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Fig. 8.18. Top: Schematic diagram showing development of simple normal grading by suspen-
sion settling from a turbulent turbidity current. Botfom: Schematic diagram showing develop-
ment of inverse- to-normal grading by partial flow transformation with freezing and
late-stage hindered settling from a laminar debris flow. See text for details. (After Shanmugam
(2000a). Reproduced with permission from Elsevier.)
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mudstone balls; (d) floating mudstone clasts; (e) floating quartzose granules;
(f) alternating parallel-ripple-parallel-ripple laminae; (g) mud-draped ripples
and double mud layers; and (h) sigmoidal cross bedding.

The turbidite facies model advocates only normal grading, but field evidence
shows common basal inverse grading. Most units show inverse- to normal-
grading trends.

The turbidite facies model advocates a single depositional event for each
unit. Field data, however, shows that each individual unit in reality is com-
posed of amalgamated intervals deposited by multiple depositional events.
The turbidite facies model advocates a simple origin by turbidity currents.
But the Annot Sandstone implies a complex origin by processes involving
slumping, plastic debris flows, and tidal bottom currents. Deposits of true
turbidity currents are extremely rare.

Different researchers have proposed eight different processes for the origin
of the Ta division. They are: (i) turbidity currents (Bouma, 1962); (ii) antidune
phase of the upper flow regime (Harms and Fahnestock, 1965; Walker, 1967);
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V Bottom Currents

Muddy Turbidity Current
Sandy Debris Flow

Hydroplaning
Muddy Debris Flow
Turbidity Current

Hemipelagic Settling

Fig. 8.19. Conceptual model showing reworking the tops of downslope sandy debris flows by
along-slope bottom currents. Such complex deposits would generate a sandy unit with a basal
massive division and upper reworked divisions with traction structures (ripple laminae), mim-
icking the ‘Bouma Sequence’.

(iii) grain flows (Stauffer, 1967); (iv) pseudoplastic quick bed (Middleton,
1967); (v) density-modified grain flows (Lowe, 1976); (vi) high-density
turbidity currents (Lowe, 1982); (vii) upper-plane-bed conditions under high
rates of sediment feed (Arnott and Hand, 1989); and (viii) sandy debris flow
(Shanmugam, 1997a).

(6) According to the turbidite facies model, traction structures are originated by
turbidity currents. In this re-evaluation, traction structures are attributed to
reworking by deep-marine tidal currents.

The problem remains how we can explain deep-water units that show a partial
Bouma Sequence composed of a basal massive division and an upper parallel-
laminated division. In areas in which both downslope sandy debris flows and
along-slope-bottom currents operate concurrently (Fig. 8.19), the reworking of
the tops of sandy debris flows by bottom currents may be expected. Such a sce-
nario could generate a basal massive sand division and an upper reworked divi-
sion, mimicking a partial Bouma Sequence. The reworking of deep-water sands
by bottom currents has been suggested by other researchers as well (e.g., Stanley,
1993; Ito, 2002).

8.8 Problems with other facies models

Since the introduction of the Bouma Sequence, other researchers have realized
that the muddy division of the Bouma Sequence (Te) was inadequate to satisfac-
torily represent all of the divisions present in muddy turbidites (e.g., Piper, 1978).
This realization led Stow and Shanmugam (1980) to propose a new vertical facies
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Fig. 8.20. Existing vertical facies models of (1) coarse-grained turbidites (Lowe, 1982),
(2) classic turbidites (also known as the Bouma Sequence), and (3) fine-grained turbidites
(Stow and Shanmugam, 1980). Correlation of the S3 division of coarse-grained turbidites with
the Ta division of the Bouma Sequence is after Lowe (1982). Correlation of various divisions
between classic turbidites and fine-grained turbidites is after Pickering et al. (1989). (After
Shanmugam (2000a). Reprinted with permission from Elsevier.)

model with nine divisions (TO0, T1, T2, T3, T4, T5, T6, T7, and T8) just for fine-
grained turbidites. Similarly, Lowe (1982) introduced a new vertical facies model
with six divisions (R1, R2, R3, S1, S2, and S3) exclusively for coarse-grained
turbidites (i.e., deposits of high-density turbidity currents) (Fig. 8.20).

In natural environments there is only one type of turbidity current: a
Newtonian flow in which sediment is suspended by fluid turbulence. Natural
turbidity currents, no matter what grain size sediment they transport, will always
behave the same hydrodynamically. Theoretically, an ideal turbidity current that
carries gravel- to mud-size material should deposit a continuum of divisions
representing coarse-grained turbidites at the bottom (R1, R2, R3, S1, S2, S3),
classic turbidites in the middle (Ta, Tb, Tc, Td, Te), and fine-grained turbidites at
the top (TO, T1, T2, T3, T4, TS5, T6, T7, T8). There are no laws of physics that
dictate that turbidity currents that carry coarse sediment must cease deposition
at Lowe’s S3 division, or that turbidity currents that carry fine sediment must
commence deposition with Stow and Shanmugam’s TO division. The established
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Fig. 8.21. A schematic diagram showing downslope changes in turbidite divisions from coarse-
grained turbidites (Lowe, 1982), through classic turbidites (Bouma, 1962), to fine-grained
turbidites (Stow and Shanmugam, 1980). If existing turbidite facies models were realistic, then
an ideal turbidite bed should develop 16 divisions. However, no one has ever documented such
a turbidite bed with 16 divisions in the field or in flume experiments. (After Shanmugam
(2000a). Reproduced with permission from Elsevier.)

divisional boundaries between these three ideal facies models are artificial.
If turbidite facies models were true, a turbidity current carrying a gravel- to- mud
load should deposit all of its divisions from gravel (R1) to mud (T8). In fact,
Lowe (1982) suggested a continuum of deposits from coarse-grained turbidites
to classic turbidites (R1 to Te) totaling 11 divisions. If we were to add the
nine divisions of fine-grained turbidites to this continuum (Fig. 8.21), an ideal
turbidite bed should comprise a total of 16 divisions, eliminating four overlap-
ping divisions. Such an expectation is realistic because many deep-water
sequences contain lithologies ranging from gravel to mud. But no one has ever
documented a complete turbidite sequence with all 16 divisions in either modern
or in ancient deposits (Fig. 8.20). The absence of such a complete turbidite bed
in the geologic record suggests that the ideal turbidite facies models may be
incorrect.

To date, no one has ever generated even the simple Bouma Sequence with
five divisions by turbidity currents in flume experiments. There are no size-
velocity type diagrams for turbidity currents. Therefore, the current hydrody-
namic interpretation of the Bouma Sequence is tenuous. New experiments are
needed to establish the true relationship between the sequence of structures,
if any, in turbidites and their relationship to the hydrodynamic conditions of
turbidity currents.
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8.9 Synopsis

The turbidite facies model is a product of distillation of field details, whereas
process sedimentology is a precise science that demands field details.
Paradoxically, the turbidite facies model undermines the foundation of process
sedimentology. Science is a journey toward the truth, but the turbidite facies
model has terminated the journey and has become the final destination.



This Page Intentionally Left Blank


mahesh
This Page Intentionally Left Blank


317

Chapter 9

Submarine fan models

9.1 Introduction

The objective of this chapter is to address problems with submarine fan models
using sedimentologic details of the Jackfork Group in the Ouachita Mountains as
a case study. A comprehensive review of submarine fans was provided by
Shanmugam and Moiola (1988). Submarine fan models have been the most influ-
ential sedimentological tool in the petroleum industry for reconstructing deep-
water environments (Weimer et al., 1994, 2000b).

9.2 Modern-fan model

Aspects of modern submarine fans have been discussed in Chapter 6. Normark
(1970) presented the first widely used model for modern submarine fans based
on studies of small, sand-rich, fans such as the San Lucas and Navy fans, offshore
California. For the lobe-shaped bulge immediately downfan of the termination of
the major feeder channel, he introduced the term ‘suprafan.” Normark (1970, 1978)
advocated that this morphologic feature was formed by rapid deposition of coarse
sediment from turbidity currents. In high-resolution seismic data, the suprafan
lobe was thought to exhibit an overall mounded, hummocky morphology. This
was because the irregular surface of the suprafan produced multiple and overlap-
ping hyperbolic reflections (Normark, 1991).

9.3 Ancient-fan model

Mutti and Ricci Lucchi (1972) proposed submarine fan models based on outcrop
studies in Italy and Spain. They popularized the concept of submarine fans with
channels in the middle-fan setting and depositional lobes in the lower-fan setting.
Mutti and Ghibaudo (1972) were the first to apply the term ‘depositional lobe’ to
ancient deep-sea fan sequences. General characteristics of the depositional lobes
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(MODIFIED AFTER MUTTI, 1877)

Fig. 9.1. Conventional submarine fan model showing middle-fan channels and lower-fan
depositional lobes at channel-mouth environments. Note thickening-upward trends of deposi-
tional lobes. (Modified after Mutti (1977). Reproduced with permission from Blackwell.)

of ancient submarine fans (Mutti and Ghibaudo, 1972; Mutti and Ricci Lucchi,
1972; Mutti, 1977) are the following:

(1) Development near the mouths of submarine fan channels analogous to dis-
tributary mouth bars in deltaic systems.

(2) Absence of basal channeling.

(3) Thickening-upward depositional cycles composed of classic turbidites
(Fig. 9.1).

(4) Common thickness in the range of 3—15 m.

(5) Sheet-like geometry.

9.3.1 Submarine lobe concepts

The term lobe has been applied to a wide range of deep-water environments,
resulting in considerable confusion. Shanmugam and Moiola (1991) reviewed
this problem at length. Selected example are: (1) suprafan lobe for middle-fan
environments (Normark, 1978); (2) fanlobe for the entire fan (Bouma, Coleman,
et al., 1985); (3) depositional lobe for lower-fan environments (Mutti and Ricci
Lucchi, 1972); (4) erosional lobe for the entire fan (Thornburg and Kulm, 1987);
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(5) channelized lobe for slope/upper-fan environments (Nelson et al., 1985); and
(6) ponded lobe for slope/upper-fan environments (Nelson et al., 1985). The first
five types represent turbidite-dominated systems, whereas the ponded lobe repre-
sents a slump-dominated system.

9.3.2 Attached versus detached lobes

Mutti and Ricci Lucchi (1972) originally proposed a submarine fan model in
which depositional lobes were attached to feeder channels (Fig. 9.2). In a subse-
quent model, however, Mutti and Ricci Lucchi (1975) advocated detachment
of lobes from their feeder channels as a result of sediment bypassing (Fig. 9.2).
The detached lobe model is controversial because Mutti (1979) explained the
sediment-bypass zone by ‘hydrodynamic readjustment’ of turbidity currents
(Fig. 9.3B), whereas Shanmugam and Moiola (1985) attributed the bypass zone
to a growing anticline (Fig. 9.3C). This controversy has implications for devel-
oping reservoir models. In a detached lobe, if it existed, a thick shale interval
would separate a channel-mouth sandstone from a lobe sandstone (see Fig. 9.2).
Such shale intervals would act as barriers between the channel-mouth sandstone
and the lobe sandstone. These lobe models developed from the outcrop, without
input from modern environments or without emphasis on process sedimentology,
are of limited practical value for understanding reservoir geometry and quality.

9.4 General-fan model

Walker (1978) combined the major elements of Normark’s (1970) model of
modern fans with facies concepts of ancient submarine fans, and advocated a
general-fan model with a single feeder channel in the upper-fan area and suprafan
lobes in the middle- to lower-fan areas. Because of its predictive capabilities, this
model became influential in hydrocarbon exploration and production. This gen-
eral model was also meant for turbidite-dominated systems.

9.5 Turbidite facies association

The concept of turbidite facies was first introduced by Mutti and Ricci Lucchi
(1972, p. 127-128). They defined facies as follows: ‘Facies, or better, lithofacies,
are used herein to indicate a group of strata, or less commonly a single stratum,
with well-defined lithology, stratification, sedimentary structures, and texture.’
Subsequently, other researchers proposed similar facies schemes for deep-water
deposits (Stow, 1985; Pickering et al., 1986; Ghibaudo, 1992). As the name
implies, the turbidite facies scheme was developed for turbidite-dominated sys-
tems. Seven basic turbidite facies, namely A, B, C, D, E, F, and G, were proposed.
These letters should not be confused with five divisions of the Bouma Sequence
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ANCIENT SUBMARINE FAN MODEL WITH ATTACHED LOBES
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Fig.9.2. Comparison of ancient submarine fan models with attached and detached lobes. See text
for details. (After Shanmugam and Moiola (1988). Reproduced with permission from Elsevier.)

(i.e., Ta, Tb, Tc, Td, and Te; see Chapter 8). The attraction of this facies scheme
to both the petroleum industry and academia was the belief that the facies asso-
ciation scheme could be used to interpret specific submarine-fan environments.
Shanmugam et al. (1985a), however, questioned the turbidite facies associations
for the following reasons:



321

Submarine fan models

MAP VIEW OF THE HECHO BASIN

10 KM (APPROX.)
e

-

[STUDY AREA

BARCELON
MAD.RID

SPAIN

N N CHANNELS
AN

BASIN PLAIN

BOLTANA
ANTICLINE

HYDRODYNAMIC CONTROL

(WUTTI, 1979)
CHANNEL MOUTH CHANNEL
BAR DEPO! DEPOSITS

SEONEI
LOBE DEPOSITS BYPASS ZONE

HYDRODYNAMIC
READJUSTMENT
20M€

FREE FLOW:

TECTONIC CONTROL
(THIS STUDY)

MOUTH
BAR DEPOSITS D}NOITQ

LOBE DEPOSITS ANTICLINE

CHANGING SLOPE AND FLOW

V= VELOCITY v
FROUDE NUMBER F, =
r /=“_ q

9 SACCELERATION
DUE TO GRAVITY

dSFLOW THICKNESS
SUPERCRITICAL

SUBCRITICAL
FLOW (F < 1) FLOW (F>1)

I
STEEP SLOPE

GRADUAL SLOPE

LOBE ZONE OF BYPASSING CHANNEL
(DEPOSITION) {NON-DEPOSITION) MOUTH
(DEPOSITION)

Fig. 9.3. Sedimentologic versus tectonic explanations for the detached lobe model of the
Hecho Basin, Spain. See text for details. (After Shanmugam and Moiola (1985). Reproduced

with permission from Springer-Verlag.)



322 Deep-water processes and facies models

(1) Mutti and Ricci Lucchi (1972) developed the facies scheme exclusively from
outcrops such as those of the Eocene Hecho Group, Spain. However, the true
relationship between turbidite facies and fan environments has not been
confirmed from coring of modern fans. For example, cores from the modern
Amazon and Mississippi Fans reveal that ‘depositional lobes’ in these fans
are dominated by debrites, not by turbidites (see Chapter 6). Lobes are chan-
nelized in the Mississippi Fan. Also, cores taken from the Amazon Fan lobe
do not validate the thickening-upward trend of depositional lobes (Normark,
Damuth et al., 1997).

(2) The turbidite facies scheme does not account for scale problems that exist
between modern and ancient systems. The canyon on the modern Bengal
Fan, for example, is wide enough (15 km) to accommodate many individual
ancient-fan systems.

(3) The turbidite facies scheme is meant for a canyon-fed submarine fan system
with a point source; however, the scheme is not suitable for delta-fed systems
with a line source (Heller and Dickinson, 1985).

(4) The turbidite facies scheme does not take into account bottom-current
reworked sediments that are common in the deep sea (see Chapter 4).

The practice of using turbidite facies schemes as templates has waned in the
1990s. Popular submarine fan models were also abandoned by their proponents
in the 1990s (see Chapter 10). The Jackfork Group of the Ouachita Mountains is
a well known case study in which the conventional fan model was abandoned.

9.6 The Jackfork Group and the turbidite controversy

A field trip to examine the Pennsylvanian Jackfork Group in Arkansas (U.S.A.)
was organized in conjunction with the 1997 AAPG/SEPM Annual Convention in
Dallas, Texas (Bouma et al., 1997). The primary purpose was to debate its con-
troversial reinterpretation of the Jackfork Group as deposits of sandy debris flows
by Shanmugam and Moiola (1995). This paper, which debunked the status quo
turbidite fan interpretation of the Jackfork Group, resulted in 42 printed pages of
discussion and reply in the AAPG Bulletin (Bouma et al., 1997; Coleman, 1997;
D’Agostino and Jordan, 1997; Lowe, 1997; Shanmugam and Moiola, 1997; Slatt
et al., 1997). No other paper in the Bulletin has generated this much controversy.
Thus the details that served as the basis for reinterpretation are presented here.

The Pennsylvanian Jackfork Group in the Ouachita Mountains of Arkansas
and Oklahoma has conventionally been interpreted as a classic flysch sequence
composed of turbidites in a submarine fan setting (Cline, 1970; Morris, 1977;
Moiola and Shanmugam, 1984; Shanmugam et al., 1988c; DeVries and Bouma,
1992; Mutti, 1992). These strata were deposited in a water depth of 1500-2000 m
(Chamberlain, 1971). The Ouachita flysch was considered to be analogous to the
modern Bengal Fan in a remnant ocean basin (Graham et al., 1975).
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Moiola and Shanmugam (1984) originally advocated a turbidite-fan model for
the Jackfork Group. Subsequently, Shanmugam and Moiola (1995) abandoned
their turbidite-fan model and reinterpreted the Jackfork Group as deposits of
sandy debris flows, slumps, and bottom currents in a slope setting. This change
in their interpretation has been attributed to the following changes in methodol-
ogy in Shanmugam and Moiola’s later study:

(1) They recognized new sedimentary features in slabbed samples that appear
massive in outcrop.

(2) They did not follow the conventional approach of assuming that massive
sandstones are products of high-density turbidity currents.

(3) They avoided the use of ‘Bouma’ divisions in their field descriptions.

(4) They made bed-by-bed interpretation of depositional processes following the
principles of process sedimentology.

(5) They used thin sections to gather data on vertical grain size variations and
matrix content within individual units.

