained channel facies. These 
finer grained facies can be up to 270 m (885  ft) 
thick in places, with only very rare conglomerate 
intercalations.

Sediment Facies

Conglomerates, sandstones (medium- and thick-
bedded turbidites), sandstones (TBT and VTBT), 
sandstone–mudstone units (TBT and VTBT), and 
mudstones (VTBT and hemipelagites) are the prin-
cipal facies groups that occur in most of the wells 
examined (note that, for broad lithology terms 
used here, “sandstone” can in places include silt-
stone and “mudstone” comprises both clay- and 
silt-grade materials). In the four wells selected for 
detailed work, sandstone, sandstone–mudstone, 

Figure 7. Facies distribution map for the upper part of the Brae Formation at the North Brae field. The black 
lines are correlation sections that are shown in Figures 8, 9, 10.
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Figure 8. Stratigraphic framework (A) and lithostratigraphic units (B) based on careful correlation of a suite of wireline 
logs (gamma ray, density-neutron, and sonic) and core data, showing sediment stacking pattern along the main conduit, 
that is, central channel (line C–C1). Core locations are shown as black thick lines (A). Numbers at the base are the distances 
between the wells. Well depths are in TVDSS, and wells are hung at the top of the Brae Formation.
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(A)

(B)

Figure 9. Stratigraphic framework (A) and lithostratigraphic units (B) based on careful correlation of a suite 
of wireline logs (gamma ray, density-neutron, and sonic) and core data, showing sediment stacking pattern, 
transverse to the principal sediment fairway (line E–E1). Core locations are shown as black thick lines, and the 
parts of cores shown in Figure 6 as blue lines (A). Numbers at the base are the distances between the wells. 
Well depths are in TVDSS, and wells are hung at the top of the Brae Formation.
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(A)

(B)

Figure 10. Stratigraphic framework (A) and lithostratigraphic units (B) based on careful correlation of a 
suite of wireline logs (gamma ray, density-neutron, and sonic) and core data, showing sediment stacking 
pattern, transverse to the principal sediment fairway (line D–C–D1). Core locations are shown as black thick 
lines, and the parts of cores shown in Figure 6 as blue lines (A). Numbers at the base are the distances 
between the wells. Well depths are in TVDSS, and wells are hung at the top of the Brae Formation.
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S3: Crudely Laminated Sandstone  With respect 
to bed thickness, color, and grain size, S1 and S3 
are congruent facies. In other words, S3 differs 
only in the presence of faint planar-parallel lami-
nation. S3 facies is less common within a TBT suc-
cession than the S1 facies and is generally overlain 
by M1, M4, or M5 facies. The faint but noticeable 
planar-parallel lamination, together with the over-
lying facies types, is typical of base-missing Bouma 
B- and D-divisions and Stow’s T0/T1, T2-T3/T5 
divisions.

S4 :  R ipp led  Wavy- Laminated  Sands tone  
Facies S4 deposits are similar to the planar-bedded 
counterparts in S2 but with additional wavy lamina-
tion and a more uniform bed thickness that uncom-
monly exceeds 4 cm (1.6 in.). In addition, the facies has 
a marked darker color that reflects mud-lined wavy 
lamination under ultraviolet (UV) light, indicating 
a slightly lower sandstone/mudstone ratio. The cur-
rent ripples, unlike those of the S2 deposits, are more 
prominent but confined within wavy nonparallel 
laminae.

S5: Planar Interlaminated Sandstone  Beds within a 
unit of S5 facies have gradational contacts and respec-
tive bed boundaries are very difficult to identify. 

Table 1. Proposed thin-bedded and very thin-bedded turbidites facies.

