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ABSTRACT

Three-Dimensional Fluvial-Deltaic Sequence Stratigraphy
Pliocene-Recent Muda Formation, Belida Field, West Natuna Basin, Indonesia.
(December 2005)

Yan Darmadi, B.S, The University of Indonesia

Chair of Advisory Committee: Dr. Steven L. Dorobek

The Pliocene-Recent Muda formation is essentially undeformed in the West
Natuna Basin, and excellent resolution of this interval on three-dimensional seismic data
in Belida Field allows detailed interpretation of component fluvial-deltaic systems.
Detailed interpretation of seismic time slice and seismic sections along with seismic
facies analysis, horizon mapping, and extraction of seismic attributes provide the basis to
construct a sequence stratigraphic framework and determine patterns for sediment
dispersal and accumulation.

The Muda interval contains five third-order sequences, with depositional
environments confined to the shelf and consisting mainly of fluvial elements. Sequence
boundaries (SB) apparently result from major sea level falls, since there was no tectonic
uplift and the field underwent only regional slow subsidence during sedimentation of the
study interval.

Sea level fluctuation also caused changes in fluvial patterns. Analysis of
changing channel patterns indicates that major systems tracts relate to specific channel

patterns. The Lowstand Systems Tract (LST) is generally dominated by larger channel



v
dimensions and low sinuosity channel patterns. The Transgressive Systems Tract (TST)
typically contains relatively smaller channels with high sinuosity. Channels in the
Highstand Systems Tract (HST) generally show moderate sinuosity channels and are
intermediate in size, larger than TST channels but smaller than LST channels. Crossplots
of stratigraphic position and channel morphology indicate that within the transition from
LST-TST, channel dimensions (width and thickness) generally decrease and channel
sinuosity generally increases.

High sinuosity, meandering and anastomosing channels are generally found near
the maximum flooding surface. Low sinuosity channels occur within the HST-SB-LST
succession, with the exception of higher sinuosity meandering channels evolving inside
valleys. Larger, lower sinuosity channels result from high gradient and high discharge
associated with stream piracy. Smaller, high-sinuosity channels result from low gradient
and small discharge.

Extraction of seismic attributes such as RMS Amplitude and Average Reflection
Strength show these depositional features in greater detail. In the Belida Field area,
lowstand channels were found to comprise the greatest volume of sandstone bodies.
Seismic delineation of the distribution and morphology of these channel systems provides

critical input for reservoir modeling and volumetric analysis.
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CHAPTER1

INTRODUCTION

Detailed understanding of sequence stratigraphic relationships in fluvial facies is
still incomplete (cf. Posamentier et al., 1988; Posamentier and Vail, 1988; Shanley and
McCabe, 1991; Shanley and McCabe, 1994; Emery and Myers, 1996; Posamentier, 2001;
Wescott, 1993), especially with regards to the three-dimensional stratigraphic
architecture that results during multiple cycles of base-level change. Outcrop examples
typically provide only limited views of either vertical or lateral relationships. The few
Quaternary systems that have been extensively cored (e.g., Posamentier & Allen, 1993;
Somoza et al., 1998; Tornqvist, 1993) only give insight into fluvial-deltaic strata that
were deposited over the last cycle of eustatic sea-level change (i.e., since the Last Glacial
Maximum). Thus, sequence stratigraphic models for fluvial-deltaic systems are at least
partly inferential because three-dimensional control for these types of deposits is either
rarely available or is not fully utilized.

Subsurface data (including a 3D seismic survey and well information) from
Belida field in the West Natuna Basin, South China Sea (Figure 1) were used during this
study to document stratigraphic relationships within the Pliocene to Recent Muda

Formation. The Muda Formation consists of fluvial-deltaic facies that were deposited

This thesis follows the style of the American Association of Petroleum Geologists
Bulletin.



during several cycles of base-level change. At least five third-order depositional
sequences are recognized within the upper 320 meters of the Muda Formation, each of
which is bounded by a major unconformity or sequence boundary that is characterized by
significant fluvial incision. The outstanding seismic resolution of paleogeomorphologic
features across the study area (e.g., various fluvial-channel and interchannel-bar types,
drainage patterns, and delta clinoforms) and recognition of facies stacking patterns

allowed construction of a high-resolution sequence stratigraphic model for this interval.
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Figure 1. Basemap of the study area. White lines indicate the locations of seismic sections shown in
the next figures.

Data from Belida field provide a rare example where the responses of fluvial
systems during multiple, third-order cycles of base-level change are spectacularly imaged

and decipherable.



| Belida
* Field

iy _/,/,,/,,S/dtyjth ,Chihﬂa Sea ./

Kalimantan
(Borneo)

Drowned
Rivers

————— 200 m isobath

Basins

water depth

Figure 2. South East Asia showing Western part of Indonesia. Belida Field is located in the
southwestern part of South China Sea, very far away from modern shoreline. In the background is
the drowned river systems and approximate location of the modern shelf. The basins are: (1) Thai
Basin, (2) Malay Basin, (3) Penyu Basin, (4) West Natuna Basin (where the study area is located), (5)
Sokang Basin, (6) Sarawak Basin (Tjia, 1980; Madon and Watts, 1998).




CHAPTERII

GEOLOGIC SETTING AND GENERAL STRATIGRAPHY

OF THE STUDY AREA

WEST NATUNA BASIN

The West Natuna Basin consists of a series of roughly east-west oriented
depocenters with intervening basement ridges that formed when Paleogene rifting events
affected most of the southern South China Sea (SCS) or “Sunda Shelf” region (Figure 2;
Daines, 1985; Ginger et al., 1993; Murray, 2003; White JR and Wing, 1978;
Wongsosantiko and Wirojudo, 1984). Many half-graben depocenters of the West Natuna
Basin experienced significant contraction during late Oligocene to Miocene time to form
the “Sunda Folds,” which are classical examples of inverted basins (Ginger et al., 1993;
Olson and Dorobek, 2000). Regionally, the entire West Natuna Basin is bounded by a
series of fault-bounded basement highs, including the Khorat-Con Son high to the north,
the Natuna Arch to the east, shallow parts of the Sunda “Craton” to the south, and a
gradual transition into the Malay Basin to the west (Pollock et al., 1984).

Belida field is located in the western part of the South Natuna Sea (Maynard et
al., 2003). The 3D seismic survey used during this study is approximately 17 km wide by
40 km long and is located ~800 kilometers updip from the modern shelf-slope break to
the east. Present-day water depths are 50-60 m across most of the West Natuna Basin, so

that during glacio-eustatic lowstands and the Sunda Shelf becomes subaerially exposed
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Figure 3. West Natuna Basin Standard Chronostratigraphy showing complete stratigraphic setting
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(ConocoPhillips Indonesia internal company report, 2002).