They measured the Pennsylvanian Jackfork Group exposed along the two
spillway walls (east and west) of the DeGray Dam Spillway section; Arkansas
and at the Kiamichi Mountain section, Oklahoma (Fig. 9.4). In addition, they

DeGray Spillway
Sec}ion

ARKANSAS

ORLAHOMA

Mountain Section

Fig. 9.4. Location map showing the DeGray Spillway section in Arkansas and the Kiamichi
Mountain section in Oklahoma that were used in the study of the Jackfork Group. (After
Shanmugam and Moiola (1995). Reprinted by permission of the American Association of
Petroleum Geologists whose permission is required for further use.)
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examined outcrops throughout Arkansas (e.g., Friendship section near DeGray
Spillway; and Big Rocks Quarry) and Oklahoma (Moiola and Shanmugam, 1984;
Moiola et al., 1988).

In the DeGray Spillway section the east and west walls are about 100 m apart
and they exhibit similar lithofacies. They measured the entire east-wall section
(Units 1-793, Fig. 9.5) and added the uppermost part (Unit 794) from the west-
wall section to the top of the east-wall section to generate a composite sedimen-
tological log (Fig. 9.6). In most cases, a unit represents a bed formed by a single
depositional event, but many units are composed of amalgamated massive sand-
stone beds that represent multiple depositional events (e.g., Unit 794). Units
thicker than 2 cm were measured and described. The measured thickness of the
DeGray Dam Spillway section is 327 m (1072 ft) and the Kiamichi section is
42 m (138 ft). The total number of measured units at the DeGray Spillway
section is 794 and at the Kiamichi Mountain section is 189 (Figs. 9.7, 9.8). At the
DeGray Spillway section, the continuous exposure of 327 m of interbedded
sandstone and mudstone presents an excellent opportunity to practice process
sedimentology.

On the basis of both field and laboratory examination of these rocks, Shanmugam
and Moiola recognized eight types of lithofacies: (1) massive sandstone; (2) sand-
stone with floating mudstone clasts; (3) pebbly sandstone; (4) contorted sand-
stone; (5) contorted shale; (6) mudstone/shale with floating clasts; (7) laminated
and rippled sandstone and siltstone; and (8) laminated shale. Distribution of depo-
sitional facies in the DeGray Spillway and Kiamichi Mountain sections is given
in Table 9.1. Each type of lithofacies has been interpreted in terms of specific
depositional process (Table 9.2).

9.6.1 Massive sandstone (sandy debris flow)

The most common lithofacies in the DeGray Spillway section is massive sand-
stone that appears structureless in outcrop (Fig. 9.9B). When slabbed, however,
it exhibits internal features. This lithofacies is composed predominantly of light-
to medium-grey, fine- to medium-grained, moderately to poorly sorted sandstone.
Basal contacts are sharp and planar or undulating. In thick units of massive sand-
stone, load casts are present, but directional sole marks (grooves and flutes) are
rare to absent. Upper contacts are commonly sharp, but are undulating or irregu-
lar (Fig. 9.9D). Commonly, what appears to be a single bed in outcrop is com-
posed of amalgamated units. Bed thickness generally ranges from 30 cm to 1 m.
Beds pinch out laterally, some within a matter of a few meters (Fig. 9.10). Beds
with pinch-out geometry do not show evidence of basal erosion.

Normal grading, typical of turbidites, is extremely rare, but in thin sections
inverse grading is recognized. For example, Unit 741 at the DeGray section
exhibits an average grain size of 0.19 mm at base and 0.26 mm near the top.
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Fig. 9.5. Sedimentological log showing basal part (0—160 m) of the measured DeGray Spillway
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American Association of Petroleum Geologists whose permission is required for further use.)
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Table 9.1 Lithofacies characteristics and interpreted depositional processes

of the Jackfork Group

Lithofacies

Depositional process

DeGray section  Kiamichi section

Measured thickness
Number of measured Units

Fine-grained ‘massive’ sandstone, pebbly

sandstone, sharp top, inverse grading,
floating mudstone clasts, floating
quartzite pebbles, planar fabric,
dish structures, high matrix content
(up to 25%)

Mudstone/shale, floating mudstone
clasts, planar fabric

Sandstone/shale, sharp top,

contorted bedding, sigmoidal imbricate

slices, floating clasts, planar fabric
Fine-grained sandstone and siltstone,
current ripples, horizontal lamination,
mud drapes on ripples
Shale, horizontal lamination, chert,

Sandy debris flow

Muddy debris flow

Mixed slump/debris flow

Bottom-current
reworking

Pelagic/hemipelagic

Nereites trace fossils

(suspension settling)

327 m (1072°) 42'm (138")
794 189

53% 33%

5% -

11% -

16% 40%

15% 27%

Facies distribution was calculated as percent of number of measured units.

Table 9.2 Data, observed sedimentological features, and interpretation of the Jackfork Group

Data

Observed features

Interpretation

Shanmugam and Moiola
(1995, their Figs. 12A, 16C)

Figure 9.11

Figure 9.9 C

Figure 9.12

Figure 9.11

Figures 9.11, 9.12

Figure 9.9D
Figures 9.9B, 9.10

Figure 9.9D
Figure 9.10
Figure 9.14
Figure 9.13

Shanmugam and Moiola
(1995, their Fig. 14B)

High primary mud matrix
(up to 25%) in sandstone
Rafted (floating) mudstone chips
(clasts) near tops of
sandstone beds
Floating boulder-size sandstone
clasts in mudstone
Poor sorting or variability
in grain size
Inverse grading of clasts
in sandstone
Planar clast and/or pebble fabric
in sandstone
Lack of scour at base of sandstone
Sharp upper contacts of sandstone

Trregular bed tops of sandstone

Lateral pinch out geometry
of sandstone

Sigmoidal deformation structures
(duplexes)

Contorted bedding

Horizontal lamination

Flow strength (sandy debris flow)

Flow strength (sandy debris flow)

Flow strength (cohesive muddy
debris flow)
Flow strength

Flow strength/buoyant lift
(sandy debris flow)
Laminar flow (sandy debris flow)

Laminar flow (sandy debris flow)
Deposition by freezing
(sandy debris flow)
Freezing of primary relief
(sandy debris flow)
Possible snouts?
(sandy debris flow)
Slumping

Slumping
Traction (bottom currents)
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Unit Lithofacies
No.

255 755—-1-‘:1_:;
| 4F:ﬁ}
250t
3=
| £
SisT—1:d
?50—::
240+
749
g 25
@
£E
27 230- 748—=
"_.
2251
2201
45 716
2101
205
200-—= L ey, e
. |_;__.-| - - : 1 =3 [, oy
A [ oo ke wy

Fig. 9.9. (4) Sedimentological log of a portion of the DeGray Spillway east wall section.
(B) Outcrop photograph showing massive sandstone beds of Unit 749 and overlying units to
the right. (C) Outcrop photograph of an olistostrome showing a large sandstone intrabasinal
clast (arrow) in mudstone (Unit 748). Note scale (15 cm) near the bottom of the clast. Photograph
from the west wall. (D) Outcrop photograph showing a sandstone with irregular upper contact
(dashed line), possibly representing primary relief (Unit 716). Note non-erosive basal contact
(15-cm scale is at lower right).
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Fig. 9.10. Outcrop photograph showing lateral pinch-out geometry of a massive sandstone
unit (arrow) (Unit 602). Note the sharp lower and upper contacts of sandstone beds. Thin
mudstone layers occur between sandstone and they do not show evidence of erosion. The lateral
pinch out (arrow) may be interpreted as a possible snout of debris flow. DeGray Spillway east
wall section.

At certain intervals, dish structures are present. Thin section study, based on
400 points per sample, showed that mud matrix in this facies ranged from 3 to
25% and that the bulk of the matrix is primary (i.e., depositional), not recrystal-
lized (i.e., diagenetic).

At the DeGray Spillway section, Morris (1977) interpreted sandstone beds
whose thickness exceeded 25 cm to be proximal turbidites and those averaging
2—-15 cm to be distal turbidites. Jordan et al. (1991, p. 59) stated, ... turbidity cur-
rents were responsible for deposition of virtually all the sandstone beds within the
DeGray Lake Spillway section’; And yet, no one has documented the virtual abun-
dance of normal grading in the Jackfork Group at the DeGray Spillway section.

Fine-grained massive sandstones in the Jackfork had enough mud matrix
(up to 25%) to provide strength to the flow. The presence of mud is an indication
of laminar flow conditions associated with debris flows (Enos, 1977). Abrupt
lateral pinch-out geometries (Fig. 9.10) of sandstones without basal erosion may
be interpreted as snouts of sandy debrites formed by freezing of flows. Most
sandstone units have sharp, but non-erosive bases. The underlying mudstone beds
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are unaffected by scouring (Fig. 9.10), suggesting that the flow was not turbulent.
Therefore, laminar flow conditions, typical of debris flows, may be inferred
(Table 9. 2).

9.6.2 Sandstone with floating mudstone clasts (sandy debris flow)

This facies is composed of light- to-medium grey, lower fine- to medium-grained,
moderately to poorly sorted massive sandstone with rafted mudstone clasts. The
thickness of these sandstone units ranges from 5 cm to nearly 6 m. Their upper
bedding contacts are sharp. Rounded to subrounded mudstone clasts, ranging in
size from 2 mm to 20 cm in diameter are common (Fig. 9.11). Most clasts are
composed of plates and chips. Floating clasts occur mainly near the tops of
sandstone units. Some platy mudstone clasts are aligned parallel to bedding
planes producing planar-clast fabric (Fig. 9.11). Some units (e.g., Unit 756,
DeGray) exhibit inverse-size grading (i.e., mean grain size of 0.20 mm at base
and 0.24 mm near the top). Unit 38 exhibits a subtle normal grading for sandy
matrix (i.e., mean grain size of 0.13 mm at base and 0.09 mm near the top), but
shows an inverse grading for mudstone clasts. Point-count data shows that the
mud matrix varies from 10 to 19%. Unit 31 at DeGray is, for the most part,
matrix-supported sandstone.

The occurrence of mudstone clasts of various sizes (2 mm—20 c¢cm in diameter)
near the top of a sandstone bed suggests that the flow had strength to maintain

Fig. 9.11. Photograph of a massive sandstone slab with floating mudstone clasts of various
sizes (Unit 38). Note the planar clast fabric near the top of the polished front surface. DeGray
Spillway east wall section.



Submarine fan models 333

these clasts of different sizes, but of similar density. The presence floating clasts
in matrix-supported sand is indicative of matrix strength. The failure of larger
floating clasts to settle to the base is evidence for flow strength. Delicate mud
clasts have also been cited as evidence of laminar flow in debrites (Johnson,
1970; Enos, 1977). Clast orientation (i.e., long axis of clasts aligned parallel to bed-
ding surface) can be used to infer laminar flow conditions, a condition common to
debris flow (Fisher, 1971; Enos, 1977; Shanmugam and Benedict, 1978).

9.6.3 Pebbly sandstone (sandy debris flow)

The pebbly sandstone facies occurs near the top of the measured DeGray section
(Unit 794). Unusually large quartzite pebbles (20 mm in diameter) are admixed
with smaller quartzite pebbles (3—4 mm in diameter) (Fig. 9.12). Both quartzite
pebbles and shale clasts float in a ‘matrix’ composed of fine- to medium-grained
sand. Quartz-rich sand and quartzite pebbles make it a poorly sorted lithofacies.
Quartzite pebbles and mudstone clasts show planar fabrics. Inverse grading of
pebbles has been observed. Small scour-like features, which are filled with

Fig. 9.12. Outcrop photograph of pebbly sandstone lithofacies. Note the side-by-side occur-
rence of large and small quartzite pebbles in a sandy matrix. Also note a faint alignment of
long axes of pebbles parallel to bedding (planar pebble fabric). DeGray Spillway section.
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quartzite pebbles, occur within the thick sandstone units. The small scours imply
fluid turbulence; however, this is a minor component in this facies. On the basis
of floating quartzite pebbles and clasts, planar fabric, and inverse grading, the
pebbly sandstone beds were interpreted to be sandy debrites.

9.6.4 Contorted sandstone (sandy slump)

This facies is composed of light- to medium-grey, fine-grained, poorly sorted
sandstone. The diagnostic feature of this facies is contorted bedding (Fig. 9.13).
Sigmoidal imbricate slices or duplex structures occur (Fig. 9.14). The duplex
structures at the DeGray Spillway section were described by Shanmugam et al.
(1988c¢). Three types of duplexes (sigmoidal deformation structures) have been
recognized in three different lithologies (Fig. 9.15). Units adjacent to these
duplex units have opposing imbricate slices and they reach thicknesses of up to
75 cm. Dips of the imbricate slices vary from 25 to 40°. The units are bounded
by undeformed planar beds, with sharp upper and lower contacts.
Conventionally, duplex features have been attributed to tectonic deformation
of lithified units. However, a tectonic origin for the sigmoidal slices is considered

Fig. 9.13. Photograph of a polished sandstone slab showing contorted layers with floating
mudstone clasts (Unit 153). Kiamichi Mountain section.
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Fig. 9.14. Outcrop photograph showing two adjacent sigmoidal deformation structures
(i.e., duplex-like structures) with opposing dips shown by arrows (Unit 52). Note a 15-cm scale
is near upper right. DeGray Spillway east wall section.

unlikely because opposing directions of imbrication in stratigraphically adjacent
units would require an unrealistic tectonic history. Therefore, the imbricate
slices (i.e., duplexes) have been attributed to sedimentary slumping. This conclu-
sion was based, in part, on an experimental model of a small-scale duplex struc-
ture generated in the laboratory in soft plaster (Shanmugam et al., 1988c, Fig. 3
therein). Contorted sandstones with floating mudstone clasts imply that these
sandstones, originally emplaced by debris flows, were subsequently subjected
to slumping.

9.6.5 Contorted shale (muddy slump)

This facies is composed of dark grey to black shale with stringers of siltstone or
very fine sandstone. Contorted units of shale are sandwiched between uncon-
torted sandstone units. The thickness of these shale units varies from 10 to 20 cm.
Analogous to the contorted sandstone facies, imbricate slices of shale are present
(Unit 270, DeGray). Morris (1977) described these units as contorted, chaotic,
and slurried beds. The origin of this facies, like that of the contorted sandstone
facies, is sedimentary slumping.
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Fig. 9.15. Sketch illustrating three types of sigmoidal deformation structures (i.e., duplexes)
observed in the Jackfork Group: (1) shale dominant, (2) shale and sandstone dominant, and
(3) sandstone dominant lithologies. The presence of deformed units sandwiched between
undeformed units suggests synsedimentary deformation. DeGray Spillway section. (After
Shanmugam and Moiola (1995). Reprinted by permission of the American Association of
Petroleum Geologists whose permission is required for further use.)

9.6.6 Mudstone/shale with floating clasts (muddy debris flow)

This facies is composed of dark grey to black mudstone/shale with floating clasts
of sandstone, limestone, chert, and shale. Some floating clasts are nearly 3 m long
(Fig. 9. 9C), but most are less than 30 cm. Clasts are angular to subrounded, and
they exhibit both bedding-parallel and random orientations. An example of this
facies is in Unit 748 (Fig. 9. 9C). It is 13 m thick and has sharp upper and lower
contacts with adjacent sandstone units. Some clasts in these units are contorted
suggesting synsedimentary deformation. This facies represents true debrites.
Such debrites with large clasts are called ‘olistostrome’ (Fig. 9.9C).

9.6.7 Laminated and rippled sandstone, and siltstone (bottom currents)

This facies is composed of medium grey to reddish brown, very fine to fine-grained
sandstone and siltstone. Parallel laminae are common and most laminae are less
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than 5 mm in thickness. On the tops of beds, linguoid ripples are preserved
(Unit 329, DeGray). Rippled beds commonly occur as discrete units with sharp
tops and bottoms. Some ripples are draped with mud layers. Sole marks are
common (e.g., Units 315, 370, 391, and 440, DeGray). Bed thickness ranges
from 10 to 100 cm, but averages 20 cm.

Morris (1974, 1977) interpreted these beds as distal turbidites; however, these
beds do not exhibit normal size grading. The presence of mud drapes in this
lithofacies suggests fluctuating energy conditions, and therefore is difficult to
explain them by a waning turbidity current. Discrete traction structures in deep-
water sequences are indicative of bottom-current reworking (Hollister, 1967;
Shanmugam et al., 1993a). Klein (1966) originally pointed out the importance of
bottom currents in the Pennsylvanian strata of the Ouachitas. He argued that
sole marks in these beds actually represented scouring by bottom currents rather
than by turbidity currents. Influence of bottom-current reworking is evident in
both sections studied (Fig. 9.16).

Slump and debris flow

0 100

L,
S
Q
%
%
Turbidity 100 . : ; . . o Bottom
current 0 0 20 3 40 50 60 70 80 90 100 current
Traction

Fig. 9.16. Ternary diagram showing the relative abundance of slump and debrite facies in
comparison to turbidites and bottom-current deposits. Plots are based on normalized percent-
ages of resedimented facies from Table 9. 1. Note the influence of bottom currents in the Kiamichi
Mountain section. (After Shanmugam and Moiola (1995). Reprinted by permission of the
American Association of Petroleum Geologists whose permission is required for further use.)
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9.6.8 Laminated shale (pelagic and hemipelagic settling)

This facies is composed of dark-grey to-black shale containing horizontal laminae
of siltstone. Bedding contacts are sharp. Trace fossils of the Nereites ichnofacies
are common and chert nodules are sparse. This lithofacies occurs throughout the
section as thin intervals (a few cm thick) between sandstone beds, but its thickness
can reach up to 8 m. This facies has been attributed to pelagic and hemipelagic
settling of mud in a deep-water environment.

9.7 The impermanence of submarine fan models

White (1937) originally interpreted the Jackfork Group as deposits of slides and
slumps in a deep-water setting. All later researchers have interpreted the Jackfork
as being composed predominantly of turbidites in a submarine fan setting (e.g.,
Morris, 1974; Moiola and Shanmugam, 1984; Moiola et al., 1988; Shanmugam
et al., 1988c; DeVries and Bouma, 1992; Mutti, 1992).

Moiola and Shanmugam (1984) proposed a conventional fan model for the
Jackfork (Fig. 9. 17A). They advocated a middle-fan setting with channels
(‘thinning-upward’ trends) for the DeGray section and an outer-fan setting with
lobes (‘thickening-upward’ trends) for the Kiamichi section using the Mutti and
Ricei Lucchi’s (1972) depositional cycle concept. True turbidites are nearly
absent in the Jackfork. The turbidite cycle concept, therefore, is not meaningful
here because plastic debris flows and slumps that dominate these intervals do not
emplace sediment in a predictable or organized (i.e., thinning- or thickening-
upward) manner. The cycle concept was based on the assumption that individual
outcrop units represent a single depositional event. Although individual units
appear to be single beds in outcrop, when slabbed and examined in detail they are
made up of multiple beds comprising multiple debrite and slump events.