Class Facies Code Facies Name

Sandstone S1 Structureless planar-bedded sandstone
S2 Rippled planar-bedded sandstone
S3 Crudely laminated sandstone
S4 Rippled wavy-laminated sandstone
S5 Planar interlaminated sandstone
S6 Planar, parallel- to ripple-laminated sandstone
S7 Flaser-bedded sandstone
S8 Convolute-laminated sandstone
S9 Disturbed silty sandstone with contorted lamination

Sandstone–mudstone SMI Mud-draped wavy/planar subparallel sandstone
SM2 Sandstone–mudstone grade with disrupted lamination
SM3 Planar-bedded muddy sandstone
SM4 Interbedded sandstone with laminated mudstone
SM5 Interlaminated sandstone with nonlaminated mudstone

Mudstone { sandstone/siltstone M1 Parallel interlaminated mudstone
M2 Lenticular interlaminated mudstone
M3 Chaotic mudstone
M4 Graded mudstone
M5 Ungraded mudstone with isolated flat lenses
M6 Structureless mudstone

Within S1 beds, sandstone is separated by a very 
thin mud drape that makes up less than 1% of 
the sediment. Characteristic bed thickness ranges 
from 4.5 cm 1∼2 in.2  to over 10 cm 1∼4 in.2, but beds 
thicker than 15 cm 1∼6 in.2  also rarely occur. The 
absence of scoured bases and distinct lamination 
suggests similarity to the upper unit of the Bouma 
A-division sandstone.

S2: Rippled Planar-Bedded Sandstone  S2 facies are 
often interbedded with S4 and SM5, and individual 
sandstone beds are commonly separated by distinct 
very thin siltstone with mud lamina (M1). However, 
within successive S2 beds (2.2–8.5 cm [0.9–3.3 in.] 
thick), bedding is less distinct and is reflected by an 
abrupt change in color, from light olive gray to olive 
black beds. Like S1 sandstone, the facies has a very 
high sandstone/mudstone ratio, with sandstone 
content up to 98%, but differs in its characteristic 
sediment composition. It comprises moderately-to-
well-sorted, very fine- to medium-grained sand-
stone with subtle internal grading that is displayed 
by textural changes from a lower dominantly fine- to 
medium-grained interval to an upper interval of very 
fine-grained sandstone. Both the dominant current-
rippled and thin siltstone laminae that form the bed 
boundaries are indicative of Bouma C- and D-division 
sandstone.
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Figure 11. Illustration of thin-bedded and very thin-bedded turbidite lithofacies scheme based on their composition, grain 
size, bedding and lamination style, internal structures, and average sandstone/mudstone ratio. Within the 20 distinct facies, 
9 are dominantly sandstone-rich, 5 are mixed sandstone–mudstone, and 6 are dominantly mudstone–siltstone.

However, adjacent to other facies, bed boundaries are 
sharp and planar. Individual beds, where sufficiently 
clear, may reach up to 3 cm (1.2 in.) in thickness. The 
facies has a sandstone/mudstone ratio that is higher 
than S4 facies but lower than for S1, S2, and S3 facies. 
Under UV light, there is a marked color change (domi-
nantly very light gray) imprinted on it by calcite 
cementation, and internal grading toward the top can 
be clearly seen by the color change. The facies repre-
sents Bouma B- and lower C-divisions and is charac-
terized by variable bed thickness.

S6: Planar, Parallel- to Ripple-Laminated Sandstone  
S6 bears much resemblance to S5 facies with respect 
to grain size and sandstone/mudstone ratio. On the 
other hand, internal grading is more pronounced 
in the former than the latter, with a lower, planar-
parallel, fine-grained sandstone grading upward 
to ripple-laminated very fine-grained sandstone. 
Bed boundaries between S6 and neighboring facies 
are sharp to gradational, and individual beds 
are within the range of 4–10 cm (1.6–3.9 in.) in 
thickness.
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SM2: Sandstone–Mudstone Grade with Disrupted 
Lamination  The presence of sharp bed bases and 
gradational tops, in addition to discontinuous wavy 
subparallel laminae of thin-to-medium thickness, dif-
ferentiate SM2 from SM1 facies. The discontinuous 
laminae are often silty in SM2, in contrast to the con-
tinuous sandy wavy laminae of SM1. Bed thickness 
is commonly in the range of 61 to 5 cm 10.492 in.2 ,  
and M1 and M4 are the most common associated 
facies.