(such as during the LGM), Belida field is located in downstream parts of regional

drainage systems (Figure 1).

MUDA FORMATION: LITHOFACIES AND STRATIGRAPHY

The Upper Miocene to Recent Muda Formation is up to ~750 m in thickness
(~0.75 second, two-way seismic travel-time; Figure 3; Phillips et al., 1997) and is a
broadly recognized lithostratigraphic unit deposited in a regional subsidence (Figure 4)
across most of the Sunda Shelf. The lower part of the Muda Formation consists largely of
outer-shelf mudstone facies and is generally considered the topseal for underlying
sandstone and carbonate reservoirs in several basins across the southern SCS (Cossey, et

al., 1982; Mattes, 1979; Matthews et al., 1997; Mayall et al., 1995; Michael and Adrian,
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Figure 4. Two backstripped subsidence curves from Malay basin. The Malay basin is located on the
left of West Natuna Basin (see location on figure 1). Rifting was starting at approximately 35 Ma.
Inset is the beta value (modified from Madon and Watts, 1998)



1996; Sutoto, 1991). More recently, several studies have focused on the uppermost ~100
m of the Muda Formation and its lateral stratigraphic equivalents. This upper part of the
Muda Formation (Figure5; Figure 6) records deposition across the Sunda Shelf during the
last sea-level cycle, from maximum lowstand conditions during the Last Glacial

Maximum (LGM), transgression during the post-Pleistocene sea-level rise, and the
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Figure 5. Belida structure is resulted from inversion of a half-graben. The fault is inverted, being
normal at the bottom and reverse upward. The Muda formation is located above the structure, in the
tectonically quiet interval, which is the result of regional slow subsidence.



present-day, shallow-marine, highstand conditions across the Sunda Shelf (e.g., Hanebuth
and Statteger, 2003). To our knowledge, however, no detailed three-dimensional
stratigraphic analysis of the older Muda strata has been published nor has any proprietary
study of this type been done by the petroleum industry.

Basal strata of the Muda Formation unconformably overlie a regional late
Miocene unconformity (“Upper Miocene Unconformity”) that is recognizable across
most of the southern SCS. Basal Muda facies generally consist of gray-green mudstone
facies that were deposited in outer neritic environments during the global eustatic rise
that followed the Messinian lowstand event (i.e., Pliocene transgressive deposits). Since
the earliest exploration wells were drilled across the southern SCS in the 1960’s and
1970’s by the petroleum industry, the Muda Formation generally has been thought to
consist entirely of marine gray-green mudstone facies. This interpretation persisted until
the 1990’s because well logs were not run and drill-cuttings were rarely examined until

deeper parts of the Muda Formation were penetrated.
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Figure 6. Chronostratigraphic chart in Muda showing relationship between age, sequences,
sequence boundaries, and nannofossils in the study interval (modified from Morley et al., 2003;
Palynova, 2003)



CHAPTER III

AVAILABLE DATA AND METHODOLOGIES USED

A high-resolution 3D seismic-reflection survey acquired across Belida field in
2001 by Conoco Indonesia was used during this study. In-line spacing within the survey
is 25 m and cross-line spacing is 12.5 m. Digital well-log data and biostratigraphic picks
from one well (Figure 7) were used to constrain seismic interpretations. Most wells
across Belida field only include information from deeper stratigraphic levels (i.e., Eocene
to upper Miocene strata) where petroleum reservoirs are located. Four wells, however,
have seismic-velocity information for the shallow section, which proved essential for
time-depth conversion of the Muda Formation.

Seismic mapping was done on vertical seismic sections and time slices.
Depositional features were recognized using seismic facies analysis, seismic amplitude
character, and geomorphologic pattern-recognition on time slices. Seismic facies (most
notably, various channel and interchannel bar types) were identified and key stratigraphic
surfaces (e.g., incised valleys, fluvial channels, and maximum flooding surfaces) were
mapped throughout the entire 3D seismic volume. Time-slices were examined at 4 ms
intervals throughout the entire volume of Muda strata, which allowed very detailed
mapping of depositional and geomorphologic features. Careful mapping of key
stratigraphic ~ surfaces and analysis of geomorphologic features allowed
paleogeomorphologic reconstruction of the study area during early Pliocene to Recent
time (Cant, 1992). Recognition of facies stacking patterns and incorporation of

biostratigraphic information allowed depositional cycles within the Muda Formation to
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be dated and compared to published eustatic sea-level charts (Haq et al., 1987) and
coastal onlap curves (Wornardt et al., 2001), which helped to further constrain sequence
stratigraphic interpretations.

The highest frequency recorded in the 3D seismic data from Belida field is >100
Hz, with the highest dominant frequency range being 50-60 Hz within the studied
interval. Thus, given the relatively shallow depth of the Muda Formation at Belida field
there is little attenuation of the seismic data. Given the high frequency content of the data
and an average seismic velocity of ~1650 m/s for the Muda Formation, stratigraphic

features on the order of 6.9-8.3 m thickness can be resolved.

Sw Kambing-1 NE

CDP 10542

Figure 7. A Regional seismic line (the TGS-Nopec SEAS 95 survey) crossing West Natuna Basin
and Kambing-1 well, which is showing very similar structure and stratigraphic style with Belida
Field. The maximum flooding surface base of the study is shown by the green line. Consistency in
structure and stratigraphy of regional line make it possible to adapt information from this well to
Belida Field. By correlating with the well formation, it is inferred that the MFS Base of the study is
approximately formed within the DS sequence of Morley et al., 2003, which is approximately 2.5 —
2.75 Ma.



11

CHAPTER 1V

OVERVIEW OF FLUVIAL

SEQUENCE STRATIGRAPHIC MODELS

Fluvial systems respond rapidly to changes in base level (Reading and Levell,
1996; Reading and Collinson, 1996), which can be defined as the level at which a stream
can no longer erode its bed. For streams that discharge into ocean basins, base level
corresponds to sea level (Schumm, 1993). Base-level changes cause changes in the
sinuosity, width, and depth of fluvial channels (Blum and Tornqvist, 2000). The concept
of a graded stream profile can be defined as the equilibrium surface that determines
where erosion and deposition occur along a fluvial system (Collinson, 1996).
Disturbances to the river system, such as sea-level fluctuations, tectonic uplift or
subsidence, and changes in fluvial discharge, will affect an established stream profile.
Rivers will respond to these disturbances by creating a new equilibrium profile, so that
the river will adjust by either eroding or depositing sediment. In addition, channel
patterns will also change along the profile as the new graded profile is achieved.