Moiola and Shanmugam (1984) also applied the turbidite facies association
scheme of Mutti and Ricci Lucchi (1972) to the Jackfork to establish middle
fan (facies A, B, C, D, and G) and outer fan (facies D and G) settings. Soon after-
wards, however, Shanmugam et al., (1985a) began to question the validity of
this facies association scheme for interpreting submarine fan environments.
Consequently, Shanmugam and Moiola (1988) avoided applying the facies asso-
ciation scheme as well as usage of middle fan and outer fan terminologies
(Fig. 9.17B). Still, however, they believed that the Jackfork represented a longi-
tudinal fan system in a remnant ocean basin setting (Fig. 9.17B).

Contrary to previous studies that advocated a dominance of turbidites, the
DeGray Spillway section is dominated by debrite and slump deposits (69%).
Associated bottom-current deposits (16%) and pelagic/hemipelagic deposits (15%)
constituted the remainder of the section (Table 9.1). The Kiamichi Mountain section
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Kiamichi
Mountain

@ D = DeGray Section
® K = Kiamichi Section
=P Olistostrome

Fig. 9.17. (4) Conventional fan model of Moiola and Shanmugam (1984) showing middle fan
setting (channel dominated) for the DeGray section and outer fan setting (lobe dominated) for
the Kiamichi section. (8) Fan model of Shanmugam and Moiola (1988) showing a longitudinal
fan system in a regional tectonic framework. Note that the fan is not subdivided into inner,
middle, and outer segments.

showed more deposits of bottom-current reworking (40%), but debrite deposits
(33%) still comprised a significant amount of the section. Pelagic/hemipelagic
deposits (27%) made up the remainder of the Kiamichi Mountain section
(Table 9.1). On the basis of sedimentological features (Table 9.2), and facies dis-
tribution (Table 9.1), Shanmugam and Moiola (1995) reinterpreted the Jackfork
Group as deposits of slumps, debris flows, and bottom currents on a slope setting
(Fig. 9. 18).
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Fig. 9. 18. Revised model of the Jackfork Group showing the importance of debris flows and
slumps on a slope setting. Tectonic framework is after Thomas (1985). Paleocurrent data of the
Jackfork suggest a westward flow in southeastern Oklahoma (Briggs and Cline, 1967). (After
Shanmugam and Moiola (1995). Reprinted by permission of the American Association of
Petroleum Geologists whose permission is required for further use.)

9.8 Synopsis

In the 21st century, when all is said and done, data will dictate that many turbidite
fans exist only in publications, not in the rock record. The reinterpretation of the
Jackfork Group reflects a paradigm shift. Although the turbidite paradigm is still
alive in some circles, turbidites themselves have become an endangered facies.
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Chapter 10

Sequence-stratigraphic fan models

10.1 Introduction

The objective of this chapter is to address problems with sequence-stratigraphic
fan models using sedimentologic details of petroleum-bearing reservoirs in the
North Sea. In a deep-water sequence-stratigraphic framework (Fig. 10.1), basin-
floor fans are considered to be attractive hydrocarbon reservoirs. This is because
the sequence-stratigraphic model predicts that basin-floor fans are sand-rich
reservoirs dominated by turbidites. According to Vail et al. (1991, p. 646), basin-
floor fans are ‘sheet mounds made up of massive sands deposited as lobes or
sheets in a deep marine setting.’ This conceptual model is being used in the petro-
leum industry to predict reservoir facies in frontier and mature basins.

10.2 Basin-floor fans and slope fans

In seismic sequence stratigraphy, the concept of suprafan lobes with mounded
seismic forms (Normark (1970) had a major influence. Sarg and Skjold (1982)
applied the suprafan concept to Paleocene sands in the Balder area of the North
Sea and mapped eight distinct suprafan lobes with mounded seismic geometries.
Each individual mound was interpreted as a suprafan lobe containing an inner fan
with fining-upward channelized deposits and an outer fan fringe with coarsening-
upward sheet sands (Sarg and Skjold, 1982). Using Normark’s model, Mitchum
(1985) proposed a general seismic model for ancient fans that consist of an upper
and a lower fan (Fig. 10.2). The upper fan consisted of leveed channels (i.e.,
channel-levee complex of Normark, 1970), and the lower fan consisted of lobate
and mounded deposits (i.e., suprafan of Normark, 1970). Mitchum also equated
mounded seismic facies with sheet-like turbidite sandstones of ancient deposi-
tional lobes. In Mitchum’s model a lobe is considered to exhibit mounded exter-
nal form and bidirectional downlap.

In a sequence-stratigraphic framework, the lowstand systems tract is composed
of the basin-floor fan, the slope fan, and the prograding wedge (Vail, 1987;
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Fig. 10.1. Conceptual sequence-stratigraphic fan models. (4) Seismic geometries showing
basin-floor fans (sheet mound) and slope fans (complex or gull-wing mound). (B) Wireline-log
motifs showing blocky motif of basin-floor fans. (C) Slope-fan model. (D) Basin-floor fan
model. Simplified from Vail et al. (1991). (After Shanmugam et al. (1995a). Reprinted by
permission of the American Association of Petroleum Geologists whose permission is required
for further use.)
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Fig. 10.2. Evolution of concepts on seismic mounds (bottom to top). Normark (1970) first pro-
posed the seismic mound concept based on study of suprafan lobes of modern systems.
Mitchum (1985) proposed a general seismic model for submarine fans, based on the seismic
mound concept of Normark (1970), in which lobes exhibit an external mounded geometry
with internal bidirectional downlaps. Vail et al. (1991) proposed a basin-floor fan model based
on Mitchum’s lobe concept. Thick upward arrows show the link between seismic mound
concepts. See text for details. (After Shanmugam (2000a). Reproduced with permission from

Elsevier.)
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Vail et al., 1991). Vail’s slope fans represent Mitchum’s upper fan with leveed
channels, and Vail’s basin-floor fans represent Mitchum’s lower fan with seismic
mounds (Fig. 10.2). Thus the basin-floor fan concept is nothing but a combina-
tion of Normark’s suprafan lobe concept (i.e., mounded seismic geometry) and
Mutti and Ricci Lucchi’s depositional lobe concept (i.e., sheet-like sandstone
bodies). However, there is an important distinction between fan models of sedi-
mentology and fan models of sequence stratigraphy. In sedimentologic fan models,
channels and lobes are contemporaneous elements. In sequence-stratigraphic
models, leveed fan channels are part of the younger slope fan, and they are
not contemporaneous with the lobes that are part of the older underlying basin-
floor fan.

Standard criteria have been proposed for recognizing basin-floor fans and
slope fans in seismic profiles and wireline logs (Vail and Wornardt, 1990; Vail
et al., 1991).

Basin-floor fans may exhibit the following characteristics:

(1) External mounded forms on seismic profiles that downlap or onlap onto Type
1 unconformities (sequence boundaries).

(2) Hummocky to chaotic internal reflections or seismic facies within mounds.

(3) High-amplitude reflections that show bi-directional downlap at the base of
a mound or onlap onto bathymetric highs (Fig. 10.1A).

(4) Lateral punch-out seismic geometry.

(5) Blocky wireline-log motifs (Fig. 10.1B).

(6) Their position beneath slope fans (Fig. 10.1A).

(7) Basin-floor fans are predicted to be sand-rich turbidites with sheet-like
geometries (Fig. 10.1D).

Slope fans may exhibit the following characteristics:

(1) Occurrence on a depositional slope and downlap onto basin-floor fans
(Fig. 10.1A).

(2) Gull-wing mound or bow-tie reflections on seismic profiles (complex mound
in Fig. 10.1A).

(3) Zones of chaotic internal reflections.

(4) They show crescent-shaped, wireline-log motifs (Fig. 10.1B).

(5) Slope fans are predicted to be predominantly mud-rich systems characterized
by channel-levee complexes. Both turbidites and debrites are common in
slope fans.

Although basin-floor fans have routinely thought to have been identified using
seismic profiles (Jackson et al., 1992) and/or wireline logs (Mitchum et al., 1990),
there have been very few attempts, using conventional core data, to systematically
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document the actual depositional facies of these features. As a result, the validity
of the conceptual model and its predictive capabilities remain questionable.

In testing the validity of the basin-floor fan concept, Shanmugam et al. (1995a,
1996) utilized conventional core data. To understand the relationship between
process sedimentology (core-scale features) and seismic-sequence stratigraphy
(seismic-scale features), long cores (up to 700" or 213 m) were calibrated with
seismic data. Shanmugam et al. utilized conventional cores from petroleum fields
of the North Sea and from the continental margins of the United Kingdom
and Norway. They used these settings because sequence-stratigraphic models
were developed from such divergent continental margins (Vail et al., 1991). They
examined approximately 12 000 ft (3658 m) of conventional core from 50 wells
in 10 areas or fields. From this large data base, three arcas are selected for
discussion in this chapter using the following released wells: (1) Faeroe Basin
area, west of the Shetland Islands, northern U.K. Atlantic Margin, (Esso 214/
28-1 and Shell/Britoil 206/1-2); (2) Frigg area in the Norwegian North Sea
(EIf 25/2-8); and (3) Gryphon—Harding (formerly Forth) area in the U.K. North
Sea (Kerr—McGee 9/18b-7, Britoil 9/23b-7, and Conoco 9/18a-15). Six lithofa-
cies have been recognized in the 3658 m of core examined on the basis of
lithologic variations and physical sedimentary features. Each facies has been
interpreted as a product of specific depositional process (Table 10.1): Distribution
of depositional facies as a percentage of cored intervals is given in Tables 10.2
and 10.3.

Table 10.1 Types of lithofacies, their characteristics, and interpreted depositional processes
in the Paleogene, North Sea. (After Shanmugam et al. (1995a))

Facies Characteristics Depositional process

1 Gravel and pebbly sand (coarse to medium grained), amalgamated units, Gravelly slump,
contorted bedding, floating clasts slide, debris flow

2 Fine- to medium-grained sand, amalgamated units, ‘massive’ Sandy slump, slide,
appearing, sharp top, basal (primary) glide planes, internal (secondary) debris flow

glide planes, slump folds, contorted bedding, steep layers, shear zones,
floating clasts, planar clast fabric, inclined dish structures, brecciated
zones, clastic injections, synsedimentary faulting

3 Mudstone, sharp top, contorted bedding, steep layers, slump folds, Muddy slump, slide,
shear zones, floating clasts, brecciated zones, planar clast fabric, debris flow
clastic injections

4 Fine-grained sand and silt, current ripples, horizontal lamination, Bottom-current
mud offshoots reworking

5 Fine-grained sand and silt, sharp base, gradational top, normal Turbidity currents
size grading

6 Mudstone, horizontal lamination, shell fragments, bioturbation, Pelagic and
glauconite hemipelagic

(suspension settling)
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Table 10.2 Distribution of lithofacies computed as percentage of cored interval in the
Paleocene, Faeroe Basin. (After Shanmugam et al. (1995a))

Esso 214/28-1
Sequence 70

Esso 214/28-1
Sequence 20

Shell/Britoil 206/1-2
Sequence 30

Well
Core Thickness
Mud
Sand
Fine sand
1
2
3
4
5
Facies 6
2&3
2&4
3&4
3&6
4&5

115.5ft (35 m)

15%
85%
100%

69%
15%
4%

31%
69%
100%
52%
3%
12%
5%
28%

60.5 ft (18 m)

194 ft (59 m)

41%
59%
100%
58%
6%
1%
1%
1%

Total core: 370" (113 m).

Table 10.3 Distribution of lithofacies computed as percentage of cored interval in the
Paleogene, Frigg and Gryphon—Forth (Harding) areas. (After Shanmugam et al. (1995a))

EIf 25/2-8

(Frigg East)

Kerr—-McGee 9/18b-7

(Gryphon)

Britoil 9/23b-7

(Forth) (Harding)

Conoco 9/18a-15

Well
Core Thickness
Mud
Sand
Fine sand
Medium sand
Gravel
1
2
3
4
5
Facies 6
32
3&6
3&4
5&6

218 ft (66 m)

19%
81%*
65%
30%
5%
4%
76%
6%
2%

398 ft (121 m)

10%
90%

100%

90%
10%

714 ft (218 m)

28%
72%
40%
60%

72%
16%

4%
8%

296 ft (90 m)

65%
35%
100%

Total core: 1626” (496 m).

*Includes gravel.
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10.2.1 Faeroe basin area, U.K. Atlantic Margin

Mitchell et al. (1993) described the Paleogene sequence-stratigraphic framework
of the Faeroe basin, west of the Shetland Islands (Fig. 10.3), U.K. Atlantic Margin.
They recognized eleven Paleocene and four Eocene sequences, each separated by
Type 1 unconformities. Seismic facies units within the Paleocene sequences
exhibit well developed external mounded forms with internal bi-directional
downlap onto Type 1 unconformities (Fig.10.4). These mounded forms, interpreted
to represent lowstand systems tract, were cored in the Esso 214/28-1 (Figs.10.5,
10.6, and 10.7) and Shell/Britoil 206/1-2 wells. Gamma-ray logs of the sandstone
intervals show well-developed, blocky motifs (Fig. 10.5). On the basis of these
seismic and wireline-log characteristics, and their occurrence in a basinal position,
these mounded Paleocene units were interpreted to be basin-floor fans.

The seismic mound in Sequence 70 shows a high relief with an angle of
approximately 9° on its flanks (Fig. 10.4). There is no evidence of erosion at its
base. The mound has dimensions of approximately 10 by 7 km in size, and is
about 810 ft (247 m) thick in the 214/28-1 well. The mound shows rapid lateral
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Fig. 10.3. Faeroe study area (outlined), west of the Shetland Islands, U.K. Atlantic Margin.
The Esso 214/28-1 well (solid dot) is located at the intersection of seismic profiles A
(see Fig. 10.4A) and B (see Fig. 10.4B).
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Fig. 10.4. (A) Strike section of a seismic profile showing external mounded form with bidirec-
tional downlap in Sequence 70, Faeroe Basin. Note blocky log motif within sequence 70 at the
Esso 214/28-1 well location. See Figure 10.3 (Profile A) for location of this section. (B) Dip sec-
tion of a seismic profile showing external mounded form with internal bidirectional downlap,
Sequence 70. Note lateral pinch-out geometries of seismic mounds. Note cored interval near
the top of mound. See Figure 10.3 (Profile B) for location of this section. (After Shanmugam
et al. (1995a). Reprinted by permission of the American Association of Petroleum Geologists
whose permission is required for further use.)
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Fig. 10.5. (A4) Blocky gamma-ray log motif of a 700-ft (213 m) thick sandstone unit with cored
interval near the top of sandstone (cores 1 and 2, Sequence 70). (B) Facies 2: Core photograph
showing fine-grained sandstone with contorted shale clasts and floating white quartzite peb-
bles (arrow), 8432 (2570 m) core depth. (C) Facies 3: Core photograph showing slump folded
mudstone (dark) with sandstone injectites (light), 8437" (2572 m) core depth. (D) Facies 2:
Core photograph showing floating elongate mudstone clasts near the top of a fine-grained
sandstone unit with sharp upper contact, 8463’ (2580 m) core depth. Note planar clast fabric.
See Table 10.1 for explanation of facies. See Figure 10.6 for a sketch of this photograph. (After
Shanmugam et al. (1995a). Reprinted by permission of the American Association of Petroleum
Geologists whose permission is required for further use.)
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Fig. 10.6. Sketch of core photograph showing details of floating elongate mudstone clasts and
quartz granule near 8463’ (2580 m) core depth in Esso 214/28-1 well, Faeroe Basin. The upper
zone with rafted clasts and lower zone with quartz granules and shear planes are interpreted
as rigid plug and shearing zone of a sandy debris flow.

pinch-out geometry is well developed (Fig. 10.4). The 214/28-1 well penetrated
the thickest part of this mound, and the core was taken from the upper part of
the mound (Fig. 10.4). The cored interval is composed of consolidated sandstone
and mudstone. The sandstones show: (1) sharp upper contacts (Fig. 10.5D);
(2) floating mudstone clasts (Fig. 10.5D); (3) a planar clast fabric (Fig. 10.6);
(4) floating quartzite granules in fine-grained sandstone (Fig. 10.6); (5) sandstone
units with inverse size grading; and (6) moderate (5-10%) to high (20-30%)
matrix content. These features are interpreted to indicate deposition of the sand
by debris flows.

Contorted bedding (Fig. 10.5C), slump folding (Figs. 10.7C) and associated
clastic injection (Fig. 10.5C) are considered evidence for sandy slumps. In the
Paleocene interval, slumping is prevalent. Calibration of the blocky log motif
with the sedimentological log suggests that the sharp base of ‘blocky’ log inter-
val results from the primary glide plane (decollement). In the Esso 214/28-1 well
at 14 337.8 ft (4370 m), the primary glide plane is overlain by a 3-cm thick
shear zone.
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Fig. 10.7. (A) Crescent to serrated gamma-ray log motif of interbedded sandstone and mud-
stone unit (core 4, Sequence 20). (B) Facies 4: Core photograph showing the occurrence of a
discrete ripple-laminated unit (near top of scale) between a contorted mudstone unit below and
a massive sandstone unit with floating quartzite pebbles (white) above, 14 300" (4359 m) core
depth. (C) Facies 3: Core photograph showing a classic slump fold in mudstone, 14 339" (4371 m)
core depth. (D) Facies 2: Core photograph showing contorted slump fold in fine-grained sand-
stone, 14 354’ (4375 m) core depth. Note an injected sandstone (sill) near the bottom (arrow).
See Table 10.1 for explanation of facies. Arrows show stratigraphic position of core photographs.
(After Shanmugam et al. (1995a). Reprinted by permission of the American Association of
Petroleum Geologists whose permission is required for further use.)
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The bulk (nearly 95%) of the cored interval (175 ft or 53 m) in the 214/28-1
well is composed of deposits of slumps and debris flows (Table 10.2). Thin,
graded beds (less than 5 cm thick) deposited from turbidity currents do occur, but
they are extremely rare. Discrete ripple-laminated units above contorted mud-
stone units have been interpreted to represent reworking of slump sheets by
bottom currents (Fig. 10.7B). In the 214/28-1 well, bottom-current reworked
facies range from 4-12%. In this study area, bottom current velocities of up to
100 cm/sec have been estimated for the Norwegian Sea Deep Water (NSDW)
in present-day water depths of 800-1200 m (Masson et al., 2004). In the
Faeroe Basin, similar strong contour-current activity has been suggested for the
Paleogene (Damuth and Olson, 1993).