SM3 (Planar-Bedded Muddy Sandstone) and 
SM4 (Interbedded Sandstone with Laminated 
Mudstone)  Both SM3 and SM4 facies have simi-
lar textural and bedding characteristics. The former 
comprises a mixture of sandstone and mudstone, 
giving it a characteristic very light gray color and 
poor sorting, whereas the sandstone in the latter is 
both cleaner and better sorted. Individual sandstone 
beds that make up SM3 are up to 6 cm (2.4 in.) in 
thickness, contain mudstone clasts, and are marked 
by sharp, planar boundaries adjacent to mudstone 
laminae. By contrast, beds composed of SM4 are 
thinner, lack mudstone clasts, and have gradational 
boundaries.

SM5: Interlaminated Sandstone with Nonlami-
nated Mudstone  This TBT facies is composed of 
alternating lighter (very fine-grained sandstone) and 
darker layers (nonlaminated mudstone). The couplets 
differ from those of the SM2 facies by being thinner 
161 to 2.6 cm [0.491 in.] 2 and internally graded (from 
very fine-grained sandstone to nonlaminated mud-
stone). Sharp bases and gradational tops separate 
individual beds from associated facies.

M1: Parallel Interlaminated Mudstone  Very fine-
grained sandstone and siltstone laminae give the 
mudstone of M1 facies a monotonously thin inter-
laminated character that distinguishes it from the 
sand-bearing SM5 facies. The M1 facies has a rela-
tively low siltstone content of about 15% (average), 
with individual lamina having sharp bases and gra-
dational tops.

M2: Lenticular Interlaminated Mudstone  M2 facies 
is mudstone-dominated but comprises partially con-
nected flat- to lens-shaped laminae of siltstone and 
very fine-grained sandstone that give it a character-
istic lenticular lamination. Within individual siltstone 
and sandstone lenses, sorting is moderate and tex-
tural grading is subtle. The thicknesses of these lenses 
appear to reduce toward the top of a facies unit.

S7: Flaser-Bedded Sandstone  The mud streaks 
confined within troughs of current ripples within S7 
beds result in the darker greenish color that reflects 
a lower sandstone content than the preceding facies. 
Bed boundaries between successive beds of S7 facies 
cannot be easily identified because of its monotonous 
but complex internal organization across respec-
tive bed intervals. Toward the top of these intervals, 
grain-size gradation occurs and the top is commonly 
capped by M1 and rarely by SM5 facies. By estima-
tion, bed thickness appears to exceed 10 cm (3.9 in.) 
in places.

S8:  Convolute- Laminated Sandstone  The 
convolute-laminated sandstone facies comprises 
fine-grained sandstone with deformed internal lam-
ination. It has a lower sandstone/mudstone ratio 
than the preceding facies and lacks regular internal 
structure. Ripples are rarely seen and wavy lami-
nations are poorly organized, causing an irregular 
pattern that reflects rapid settling of sediment from 
a dilute turbidity current. It is the least common 
facies in the core sections examined and, when pre-
sent, it is over 12 cm (4.7 in.) in thickness. Charac-
terized by planar bedding, the facies is separated 
from undeformed beds by sharp boundaries. Other 
than the deformed lamination, the facies closely 
resembles S1.

S9: Disturbed Silty Sandstone with Contorted Lam-
ination  Unlike S8 beds, relict internal laminations in 
S9 beds are well preserved. The latter have typically 
gradational boundaries and the facies has a lower 
sandstone/mudstone ratio. It is difficult to accurately 
measure individual bed thickness because of pro-
found blurring of bed boundaries marked by a mix of 
various grain sizes. However, distinct boundaries can 
occur with other facies, where marked color changes 
and improved internal organization emphasize bed 
boundaries.