Incised-valley systems are elongate, erosional, topographic lows that are typically
wider than a single channel form (Dalrymple et al., 1994). Incised valleys form in at least
three principal ways (Posamentier, 2001): (1) as a result of sea-level fall, (2) by tectonic
tilting of alluvial settings, or (3) during significant decrease in fluvial discharge, which
causes development of underfit streams. Most of the Sunda Shelf region has undergone
only slow, regional tectonic subsidence since ~10 Ma (Figure 4; Madon and Watts, 1998;

McClay & Bonora, 1998; Murray, 2003). In addition, only a few strike-slip faults cut
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through the oldest Muda strata that were examined during this study. Given the
apparently quiescent tectonic setting of the West Natuna Basin during Pliocene to Recent
time, it is unlikely that there was significant tilting of fluvial settings during Muda
deposition. General climate information from Morley and others (2003) for the West
Natuna Basin (Figure 6) indicate that incised valley formation during Muda deposition
was not caused by significant decreases in fluvial discharge, resulting in formation of
underfit streams. Thus, incised-valley systems in the Muda Formation at Belida field
were most likely caused by sea-level falls.

Deep river incision occurs when base-level fall is especially large (Schumm,
1993). Abrupt seaward shifts of depositional facies usually occur across the regionally
mappable sequence boundary found at the base of incised-valley fills (Mulholland, 1998).
Incised valleys typically begin to back-fill with sediment during sea level rise(s),
although the amount lowstand filling versus transgressive filling may be difficult to
identify. Incised-valley systems can be hundreds of kilometers long, tens of kilometers
wide, and up to a hundred meters or so deep. The outer incised valley extends from the
mouth of the valley landward to the point where earliest highstand progradation of
fluvial/deltaic facies is recognizable. The middle part of an incised-valley system extends
from the point where fluvial systems begin to equilibrate during the early sea-level rise,
landward to the limit of marine/estuarine conditions at the time of maximum flooding.
The inner incised-valley system extends from the seaward limit of marine/estuarine
influence and landward to the point where relative sea-level has little affect on fluvial

style.
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The regional characteristics of incised valleys may also vary depending on the
magnitude of sea-level falls (cf. Posamentier, 2001). When sea-level fall fully exposes a
former, shallow-marine shelf setting, an incised valley system typically forms, but where
sea level fall does not fully expose the shelf, a lowstand alluvial bypass channel system
forms (Figure 8). The main difference between these lowstand geomorphologies is the
presence of small tributary valleys within incised valley systems, whereas no small

tributaries typically form in lowstand alluvial bypass channel systems.

Highstand
shoreline

Lowstand shoreline
(Shelf Edge)

Incised Valley

Extent \

Lowstand
Bypass
Channel

Incised Valley
Extent

Figure 8. Two scenarios of Incised and Unincised Lowstand Alluvial Bypass Systems. The upper
diagram is the formation of incised valley system on the entire shelf. The lower diagram is the
formation of unincised lowstand alluvial bypass system (modified from Posamentier, 2001).

Most alluvial sequence stratigraphic models identify the lower erosional surface

of the incised valley as the sequence boundary (Shanley and McCabe, 1993; Posamentier,
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2001; Wright and Marriott, 1993; Plint, et al, 2001; Olsen, et al, 1995; Legarreta and
Uliana, 1998). Extensive, laterally amalgamated fluvial deposits that are confined within
the incised valley typically overlie this regionally significant sequence boundary. With
rapid sea-level fall and incision, all discharge events will be concentrated into a narrow,
deep channel. The late lowstand systems tract (or late LST) reflects the time when sea
level begins to rise slowly, after the previous major sea-level fall. Fluvial systems
respond by depositing more sediment in response to the gradual base-level rise. Strata
that comprise the late LST within incised-valley fills correspondingly show progressively
increasing rates of aggradation. Sandy facies generally will be concentrated in the center
of the valley, but the increase in aggradation rates results in multistory-multilateral sand
bodies in the lower part of the incised valley fill (cf. Martinsen et al., 1999; Wright and
Marriott, 1993).

Van Wagoner and others (1990) argue that the LST is characterized by point bar
deposits in distal parts of the incised valley, which result from deposition by sinuous
channels. In contrast, braided channel facies are characteristic of LST deposits in upper
reaches of the incised valley (e.g. Miall, 2002; Wright and Marriott, 1993).

During continued sea-level rise (i.e., early transgressive systems tract or TST),
amalgamated fluvial sandstones are deposited (Shanley and McCabe, 1993; Figure 9;
Olsen et al., 1995). Continued transgression is represented by a change from
amalgamated channel sandstone bodies to more fine-grained and more isolated fluvial-
channel deposits within the incised-valley fill (cf. Wright and Marriott, 1993; Figure 10;
Olsen et al., 1995), with progressively increasing proportions of fine-grained, overbank

facies. During rising base level, reduced fluvial gradients also may cause stream channel
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patterns to change to more meandering or anastomosing channel types, and crevasse
deposits may increase as the river tries to maintain grade with base-level rise (e.g.
Torngvist, 1993; Miall, 2002; Figure 11). Shanley et al. (1992) proposed that increased
tidal structures identify the period of maximum flooding (i.e., end of the TST). Therefore,
the maximum flooding surface is thought to correspond to development of tidally-
influenced fluvial strata within the incised valley fill, especially in more basinward parts
of incised valley systems. The distal parts of incised valleys may become estuaries when

the valley is flooded by sea water.

Fluvial Architecture Model
Shanley McCabe (1993)

Isolated, high sinuosity fluvial deposits

Fine-grained
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Figure 9. A summary diagram showing changes in fluvial architecture as a function of base level
changes of nonmarine strata (modified from Shanley and McCabe, 1993)
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The early highstand system tract (or HST) within much of the upper incised
valley consists of thick sequences of isolated channel sands that are encased within fine-
grained floodplain strata. A unique characteristic of the HST is the formation of
interconnected and amalgamated sand bodies and river meander-belts, with poorly
developed flood-plain deposits, due to the progressive loss of accommodation space in

flood-plain environments during late sea-level rise (Shanley and McCabe, 1993).

gullying I

117 —1
increasing hydromorphic channel floodplain
soil maturity soil deposit deposit

Figure 10. An alternative to alluvial sequence stratigraphic model offered by Wright and Marriott,
showing that alluviation mainly takes place during transgression, not at highstand (modified from
Wright and Marriott, 1993).
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Figure 11. A sequence stratigraphic model that was generated from time slices analysis. The
position of the lower sequence boundary is based primarily on the existence of incised valley

(modified from Miall, 2002)
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CHAPTER V

MUDA SEQUENCE STRATIGRAPHIC FRAMEWORK

Sequence stratigraphic terminology used in this study follows that of Van
Wagoner and others (1987). Four sequence boundaries were defined within the Muda
Formation across the study area (Figure 12). Sequence boundaries show clear evidence of
fluvial incision, presence of tributaries with dendritic drainage patterns, and distinct
fluvial channel patterns. Each of the five depositional sequences recognized within the
Muda Formation represents deposition during a “third-order” sea-level cycle (i.e., ~0.5

Myr of deposition for each sequence).