Although the Paleocene mounds exhibit properties of basin-floor fans on seis-
mic and log data, conventional core data do not support a basin-floor fan inter-
pretation. This is because the cored interval is dominated by slumps and debrites,
not turbidites. The other problem is that turbidites in an unconfined basinal envi-
ronment commonly would form sheet-like geometries. Sheet turbidites cannot
explain the observed seismic mounds with 9° of dip along their flanks. On the
other hand, slumps and debrites can explain seismic mounds in the study area.

10.2.2 Gryphon area, U.K. North Sea

The Gryphon Field is located in U.K. Quadrant 9 of the North Sea (Fig. 10.8).
Shanmugam et al. (1995a) described conventional core totaling 2700 ft (823 m)
from 20 wells from this area. The following three wells with long cores are
selected for discussion: (1) Kerr—McGee 9/18b-7 (Gryphon Field); (2) Britoil
9/23b-7 (Harding Field); and (3) Conoco 9/18a-15. The principal reservoirs are
in the upper Paleocene/lower Eocene units (Balder/Frigg). A major source of
sediment supply during the Paleogene was from the East Shetland Platform and
the Scottish mainland (Stewart, 1987).

In the Gryphon Field, the lower Eocene reservoir exhibits well-developed
‘blocky’ log motifs (Fig. 10.9). The reservoir shows external mounded forms
with lateral pinch-out geometries that rest upon on an unconformity surface (blue
sequence boundary in Figs. 10.10 and 10.11). Based on sequence-stratigraphic
concepts, Newman et al. (1993) interpreted the reservoir in the Gryphon Field as
lowstand fans (i.e., basin-floor fans). In contrast, Timbrell (1993) interpreted the
same reservoir as slope fans, and Reynolds and Mackay (1992) and Purvis et al.
(2002) interpreted them to be a product of post-depositional sand injection.

Massive sand beds are common. The sands are poorly sorted with 5-15 %
matrix, and show sharp upper contacts, floating mudstone clasts (up to 15 cm in
diameter, Fig. 10.12C), primary (basal) glide planes, steep internal shear planes
(Fig. 10.12D), and water-escape structures. These features suggest deposition
from slumps and debris flows.
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Fig. 10.8. Location map showing cored wells (solid dots) used in this study from Frigg (EIf
25/2-8) and Gryphon-Harding (formerly Forth) (Kerr—McGee 9/18b-7, Britoil 9/23b-7,
Conoco 9/18a-15) areas, North Sea. (After Shanmugam et al. (1995a). Reprinted by permis-
sion of the American Association of Petroleum Geologists whose permission is required for
further use.)

The nearly 400 ft (122 m) of continuous core in the 9/18b-7 well makes it
possible to calibrate core-scale features with seismic-scale features using syn-
thetic seismograms (Fig. 10.10 and 10.11). The cored interval penetrates most of
the thickness of the pink and orange seismic mounds (Fig. 10.12E). Three distinct
shear planes have been recognized in the core (see three arrows in Fig. 10.9B).
A basal shear plane recognized in the core corresponds to the base of the blocky
log motif and to the basal contact of the pink seismic mound (Fig. 10.10). The
blue sequence boundary in the seismic profiles (Figs. 10.10 and 10.11) is coinci-
dent with the primary glide plane (or the decollement) of a slump sheet recog-
nized in the core. The decollement is the basal contact of the 400-ft (122 m) thick
sand with underlying Balder tuff. The chalk-like texture of the Balder tuff appar-
ently provided a slippery shear surface for mass movements.

The middle shear plane (or secondary glide plane) and associated mudstone
clasts recognized in the core (Fig. 10.12) coincides with the high-amplitude
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Fig. 10.9. (4) Well developed blocky wireline-log motif of a 400-ft (122 m) thick massive sand,
Lower Eocene, Gryphon Field, Kerr—McGee 9/18b-7. (B) Depth-tied sedimentological log
showing distribution of facies 2 and 3. Three arrows denote positions of shear planes (glide
planes) observed in the core. Basal shear plane, which denotes decollement, also coincides
with the sequence boundary. Note three shear planes in Figures 10.10 and 10.11. Core numbers
are shown within circles. See Table 10.1 and 10.2 for explanation of facies and distribution.
(After Shanmugam et al. (1995a). Reprinted by permission of the American Association of
Petroleum Geologists whose permission is required for further use.)
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Fig. 10.10. Seismic line (KMG-881-35) showing mounded geometries of pink and orange packages with irregular upper surfaces and
hummocky to chaotic internal reflections, Gryphon Field. Note lateral pinch-out geometry of the pink mound. Onlapping of reflections within
the orange package occurs on the right-hand side of the pink mound. Calibration of well data with seismic data using synthetic seismogram
shows that cored intervals (solid black bars) comprise the bulk of the mounded facies. Note basal shear plane coincides with the base of blocky
log interval and the blue sequence boundary at the base of pink package. The middle shear plane corresponds to high amplitude reflection that
separates pink and orange packages. (Shanmugam et al. (1995a). Reprinted by permission of the American Association of Petroleum Geologists
whose permission is required for further use.)
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Fig. 10.11. Seismic line (KMG-881-8) showing stratigraphic relationships of three seismic mounds (pink, orange, and green) occurring on the
blue sequence boundary, Gryphon Field. Note lateral pinch-out geometries of seismic mounds. See Figure 10.12E for sketches of seismic lines
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Slump/Debris Flow Model
Gryphon Field

*\ Salsmic

Fig. 10.12. Depositional model of Gryphon Field area. (4) Well-developed blocky log motif.
Lower Eocene, Gryphon Field, Kerr-McGee 9/18b-7. (B) Depth-tied sedimentological log
showing facies distribution. Stratigraphic positions of core features C and D are shown by
arrows. (C) Facies 2: Core photograph showing a large mudstone clast (arrow) in fine-grained
massive sand. Note irregular upper surface of mudstone clast. 5725 ft (1746 m). (D) Facies 2:
Core photograph showing steeply dipping layer (arrow), interpreted as internal shear plane at
5726.7 ft (1746.6 m). See Table 10.1 for explanation of facies. The interval of shear plane and
associated large mudstone clasts correlates with the high amplitude reflection that separates
pink and orange packages (see Fig. 10.10). (E) Schematic depositional model, based on inte-
gration of core, log and seismic data, showing mounded seismic facies are a result of slumps
and debris flows. Note that the 9/18b-7 well is located at the intersection of seismic lines
KMG-881-35 and KMG-881-8 (shown by sketches) and that cored interval is shown by a solid
black bar. Areal distribution of slump masses is speculative. (Shanmugam et al. (1995a).
Reprinted by permission of the American Association of Petroleum Geologists whose permis-
sion is required for further use.)
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reflection that separates the pink and orange mounds (Fig. 10.12E). The cored
interval is probably composed of at least two slump sheets separated by an internal
(middle) shear plane. Amalgamation of these two slump sheets (pink and orange)
has created a 400-ft (122 m) thick sand unit with a prominent ‘blocky’ log motif.
The seismic moundings observed in the Gryphon area apparently result from an
accumulation of multiple packages of slumps and debris flows (Fig. 10.12E).
Well-developed blocky log motifs, long cores, diagnostic core features of debris
flows and slumps, and seismic mounding with pinch-out geometries allowed an
integrated slump and debris-flow dominated model to be developed for the
Gryphon area (Fig. 10.12). Slope angles of up to 15° on the flanks of seismic
mounds further support a slump interpretation. The cored interval contains 0%
turbidites (Table 10.3).

Seismic data show erosional features upslope from the seismic mounds that
may represent slump scars (Fig. 10.12E), but distinguishing such slump scars
from erosional channels using only seismic profiles is impossible. In the absence
of cores, slump scars and associated slump mounds (Fig. 10.12E) may be misin-
terpreted in seismic profiles as channels and associated depositional lobes of
submarine fans. Only through study of conventional cores, can we resolve these
sedimentological issues.

Similar to the Gryphon Field area, seismic mounds and blocky to serrated log
motifs are common in the adjacent Harding Field (Shanmugam et al., 1995a).
Long continuous cores from the Harding Field is dominated by slump and debrite
facies (Table 10.3), and by mudstone with sandstone dykes and sills. Although
the reservoir sand in the Harding Field has been interpreted to represent a subma-
rine channel system filled with stacked turbidites (Jager et al., 1993), core data
suggest a dominance of slumps and debrites. The cored interval contains 0%
turbidites in the Harding well (Table 10.3).

Regional mapping shows that the Gryphon—Harding area occurs about 15-20 km
seaward of the paleo-shelf edge, a slope setting where major sediment failures are
expected to generate slides, slumps, and debris flows. In the Conoco 9/18a-15
well, deep-water massive sands exhibit brecciated mud clasts in association with
contorted layers (Fig. 10.13). Because both sandy debrites and sandy injectites
can contain brecciated clasts, interpretation of these brecciated clasts (debrite
versus injectite) is challenging.

10.2.3 Frigg area, Norwegian North Sea

The Frigg Field and its associated satellites form a giant complex of gas fields in
the North Sea (Fig. 10.8). Based on regional sequence-stratigraphic analyses, the
Lower Eocene Frigg Formation has been traditionally considered to be an exam-
ple of a turbidite-rich submarine-fan system (Heritier et al., 1979; McGovney
and Radovich, 1985). In the conceptual sequence-stratigraphic framework, ‘sheet
mounds’ that characterize the Frigg Formation fit the seismic criteria of
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Fig. 10.13. Sedimentological log of core showing a massive sand unit with contorted layers
and brecciated mudstone clasts (black). This could be interpreted as either sandy debrite or
injectite. Conoco 9/18a-15; Lower Eocene, North Sea.

basin-floor fans (Shanmugam et al., 1995a). The upper part (1920—-1980 m) of the
cored interval in the 25/2-8 well, showing a ‘blocky’ log motif, is consistent with
an interpretation as a basin-floor fan (Fig. 10.14).

Conventional cores from six wells in the main Frigg and Frigg East Alpha
Fields were examined. The EIf 25/2-8 well in the Norwegian Sea was studied in
detail owing to pristine preservation of sedimentary structures. The Frigg
Formation is primarily comprised of unconsolidated sand. Although sand units of
the Upper Frigg Formation were described as ‘massive’ (Brewster, 1991), they
exhibit steeply dipping (up to 30°), discordant layers, slump folds, abrupt changes
in fabric, inclined dish structures, and internal glide planes (Fig. 10.15A). These
features are interpreted to be deposits of slumps (Facies 2).

Sand units of the Lower Frigg Formation are poorly sorted with 5-10 %
matrix. They show sharp upper contacts, water-escape structures, and floating
mudstone clasts. Both a planar fabric and a random fabric of mudstone clasts
occur (Fig. 10.15B). These sands apparently represent sandy debrites. Slumps
and debrites account for nearly 86% of the cored interval (Table 10.3). Classic
turbidites are extremely rare and comprise less than 1% of the cored interval
(Fig. 10.16). This rarity of turbidites is not unique to the Frigg area, but appears
to be a global trend.



360 Deep-water processes and facies models
Frigg Formation
Frigg East Field
Legend
Lithology Depositional Facies
| &= | Injected Sand @ Nodules Facies Interpreted Environment
S=Z22] sandssit Lenses % | Fract
% ad Layers acures 1 | Gravelly mass flow/slump
Normat Faut 2 Sandy slump/mass fiow
Stosp Layers <~ erosionireguiar contact 3 | Muddy siump/mass fiow
@ Flame Structures E Sharp Contact 4 Bottom current reworking
Inverse Size Grading 122§} | water-Escape Strucres Gracational Gontact 5 Turbidity currents
Horizontal Lamination Bioturbation "\ 30° Dip - Fram Core Horzantal 6 Pelagic/hemipelagic
RF Rock Fragments
Current Ripples alcite Cement C Carbonaceous Fragments
G Glauconite
A7 | Contorted Bedding Mud Clasts/Chips M Mica
S Siderite
CA Calcite
P Pyrite
F Faut
€ Erosion
GF Glide Plane
Core
0.0 GR (GAPI) 100.00
LI 5~ S I B
1920
1930 §
1940 E
1950
1960 %
1970 2
1980 I 2
Core
Depth
(m) —__2
2080 <
3
-2
2090 >3
2180 %i
2190 2190 2
s =4
2
2200 2200 =
2
B 5/6
A 2210 ¥ —
Clay SitVFF M CVC G
Mud Sand  Gravel

Fig. 10.14. (4) Upper ‘blocky’ log motif (1920-1980 m) and lower ‘serrated’ log motif
(2070-2210 m) in the Lower Eocene Frigg Formation, Elf 25/2-8. (B) Depth-tied sedimentolog-
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Fig. 10.15. (4) Facies 2: Core photograph showing drastic changes in fabric in oil-stained
sand. Note a secondary glide plane (arrow) and inclined dish structures beneath the glide
plane; Lower Eocene Frigg Formation, EIf 25/2-8, 1978.8 m. (B) Facies 2: Core photograph
showing random orientation of floating mudstone clasts in fine-grained sand. Lower Eocene
Frigg Formation, EIf 25/2-8, 2185 m. See Table 10.1 for explanation of facies.

10.2.4 Turbidite controversy

Conventionally, deep-water massive sands have been interpreted as deposits of
high-density turbidity currents (e.g., Lowe, 1982). Shanmugam et al. (1995a),
however, offered an alternative origin of massive sands by sandy debris flows. In
line with Kuhn’s (1996) concept (see Chapter 2), Hiscott et al. (1997, p. 665)
were intolerant of an alternative interpretation and stated, We therefore reject the
paradigm of Shanmugam et al. (1995a)... .” Disappointingly, Hiscott et al. did not
examine the cores used in my study. Other researchers, who did examine these
cores, validated the importance of sandy debris flows for explaining the origin of
deep-water massive sands (e.g., Stow and Johanssen, 2000; Purvis et al., 2002;
Duranti and Hurst, 2004). This case study hammers the point that process sedi-
mentology is based on looking at the rocks, not on theories or seismic geometries.
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Fig. 10.16. Ternary diagram showing volumetric abundance of slump and debrite facies.
Plots are based on normalized percentages of resedimented facies from Tables 6.3, 10.2, and
10.3. Note the influence of bottom currents in Sequences ‘20’ and ‘30’ in the Faeroe Basin.
(Shanmugam et al. (1995a). Reprinted by permission of the American Association of
Petroleum Geologists whose permission is required for further use.)

10.3 Seismic geometries

In a sequence-stratigraphic framework, seismic facies and geometries have been
used to classify deep-water systems into basin-floor fans and slope fans (Vail
et al., 1991). In turn, these models have been used to predict turbidite reservoirs.
As discussed in Chapter 3, the term turbidite has a precise meaning in terms of
its origin by a Newtonian turbidity current with a turbulent state. Evidence for
Newtonian rheology and flow turbulence cannot be established directly from
seismic-reflection profiles (see Chapter 7); rather, these properties can only be
ascertained from actual sediment facies in cores.

Calibration of cored intervals with seismic reflection profiles (Shanmugam
et al., 1995a, 1996; and Shanmugam and Zimbrick, 1996) suggests that seismic
geometries are unreliable indicators of individual depositional facies in a systems
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Fig. 10.17. Schematic diagram showing that a single depositional facies of sandy debrites can
generate multiple seismic facies and geometries (e.g., mounded, sheet, and pinch out). See text
for details. (After Shanmugam (2000a). Reprinted by permission of Elsevier.)

tract approach. The reason being that sandy slump/debris flow facies exhibit a
variety of external (e.g., mounded, sheet, and lateral pinch out) and internal (e.g.,
bidirectional downlap, chaotic, parallel-continuous, and irregular-discontinuous)
seismic facies (Fig. 10.17). Also, a single seismic facies can represent more than
one depositional facies. Kilometer-scale seismic hummocks (i.e., mounds) have
been interpreted as fluidization structures of a deep-water channel on the Niger
Delta (Davies, 2003). At present, our understanding of the sedimentary facies that
form different seismic facies is poor because of the insufficient core studies of
these features. Also, in seismic profiles distinguishing autocyclic processes
(e.g., slump scar) from allocyclic processes (e.g., sequence boundary) is difficult
(Shanmugam et al., 1997¢).

10.4 Wireline-log motifs

A common practice in the petroleum industry is to interpret deep-water depositional
facies using wireline-log motifs. Wireline-log motifs for submarine channels and
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Fig. 10.18. Bell-shaped or ‘fining-up’ wireline-log motif and possible environmental
interpretations.

lobes were first generalized by Selley (1979). In applying sequence-stratigraphic
concepts, it is a common practice to interpret depositional facies using wireline-
log motifs (Mitchum et al., 1993). However, wireline-log motifs reflect primarily
the textural and mineralogical changes, not depositional facies. Depositional
facies unrelated to deep-water deposition may produce log patterns mimicking
deep-water facies. For example:

(1) Deposits of both a sinuous fluvial channel (point bar) and a submarine
channel may generate a bell-shaped log motif (Fig. 10.18).

(2) Deposits of both a deltaic distributary mouth bar and a submarine-fan lobe
may produce a funnel-shaped log motif (Fig. 10.19).

(3) Deposits of both a braided fluvial channel and a submarine canyon fill may
generate a cylindrical or blocky log motif (Fig. 10.20).

(4) Deposits of both an alluvial plain and a deep-marine bottom current
(e.g., contourites) may produce an irregular or serrated log motif (Fig. 10.21).
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Fig. 10.19. Funnel-shaped wireline-log motif and possible environmental interpretations.

(5) Deposits of both a progradational delta and a submarine fan may generate an
asymmetrical log motif (Fig. 10.22).