SM1: Mud-Draped Wavy/Planar Subparallel Sand-
stone  This facies, like SM2, SM3, SM4, and SM5, 
comprises sandstone with variable proportion of 
mudstone. Typically, the mudstone forms thin drapes 
over sandstone beds that rarely exceed 3 cm (1.2 in.) 
in thickness. Unlike other members of the sandstone–
mudstone class, one or two beds comprising S2 facies 
are usually sandwiched within its intervals. The 
average sandstone/mudstone ratio within individ-
ual beds is 5:1 and these beds are sharp-based and 
sharp-topped.
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M3: Chaotic Mudstone  As in the M2 facies, bed 
boundaries within the M3 facies are sharp-based and 
sharp-topped. The moderately sorted siltstone and 
very fine-grained sandstone laminae appear to have 
been loaded into the underlying graded mudstone, 
giving it a chaotic internal structure. The siltstone/
mudstone ratio for the M3 facies is the highest among 
the siltstone–mudstone couplet facies.

M4: Graded Mudstone; M5: Ungraded Mudstone 
with Isolated Flat Lenses; M6: Structureless Mud-
stone  M4 facies consists of crude, very thin to thin 
siltstone laminae aligned parallel within a background 
of mudstone. This repetition of siltstone laminae gives 
the mudstone a graded appearance. In some cases, 
however, only very few siltstone lenses (often flat and 
isolated) are present (M5), and these lenses may be 
completely absent as in the case of structureless mud-
stone (M6). These three facies are completely lacking 
in sand content and no significant siltstone content is 
adequate to permit measurements of bed thickness.

TBT and VTBT Facies Associations

For ease of comparison and analysis, the fine-grained 
facies have been grouped into six FAs using distinctive 

attributes such as sand percentage and internal struc-
ture (Figure 12). These are defined as follows:

FA1: average 90–95% sand, TBT and VTBT, beds 
mainly 65 cm 12 in.2 thick, mudstone laminae and 
drapes only, mostly Facies S1–S9.
FA2: average 80–90% sand, TBT and VTBT, some 
beds up to 10 cm (~4 in.), some medium-bedded 
turbidites, mudstone layers more marked than 
FA1, mostly facies S1–S9, some facies SM1–5.
FA3: average 60–80% sand and silt, VTBT domi-
nant, some TBT 165 cm [2 in.] 2, mudstone laminae 
and drapes, mostly facies SM1–5, some facies S1–S9.
FA4: average 40–60% sand and silt, VTBT domi-
nant, some TBT, mostly SM1–5.
FA5: average 20–40% sand and silt, VTBT domi-
nant, rare TBT, mostly facies SM1–5 and M1–3.
FA6: average 620% silt and very fine sand, VTBT 
and mud only, mostly facies M1–6.

The proportions of these different FAs (Table 2) 
vary markedly between the cored intervals of the four 
wells (7, B27, B14, and 19) subjected to the detailed 
study (Figure 13). The most sand-rich facies (FA1–
FA2) characterize the studied core from well B27 in 
the mid-fan lobe succession, and the lower half of 

Figure 12. Core photographs of TBT and VTBT facies associations. Lithofacies identified were grouped into six associations 
based on their composition, sandstone/mudstone ratio, and nature and type of bedding.
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the core from well 19. The more sand and mud-rich 
facies (FA4–FA5) are most common in the B14 core, 
the channel-margin succession, and in the upper 
parts of core from wells 7 and 19 in the slope-apron 
succession.