ALLOCYCLIC VS AUTOCYCLIC CONTROL ON SEQUENCE
STRATIGRAPHIC DEVELOPMENT

Stratigraphic patterns recognized during this study are thought to be controlled
largely by eustatic sea-level changes. Other allocyclic controls, such as tectonic tilting or
varying subsidence rates and paleoclimatic changes during Pliocene to Recent time likely
had only minimal effects on Muda stratigraphic development (see discussion above).
Fluvial networks in the Muda Formation at Belida field are located in middle to
downstream parts of regional drainage systems that extended across much of the Sunda
Shelf during Pliocene to Recent sea-level lowstands (Murray, 2003). Thus, Muda channel
morphologies and drainage evolution at Belida field should have been strongly affected

by sea-level changes (Emery & Myers, 1996).
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Figure 12. General vertical section interpretation of Belida Field. Inverted structures are located
approximately between 1800 — 900 milliseconds. Above the inversion structure, the post-inversion
Muda Formation was deposited. The object of the study is confined to approximately 500 ms to the
sea floor, in the tectonically quiet succession. Cross section is generated from cross-line 2000 (line 1 in
figure 1).

Autocyclic factors, such as channel avulsion, probably also were not important
controls on sequence stratigraphic patterns because there is little evidence of crevasse
splays, breeched levees, or similar depositional facies/geomorphic features within the

available seismic data.
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GENERAL DESCRIPTION OF MUDA STRATIGRAPHIC PATTERNS

The Muda Formation comprises an overall progradational fluvial-deltaic and
shallow-marine succession that formed during several cycles of sea-level change under
conditions of relatively slow subsidence. Sediment supply was sufficient to create long-
term progradational stratal patterns. Fluvial depositional and erosional features are
recognizable within the Muda Formation, starting at approximately 750 ms TWT,
although this study focused on the interval from 450 ms to the present-day sea floor. At
approximately 450 ms, a regional maximum flooding surface marks the beginning of the
long-term regressive phase that commenced at approximately 2.5-2.7 Ma. Five third-
order depositional sequences are recognizable within the Muda Formation above the

maximum flooding surface at ~450 ms.

DESCRIPTION AND INTERPRETATION OF MUDA DEPOSITIONAL
SEQUENCES

Each third-order depositional sequence recognized in the Muda Formation is
illustrated using observations from several time slices or several seismic sections. In each
time slice, white shades represent facies with high seismic amplitude and black represents
low-amplitude facies.
Pre-Sequence 1
Pre-Sequence 1 Description

Pre-Sequence 1 strata consist of the interval from ~450 to ~370 ms TWT,
between the basal maximum flooding surface described previously (or MFS Base, blue

horizon on figure 13) to the first recognizable sequence boundary (or SB1; green horizon
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on Figure 13), which is characterized by prominent fluvial incision features. The MFS
Base horizon does not have much relief, but is characterized by a high-amplitude
reflector at ~450 to 420 ms. The lower sequence boundary of Pre-Sequence 1 strata was
not identifiable, but is located somewhere below the MFS Base. Strata below the MFS
Base horizon are represented by wavy, parallel seismic facies throughout the entire

seismic volume (Figure 13).
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Figure 13. Seismic facies description of Pre-Sequence 1, mapped from cross-line 1450 (Line 2 in
figure 1). Seismic facies 1 represents meandering channel in dip view and its fill, seismic facies 2
represents adjacent floodplain, and seismic facies 3 represents low sinuosity channel and its fill. See
text for more discussion.

Directly above the MFS Base horizon, two meandering channels with point bars
and meander scrolls formed (Figure 14; Figure 15), one in the eastern part and the other
in the northern part of the study area. In cross-sectional view, meandering channels have
u- and v-shaped morphologies and are filled with high-amplitude reflectors (Figure 13).
One of the meandering channels shows increasing sinuosity in a basinward direction.
Approximately 20 ms above the MFS Base horizon, above the meandering channels, two

low-sinuosity, northeast-to-southwest-oriented channels are recognizable (Figure 14).
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These low-sinuosity channels are filled with chaotic, low-amplitude reflectors. Within the
same time slice, another meandering channel with lower sinuosity than the previous
meandering channel, appears above the older meandering channel to the east. This
younger meandering channel is oriented northwest-to-southeast. All meandering channels
have well-developed meander scrolls and have smaller channel widths than the low-
sinuosity channels. No floodplain features (e.g., crevasse splays) are apparent in laterally
adjacent settings to channel facies.
Pre-Sequence 1 Interpretation

Pre-Sequence 1 strata above the MFS Base horizon reflect deposition when newly
generated accommodation space was progressively decreasing (i.e., early to late
highstand systems tract). The early highstand systems tract is represented by the
meandering channels in the eastern and northwestern parts of the study area. The
meandering channel with well-developed meander scrolls may be typically coarse-
grained (Miall, 1992). Scroll features of the eastern meandering channel suggest that
paleoflow was north to south. As rate of accommodation decreased even more during the
late highstand, channels decreased their sinuosity, as indicated by the shallower
meandering channel in the northeastern part of the survey area. Channel width also
increases up-section within the HST of Pre-Sequence 1, which indicates channels had the
same amount of discharge, but had to widen because of lesser available accommodation

space.
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Figure 14. A combined interpretation from several time slices to represent Highstand System Tract
of Pre-Sequence 1. After the deposition of marine rich facies maximum flooding surface, meandering
channels are deposited, since the slope is still very low. One meandering channel develops very good
meander scrolls, while the other does not. Following this, the sea-level rises, rate of accommodation
generation is decreasing and late highstand facies formed with appearances of low sinuosity
channels, as slope is increasing. Meandering channels response by decreasing sinuosity and reducing
meander scrolls. Channel dimensions are bigger in the late highstand systems tract. Channels are
oriented north to south during TST to early HST, and oriented northeast to southwest during late
HST.

No fluvial or coastline features within the interval below MFS Base may suggest

that the interval below MFES Base consists of shallow-marine facies.
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Figure 15. A meandering channel is oriented north to south at 396 ms below the sea floor. Another
less meandering channel is flowing on top of it from northwest to southeast, reflecting the response of
fluvial systems to decreasing accommodation space in late highstand. The time slice is interpreted to
be located in transgressive to late highstand systems tract of Pre-Sequence 1. Inset picture is location
within the time slice.