A single wireline-log motif (e.g., blocky) may be generated from more than
one sandy depositional facies (e.g., slumps, debrites, turbidites) (Fig. 10.23).
Plus, in wireline logs there are no established criteria for recognizing injected
sands because both a sandy debrite and a sandy injectite can generate a blocky
log motif (Fig. 10.23). Furthermore, a sand injectite in Norway shows a serrated
log motif (Fig. 10.24). So a particular log motif is not unique to a particular
depositional or post-depositional feature.

In sands deposited by slumps and debris flows, even in sands with uniform
vertical grain-size distribution, a concentration of mudstone clasts at a particular
horizon within the sand would generate different log motifs. For example:

(1) A ‘blocky’ log motif may be due to a uniform vertical distribution of
mudstone clasts (Fig. 10.25A).
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Fig. 10.20. Cylindrical or blocky wireline-log motif and possible environmental interpretations.

(2) A ‘fining-up’ log motif may be due to an upward increase in the amount of
mudstone clasts (Fig. 10.25B). An example of this motif occurs in the Zafiro
Field (Fig. 6.44).

(3) A ‘coarsening-up’ log motif may be due to an upward decrease in the amount
of mudstone clasts (Fig. 10.25C).

These log motifs, in the absence of cores, may be misinterpreted as ‘coarsening-
up’ turbidite depositional lobes or ‘fining-up’ turbidite channels.

10.5 Parasequence concept

The application of sequence-stratigraphic concepts, intended for shallow-water
systems (e.g., maximum flooding surface and parasequence), to deep-water
systems has created confusion. Normark, Damuth et al. (1997), for example,
applied the concept of ‘maximum flooding surface’ to the modern Amazon
Fan (Fig. 6.28). The term ‘flood’ literally means that a river or sea is flowing over
its usual limits. At 3000 to 4000 m of water depths, where the Amazon Fan
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Fig.10.21. Irregular or serrated wireline-log motif and possible environmental interpretations.

is located, irrespective of sea level changes, nothing is flowing over its usual
limits. This is because bathyal environment is already flooded. This example
exemplifies the ensuing confusion when a sequence-stratigraphic concept is
applied to a modern deep-water system.

Another example is the application of the parasequence concept to deep-water
(i.e., bathyal) turbidite sands of the Kakegawa Group, Japan (Sakai and Masuda,
1996). By definition, a parasequence is a deposit of a paracycle (Van Wagoner
et al., 1988; Kamola and Van Wagoner, 1995). A parasequence is a relatively
conformable succession of genetically related beds or bedsets bounded by flood-
ing surfaces or their correlative surfaces (Van Wagoner et al., 1988). Because a
parasequence is bounded by flooding surfaces, recognition of flooding surfaces
is the key to establishing a parasequence. Van Wagoner, et al. (1988) defined a
flooding surface as a surface that separates younger from older strata across which
there is evidence of an abrupt increase in water depth. Sakai and Masuda (1996)
interpreted parasequence boundaries in deep-water deposits. In shallow-water
environments, of course, it is possible to recognize flooding surfaces because
small changes in water depths (i.e., a few meters) are reflected in the deposits.
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Fig. 10.22. Asymmetrical wireline-log motif and possible environmental interpretations.

However, in bathyal water depths minor changes in water depths cannot be
recognized. This is because deep-water environments are under flooded condi-
tions all of the time. The common tendency to interpret a mudstone interval in
deep-water sequences as evidence of increasing water depth is not meaningful.
Although condensed sections are used commonly as evidence of a rise in sea
level, mud intervals simply reflect low rates of deposition (Loutit et al., 1988),
and cannot be routinely equated with a marine flooding surface or with a rise in
sea level. Therefore, in terms of changing water depths it is unclear as to what the
parasequence boundaries recognized by Sakai and Masuda (1996) really represent.

Within the interval bounded by flooding surfaces, a parasequence tends to
show a gradual upward shallowing trend. Sakai and Masuda (1996) did not
present evidence for upward shallowing trends within the parasequences of the
Kakegawa Group. Considering that sands deposited in deep-water environments
occur episodically often forming in a matter of hours or days (e.g., earth-quake
induced mass flows), it is impractical to apply the parasequence concept to deep-
water deposits in terms of changing water depths (Shanmugam, 1997b).
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Fig. 10.23. Conceptual deep-water sequences showing that blocky log motifs can be caused by
the occurrence of sandy (stippled) depositional facies of different origin (e.g., slumps, debris
flows, and turbidites) and post-depositional (sand injectites) facies in association with mud-
stone (black). (After Shanmugam et al. (1995a). Reprinted by permission of the American
Association of Petroleum Geologists whose permission is required for further use.)

10.6 Abandonment of submarine fan models

Although submarine fan models are still being applied, they were abandoned in

the 1990s. For example:

(1) Data gathered from the modern Navy Fan since the publication of the
suprafan lobe concept revealed that the suprafan area of modern fans is com-
posed of a complex array of channel, lobe, and large-scale scour elements.
This led Normark (1991, p. 9) to conclude that ‘... the suprafan concept is no
longer viable as a mappable, defining structure of turbidite systems.’
Because the morphologic characteristics of modern suprafan lobes are either
not preserved in the rock record or because they cannot be planimetrically
mapped in outcrops, Normark (1991) abandoned his suprafan-lobe concept

altogether.
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Fig. 10.25. Hypothetical wireline-log motifs caused by vertical changes in concentration of
mudstone clasts in a sand unit with uniform grain size. (4) Blocky log motif may be caused by
a uniform vertical distribution of mudstone clasts. (B) Bell-shaped or fining-up log motif may
be caused by an upward increase in mudstone clasts (see Fig. 6.44). (C) Coarsening-up log
motif may be caused an upward decrease in the amount of mudstone clasts.

2

3)

“4)

Walker (1992a, p. 263) also abandoned his general-fan model by stating,
‘A submarine fan model of the channel-depositional lobe type, influential
in its time, but now obsolete because it ignored external controls, especially
sea level fluctuations.’

Mutti (1992, p. 10) also concluded that ‘In reality, there are no general
models available at present which can describe and interpret the variety of
depositional systems observed in modern and ancient deep-water basins.’
The conceptual basin-floor fan model, characterized by mounded seismic
facies, predicts sheet-like turbidite sands (Vail et al., 1991). However,
Shanmugam et al. (1995a) documented that turbidites are extremely rare in
these mounded features. Whereas features identified as basin-floor fans may
occur at specific and predictable stratigraphic positions within a depositional
package and produce characteristic seismic facies and reflection patterns on
seismic data, core study indicates that basin-floor fans do not represent
specific depositional facies (e.g., turbidites) and geometries (i.e., sheet-like)
as the model predicts. Seismic mound models (e.g., basin-floor fan) are
obsolete because they are based on the now defunct suprafan-lobe model.
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Fig. 10.26. Rise and fall of submarine fan models in sedimentology and sequence stratigraphy.
(After Shanmugam (2000a). Reproduced with permission from Elsevier.)

10.7 Synopsis

Seismic profiles and wireline logs, the primary source of data in frontier areas of
exploration, are unreliable for practicing process sedimentology. The popularity
of sedimentologic and sequence-stratigraphic fan models escalated in the 1970s
and 1980s, but declined to the point of abandonment in the 1990s (Fig. 10.26).
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Chapter 11

Tectonic and eustatic controls

11.1 Introduction

The objective of this chapter is to review basin-scale tectonic and eustatic controls
of deep-water sedimentation. This broader perspective is necessary for under-
standing deep-water systems as a whole, even though this book is focused on
small-scale depositional processes and products.

11.2 Tectonic control

Classifications of deep-water systems, based on tectonic settings, are the following:

(M

2

3)

Barnes and Normark (1985) grouped modern and ancient deep-water systems
under two broad tectonic categories, namely, active (accretionary, transform,
and subduction) and passive margin settings.

Pickering et al. (1989) discussed continental margins under: (a) evolving and
mature passive margins; (b) active convergent margins; and (c) oblique slip
margins.

Shanmugam and Moiola (1988) classified deep-water systems into four basic
types: (a) immature passive margin (North Sea type); (b) mature passive
margin (Atlantic type); (c) active margin (Pacific type); and (d) mixed setting
(Bay of Bengal type). The immature passive margin type (e.g., Balder Fan,
North Sea), which represents an early stage of basin evolution on a divergent
margin, is characterized by proximal source, narrow shelves, high gradients,
high sand/mud ratios, and small basins (Fig. 11.1). Deep-water lakes have
been associated with early rift phases of immature passive margins. The
mature passive margin type is characterized by distal source, wide shelves,
low gradients, low sand/mud ratios, and large basins (e.g., Amazon Fan,
Atlantic Ocean). Characteristics of active margin type, such as the Hecho
Group in Spain, are the same as immature passive margin type. The mixed
type is necessary to classify deep-water systems that cannot be readily
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Fig. 11.1. Three common types of tectonic settings for deep-water systems. Sediment source
from left. (After Shanmugam and Moiola (1988). Reproduced with permission from Elsevier.)

11.2.1 Continental collision

grouped into one of the above three types. An example is the Bengal Fan in
the northeastern Indian Ocean. This fan is bounded by both active and pas-
sive margins.

The Bengal Fan, located in the Bay of Bengal, is the largest submarine fan in the
world. This fan has a length of 3000 km (Fig. 11.2), a width of 1000 km, and
a maximum thickness of 16.5 km (Curray et al., 2003). The Bengal Fan formed
as a direct result of the India—Asia collision and uplift of the Himalayas and
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Fig. 11.2. Tectonic map showing the location of the Bengal Fan in the Bay of Bengal region,
northeastern Indian Ocean. (From Curray et al. (2003). Reproduced with permission from
Elsevier.)

the Tibetan Plateau. The fan is currently supplied mainly by the Ganges and
Brahmaputra Rivers, with smaller contributions of sediment from several other
large rivers in Bangladesh and India.

The Bay of Bengal was created by the initial Paleocene—Eocene collision of
India with the subduction zone of the north side of the Tethys Ocean (Curray and
Moore, 1971, 1974; Curray et al., 1982; Alam et al., 2003). Prior to collision, a
thick, continental rise prism of sediment had formed off the eastern margin of India.
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Rapid clastic sedimentation in the Bengal Basin, and fan formation on top of
this continental rise began during continuing collision in the Eocene and pro-
graded southward during the Tertiary. At the present time, there is only one active
channel.

The western margin of the Bengal Fan is the continental slope of eastern
India. The northern proximal fan lies off the Bangladesh continental slope. The
eastern margin is the northern end of the Sunda trench. The accretionary prism of
the Sunda Subduction Zone extends from Myanmar (Burma) through the
Andaman—Nicobar Ridge into the Mentawai Islands off Sumatra (Fig. 11.2).
Much of the Bengal Fan sediment has been subducted and/or uplifted into this
accretionary prism.

The Zunda Subduction Zone is tectonically active. Its activity was exemplified
by the Indian Ocean Earthquake, which occurred on December 26, 2004 at 00:58:53
UTC (Coordinated Universal Time) off the western coast of northern Sumatra,
Indonesia. It had a magnitude of 9.0. The earthquake was unusually large in geo-
graphical extent. An estimated 1200 km of faultline slipped 20 m (60 ft) along the
subduction zone where the India Plate dives under the Burma (Myanmar) Plate.
The seabed of the Burma plate is estimated to have risen as much as five meters
vertically up over the India plate, creating tsunami waves in the Indian Ocean that
traveled at up to 800 km/h (see Chapter 5).

Using cores taken from the ODP Leg 116 on the distal Bengal Fan, Stow et al.
(1990) discussed sediment facies and processes. The most dominant facies is
muddy turbidites. Neither DSDP nor ODP cores recovered sandy intervals from
the Bengal fan. This is puzzling because the Ganges and Brahmaputra Rivers, the
two principal sources of sediment for the Bengal Fan, are sandy rivers (Coleman,
1969). Possible explanations for the enigma are: (1) the DSDP and ODP Sites are
too distal to encounter sandy intervals, or (2) sands are restricted to isolated
tongues of debris flows that have not yet been cored.

11.2.2 Folding and basin topography

In unconfined environments, turbidity currents generate radial or fan-shaped
lobes. In tectonically active confined basins, however, regional basin topography
controls spatial sand distribution. In the San Joaquin Basin, for example, Scott
and Tillman (1981) suggested two models for the Miocene Stevens Sandstone,
California: (1) the ‘on-lap’ model in which sandbodies lap on to a rising anticline
(Fig. 11.3); and (2) the ‘confinement’ model in which sandbodies accumulate in
a synclinal low between anticlinal highs (Fig. 11.4).

11.2.3 Salt tectonics and sea-floor topography

During the Tertiary in the northern Gulf of Mexico, principal factors that
controlled sea-floor topography in intraslope minibasins were: (1) salt tectonics;
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Stevens Sandstone (Miocene)
San Joaquin Basin, California

"On-Lap” Model

(Scott and Tillman, 1981)

Fig. 11.3. ‘On-Lap’ model showing sandbodies that lap onto structural highs. Note structural
grain is perpendicular to sediment-transport direction and vertical stacking of sandbodies.
Stevens Sandstone, Miocene, San Joaquin Basin, California. (After Scott and Tillman (1981).
Reproduced with permission from SEPM.)

Stevens Sandstone (Miocene)
San Joaquin Basin, California

“Confinement” Model

(Scott and Tillman, 1981)

Fig. 11.4. ‘Confinement’ model showing accumulation of sandbodies in a structural low. Note
structural grain is parallel to sediment-transport direction. Stevens Sandstone, Miocene, San
Joaquin Basin, California. (After Scott and Tillman (1981). Reproduced with permission from
SEPM.)
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(2) compression; and (3) strike slip along thin-skinned transfer zones (Apps
et al., 1994). Among these, salt withdrawal and diapirism have been particularly
important in controlling shape and relief of sea-floor topography of the modern
continental slope of the Gulf of Mexico. The importance of slides, slumps, and
debris flows caused by salt movements in the Beaumont Basin has been
discussed earlier (see Chapter 6).

11.2.4 Fault-controlled sedimentation

The Yallahs Basin in southeastern Jamaica, at a depth of 1300 m, contains 500 m
of sediments (Burke, 1967). This basin is structurally controlled and fault
bounded. Near the eastern margin of the basin, the Yallahs submarine canyon
appears to be controlled by a major fault (Fig. 11.5). Burke (1967, his Fig. 3)
reported that the basin received its sediment from Yallahs fan deltas, which
formed a major submarine fan on the outer edges of the narrow and steep slope.
However, the Yallahs River that provides the sediment into this basin is braided
(Wescott and Ethridge, 1980), and thus it actually represents a braid delta
(McPherson et al., 1987), not fan delta.

Wescott and Ethridge (1980, p. 388) stated, ‘Slumping occurs frequently in the
heads of the submarine canyons and it is probably the principal process initiat-
ing the movement of sediment from the nearshore zone to the Yallahs Basin.’
They also pointed out that (p. 396), ‘On the Yallahs-type deltas, coarse sands and
gravels are introduced directly on the slope where gravity slides and slumps are
the most important process.’

Thus the Yallahs submarine slopes are considered to be dominated by deposits
of slides, slumps, and debris flows in this book (Fig. 11. 5).

11.3 Eustatic control

Global changes in sea level are controlled primarily by tectonism and glaciation
(Fig. 11.6) (Russell, 1968; Valentine and Moores, 1970; Vail et al., 1977; Pitman,
1979). Glaciation is considered to be the only mechanism capable of causing
relatively rapid fluctuations (more than 1 cm/1000 years) in sea level (Vail and
Hardenbol, 1979). Short-term rapid fluctuations in sea level appear to be related
to glaciations and long-term gradual fluctuations in global sea level appear to be
controlled by changes in mid-oceanic ridge volume (spreading rate) (Fig. 11.6),
subsidence of the continental margin, and sediment compaction. Changes of
intraplate stress-fields caused by changing plate movements have also been
considered to be a cause for sea-level fluctuations (Cloetingh, 1986).

The primary factor in the development of submarine fans is global lowering of
sea level (Damuth and Fairbridge, 1970; Shanmugam and Moiola, 1982, 1984,
Shanmugam, et al., 1985b). The term ‘fan’ is used here to represent deep-water
systems and it does not have any process connotation (i.e., turbidity current).
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water system is unsuitable to be classified as a conventional submarine fan with turbidites. The
Yallahs submarine canyon near the eastern basin margin appears to be controlled by a major
fault. (Modified after Burke (1967). Reproduced with permission from Elsevier.)
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volume. (After Shanmugam and Moiola (1982). Reproduced with permission from Geological
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The global sea-level curve of Vail et al. (1977), also referred to as the coastal
onlap curve (Vail and Todd, 1981), is used here as a standard reference because
of its coverage of the entire Phanerozoic. A refined sea-level curve for the
Mesozoic and Cenozoic intervals has been presented by Haq et al. (1987).

During the last few million years, sedimentation and growth of most modern
submarine fans have been controlled by Plio-Pleistocene glacioeustatic sea-level
fluctuations. During the relatively short (5000-20000 years) interglacial phases
such as the Holocene, recession of continental glaciers has caused sea level to rise
above its present level. Highstands moved the locus of river sedimentation land-
ward. The great width and low gradient of most shelves generally restricted river
deposition to deltas on the innermost shelf, and the large volumes of terrigenous
sediment needed to build submarine fans could not reach the continental slope or
rise (Fig. 11.7). Hence, fan development was temporarily halted or diminished
greatly during highstands of sea level. In contrast, during glacial phases such as
the Wisconsin, sea level was lowered 40—150 m below the present level. Most
continental shelves became emergent, and rivers discharged their sediment loads
directly into the heads of submarine canyons at or near the shelf break (Damuth,
1977). Thus large quantities of terrigenous sediment were transported to the deep
sea via gravity-driven processes, and submarine fan development was greatly
accelerated (Fig. 11.7). This scenario is perhaps more representative of passive-
margin settings where wide coastal plains and shelves are affected dramatically
during low sea level. DSDP core data from the passive-margin Mississippi fan
indeed demonstrate that the ‘nondecompacted’ rate of sedimentation was extremely
high during low sea level (600—1100 cm/1000 years) but low (2—13 cm/1000 years)
during high sea level (Fig. 11.8).