Bed Thickness and Sequences

Bed thickness data for wells 7, B27, B14, and 19 
(Figure 6) are based on selected cored intervals from 
near the top of the Brae Formation of around 20 m  
(65 ft) in wells 7, B27, and B14, and 35 m (115 ft) in 
well 19 (see Figures 9, 10 for core locations). These pro-
files show no convincing vertical trends or sequences 
of bed thickness variation. Instead they all reflect an 
irregular or oscillation sequence type (Stow et al., 
1996) or a random noncyclic pattern (Piper and Stow, 
1991). These are considered typical of slope apron, 
basin plain, and interchannel depositional environ-
ments. Small-scale oscillation sequences, compen-
sation cycles, or microcycles are quite possibly also 
present, especially in the mid-fan lobe succession of 
well B27 (Figure 14). Further work is needed to vali-
date these trends.

Bed thickness statistics for the measured intervals 
in wells 7, B27, B14, and 19 (Figures 13, 14) are pre-
sented as frequency distribution curves (Figure 15A) 
and bar charts (Figure 15B). Three of the wells are 
closely comparable, each having excess of 90% VTBTs 
(Figure 15A). Core from well 7 consists of 97.6% VTBTs 
and 2.2% TBTs, with a mean bed thickness of 0.9 cm 
(0.35 in.) and standard deviation of 1.0 cm (0.39 in.). 
Core from well B14 comprises 95.3% and 4.6% of 
VTBTs and TBTs, respectively, with a mean bed thick-
ness of 1.2 cm (0.47 in.) and standard deviation of 
1.1 cm (0.4 in.). Core from well 19 consists of 90.3% 
and 9.8% of VTBTs and TBTs, respectively, with a mean 

bed thickness of 1.3 cm (0.5 in.) and standard devia-
tion of 1.3 cm (0.5 in.). By contrast, well B27 core has 
41.5% VTBTs and 51.6% TBTs, with a mean bed thick-
ness of 4.9 cm (1.9 in.) and standard deviation of 3.6 cm 
(1.4 in.). In each well, a relatively small proportion of 
beds lie in the medium range of bed thickness (i.e., 
10–30 cm [∼4912 in.]). This amounts to between 0.1% 
and 0.2% in wells 7, B14, and 19, but up to 6.9% of beds 
in well B27.

Attribute Indices

Understanding the dynamic behavior of reservoirs is 
critical to reducing key uncertainties and mitigating 
attendant subsurface risks that impact hydrocarbon 
recovery in VTBT and TBT reservoirs. To achieve this, 
we define a new quantitative approach to provide 
input parameters for reservoir simulation models that 
will predict flow of hydrocarbon fluids in such reser-
voirs. The four attribute indices used for this study are 
defined and explained below.

Facies Net-to-Gross Index (NGI)  NGI is an index 
that expresses the standard net-to-gross sand value 
commonly used to evaluate reservoir intervals. We 
have made it more closely aligned with TBT and VTBT 
facies by calculating the index specifically for the 
occurrence in core of a specific FA. It is defined as

	 NGI 5 c 1NT2f
1GT2f d 	 (1)

1NT2f and 1GT2f are net and gross thicknesses, respec-
tively, for the section of core and specific facies being 
considered. Hence, we refer to it as facies net-to-gross.

Sand Connectivity Index (SCI)  SCI is an index that 
expresses the proportion of sand beds that are ver-
tically connected in a representative TBT or VTBT 
FA. It is derived from the nature of bed or lamina-
tion cross-cutting relationships and forms an impor-
tant discriminator for predicting sand vertical 
continuity and connectivity in a sequence of thin 
and very thin beds. It is expressed as a product of 
facies NGI (above) and a vertical connectivity factor 
(VCF). That is:

	 SCI 5 3NGI*VCF4	 (2)

NGI is defined above, whereas VCF can be obtained 
as follows:

	 VCF 5 c S>S

1 1S>S2 1 1S>M2 2 d 	 (3)

Table 2. Proportion of facies associations in four wells in 
the North Brae field.