Sequence 1
Sequence 1 Description

Sequence 1 consists of the interval from ~350 to ~250 ms TWT, although the
sequence boundaries that bound this depositional sequence (and also all overlying
sequences) have significant relief so that these are only general estimates. Sequence 1 is
bounded below by sequence boundary 1 (or SB1; green horizon on Figure 16), which has
up to ~70 ms of local relief. High-amplitude seismic facies fill v-shaped incisions that
characterize SB1.

In plan view, successive time slices through SB1 and overlying strata show that
this surface is characterized by wide and deep erosional features with numerous smaller
channels in more northern parts of the survey area (Figure 17). The smaller channels have
low sinuosity values, are u-shaped in cross-sectional view, and have east-west
orientations. In the southern part of the survey area, a low sinuosity, southwest to

northeast oriented channel developed near the middle part of Sequence 1 (Figure 18).
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In the middle part of Sequence 1, channel sinuosity increases. At ~50
milliseconds above SB1, meandering channels become apparent in time slices, although
they lack significant meander scrolls. High-amplitude, sub-parallel reflectors characterize
adjacent interchannel strata and extend across the entire survey area, wherever channel
features are not present. The older meandering channel trends from southwest to
northeast, whereas the younger meandering channels trend from west to east.

Overlying the meandering and high-sinuosity channels, another prominent fluvial
system is imaged in the upper part of Sequence 1. This fluvial system is north-south
oriented and cuts across the survey area. Low-sinuosity channels dominate and are u-
shaped in cross-section and filled with either high or low amplitude, laterally continuous
reflectors or completely chaotic facies. Other low-sinuosity channel also appears in the
eastern and northwestern parts of the survey area. Compared to the low-sinuosity
channels at the base of Sequence 1, the younger channels are less wide and not as deep.

Adjacent to channel features, reflectors throughout Sequence 1 typically have

moderate to high amplitude and high lateral continuity.
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Figure 17. Three dimensional visualization of sequence boundary 1, which is showing relief that
was formed by major channel erosion. The main erosion is oriented northeast-to-southwest, with
smaller erosional features located in the northern part of study area. Note that small tributary
channels are not present.

Sequence 1 Interpretation

Sequence 1 marks the beginning of decreasing marine influence across Belida
field. The overall proportion of fluvial-channel facies within third-order depositional
sequences progressively increases up-section in the Muda Formation, beginning with
Sequence 1.

The lack of small tributary channels along SB1 suggests that base-level fall was
not great enough to expose the entire Sunda Shelf, so that SB1 probably represents a
lowstand alluvial-channel bypass surface (cf. Posamentier, 2001). Stream power,
however, was great enough during lowstand conditions to form channels up to 70
milliseconds deep (Figure 17; Figure 18). Channel patterns immediately above the
sequence boundary are wide, deep, and have low-sinuosity. Wide channels suggest that

larger
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Figure 18. The lowstand systems tract of sequence 1 is characterized by low sinuosity channels. The
channels are mostly wide. Channels are oriented north to south at the beginning, and then change
into northeast to southwest.

rivers were capturing smaller streams updip (i.e., stream piracy), so that the larger
streams had to widen as they received more discharge. All these channel characteristics
should be typical of channels that form during the LST (Emery and Myers, 1996).

Up-section, channels become increasingly more sinuous until high-sinuosity to
meandering channels ultimately dominated across the entire study area. This transition
from low to high-sinuosity channels marks the early part of the TST. The mfs within
Sequence 1 is represented by the dominance of meandering channels within the
stratigraphic succession (Figure 19).

Overlying the mostly meandering channel patterns found near the mfs, low-
sinuosity channels reappeared. Compared to the low-sinuosity channels of the LST of
Sequence 1, the low-sinuosity channels above the mfs (Figure 20) are narrower and less

deep. This channel pattern is interpreted to represent the HST. The appearance of low-
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sinuosity channels with smaller cross-sectional dimensions reflects the decreasing
accommodation conditions that should be typical of highstand systems tract in fluvial-
dominated settings. A prominent low-sinuosity to straight channel in the center of the
study area reflects the beginning of sequence boundary formation that marks the next

sequence (i.e., sequence boundary 2).

Low-gradient hi-gh sinuous\x
meandering channel

Y 7

Transgressive - Early Highstand Systems Tracts of Sequence 1
High sinuosity to meandering channels

Figure 19. Channels are increasing their sinuosity as the slope is getting lower, as a result of base
level rise. High sinuosities to meandering channels dominate the depositional channel patterns in
transgressive to early highstand of Sequence 1. Channel dimensions vary with time, probably
reflecting discharge or sediment supply changes. Channels orientation is changing from northeast to
southwest and then northwest to southeast.
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Figure 20. Following the sea level rise, slope is decreasing again, low sinuosity channels dominate.
Channels are oriented north to south. A very wide and low-sinuous to straight channel appears at the
center of the study area, indicating the base of next sequence boundary.

Sequence 2
Sequence 2 Description

Sequence 2 consists of the interval from ~250 to ~170 ms TWT, although the
sequence boundary has significant relief. Sequence 2 is underlain by sequence boundary
2 (or SB2; violet horizon on Figure 21), which is characterized by deep, wide, and north-
south oriented incisions (Figure 22). Within strata that directly overlie SB2, the deepest
channel feature is 68 milliseconds deep and the widest channel recognized is
approximately 1500 m in lateral extent. Examination of time slices shows connectivity
between the larger channels. Up-section, another smaller, low-sinuosity, northeast-

southwest oriented channel appears (Figure 23).
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Figure 21. Seismic facies description of Sequence 2 (Line 4 in figure 1). U / V shaped reflections are indicating fluvial channels.
Meandering channels is imaged in cross section, making it difficult to differentiate from other channels, without help from time slice
analysis. Facies inside channel is varied from low amplitude, high amplitude, to very high amplitude, depending on the surrounding
lithology. Seismic facies 2 represents floodplain.
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Figure 22. Three dimensional visualization of sequence boundary 2, which is showing relief that
was formed by major channel erosion. The main erosion is oriented north-to-south. The main
erosional feature is accompanied by several channels erosion. Note that small tributary channels are
not present.

Farther up-section, a very prominent west-to-east oriented incision extends across
the entire survey area. This prominent incision is actually the most deeply incised part of
sequence boundary 3 (or SB3), which defines the base of the overlying depositional
sequence (Sequence 3). SB3 cut deeply into Sequence 2 strata over much of the survey
area, so that Sequence 2 may be only partially preserved and much of the upper part of
Sequence 2 may have been eroded.