Exceptions to the above trend occur because in certain active-margin settings,
tectonic uplift exerts a major control on sediment yield and on fan growth (Klein,
1984, 1985a). For example, in two submarine fans of the western Pacific (an
unnamed fan at DSDP Site 210 and Toyama ‘fan’ at DSDP Site 299), turbidite
deposition has been correlated with periods of tectonic uplift (Klein, 1985b). In
island-arc settings, coastal plains and shelves are narrow, and sediment is trans-
ported directly into deep water. In certain arc systems (e.g., the northern Middle
America Trench, DSDP Leg 66) where an abundant source of terrigenous detri-
tus is available, large submarine canyons funnel coarse clastics directly to the
trench floor, effectively bypassing depositional sites even along the lower slope
(Underwood and Karig, 1980). In such cases, eustatic control of fan growth may
be overshadowed by tectonic control.

In general, most modern fans of active margins (Astoria, Navy, Coronado,
and Monterey), mature passive margins (Amazon and Mississippi), and mixed
settings (Bengal and Indus) exhibit accelerated growth during periods of low sea
level associated with Pleistocene glacials. These fans, however, were dormant
during the Holocene and during previous interglacials (periods of high sea level).
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Fig. 11.7. Eustatic sea level models showing development of submarine fans during periods of
low sea level and non-fan deposits during periods of high sea level.(After Shanmugam and
Moiola (1988). Reproduced with permission from Elsevier.)

In most tectonic settings, therefore, the development of a submarine fan is influ-
enced primarily by lowstands of sea level.

The following hydrocarbon-bearing submarine-canyon and fan deposits, which
all correlate with periods of low sea level, occur on both active- and passive-
margin settings: (1) the Pennsylvanian (Atokan) Red Oak Sandstone, Oklahoma;
(2) the Lower Permian Cook Channel of the Jameson Field, Texas; (3) the Upper
Cretaceous Woodbine-Eagle Ford Interval, Texas; (4) the Paleocene sequence of
Forties and Montrose Fields, U.K. North Sea; (5) the Paleocene Balder Field,
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Fig. 11.8. Histograms showing high sedimentation rates during periods of low sea level in
the Mississippi Fan. (Compiled from Kohl et al. (1985), Shanmugam and Moiola (1988).
Reproduced with permission from Springer-Verlag.)

Norwegian North Sea; (6) the Paleocene Cod Fan, Norwegian North Sea;
(7) the Lower Eocene Yoakum Channel, Texas; (8) the Lower Eocene sequence
of the Frigg Field in the North Sea; (9) the Upper Oligocene Lower Hackberry
Sandstone in Texas; (10) the Upper Oligocene Puchkirchen Formation in Austria;
(11) the Upper Miocene Stevens Sandstone of southeastern San Joaquin Valley,
California; (12) the Upper Miocene Puente Formation of Wilmington Field,
California; (13) the Lower Pliocene Repetto Formation of Ventura Field, California;
and (14) the Pleistocene Mississippi Canyon, Louisiana (Fig. 11.9).

During highstands of sea level, major fans fail to grow significantly because
of limited sediment yield into the deep sea caused by trapping of land-derived
sediment on shelves. Only infrequent, generally minor gravity flows reach the
deep sea where they mantle previously developed lowstand fans. These infre-
quent flows form a non-fan (starved) sequence (Fig. 11.10). A non-fan sequence
is characteristically non-cyclic (Fig. 11.10). In the modern Atlantic, turbidite sand
layers of non-fan affinity have been described by Pilkey et al. (1980). In the
southwestern part of the Madeira Abyssal Plain, turbidites have been reported to
have developed during periods of both regression and transgression (Weaver and
Kuijpers, 1983).
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SEA LEVEL NON-CYCLIC
DEPOSITS

Fig. 11.10. Development of non-fan deposits during periods of high sea level. Note character-
istic non-cyclic depositional patterns.
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Although sandy fans tend to be dormant during highstands of sea level,
hemipelagic sediments continue to be deposited. Thus hemipelagic sediments
may drape the entire sandy fan forming an effective hydrocarbon seal. Such a seal
appears to mantle the Balder field of the North Sea. Here shale occurs as a
hemipelagic drape above the entire suprafan complex (Sarg and Skjold, 1982).
Such mud drapes commonly form the seals associated with stratigraphic traps.

11.4 Synopsis

Active-margin settings and lowstands of sea level are conducive to deposition
and preservation of deep-water fans. Highstands of sea level are periods of
non-fan sequences and stratigraphic seals.
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Chapter 12

Implications for sandstone petroleum reservoirs

12.1 Introduction

The objective of this chapter is to summarize the implications of deep-water
processes and environments for sandstone reservoirs in terms of: (1) grain-size distri-
bution; (2) spatial distribution of sand; (3) dimensions and geometries of sandbodies;
(4) lateral changes in sediment thickness; (5) reservoir heterogeneity; (6) sand injec-
tion and reservoir communication; (7) correlation of sandbodies; (8) depositional
mud matrix; (9) reservoir quality; and (10) depositional models.

12.2 Grain-size distribution

Grain-size data from modern and ancient deep-water systems show that deposi-
tional processes directly control grain-size distribution (Fig. 12.1). Slides, slumps,
and debris flows have the strength to transport particles of any size for long
distances. Turbidity currents, on the other hand, cannot transport large particles
for long distances in suspension because they lack the strength. Experiments have
shown that turbidity currents composed of pure sand (medium to coarse grained)
without the fines tend to collapse soon after initiation (Shanmugam, 2000a).
Turbidity currents are capable of transporting mainly mud and very fine-grained
sand in suspensions. Thus, true turbidites are composed of fine-grained sandstone
and mudstone, whereas sandy debrites are composed of pebbly sandstone and
coarse- to medium-grained sandstone. Depositional processes directly influence
reservoir quality. This is because grain size and sorting control porosity and per-
meability (Beard and Weyl, 1973).

12.3 Spatial distribution of sand

The spatial distribution of sandbodies in deep-water environments are controlled
by depositional processes (e.g., slides, slumps, debris flows, turbidity currents,
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Fig. 12.1. Generalized grain-size distribution in deposits of different processes based on core
and outcrop descriptions worldwide. Note slides, slumps, and debris flows have coarse-grained
sediment because of their strength to carry large particles, whereas turbidity currents do not
have coarse-grained sediment because of their lack of strength to transport coarse sediment
in turbulent suspension.

bottom currents, etc.), depositional elements (e.g., channels, lobes, basin floor, etc.),
and sea-floor topography (e.g., irregular, smooth, etc.). An evaluation of modern
deep-water systems shows a dominance of deposition by sandy debris flows and
related mass-transport processes in slopes, canyons, channels, lobes, and basin-
plain environments (Fig. 6.48).

12.3.1 Turbidity currents versus debris flows

Flume experiments have shown a clear contrast between the distribution of tur-
bidites and debrites in plan view. Because of their Newtonian rheology, turbidity
currents flow freely as they exit a channel and spread out laterally. In channel-
mouth environments, turbidity currents result in a fan-shaped sediment body
called lobes (Fig. 12.2). Debris flows, on the other hand, when released from a
flume channel formed tongue-like patterns (Fig. 12.3). Lobes show gradual
increase in width downdip, whereas tongues maintain more or less the same
width. Although some debris flows may develop small-scale lobate terminus
(Allen, 1985a, his Fig. 9.28a), they are not comparable to large-scale turbidite
lobes. Debris tongues are products of individual events. When multiple events
coalesce, however, their geometry may be more complex than simple tongues.
The tongue-like patterns of debris flows are part of non-fan systems. Debris
tongues have sharp and irregular fronts (i.e., snouts) due to freezing. Debris tongues
have been mapped on the modern slopes of Gulf of Mexico (Fig. 6.10) and on the
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Fig. 12.2. Flume experiments of turbidity currents showing fan-shaped outline of the flow as it
spreads out at the channel mouth. Flow from upper left to lower right. (Photo from experiments
conducted by M. L. Natland, and courtesy of G. C. Brown.)

Fig. 12.3. Flume experiments of debris flows showing tongue-like sediment (arrows) in front of
the channel mouth. Note sharp and irregular fronts (i.e., snouts). Flow from upper right to lower
left. (Photo courtesy of J. Marr (St. Anthony Falls Laboratory, University of Minnesota).)
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A. Turbidity currents B. Debris flows

)
Well

Lobe
Tongues

Fig. 12.4. Contrasting styles of deposition between turbidity currents and debris flows.
(A) Fan-shaped (i.e., lobe) distribution of fine-grained sand by turbidity currents in channel-
mouth environments (see Fig. 12.2). (B) Tongue-like (non-fan) distribution of sediment by
debris flows in channel-mouth environments (see Fig. 12.3). If the petroleum industry were to
consider only the turbidite lobe model, there is a risk of drilling the mud-prone areas in
between two sandy debrite tongues (solid dot).

Norwegian—Barents Sea Continental Margin (Fig. 6.42). The Saharan debris flow
in the Atlantic Ocean, showing tongue-like distribution, has a thickness of 25 m.
The basal 2.5 m is composed of a sandy debrite (Gee et al., 1999).

To predict reservoir-sand distribution in frontier areas of hydrocarbon explo-
ration, the contrasting styles of sand distribution by turbidity currents (fan) versus
debris flows (non-fan) must be considered (Fig. 12.4). If we were to apply the tur-
bidite fan model invariably in frontier areas of exploration, we would predict
widespread turbidite lobe sands in basinal areas (Fig. 12.4A). However, if debris
flows were to control sand deposition in the area of interest then our prediction
of lobe sand would be in error. This is because sand would be restricted to the
tongues and the intervening areas would be composed of mud (Fig. 12.4B).

Sandy turbidity currents may also bypass channel areas and may deposit the
entire sediment load as sandy lobes (Fig. 12.5A). In such cases, the channels may
be filled with mud. The other possibility is surface flow transformation of sandy
debris flows into muddy turbidity currents. In such cases, deposition of muddy
turbidite lobes would occur in front of sandy debrite tongues (Fig. 12.5B). These
possibilities are generally ignored by the petroleum industry.

12.3.2 Turbidity currents versus bottom currents

In the Ewing Bank area, Gulf of Mexico, most of the cored interval of nearly
180 ft (55 m) represents primarily deposits of bottom currents (see Chapter 4).
Individual sand layers within the package are thin and discontinuous (Fig. 12.6),
but this sediment package may be laterally continuous in the study area.
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Fig. 12.5. Contrasting styles of deposition between turbidity currents and debris flows.
(A) Fan-shaped (i.e., lobe) distribution of fine-grained sand in front of the channel mouth
as sandy lobe by turbidity currents. Note channel is filled with mud because of sand bypass-
ing of the channel. (B) Tongue-like pattern of sand deposited by debris flows with muddy
turbidite lobe in front because of surface flow transformation of debris flows into turbidity
currents.

INFERRED GEOMETRY OBSERVED CORE
FEATURES

JERRN WS\ RSN

At awad
50 m
l;. —
1km 10 cm

Fig. 12.6. Conceptual model of bottom-current reworked sediment showing laterally
continuous large-scale sediment body (seismic scale) composed of small-scale discontinuous
sand layers (core scale). (After Shanmugam et al. (1993a). Reprinted by permission of
the American Association of Petroleum Geologists whose permission is required for
further use.)
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A. Turbidity currents B. Tidal currents
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Fig. 12.7. Contrasting styles of deposition between turbidity currents and tidal currents in
deep-water channel-mouth environments. (4) Turbidite lobes at the channel mouth are
aligned perpendicular to channel axis. Lobes are larger than channel width. Sediment
transport is unidirectional (arrow). (B) Deep-marine tidal deposits develop elongate bars
within the channel. Bars are aligned parallel to channel axis. Tidal bars are smaller than
channel width. Sediment transport is bidirectional (arrows). (After Shanmugam (2003).
Reproduced with permission from Elsevier.)

Misinterpretation of deep-marine tidal deposits as ‘turbidites’ has important
implications. For example, interpretation of climbing ripples as levee turbidites
implies deposition outside submarine channels, whereas interpretation of the
same climbing ripples as deep-marine tidal deposits implies deposition inside
submarine canyons or channels.

In channel-mouth environments, downslope turbidity currents are likely to
develop depositional lobes (Fig. 12.7A), whereas bi-directional tidal bottom cur-
rents are likely to develop elongate bars (Fig. 12.7B). Turbidite lobes are aligned
perpendicular to channel axis, whereas tidal bars are aligned parallel to channel axis.
Depositional lobes are likely to be much larger than channel width (Fig. 12.7A),
whereas tidal sand bars are thought to be much smaller than channel width
(Fig. 12.7B). Deep-water elongate tidal bars are speculated to be analogous to tidal
bar sands that develop in shallow-water estuarine environments (see Shanmugam
et al., 2000). In frontier exploration areas, an incorrect use of a turbidite-lobe
model (with sheet geometry) instead of a tidal bar model (with bar geometry) will
result in an unrealistic overestimation of sandstone reservoirs.

12.3.3 River-sourced fans versus ice-sheet sourced systems

In river-sourced systems, such as the Mississippi Fan in the Gulf of Mexico (Nelson
et al., 1992), channel-mouth lobes are present (Fig. 12.8A). In ice-sheet sourced
systems, such as the Wilkes Land ‘Fan’ in Antarctica (Escutia et al., 2000),
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Fig. 12.8. Two contrasting models of deep-water systems. (4) River-sourced system with lobes,
such as the Mississippi Fan in the Gulf of Mexico (Nelson et al., 1992). (B) Ice-sheet sourced
system without lobes (non-fan), such as the Wilkes Land in Antarctica (Escutia et al., 2000).

channel-mouth lobes are absent (Fig. 12.8B). In the case of the Wilkes Land,
although Escutia et al. (2000) used the term ‘fan’, this term is inappropriate because
a typical fan shape is lacking due to the absence of channel-mouth lobes (Fig. 12.8B).
The Wilkes Land system differs from the Mississippi Fan in the following respects:

(1) It is a non-fan system.

(2) It is located in a high-latitude region.

(3) It receives unusually large volume of coarse sediment from fast-moving ice
streams.

(4) Its middle and lower fan areas have steeper gradients.

(5) Itis subjected to bottom-current reworking.

Because some deep-water systems develop channel-mouth lobes and some do
not, downdip prediction of reservoir facies is much more challenging than previ-
ously thought.

12.4 Dimensions and geometries

The dimension of a sandbody refers to measurement (e.g., length, width, thick-
ness, etc.) in a single direction, and the geometry of a sandbody refers to three
dimensional relationships in space. Data on vertical (thickness) and lateral
(width/length/diameter) dimensions of deep-water facies have been compiled for
both modern and ancient systems (Table 12.1).
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Table 12.1 Dimensions of deep-water facies
Example Width: Thickness Ratio

(observed dimensions)

Slide, Lower Carboniferous, England
(Gawthorpe and Clemmey, 1985)

Slide, Cambrian—Ordovician, Nevada
(Cook, 1979)

Slide, Jurassic, Antarctica
(Macdonald et al., 1993)

Slide, Modern, U.S. Atlantic margin
(Booth et al., 1993)

Slide, Modern, Gulf of Alaska
(Carlson and Molina, 1977)

Slide, Middle Pliocene, Gulf of Mexico
(Morton, 1993)

Slide/Slump/debris Flow/Turbidite
5000-8000 B. P., Norwegian continental margin
(Jansen et al., 1987)

Slump (Cambrian—Ordovician, Nevada)
(Cook, 1979)
Slump, Aptian—Albian, Antarctica
(Macdonald et al., 1993)
Slump/slide/debris flow, Lower Eocene, Gryphon Field,
U.K., (Shanmugam et al., 1995a)
Slump/slide/debris flow, Paleocene, Faeroe Basin, west of
Shetland Islands (Shanmugam et al., 1995a)
Slump, Modern, SE Africa
(Dingle, 1977)
Slump, Carboniferous, England
(Martinsen, 1989)
Slump, Lower Eocene, Spain
(Mutti, 1992)

Debrite, Modern, British Columbia
(Prior et al., 1984)

Debrite, Cambrian—Ordovician, Nevada
(Cook, 1979)

Debrite, Modern, U.S. Atlantic margin
(Embley, 1980)

Debrite, Quaternary, Baffin Bay
(Hiscott and Aksu, 1994)

Turbidite (depositional lobe)

Cretaceous, California (Weagant, 1972)
Turbidite (depositional lobe)

Lower Pliocene, Italy (Casnedi, 1983)
Turbidite (basin plain)

Miocene, Italy (Ricci Lucchi and Valmori, 1980)
Turbidite (basin plain)

16 000 B. P., Hatteras Abyssal Plain

(Pilkey, 1988)

7:1
(100 m wide/long, 15m thick)
30:1
(30 m wide/long, 1 m thick)

45:1

(20 km wide/long, 440 m thick)

40-80:1

(2-4 km wide/long, 50 m thick)
130:1

(15 km wide/long, 115 m thick)
250:1

(150 km wide/long, 600 m thick)
675:1

(290 km wide/long, 430 m thick)

10:1
(100 m wide/long, 10 m thick)
10:1
(3.5 km wide/long, 350m thick)
21:1
(2.6 km wide/long, 120 m thick)
28:1
(7 km wide/long, 245 m thick)
171:1
(64 km wide/long, 374 m thick)
500:1
(5 km wide/long, 10 m thick)
900-3600:1
(18 km wide/long, 5-20 m thick)
12:1
(50 m wide/long, 4 m thick)
30:1
(300 m wide/long, 10 m thick)
500-5000:1
(10-100 km wide/long, 20 m thick)
1250:1
(75 km wide/long, 60 m thick)
167:1
(10 km wide/long, 60 m thick)
1200:1
(30 km wide/long, 25 m thick)
11 400:1
(57 km wide/long, 5 m thick)
125 000:1

(500 km wide/long, 4 m thick)
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12.4.1 Slides and slumps

Examples of submarine slides and slumps reveal that modern slides are an order
of magnitude larger than their ancient counterparts (Woodcock, 1979). The modern
Storegga Slide on the Norwegian continental margin has a width of 290 km, a
thickness of 430 m, and a width-to-thickness ratio of 675:1. From the Ablation
Point Formation (Kimmeridgian), exposed in Alexander Island of Antarctica,
Macdonald et al. (1993) described a seismic-scale slump sheet (6 km wide and
440 m thick) with a width-to-thickness ratio of 14:1. Individual sandy slide sheets
reach a thickness of 50 m and a length of 1000 m (Fig. 12.9).