Facies 
Associations

Percentage Proportion of Facies  
Associations in Wells

7 B27 B14 19

1  0 59  0 67
2  0 35  0  0
3 42   0 43  0
4 58   6 32 13
5  0   0 25 20
6  0   0  0  0
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Figure 13. Simple lithology logs for wells 7, B27, B14, and 19, depicting proportion of each facies association 
identified in the wells. The proportions are plotted as pie charts. Location of sections within cored intervals are 
shown as blue thick lines in Figures 9A, 10A (the same intervals as in Figure 6); all are very close to the top of 
the Brae Formation.

13958_ch09_ptg01_257-282.indd   274 08/30/18   10:17 AM



Characterization of Thin-Bedded Turbidites in the North Brae Field, South Viking Graben, North Sea  275

where S>S is the proportion of sand overlying sand 
and S>M is the proportion of sand overlying mud. So, 
the full SCI becomes

Figure 14. Left: A bed thickness  
profile across well B27 from 23681  
to 23705 mSS 1212,078 to 
212,156 ftSS2 . This is equivalent  
to 3984 to 4005 mMD (13,070– 
13,140 ftMD). Middle: Expanded 
section covering 3984 to 3985 mMD 
(13,070 to 13,073 ftMD). Right: Core 
photograph of the expanded section. 
In the context of our bed definition, 
the expanded section comprises  
10 beds.

	 SCI 5 c 1NT2f
1GT2f d 3 c S>S

1 1S>S2 1 1S>M2 2 d 	 (4)

Equation 4 encompasses all variables that are used to 
calculate the SCI of a particular TBT and VTBT FA. SCI 
ranges from 0, being no vertical connectivity, to 1, 
being very high vertical connectivity.

Facies Ratio Index (FRI)  FRI expresses the ratio of 
TBT to VTBT facies and is therefore distinctive of 
different depositional environments, proximal to 
distal relationships, or near-to-far channel location. 
It is expressed as the proportion of TBT beds to the 
sum of TBT and VTBT beds in a characteristic FA 
and compares to Bouma or Stow sequence combina-
tion and selected facies ratios. That is:

	 FRI 5 c nTBT

an1TBT; VTBT2 d 	 (5)

nTBT refers to number of TBT beds in a distinctive FA 
being considered, and an1TBT; VTBT2  is the sum 
of TBT and VTBT in the FA. Like SCI, the FRI ranges 
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The STI ranges from 0 to 1, where values closer 
to 0 represent a large difference between sand and 
mud mean grain size and relatively thicker mud-
stone interbeds, whereas values closer to 1 repre-
sent a small difference between the sand and mud 
mean grain size and relatively thinner mudstone 
interbeds.

Attr ibute  indices  p lots  are  presented in 
Figure 16A–C. The SCI, FRI, and STI are all plotted 
on the vertical axis against facies NGI. The values for 
each of the FAs are indicated by different colors. The 
axes are linear and values of respective attribute indi-
ces range from 0 to 1. In the cross plots, FAs 5 and 6 
are not considered because of the extreme low values 
of their attribute indices arising from their mud-prone 
nature.

Different patterns are clearly observed for each of 
the four FAs considered. FA1 is marked by high-to-
very-high NGI and SCI, a wide range of FRI, and a 
moderate-to-low STI. FA2 shows similar values but 
with greater spread of NGI and SCI and slightly 
lower values of FRI and STI. By contrast, FA4 has 
very-low-to-moderate NGI and very low SCI, FRI, 
and STI. FA3 shows a relatively greater spread of 
values for all indices that tend to span between the 
low values of FA4 and the high values of FA1 and 
FA2. Such plots can be used to derive average val-
ues for each attribute and for type facies, which can 
be used for input into reservoir modeling and sim-
ulation. They can also be used to consider attribute 
values that are more or less conducive to good reser-
voir properties and performance.