Outside of the deeply incised part of SB3, Sequence 2 strata contain numerous
meandering channels. These meandering channels do not have prominent meander

scrolls. In the eastern part of the study area, an anastomosing channel system is
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recognizable. This anastomosing channel system is younger than the high-sinuosity

meandering channels, but was also cut by the major incision along SB3. Remnants of
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Figure 23. The Lowstand Systems Tract of Sequence 2 is characterized by low-sinuos to straight
deep and wide channels. Following the wider channels deposition, narrower, but slightly more
sinuous channels deposited. Channels are oriented northeast to southwest.

highly sinuous channels are seen in the northern part of study area, but are not mappable
for any great distance. Channels located within the upper portion of Sequence 2 are
mostly filled by high-amplitude reflectors, although one high-sinuosity channel is filled
by low-amplitude to transparent reflectors (Figure 21). In general, channel patterns within
the upper half of Sequence 2 (from approximately 224-180 ms) are highly sinuous,

meandering, and anastomosing, with a conspicuous absence of low-sinuosity channels.
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Adjacent to channel features, within the interchannel area, reflectors throughout
Sequence 2 typically have low-amplitude and wavy character, with low to moderate
lateral continuity (Figure 21).

Sequence 2 Interpretation

Sequence boundary 2 is more likely an unincised lowstand alluvial-channel
bypass surface, as indicated by the absence of small tributary channels to the main, deep
incisions (Posamentier, 2001). Sea-level fall was apparently not great enough for the
regional shoreline to drop below (seaward) of the antecedent shelf edge. The deep, wide,
and low-sinuosity channels that formed above SB2 (Figure 22 and Figure 23)
characterize the LST.

The high regional stream-gradient during formation of the LST is suggested by
the overall low-sinuosity character of the major channels. Large, lowstand channels were
likely receiving sediment load and discharge from smaller channels upstream, which
increased the stream power of these lowstand channels and allowed them to erode and
create wide (up to 1500 m) and deep (up to 68 ms) channels.

High-sinuosity channels that characterize the upper part of Sequence 2 (Figure 24
on p. 35) indicate a decrease in regional stream gradient. These high-sinuosity channels
likely record the TST of Sequence 2. The mfs that marks the climax of the transgression
is possibly represented by the existence of the anastomosing channel system (cf.
Torngvist, 1993). Orientation and form of these channels suggest that there was little tidal

influence.
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Figure 24. The transgressive systems tract of Sequence 2 is characterized by high-sinuosity and
anastomosing channels. Channels are interpreted to flow from west to east. However, the base of
incised valley of Sequence 3 appears, indicating that some transgressive facies, and highstand systems
tract of Sequence 2 was eroded by the valley of Sequence 3. Erosion by the valley is also indicated by
incomplete complex channel networks in the background. The boundary of the valley erosion is

indicated by the limit of eroded channel bodies.

A major erosional surface that marks the beginning of the next depositional

sequence characterizes the base of the overlying incised valley system (i.e., sequence

boundary 3 at the base of Sequence 3). This surface significantly eroded HST strata of

Sequence 2, with even some erosion down to the level of TST strata within Sequence 2.

Sequence 3

Sequence 3 Description

Sequence 3 consists of the interval from ~170 to ~120 ms TWT, although the

sequence boundary itself has significant relief (Figure 25). Sequence 3 is bounded below
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by an incised valley system that comprises sequence boundary 3 (or SB3, yellow horizon
on the figure on p. 39). The deepest part of the incised valley has up to 40 ms relief. SB3
is also characterized by numerous small tributary valleys and well-developed dendritic
drainage patterns in flood plain environments adjacent to the main trunk stream along
SB3 (Figure 25 on p.36, the figure on p. 40 and the figure on p. 41). The incised valley

system was then back-filled by meandering channels

NI
i

1441

S -
1200

Figure 25. Three dimensional visualization of sequence boundary 3, which is showing relief that
was formed by major incised valley system. The main erosion is oriented west-to-east. The incised
valley system is eroded by north-south low sinuosity channels. Note that small tributary channels are
prominent in the floodplain.
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that were confined to the valley. Strata that fill meandering-channels are characterized by
very high-amplitude facies that contain u-shaped features in cross-sectional view (Figure
26). Point bars are very prominent and clearly imaged on time slices from just above SB3
(the figure on p. 40).

The meandering channels confined to the incised valley system were cut in the
western and central parts of the survey area by another system of large, north-south
trending, low- to moderate-sinuosity channels. In the eastern part of the survey area, the
anastomosing channel from the HST of Sequence 2 was apparently eroded by small
tributary channels and small, low-sinuosity channels that drained into the main incised
valley of Sequence 3 (Figure 27).

The low- to moderate-sinuosity channel in the outside of the valley has a different
orientation than the meandering channel inside the incised valley. Upsection, a north-
south trending, meandering channel with well-developed meander scroll appears in the
western part of the study area with. Low-amplitude to reflection-free facies fill this
channel.

Above the interfluve of the incised valley, numerous, small, closely spaced, v-
shaped erosional features represent small tributary channels. The uppermost portion of
the incised valley system of Sequence 3 was locally eroded during development of the
next sequence boundary (sequence boundary 4).

Sequence 3 Interpretation

Sequence 3 is dominated by fluvial facies. Within the incised-valley fill, a large

meandering channel developed with well-imaged meander scrolls. The meandering

channel increased its sinuosity as base level rose and continued to deposit meander
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scrolls that were confined within the incised valley. The meandering pattern suggests that
regional gradients were low during deposition and back-filling of the valley, which
commonly happens during the sea level rise of LST to TST time interval (Dalrymple et
al., 1994). Deposits within the valley fill are commonly channel-dominated and consist of
multistory, multilateral channel sandstone bodies. Very minor floodplain facies are
preserved within the valley filling succession. The meandering channel and meander
scroll orientation suggests that paleoflow was west to east.

Above the basal part of the incised-valley fill, laterally continuous, low-amplitude
reflectors overlie the multistory channel sandstone within the valley and may represent
the late TST of Sequence 3 (Figure 26). Up-section, channel sinuosity increases again
with a transition to meandering channels with well-developed meander scrolls. This
meandering channel has a much smaller width compared to the previous channels and
probably represents the late TST to early HST. The small dimensions and high sinuosity
of this channel suggest very low channel gradients and small discharge during

transgressive to early highstand conditions.
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Figure 27. Time slice at 178 milliseconds TWT, showing complex stratal deposition and erosion
from HST of sequence 2, erosion by SB 3, dendritic drainage pattern of Sequence 3, deposition of
meandering channel in TST of Sequence 3, and erosion by SB 4.
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Figure 28. The incised valley of Sequence 3, which is filled by a meandering channel is capped and eroded by incised valley of
Sequence 4. See text for further details.
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Erosional relief along sequence boundary 4 (described below) indicates that
significant parts of the Sequence 3 HST may have been eroded. Conversely, the HST of
Sequence 3 not have had enough time to aggrade and prograde, as sea-level fall may have
occurred very rapidly.