Thicknesses of slumps and slides vary from 1 to 600 m. Their lateral dimen-
sions (width/length) reach up to 150 km. Width-to-thickness ratios vary from 7:1
to 500:1. Eocene slump deposits, which show sheet-like geometry, have been
correlated for more than 18 km in Spain (Mutti, 1992). Not all slump deposits
have a sheet-like geometry. Outcrop examples of slumped units usually pinch out
within a few meters.

In the Cretaceous of the Norwegian North Sea, abrupt lateral changes in slump
thickness have been observed between two adjacent wells separated by a distance

Fig. 12.9. Outcrop photograph showing sheet-like geometry of ancient sandy submarine
slides. Ablation Point Formation, Kimmeridgian Alexander Island, Antarctica. Note the large
sandstone sheet with rotated/slumped edge (left). Person (arrow) 1.8 m tall. (After Macdonald
et al. (1993). Photo courtesy of D. J. M. Macdonald.)
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of 29 m (Shanmugam et al., 1994). In outcrops of Antarctica, such abrupt termi-
nations for slide/slump deposits have been observed (Macdonald et al., 1993).
A positive aspect of slump facies is the potential for developing stratigraphic traps.
This occurs when isolated sand bodies deposited by slumps are subsequently
draped by hemipelagic mud, forming a seal (Shanmugam et al., 1994).

12.4.2 Debrites

Distribution of debrites is controlled primarily by depositional freezing. This is
commonly reflected in a lenticular geometry (Fig. 12.10). Using outcrop measure-
ments, Cook (1979) established that debrites are likely to have a width-to-thickness
ratio of 30-50:1. Debrite facies can have width-to-thickness ratios of 500:1 or
more (Table 12.1), generally due to amalgamation of depositional units. The dis-
tribution of debrites within channel environments, however, is controlled by the
configuration of the channel. The thicknesses of debrites commonly range from
1 to 60 m, but unusually thick deposits may occur.

In the Cretaceous Agat Formation in the Saga 35/3-2 well, offshore Norway (see
Chapter 6), the lateral distribution of sandy facies has been inferred using a thickness-
to-width ratio of 1:30-50 for mass-flow deposits. In this model (Fig. 12.11A),
sandstones are clearly disconnected from each other by thick intervening mud-
stones that might act as permeability barriers. In contrast to the 35/3-2 well, the

Fig. 12.10. Outcrop photograph showing lenticular geometry of debrite with floating clasts
(arrowheads). Cretaceous, Tourmaline Beach, California.
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Fig. 12.11. (A) Isolated sandstone unit encased in mudstone, Saga 35/3-2 well. (B) Amalgamated
sandstone package with good lateral and vertical communication, Saga 35/3-5 well. Agat
Formation, offshore Norway (see Chapter 6). (From Shanmugam et al. (1994). Reprinted by
permission of the American Association of Petroleum Geologists whose permission is required
for further use.)
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35/3-5 well shows an amalgamation of sandstone units and a lack of interbedded
mudstone units (Fig. 12.11B). For example, in the 35/3-2 well the thickest mud-
stone interval observed in the core is 16 m as opposed to only 0.5 m in the 35/3-5
well (Table 6.3). The amalgamated sandstone units suggest an abundant sand supply
and a high frequency of slump/debris flow events. Although slump/debris-flow
emplaced sands are generally discontinuous and unpredictable, highly amalgamated
slump/debrite sands develop thick reservoirs. Furthermore, sandstone injectites tend
to increase connectivity between isolated sand bodies (Shanmugam et al., 1994).

12.4.3 Turbidites

Turbidite lobes show width-to-thickness ratios of about 167:1 to 1200:1
(Shanmugam, 1998). Lateral dimensions of turbidites deposited on modern abyssal
plains have been unusually large. The ‘Black Shell turbidite’ on the Hatteras
Abyssal Plain in the western North Atlantic Ocean, for example, is 4 m thick and
extends for 500 km (Pilkey, 1988). It has a width-to-thickness ratio of 125 000:1
(Table 12.1) and covers an area of 44 000 km?. Classic examples of ancient basin-
plain turbidites, exposed along the foreshore at Zumaya, Spain are usually in the
range of 10 cm to a meter in thickness, but can be traced for several kilometers
(Fig. 12.12). In basin-plain environments, sheet-like geometries of thin-bedded
muddy turbidites and pelagites/hemipelagites are the norm.

In the Miocene Marnoso-arenacea Formation, which is interpreted to consist of
basin-plain turbidites, a 7-m thick sandstone unit has been traced for over 120 km
in the northern Italian Apennines (Ricci Lucchi and Valmori, 1980). Although
interpreted as turbidites by Ricci Lucchi and Valmori (1980), this unit has a com-
plex origin judging from large floating mudstone clasts in some sections. Extensive
sheet-like turbidites deposited in the open oceans of Atlantic-type margins,
however, are seldom preserved in the geologic record.

12.5 Lateral changes in sediment thickness

Westcott and Ethridge (1983, their Fig. 11) proposed a submarine fan model for
the Eocene Wagwater Group of Jamaica. In their model, the thick proximal
(channelized) fan deposits tend to become thin distal (non-channelized sheet) fan
deposits. This lateral thinning of fan deposits was originally proposed for tur-
bidite fan deposits (Bouma, 1962; Mutti, 1977). However, care must be exercised
in such generalizations because differences in depositional processes and settings
can create wide variations in lateral thickness of individual beds.

In unconfined environments, deposits of slides, slumps, and debris flows show
significant variations in lateral thickness. For sands deposited inside canyons or
channels, however, the channel boundaries would be the primary controlling
factor of lateral sand distribution. Channel-fill deposits may be composed of
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Fig. 12.12. Sheet-like geometry of basin-plain turbidite sandstone with interbedded hemipelagite
mudstone, Eocene, Zumaya, northern Spain.

sandy debrites (Fig. 12.13A), muddy debrites (Fig. 12.13B), heterolithic slumps
(Fig. 12.13C), combination of sandy debrites and deep tidal sands (Fig. 12.13D),
and muddy hemipelagites (Fig. 12.13E). From a reservoir standpoint, the critical
factor is the lateral thickness variation of a single depositional unit and its inherent
reservoir quality.
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A. Sandy debrites B

C. Heterolithic slumps

E. Hemipelagites

Fig. 12.13. Conceptual cross sections of canyons or channels filled with different types of
lithofacies. (4) Sandy debrites composed of massive sand. (B) Muddy debrites composed of
mud. (C) Heterolithic slumps composed of sand and mud. (D) Combination of sandy debrites
and deep-marine tidal sand. (£) Hemipelagites composed of mud.

12.6 Reservoir heterogeneity

To understand reservoir heterogeneity, Unit 7 has been selected from the Annot
Sandstone in SE France (see Chapter 8). Unit 7 exhibits a sheet-like geometry
(Fig. 12.14B). Such sandbody geometry is attractive to the petroleum industry
because of its lateral predictability and ease of reserve calculations. Unit 7 was
interpreted originally as a turbidite bed (Bouma, 1962). However, basal inverse
grading and floating mudstone clasts with planar fabric in Unit 7 have been used as
evidence for deposition from sandy debris flows, not turbidity currents (Fig. 8.17).
More importantly, Unit 7 contains large pockets of mudstone clasts along an
internal amalgamation surface (Fig. 12.14B). The pocket investigated is about
420 cm long and 90 cm thick (Fig. 12.15). Amalgamation surfaces with pockets
of mudstone clasts are evidence of reservoir heterogeneity. Although Unit 7 appears
to be a single depositional bed, it is composed of three depositional layers with
internal amalgamation surfaces (Fig. 12.16). In developing reservoir simulation
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Unit 7
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Fig. 12.14. (A) Sedimentological log of an amalgamated sandstone unit showing basal inverse
grading overlain by an interval with floating granules and mudstone clasts with planar fabric,
parallel laminae, and lenticular layers. (B) Outcrop photograph showing sheet-like geometry
of the unit. Sedimentological log of this unit laterally varies in space because of amalgamation.
For example, at extreme left of outcrop, the unit is composed of a basal sandstone, a middle
pebble nest (pyramid shape shown by dashed line, see Fig. 12.15 for a close-up photograph),
and an upper sandstone, but as we move to the right of outcrop, the middle pebble nest gradually
thins out. Two dashed lines shows stratigraphic position of the unit. Unit 7 of the Annot Sandstone
(Eocene—Oligocene), Peira Cava area, French Maritime Alps. SE France. (After Shanmugam
(2002a). Reproduced with permission from Elsevier.)

models, such units with lateral and vertical heterogeneity should be evaluated
carefully.

12.7 Sand injection and reservoir communication

In the Edop Field, offshore Nigeria (see Chapter 4), sand injectites occur both as
sills and as dikes. Sand injectites cutting through mudstone permeability barriers
can increase the connectivity between sand bodies thereby creating an ineffective
permeability barrier (Fig. 12.17).

In the Edop Field area, the vertical connectivity of sand bodies also depends
on the amount of sand available in the source area and on the frequency of debris
flows that pass through the site of deposition. Amalgamated sandstone units in
the 1QI-3 sequence in the Edop Field suggest an abundance of sand supply and a
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Fig. 12.15. Outcrop photograph showing pebble nest (shown by dashed line) or pocket of mud-
stone clasts in mud matrix in Unit 7 (see 12.14B for overall photo). The nest is about 420 cm long
and 90 cm thick. Annot Sandstone (Eocene-Oligocene), Peira Cava area, French Maritime
Alps. SE France.
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Fig. 12.16. Schematic diagram of Unit 7 of the Annot Sandstone showing pockets of mudstone
clasts along an amalgamation surface enriched in mudstone (see Figs. 12.14, 12.15). Such internal
mud-rich amalgamation surfaces could act as permeability barriers. Diagram not to scale.
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Fig. 12.17. Conceptual model showing the influence of sandstone injectites on permeability
barriers. Thick interbedded mudstone intervals tend to serve as permeability barriers. However,
sandstone injectites through these mudstone permeability barriers can increase the connectivity
between sandbodies and thereby creating ineffective permeability barriers (upper part). Based
on core observation from Edop 21D well, offshore Nigeria (see Chapter 4).

high frequency of slump/debris flow events within a ‘fairway’ or a ‘canyon’
(Fig. 4.29). In such confined environments, sands are likely to be in communica-
tion both due to amalgamations of sand beds and to sand injectites between sand
beds (Fig. 12.17). In fact, production data from the Edop Field suggest that IQI-3
sands are in pressure communication with one another (Shanmugam, 1997¢).

In their core study of Gryphon—Harding areas on the U.K. Continental Shelf
(UKCS), Shanmugam et al. (1995a) reported sandstone sills and dikes. Purvis et al.
(2002) reported a range of injection structures in the Gryphon Field from thin,
centimeter-scale dikes to meter-scale injectites. They observed the cross-cutting
nature of the injection structures in both core and seismic sections. In modelling
the Gryphon reservoir, Purvis et al. (2002, p. 172) stated,

‘The presence of injected sands within the reservoir interval of the Gryphon Field
has major implications for the correlation and subsequent 3D reservoir modelling.
The large-scale cross-cutting nature of the injection structures probably accounts for
the high degree of vertical and lateral connectivity observed in the field. All sand
units where data have been acquired are in pressure communication and production
data supports excellent connectivity throughout the reservoir. An injected origin for
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the sand units would account for the fact that the thinner sand units above the main
sand bodies are poorly correlatable, i.e., they appear not to be laterally extensive.
The injection of sand from lower sand bodies into higher stratigraphic units (or vice
versa) suggests that the shale stratigraphy as determined by tuff markers and biostratig-
raphy (Hatton et al., 1992) has some limitations on dating and hence correlating the
sand units.’

In cases where vertical sand injectites connect two sand units (S1 and S2) sep-
arated by an intervening muddy stratigraphic marker, it is invalid from a reservoir
standpoint to separate these two sands vertically using conventional layer-cake
stratigraphy (Fig. 12.18).

In summary, clastic injections occur in all sizes and shapes and allow both verti-
cal and lateral fluid communication between sandstone bodies. These sandstone
injectites are commonly oil stained (Fig. 5.8), suggesting that these clastic injectites
have served as conduits for fluid migration. Therefore, for developing realistic
geological models and for dynamic reservoir simulation of deep-water sequences,
aspects of post-depositional clastic injectites are as important as depositional
geometries.

Stratigraphic vs. Injection Modelling

Connected sand Isolated sand

Sand injection

100 m

= ===

Fig. 12.18. Cross section showing two stratigraphically different sands (older S1 and younger S2)
connected by a vertical sand injectite. Note a vertical sand injection is cutting across the strati-
graphic marker. In cases like this, stratigraphic correlation of sand units is not meaningful for
understanding reservoir communication. (See text for details. Diagram is simplified after
Purvis et al. (2002, their Fig. 12B).)



Implications for sandstone petroleum reservoirs 403

12.8 Correlation of sandbodies

A major problem in slump-dominated systems is correlation of sandbodies using
wireline logs because there are no reliable log motifs for slump and debrite deposits.
Examples are:

(1) In the Edop Field, offshore Nigeria, it is difficult to correlate sand beds of
slump origin in two closely spaced wells that are only 12 m apart (Fig. 12.19).
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Fig. 12.19. Uncertainties in correlating sandy slump facies (IQI-3) in two closely spaced wells
that are only 12 m apart, Edop Field, offshore Nigeria. (After Shanmugam (1997¢).)
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(2) In the Mid Norway region, deep-water sandstone units of slump and debris-
flow origin show drastic lateral variations in thicknesses between two adja-
cent wells that are only 29 m apart (Shanmugam et al., 1994, their Fig. 23).

(3) In the Cretaceous Agat Formation, offshore Norway, difficulties exist in cor-
relating deep-water sandstones of because of their slump and debris-flow
origin (Fig. 12.20).

(4) Inthe lower Eocene Frigg Formation in Frigg Field, North Sea, deep-water sand-
stone is laterally discontinuous because of their debris-flow origin (Fig. 12.21).

Thus correlation of deep-water sandbodies using wireline logs is neither
helpful in interpreting their depositional origin nor reliable in establishing their
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Fig. 12.20. Cross section showing difficulties in correlating Agat sandstone units between
three wells. Datum: Top Lower Cretaceous. Note differences in relative stratigraphic position,
thickness, and frequency of units among three wells. Also note, interbedded mudstone is well
developed in the 3-2 and 3-4 wells, but not in the 3-5 well. See Figure 6.12 for regional
map. Agat area, offshore Norway. (After Shanmugam et al. (1994). Reprinted by permission of
the American Association of Petroleum Geologists whose permission is required for
further use.)
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Fig. 12.21. An east-west cross section across the Frigg Field in the North Sea showing laterally
discontinuous debrite sands and intervening fine-grained barrier units. Core photos of sandy
debrites from EIf 25/2-8 well are shown in Figure 10.15. Simplified after Brewster (1991).
(Reprinted by permission of the Geological Society of London.)

areal distribution. Furthermore, the layer-cake stratigraphy, which is the result of
wireline-log correlations, can be misleading for developing realistic geocellular
models for reservoir simulation purposes.

12.9 Depositional mud matrix

Depositional (primary) mud matrix, which occludes porosity and reduces perme-
ability, is of importance in evaluating the reservoir potential of deep-water sands.
In the 1950s and 1960s, ‘turbidites’ were considered to be poor reservoirs because
of their high mud content. The ‘turbidite-graywacke-flysch-dirty sand’ linkage
and its negative influence on the petroleum industry have been eloquently sum-
marized by Sanders and Friedman (1997). Pettijohn (1957, p. 288) championed
the link between the high detrital matrix of deep-water sandstones (greywackes)
and their turbidity current origin. In referring to turbidite sandstones, Pettijohn
(1957, p. 288) stated, ‘The second group, therefore, probably owes its detrital
matrix or “paste” to deposition from fluids with higher sediment/fluid ratios.
Such media are the subaqueous turbidity flows found in some lakes and in many
marine environments...’

Sullwold (1960, p. 438) reported the high mud content (13.5-34.5%) from sieve
analysis of upper Miocene sandstone beds that were interpreted to be turbidites.
The following comments of Sullwold (1961, p. 64-66) reflect the views that



406 Deep-water processes and facies models

existed in the early 1960s concerning the muddy nature of turbidity currents and
their deposits:

(1) ‘A turbidity current is opaque and muddy (by definition)...’

(2) ‘“Poor sorting is an expected feature in turbidites.’

(3) ‘The large percentage of silt and clay in these sands has caused them to be
termed wackes and graywackes by most workers.’

(4) ‘Sorting is directly related to porosity, and turbidites must therefore have less
original porosity than shallow-water sands...’

Although the term ‘graywacke’ is no longer used synonymously with tur-
bidites, the above comments are still valid. That turbidity currents would deposit
mud-rich sediment makes sense because it is easier to transport mud in turbulent
suspension than it is sand or gravel.

Since the 1990s, however, there has been a tendency to perpetuate the oppo-
site notion: i.e., turbidites are clean (i.e., mud poor) sands (Fig. 7.20). Mitchum
et al. (1993, p. 167), for example, considered the turbidites of basin-floor fans to
be ‘... clean, well sorted sandstone with good reservoir quality.” This popular
notion is apparently based on misinterpretation of clean, deep-water, massive
sands as ‘turbidites’ using the concept of ‘high-density turbidity currents’ with
traction carpets (see Chapter 7). Under the false notion that all sandy debrites are
mud-rich facies, the low mud content of certain deep-water sands has been misinter-
preted as turbidites. When compared to turbidity currents, sandy debris flows have
a better chance of depositing mud-poor, clean, sands for the following reasons:

(1) Experiments have shown that sandy debris flows can deposit sands with only
a minute amount of clay (less than 0.5% by weight) (see Chapter 3). Low mud
matrix can be explained by elutriation of mud during flow transformation
(Fisher, 1983). Flow transformation not only depletes underlying debris flows
of mud but also enriches overlying turbidity currents with mud (Fig. 3.23).
Consequently, sandy debris flows are able to emplace clean sands with low
mud content (Fig. 12.22).

(2) Experiments have also shown that because of the upward mobility of fines
the basal parts of sandy debrites are cleaner (see Fig. 3.23). In amalgamated
sandy debrite packages, the mud-rich upper portion is eroded and the mud-
poor basal portion is preserved, resulting in overall clean, amalgamated sandy
debrites (Fig. 12.22).