Porosity and Permeability

The results of porosity and permeability measure-
ments are presented in Figures 17, 18 for well B27. FA1 
samples have the highest porosity (21.8%), followed 
by FA2 with 13.5%. FA3 and FA4 have low poros-
ity (10%) (Figure 17). During the permeability tests, 
only FA1 did permit appreciable flow of helium gas 
(Figure 18)—Kh, 998 md; Kv, 533 md (maximum); the 
other FAs did not permit gas flow despite their poros-
ity (Omoniyi et al., 2015).

(A)

(B)

Figure 15. (Left) Statistical charts showing frequency of 
bed thickness (A) and mean bed thickness and standard 
deviation (B) within the cored intervals studied in detail. 
See text for explanation.

from 0 to 1 and it is indicative of the energy condition 
prevalent during sediment transport and subsequent 
deposition.

Sediment Textural Index (STI)  STI is derived from 
the mean grain-size property of all the TBT–VTBT 
facies in the specific FA being considered. In particu-
lar, it is a measure of the difference in mean grain size 
between the coarser grained (sand-silt) beds and the 
finer grained (mud-rich) interbeds. It therefore con-
siders the relative ease with which fluid can migrate 
through and be stored within the mudstone interbeds 
compared with the sandstone beds. It can provide 
insight into sediment transport, depositional history, 
and sediment maturity.

The STI is calculated by taking the reciprocal of 
mean grain size in f units 1dm2  of all the mud-rich 
interbeds minus the mean grain size in f units 1ds2 of 
all the sand-rich beds in the FA being considered. In 
each case, the nearest whole number f unit is used. 
This is then multiplied by the NGI to account for the 
relative thickness of sandstone versus mudstone. This 
therefore becomes

	 STI 5 a 1
1dm 2 ds2 b 3 NGI	 (6)
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(A)

(B)

(C)
Figure 16. Cross plots for (A) SCI versus NGI, (B) FRI versus 
NGI, and (C) STI versus NGI for all facies associations in 
all the studied cores. The values for each of the facies 
associations are indicated by different colors. Many of the 
“individual” points are masking others with exactly the 
same values. The axes are linear and values of respective 
attribute indices range from 0 to 1. In the cross plots, facies 
associations 5 and 6 are not considered because of the 
extreme low values of their attribute indices arising from 
their mud-prone nature. See text for more explanation.

Figure 17. Wireline-derived porosity log correlated with 
ambient core-based porosity in well B27 (right). FA1 has 
the highest porosity and FA4 has the lowest. The low poros-
ity values observed in some tight FA1 samples are caused 
by calcite cementation. The porosities are compared with 
the sedimentary log covering the cored interval in the well 
(left).
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Figure 18. Representative figures showing 
distribution of porosity and vertical perme-
ability (A), and porosity and horizontal per-
meability (B) in selected TBT facies samples. 
Only facies that belong to FA1 permitted 
appreciable gas (nitrogen) flow. More expla-
nation is provided in the text.

DISCUSSION

Thin-bedded turbidites (both TBT and VTBT) have 
recently come under greater scrutiny from the indus-
try to maximize return from deep-water investments 
and to optimize recovery from turbidite fields. From 
earlier work, it is clear that much still needs to be 
done in the characterization of TBT and VTBT, par-
ticularly in the context of quantifying their properties 
to permit prediction of sand geometry, sand quality, 
and sandstone/mudstone ratio, as well as to improve 
overall understanding of their distribution, archi-
tecture, and dynamic behavior. This is of paramount 
importance in reservoir modeling and simulation. The 
results presented in this study represent the first steps 
in developing a new approach to quantification of TBT 
and VTBT facies, which we have applied to the North 
Brae field in the North Sea.