Sequence 4
Sequence 4 Description

Sequence 4 consists of the interval from ~120 to ~80 ms TWT, but the sequence
boundary itself has significant relief (Figure 29). Sequence 4 is bounded below by an
incised valley system that comprises sequence boundary 4 (or SB4, red horizon on Figure
30), which is characterized by numerous small tributaries and well-developed dendritic
drainage patterns in floodplain environments adjacent to the main trunk stream along SB4
(Figure 29, 31 and 32). The deepest incision of the valley of SB4 has up to 80 ms of
relief.

The incised valley was filled by a large, 2.3 km wide, meandering river that was
confined to the valley; prominent scroll bars developed on the eastern inside bend of this
major river (figure 31). The valley fill is represented by low-amplitude, lateral accretion
strata that dip westward into the channel (figure 30). East of the valley, small dendritic
drainages eroded the floodplain and drained into the main incised valley. A chute channel

seems to have developed along the eastern side of the incised valley (Figure 30).
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Figure 29. Three dimensional visualization of sequence boundary 4, which is showing relief that
was formed by major incised valley system. The main erosion is oriented NW-SE. The incised valley
system is accompanied by low sinuosity channels. Note that small tributary channels are prominent
in the floodplain.

In the eastern part of the study area, two low-sinuosity, approximately east-west
oriented, trunk channels appear. At the center of the study area, another, northwest-
southeast oriented, low-sinuosity channel appears. This low-sinuosity channel is in turn,
cross cut by another west-east oriented, low-sinuosity channel.

Part of major incised valley system (with smaller dendritic tributaries that flank it)
is imaged in the southwestern part of the study area, although it is not clear whether this
incised valley is part of SB4. Regardless, this incised valley system also developed good
lateral-accretion strata.

The last channel feature imaged within Sequence 4 is a narrow (<200 m wide)

west to east oriented, meandering channel; minor meander scrolls are apparent in plan
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view (Figure 31 and Figure 32). Numerous small v-shaped erosional features are found
adjacent to this narrow meandering channel and represent small tributaries to the channel.

Several seismic reflectors (representing ~25 ms) comprise the last deposits of
Sequence 4 and include the present-day sea floor reflector.

Sequence 4 Interpretation

Sequence 4 is bounded below by an incised valley system (sensu Posamentier,
2001). In contrast to the valley fill at the base Sequence 3, basal valley filling deposits of
Sequence 4 have low to moderate amplitude, suggests that the valley fill and underlying
deposits of Sequence 3 have similar acoustic impedance (Figure 30). Small tributaries
that drained into the main incised valley suggest that sea level fell beyond the antecedent
shelf edge. Valley fills with lateral accretion surfaces are interpreted to represent the LST
of Sequence 4.

Point bars within the main valley in the central part of the study area indicate
north-to-south flow, whereas point bars in the poorly preserved valley feature in the
southwestern part of the study area suggest west-to-east flow. The chronostratigraphic
relationships of this poorly preserved valley feature, however, remain unclear.

The low- to moderate-sinuosity channels in the eastern part of study area are
interpreted to have formed at almost the same time as the main incised valley formed.
Thus, these sinuous channels are interpreted to represent the LST to perhaps early TST.

Up-section, the east-west meandering channel that crosses the middle part of
study area probably reflects low regional stream gradients that are characteristic of the

TST.
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Figure 32. Time slice at 130 milliseconds TWT, showing complex stratal deposition and erosion
from Sequence 3 to Sequence 4, erosion by SB 4, dendritic drainage pattern of Sequence 4, and also
another valley system is seen to the lower-left of the field.
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CHAPTER VI

DISCUSSION

The complex cross-cutting relationships observed within the Muda Formation at
Belida field show that recognition of sequence stratigraphic relationships within fluvial-
dominated systems requires extremely careful mapping of surfaces within 3D seismic
volumes. Although fluvial depositional and erosional features may be exquisitely imaged
within the 3D seismic volume used for this study, the stratigraphic relationships that can
be interpreted are a function of the degree of preservation of successive stratigraphic
intervals. In the Muda Formation at Belida field, each third-order depositional sequence
documented during this study was strongly influenced by the amount of post-depositional
erosion that occurred during development of the prominent erosional surfaces (i.e., the
overlying sequence boundary) that cap each sequence.

In this section, channel stacking patterns are discussed and their significance for

sequence stratigraphic models is examined.

CHANNEL STACKING PATTERNS

Channel stacking patterns (i.e., the vertical changes in channel morphologies and
dimensions, in both plan and cross-sectional views) within the Muda Formation follow
predictable trends and are apparently related to cycles of base-level change. Cross-line
1450, which extends northwest-southeast across the center of the survey area, illustrates
most of the key stratigraphic relationships that provide the basis for the overall sequence

stratigraphic model presented here (Figure 33).
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Numbers inside each channel body on Figure 33 represent the channel’s sinuosity
value, as measured in plan view (Bridge, 2003). Most channels within LSTs of each
depositional sequence have low sinuosity values between 1.2 to 1.5. Most channels
within TSTs have higher sinuosity values, ranging from 1.2 to 3.4. Most channels in
HSTs have low sinuosity values, ranging from 1.1 to 1.3.

General cross-sectional dimensions of channels also vary within each systems
tract. Directly above sequence boundaries, LST channels are deeper and wider. Within
the early to middle TST, channels become narrower and have varied depths. Within
sequence that have well-preserved HSTs (i.e., Pre-Sequence 1 and Sequence 1), channels
seem more poorly connected, which resulted in isolated, low-sinuosity, shoestring sand
bodies (see figure 20).

Channel morphological characteristics (e.g., width, depth, and sinuosity) were
plotted against stratigraphic position above the MFS Base horizon. Channel stacking
patterns were then compared to the sea-level/coastal-onlap curves of Haq et al. (1987)
and Wornardt et al. (2001). The sea-level/coastal-onlap curves were kept to their original
form, although the vertical time scale was adjusted to correlate with known
biostratigraphic datums within the studied interval. The correlated curves show that there
is significant coherency reveal between channel stacking patterns and previously
published sea-level curves, which indicate they are directly related.