(3) Mud is an integral component of turbidity currents. Sanders and Friedman
(1997, p. 82) emphasized, ‘From the point of view of petroleum geology,
sands deposited from turbulent suspension are poorly sorted and includes
large amounts of silt and clay.” Sanders and Friedman maintained simply that
‘dirty’ (i.e., mud rich) sands are turbidites, and ‘clean’ (i.e., mud free) sands
are non-turbidites.
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Fig. 12.22. A sketch of normal grading observed in experimental sandy debris flows with
concentration of coarse-grained coal slag at the bottom and medium-grained silica sand near
the top. The development of a basal clean sand interval is caused by upward migration of fines
(i.e., elutriation) (see Fig. 3.23). Amalgamation of such clean intervals may develop thick zones
of clean reservoir sand by sandy debris flows. Such normally graded deposits are prone to be
misinterpreted as ‘turbidites.” However, associated features, such as sharp upper contacts,
floating clasts, and planar fabric, would help distinguish debrites.

Mud Sand

(4) Experiments have shown that pure sandy turbidity currents, without mud,
support sand and gravel in turbulent suspension for only short distances
during transport, and they invariably collapse.

(5) Subaqueous debris flows are prone to develop hydroplaning (Mohrig et al.,
1998). Furthermore, debris flows are laminar in state. As a result, subaque-
ous debris flows with hydroplaning are unlikely to erode the sea-floor and to
incorporate eroded mud into the flow. In contrast, turbidity currents are per-
petually turbulent in state. Turbulence tends to cause erosion of the muddy
sea floor, and eroded mud gets incorporated into the turbulent turbidity cur-
rent. Thus turbidites are rich in mud.

12.10 Reservoir quality
12.10.1 Nigeria

In the Edop Field, offshore Nigeria, the reservoir is composed of slump, debrite,
and turbidite facies (see Chapter 4). Thickness of individual units varies from
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Edop Field, offshore Nigeria. (After Shanmugam et al. (1997c¢).)

1 to 34 ft (0.3—10 m). Amalgamated intervals reach a thickness of up to 70 ft (21 m).
Porosity commonly ranges from 20 to 35%, and horizontal permeability com-
monly ranges from 1000-3000 mD. Depending on the grain size, on the deposi-
tional process, and on the environment, reservoir quality varies. Distribution of
horizontal permeability in sandy slump facies is much higher (5500 mD) than that
of the turbidite channel facies (2000 mD) (Fig. 12.23).
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According to Houghton (1997), sands deposited by sandy slumps and debris
flows are interconnected in the Edop Field. In these sands, baffles and barriers are
sparse between individual depositional events. In the deep-water sands of the
Edop Field, depositional matrix and authigenic cement are generally low. Pores
in these sands are dominantly depositional in origin (i.e., primary porosity) and
are well connected.

12.10.2 Equatorial guinea

In the Zafiro Field, Equatorial Guinea, the Pliocene reservoir was deposited by
sandy slumps and debris flows (see Chapter 6). The reservoir has porosities in the
range of 20-35% and permeabilities generally between 1000-3000 mD. DST
flow rates were more than 10 000 BOPD on a 2 3/8” choke (Famakinwa et al.,
1996, 1997). The 1QI reservoir sands in the Edop Field (Offshore Nigeria) that
occur updip from the Zafiro Field also exhibit the same depositional facies and
about the same reservoir properties. The Edop—Zafiro trend provides a test case
for non-fan reservoirs that are dominated by deposits of sandy slumps and debris
flows having excellent reservoir quality.

12.10.3 Gabon

Teisserenc and Villemin (1990) described the geology of sedimentary basins and
oil systems of Gabon, West Africa. In the Anguille Field, located offshore 25 km
southwest of Port Gentil, Gabon, Anguille and Pointe Clairette Sandstones
(Upper Cretaceous) contain four deep-marine sedimentary units. These units con-
sist of: (1) alternating fine-grained sandstone and shale; (2) shale; (3) interbedded
sandstone and shale; and (4) contorted shale. The best reservoir is in fine-grained
massive sandstone interpreted as deposits of grain flows and sandy debris flows.
In describing the reservoir quality, Teisserenc and Villemin (1990, p. 172) stated,
‘The best reservoirs are found in the first and third units in the grain-flow/debris-flow
sandstones, porosity is as much as 24% and permeability is as high as 700 mD.
In laminated sandstones, maximum permeability decreases to 300 to 400 mD.
Net sandstone thickness ranges from 10—-100 m.’

In the M’Bya field, offshore Gabon, the Lucina Sandstone (Lower Cretaceous)
is composed of fine-grained argillaceous and micaceous sandstone. It has been
interpreted to consist of deep-lacustrine turbidites (Teisserenc and Villemin, 1990).
Porosities range from 15-25%, and permeabilities are as high as 100 mD.

In the Lucina West Marine Field, South Gabon, Early Cretaceous reservoir sand-
stones were interpreted to be deposits of deep-lacustrine ‘turbidites’ (Smith, 1995).
But sedimentological evidence suggests a debrite origin (see Chapter 6 for facies
description). These reservoirs are composed of moderately sorted, fine-grained
sandstones with mean porosities of 22-24%. Their geometric mean permeabilities
range from 45-145 mD.
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12.10.4 North Sea

The lower Eocene sands of the Frigg Field in the North Sea contain, thick, amal-
gamated units. They were interpreted as deposits of sandy slumps and debris
flows (Shanmugam et al., 1995a). They exhibit high porosity (27-32%) and per-
meability (9004000 mD) values (Brewster, 1991).

In the Gryphon Field, U.K. North Sea, the Balder formation (upper Paleocene-
lower Eocene) was interpreted as deposits of sandy slumps and debris flows
(Shanmugam et al., 1995a). In the Gryphon Field, the reservoir has 400-650 ft
(122-198 m) gross thickness, 35% Net/Gross ratio, 32% porosity, and 3D per-
meability (Purvis et al., 2002). The Balder sands show a maximum permeability
of up to 10D (Newman et al., 1993).

In Gannet Fields, U.K. North Sea, Eocene Tay sands were interpreted as subma-
rine fan lobes deposited by turbidity currents (Armstrong et al., 1987). However, a
reexamination of cores of these same sands suggests deposition by sandy debris
flows, slumps, and slides (Shanmugam, 1992a). In the northern area, these sands
show a highly amalgamated distribution, whereas in the southern area these sands
are isolated by thick interbedded shale layers (Fig. 12.24). The Tay sands in the
northern area exhibit high permeability (1000—6000 mD) comparison to the Tay
sands in the southern area (100s mD) (Fig. 12.24).

In the North Sea Palacogene, at least 2.4 x 10° BOE reserves are associated
with injectite fields, or fields modified by sand injection (Hurst et al., 2005). In the
Eocene Alba Formation, U.K. North Sea, porosity measured on core plugs aver-
ages 33.8% in the injected sands and 36.5% in the depositional sands (Fig. 12.25).
This difference in reservoir quality may probably be attributed to a relative
increase in the clay fraction in the injected sand (Duranti and Hurst, 2004).

12.10.5 Gulf of Mexico

Aspects of bottom-current reworked sands in the Ewing Bank Block 826 Field
are discussed in Chapter 4. Both the L-1 and N-1 sands in the No. 3 well show
porosity values in a range of 25-40%. In the No. 3 well, the horizontal air
permeability, measured at 200 psi, commonly ranges from 100 to 1000 mD
(Fig. 12.26). Although the cored intervals of both the L-1 and N-1 sands in the
No. 3 well are products of bottom-current reworking, the L-1 reservoir with 80%
sand exhibits higher permeability values (100—1800 mD) than the N-1 reservoir
with 26% sand (50-800 mD). Microfractures, although seen in both L-1 and
N-1 sands, enhance vertical permeability only in the L-1 sand because of higher
sand content (80%). This allows greater juxtaposition of sand layer against sand
layer across fractures. Vertical permeability values of N-1 sand are expected to be
poor because of the ubiquitous interbedded mud layers throughout the sequence.

In the No. 3 Sidetrack well, sedimentary structures in cores reveal that the
reservoir is composed of a lower unit with a turbidite channel sand, and an upper
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Fig. 12.25. Porosity distribution in injected (cluster a) and depositional (cluster b) sands in the
Eocene Alba Formation. Note higher porosity values in the depositional sands. Data from vertical
well 16/26-6. (After Duranti and Hurst (2004). Reproduced with permission from Blackwell.)
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Fig. 12.26. Permeability distribution in the L-1 and N-1 Sands. Note amalgamated L-1 Sand shows
higher permeability values than the isolated N-1 Sand. Lower permeability values in N-1 Sand may
be attributed to interbedded mud layers. Well No. 3, Ewing Bank Block 826, Gulf of Mexico.

unit with a bottom-current reworked sand (Fig. 12.27). Although both the tur-
bidite and the reworked sands show porosity values in a range of 35-42%, their
permeability values are strikingly different. The basal turbidite channel sand unit
shows a distinct upward decrease in permeability with maximum values (5000 mD)
at its base (Fig. 12.27). This permeability trend probably mimics a subtle upward
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Fig. 12.27. Permeability distribution in the L-1 Sand. Note upward decrease in permeability
within the turbidite channel unit reflecting upward decrease in grain size. In comparison,
permeability within bottom-current reworked facies is much less variable because of uniform
grain size. Lower permeability values of bottom-current reworked facies may be attributed to
interbedded mud layers. Well No. 3 Sidetrack 1, Ewing Bank Block 826, Gulf of Mexico. (After
Shanmugam et al.,, (1993a). Reprinted by permission of the American Association of
Petroleum Geologists whose permission is required for further use.)

decrease in grain size within the channel package. The upper unit having bottom-
current-reworked deposits exhibits near uniform vertical distribution of perme-
ability values of about 500 mD (Fig. 12.27), reflecting uniform vertical grain size
distribution.

On the basis of reservoir quality, sands in the Ewing Bank area may be classi-
fied into two types (Fig. 12.28). Type 1 exhibits a greater number of sand layers
per unit area than Type 2. The permeability of Type 1 (e.g., L-1) is much higher
(up to 1800 mD) than that of Type 2 (e.g., N-1) (up to 800 mD). Porosity values,
however, remain about the same in both types (Fig. 12.28). Shanmugam et al.
(1993a) attributed the higher permeability in the Type 1 to: (1) increased overall
sand content; (2) vigorous bottom-current reworking; and (3) microfractures.

The Type 1 sands are clean, porous, and well sorted. A lack of interbedded mud
layers facilitates good communication between sand layers. Communication
between sand layers is further enhanced by fractures. For these reasons, Type 1
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Fig. 12.28. Two types of reservoir facies showing differences in sand content and permeability.
Type 1 with higher sand content exhibits higher permeability than sand-poor Type 2. Note both
types show similar values of porosity from core plugs taken from the sand layers. (After
Shanmugam et al. (1993a). Reprinted by permission of the American Association of Petroleum
Geologists whose permission is required for further use.)

sands are produced at good rates. In contrast, Type 2 sands contain numerous
interbedded mud layers, which greatly reduce communication between sand layers.
Therefore, they are produced at poor rates.

Studies of Miocene—Pliocene reservoirs in the Auger Field concluded that the
‘S’ Sand in the Garden Banks 426, 427, 470, and 471 blocks of Gulf of Mexico
is a turbidite sheet sand (McGee et al., 1994). Production began in 1994 from a
Tension Leg Platform (TLP) at a water depth of 2862 ft (872 m). These sands
have produced at an average rate of 10 MBOPD. The ‘S’ Sand has a thickness of
200 ft (61 m) and is correlatable over a distance of 4.4 km. The ‘S’ Sand has an
average porosity of 24% and permeability of 150 mD. Published sedimentary
features of the ‘S’ Sand suggest that it was probably emplaced by laminar flows
diagnostic of debris flows (see Chapter 6).
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12.10.6 California

The prolific oil producing clastic reservoir in the North Midway Sunset Field,
Kern County, California, is the upper Miocene Potter Sand (see Chapter 6).
The reservoir quality of this unit is controlled by grain size, depositional
processes, and environments. The amalgamated, braided channel facies with
gravel and coarse sand exhibits high permeability values (10 000+ mD) (see
Fig. 6.41).The isolated meandering channel facies with medium-grained sand
shows an upward decrease in permeability, mimicking fining-up trends (9000 to
500 mD). The levee facies with bioturbated fine-grained sand shows low perme-
ability values (100 mD).

12.10.7 Brazil

The reservoir quality of deep-water petroleum reservoirs in the Campos basin
(Namorado, Enchova and Bonito, and Marlim fields), offshore Brazil, has been
discussed by Guardado et al. (1990). The producing reservoir in the Namorado field
is Cenomanian/Turonian ‘turbidite’ sandstone. These sandstone units are medium
grained, massive, and locally conglomeratic.

In the Enchova and Bonito fields, located close to the present-day shelf edge, the
Eocene ‘turbidite’ reservoirs are composed of medium-to coarse-grained friable
sandstones with 26-30% porosity and with 1 D permeability.

The Marlim field is located in the central part of the Campos Basin about
110 km offshore Brazil (Guardado et al., 1990). The producing reservoirs are late
Oligocene in age. In these fine-to medium-grained massive sandstones, average
porosities range from 25-30% and the permeabilities are between 2 and 3 D.

In the Lagoa Parda oil field, siliciclastic deep-water reservoirs deposited in the
early Eocene Regencia Canyon of the Espirito Santo Basin, Brazil, are composed
of unstratified conglomerate and sandstone with interbedded bioturbated mud-
stone and thick-bedded sandstone (Bruhn and Walker, 1997). These sandstones
were interpreted as deposits of ‘high-density turbidity currents’ by Bruhn and
Walker (1997). In the Well: 7-LP-33-ES of this field, sandstone shows average
porosities of 25% and permeabilities of 427 mD.

12.10.8 India

Operator Reliance Industries and Niko Resources discovered an estimated 14 Tcf
of gas in the deep-water tertiary siliciclastic reservoirs of the Krishna—Godavari
basin off India’s southeastern coast in 2002. Geologic studies based on 3D
seismic data have shown sinuous deep-water channel forms for the Pliocene
reservoir (Bastia, 2004). Conventional core taken from the Pliocene interval is
composed of unconsolidated and amalgamated sand with floating mudstone
clasts, planar clast fabric, inverse grading of clasts, and floating quartz granules.
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These sands have been interpreted to be deposits of sandy debris flows. In addition,
these cores show evidence for reworking by deep-marine tidal bottom currents
(e.g., double mud layers) and post-depositional sand injections (e.g., razor-sharp
margins and roof pendants). Clean debrite sands exhibit high porosities
(35-43%) and permeabilities (2000—-6000 md) at 300 psi.

12.11 Depositional models

There are no general facies models for deep-water systems because each deep-
water system is unique. Any depostional model should reflect basic depositional
processes, depositional setting, sediment supply, sediment types, and basin archi-
tecture. In developing depositional models, the use of modern systems is critical
(see Chapter 6). Mass transport processes (slides, slumps, sand flows, and debris
flows) have been observed in modern oceans (e.g., Shepard, 1951; Dill, 1964,
Shepard and Dill,1966); however, convincing direct observations of turbidity
currents in modern oceans are lacking. It is ironic that there are numerous deep-
water facies models for deposits of turbidity currents that have not been observed,
but there are no facies models for deposits of mass flows that have been
photographed. This is perhaps because of the simplicity of both turbidity current
concepts and submarine-fan models, and the historical association between
turbidites and sheet geometries. Basinal turbidites are indeed sheet-like in geom-
etry, however, such turbidite sands are commonly thin bedded, fine grained, and
contain large amounts of mud. Therefore, basinal turbidites are of poor quality.
In contrast, slope sands of debris-flow origin are thicker bedded, coarser grained,
and contain lower amounts of mud in comparison to turbidites. Therefore, slope
sandy debrites are of good quality. The current trend in the petroleum industry is
to routinely apply submarine fan models that have been developed for base-of-
slope settings with smooth sea floors to intraslope settings with highly irregular
sea floors, such as that of the Gulf of Mexico. We need to develop separate
models for slopes emphasizing slope processes and products. The conventional
wisdom that slopes are areas of ‘bypassing’ of sand is invalid. Slopes are impor-
tant areas of sand deposition (see Chapter 6).

As a counterpart to turbidite-dominated fan models suited for base-of-slope
settings, an alternative model, representative of debris-flow dominated slope sys-
tems, is proposed (Fig. 12.29). Unlike submarine fans with organized turbidite
packages in channels and lobes, the proposed slope model advocates a complex-
ity of deposits consisting of debris flows and other processes. Debris-flow dom-
inated systems can be broadly classified into: (1) non-channelized (non-fan); and
(2) channelized types (Fig. 12.29). In this model, nature of shelf (sand rich vs.
mud rich), sea-floor topography (smooth vs. irregular) and depositional process
(settling vs. freezing) tend to control sand distribution and geometry. Contrary to
popular belief, sandy debris flows can be thick, spatially extensive, and highly
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Fig. 12.29. Depositional model for non-channelized and channelized debris-flow dominated
systems in slope and base-of-slope settings. In non-channelized systems (non-fan), sandy
debris flows are expected to occur downdip from sand-rich shelf. In channelized systems,
sandy debris flows are expected to occur mainly within channels and at their terminus. Debris
flows generate tongue-like sand bodies and they are not analogous to typical depositional
lobes formed by classical turbidity currents in submarine fans (e.g., Mutti and Ricci Lucchi,
1972). Different oil-water contacts (O/W) may be encountered in debrite reservoirs because
of their lateral discontinuity. However, debrite reservoirs are also sheet-like with good vertical
and lateral connectivity caused by amalgamation of sand units. (After Shanmugam (2000a).
Reproduced with permission from Elsevier.)

permeable reservoirs. High frequency flows tend to develop amalgamated debrites
with lateral connectivity and sheet-like geometry. In addition, we need to develop
models for deposits of bottom currents.

12.12 Epilogue

Distribution, geometry, and quality of deep-water sandstones are controlled pri-
marily by depositional processes. Interpretation of depositional processes in the
geologic record requires the rigor of process sedimentology. Which means back
to basics—the rocks!
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