Depositional Architecture

The wells studied in the North Brae field penetrate 
parts of a short-headed submarine fan that is part of a 
more extensive faulted slope-apron sedimentary sys-
tem (Stow et al., 1982; Turner et al., 1987; Stephenson, 
1991; Brehm, 2003). The system is fed by sediments 
sourced primarily from the Fladen Ground Spur in 
the west via a single input point (Fraser et al., 2003). 
Wells B8, B17, B1, and B7 were drilled through an 
elongated channel trending approximately west–east 
direction. Sand-matrix conglomeratic facies dominate 
in the proximal parts of the main conduit (thickest at 
well B1) and prograde eastward into predominantly 
sandstone facies of the mid-fan lobes. The thin-bedded 
sand-prone facies of well B27 is interpreted here as 
part of a sand-rich lobe lateral to the main channel sys-
tem, and thicker sandstones in well B9 are interpreted 
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as more proximal parts of another lateral sand lobe 
(Figure 7; and see Turner et al., 2018). Adjacent to the 
main channel system on the northern flank, and in 
the proximal slope-apron adjacent to the input point 
conduit, turbidity-current deposition was dominated 
by mixed sandstone–mudstone (wells B14, 7, and 19) 
with both TBT and VTBT facies.

Synsedimentary tectonic activity has played a very 
significant role in both sediment supply and sedi-
ment architecture of the North Brae Fan. The style and 
response of TBT–VTBT facies to such tectonic activity 
is something that requires further investigation. Our 
first look at sequences of bed thickness reveals irregu-
lar, noncyclic patterns of thickness variation for most 
of the TBT–VTBT sections. There is some evidence 
for more distinctive small-scale oscillation sequences 
(or microcycles) in well B27. This may be characteris-
tic of compensation cycles (Mutti and Sonnino, 1981; 
Piper and Stow, 1991) and especially typical of a lobe 
setting.

Facies, Attribute Indices, and Reservoir Character

Very careful logging and study of the TBT–VTBT suc-
cession in four selected wells led to the definition of 
20 individual facies. These are grouped into six dis-
tinctive FAs, which can be more readily recognized 
and logged in future work. Careful development of 
a systematic method for characterizing these FAs in 
a rigorous and quantitative manner has led to the 
definition of four attribute indices used in this study: 
Facies NGI, SCI, FRI, and STI. Each index ranges in 
value from 0 to 1, where, for the most part, low values 
indicate more mud-prone facies and high values indi-
cate sand-prone facies. However, these values do not 
necessarily correspond to poor or good reservoir char-
acteristics. Cross plots between these indices allow us 
to determine relative properties of the different FAs 
and elucidate which are most suitable as potential 
reservoirs.

For good reservoir characteristics, we propose 
NGI 7 0.7 and SCI 7 0.7. FA1, FA2, and some FA3 
match these criteria. The index level to set for FRI and 
STI is less clear-cut; a wider range of values appears 
to favor good reservoir characteristics. These indices 
should be used in conjunction with the other indices 
and are now the subject of further refinement and 
modification. Porosity–permeability measurements 
on core plugs closely matched the log-derived values. 
For porosity values, these measures concur with our 
evaluation of attribute indices. However, significant 
permeability measurement was only achieved for 
FA1, with lower values being obtained for FA2.

CONCLUSIONS

FA1 and FA2 have the best characteristics favorable 
for development in producing marginal turbidite 
fields with significant TBT–VTBT successions. This is  
related to their better porosity and permeability. In 
addition, they have high sandstone/mudstone ratio 
and the degree of heterogeneity is relatively low. 
These are followed by FA3, which can also be a good 
reservoir where NGI and SCI are both moderate to 
high. SCI is low in FA4, although sand percentage 
may be high, and as a result, this FA is unlikely to be a 
good reservoir. FA5 and FA6 are not considered suit-
able for conventional reservoir development. In gen-
eral, the robust quantitative approach presented in 
this study could aid reservoir mapping, improve res-
ervoir characterization of TBT and VTBT sequences, 
and could serve as input data for reservoir modeling 
of TBTs and VTBTs and associated deep-water ele-
ments. The practical applications of these indices for 
better prediction of sand continuity and connectivity 
and distribution of small-scale sedimentary hetero-
geneities are being explored and will be discussed 
elsewhere.
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