Channel-Thickness Stacking Patterns

Channel-thickness trends are shown in Figure 34. Channels are thickest directly
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above the sequence boundary, and become thinner up-section. Generally, channel
thickness decreases within the LST-TST and reaches some of the smallest thickness
values near the mfs. Within the HST, channel thickness generally increases, reaching
higher values beneath the next sequence boundary. Some scatter in channel-thickness
values within each systems tract could indicate a responses to a number of factors,
including higher order sea-level fluctuations (i.e., fourth and fifth order cycles), short-
term fluctuations in discharge, or channel avulsion events that cannot be resolved within
the available data. Where sequence boundaries are incised valleys (sensu Posamentier,
2001), deep fluvial channels are related to incision, which results from sea-level fall
beyond the antecedent shelf edge. Where sequence boundaries are lowstand alluvial-
channel bypass systems, deep channels are probably related to stream piracy, where large
channels receive more discharge and sediment supply from smaller tributaries in the

updip portion of regional fluvial systems.
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Channel-Width Stacking Patterns

Channel width versus stratigraphic position is shown in Figure 35. Channels are
widest immediately above each sequence boundary. Where the sequence boundary was
formed by an incised valley system, wide channels are probably related to major
subaerial exposure during sea-level fall. Where the sequence boundary was formed by a
lowstand alluvial bypass system, however, wide channels may be related to stream
piracy, where large channels received more discharge and sediment from smaller
tributaries updip from the study area. Near the inferred maximum flooding surfaces,
channels are narrow. Generally, channel width decreases upsection from the sequence
boundary at the base of each depositional sequence to the maximum flooding surface.
Within the HST, channel width increases (along with channel depth), which probably
reflects both the progressive loss of accommodation during highstand conditions and

maintenance of discharge.
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Channel-Sinuosity Stacking Patterns

Figure 36 shows general trends of channel sinuosity within the stratigraphic
framework. Most channels have sinuosity values between 1-1.5. Meandering and
anastomosing channel patterns are possibly related to the mfs (cf. Tornqvist, 1993; Emery
and Myers, 1996). Generalized trends suggest that channel sinuosity increases within the
LST, reaches a maximum near the maximum flooding surface (sinuosity values up to
3.4), and then progressively decreases within the HST until the next sequence boundary.

Low-sinuosity channels may reflect high regional stream gradients during early
lowstand and late highstand conditions. High stream gradients and high discharge cause
low-sinuosity channels to develop. High regional stream gradients were generated as the
entire fluvial system was either retrograding during deposition of the late LST or
prograding during the late HST. High sinuosity to meandering channel patterns of the

TST are probably related to low regional gradients during sea-level rise.
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SIGNIFICANCE OF CHANNEL STACKING PATTERNS

The channel stacking patterns within the Muda Formation follow trends suggested
or inferred by previous sequence stratigraphic models for fluvial-deltaic systems (cf.
Shanley and McCabe, 1993; Posamentier 2001; Emery and Myers, 1996; Tornqvist,
1993). Perhaps what is most interesting, however, is that these channel stacking patterns
are expressed in paleogeographic areas that were located far updip from the margins of
the Sunda Shelf during deposition of the Muda Formation. Regional seismic profiles in
our possession (i.e., TGS-Nopec SEAS-95 Survey) extend across all of the West Natuna
Basin and eastward to the present-day margin of the Sunda Shelf, which is located in the
East Natuna and Nam Con Son basins (~110° longitude). Examination of upper Pliocene-
Recent strata within these uninterrupted, laterally continuous, east-west oriented, seismic
profiles shows that fluvial facies dominate the Muda Formation until the present-day
shelf edge is reached. In addition, the thickness of the Muda Formation and its lateral
stratigraphic equivalents vary little across nearly all of the Sunda Shelf (cf. Murray,
2003).

In other words, the entire Sunda Shelf appears to have been fully aggraded and
was remarkably flat throughout late Pliocene to Recent time. This means that large
regions of the Sunda Shelf, perhaps extending for distances of 1000 km or more, were

responding very rapidly and essentially synchronously to base-level changes.

IMPLICATIONS FOR RESERVOIR MODELING
Three-dimensional seismic geomorphology had been proved to be a powerful tool

to understand reservoir internal architecture and predict fluid flow in reservoir modeling
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(e.g. Carter, 2003; Maynard and Murray, 2003). Our fluvial sequence stratigraphy model
in figure 33 suggests that reservoir facies is likely the fluvial facies (yellow) and incised
valleys fill (orange). In agreement to Miall (2002), lowstand meandering and braided
rivers provide the greatest volume of potential porous reservoir, with the assumption that
whole channel belt consists of sand (cf. Reynolds, 1999). Moreover, lowstand channels
are often laterally amalgamated, possibly providing connections between sand bodies.
Transgressive meandering channels are smaller in dimension than lowstand channels.
Low sinuosity channels in highstand, which are possibly braided, are also smaller
compare to LST channels. Moreover, highstand channels are possibly not well-preserved,
if upper sequence boundary incise too deep and rework most of the Highstand Systems
Tract. From an exploration perspective, further analysis of sandstone body distributions,
sandstone body interconnections, and porosity and permeability relationship would

possibly help the process of reservoir description (Galloway, 1998).
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CHAPTER VII

CONCLUSIONS

1. This study is among the first studies of alluvial sequence stratigraphy based on
three dimensional seismic data.

2. The Upper Pliocene-recent evolution of Belida Field is interpreted to consist of
five third-order sequences.

3. It is suggested that the changes in fluvial stacking pattern are likely to be caused
by eustatic sea-level change. Published information stated that the study area is
undergoing regional slow subsidence only, without any significant tectonic
control to the Upper Pliocene-Recent strata of Muda Formation. Interpretation is
not constrained by climate, since no detail climate information available. No
autocyclic control had been incorporated in the interpretation process, since it is
impossible to do so with seismic data only.

4. Channel-stacking patterns indicate that:

a. Immediately above sequence boundaries, channels are deepest. Near the
mfs, channels are shallow. Generally, within LST-TST channel depth is
decreasing and within HST channel depth is increasing, with fluctuations
inside each system tract, possibly reflecting higher-order sea level changes
or response to autocyclic processes.

b. Immediately above sequence boundaries, channels are widest.
Approximately near mfs, channels are less wide. In the LST-TST, channel

width generally decrease. During HST channels width generally increase,
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with fluctuations possibly representing response to autocyclic process,
higher-order (fourth-fifth order) sea level changes or climate effects.

c. Low sinuosity channels, are mostly located within directly above the
sequence boundary, with the exception of meandering channel evolving
inside incised valley. High sinuosity channels are observed within
transgressive phase, climaxing in the mfs. Channels located within the
HST mostly have low-sinuosity values.

5. Seismic attributes that particularly used in this study, which are RMS Amplitude
and Average Reflection Strength, are proved to be able to improve the image of
depositional feature from interpreted structure.

6. The sequence stratigraphy model of fluvial setting, resulted from application of
Sequence Stratigraphy techniques to interpretation of seismic data of a fluvial
setting, could yield a better prediction of sandy and shaly facies, which eventually
may lead to a better reservoir geometry modeling, and a better prediction of

porosity and permeability distribution.
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APPENDIX A

HIGHEST AND DOMINANT SEISMIC FREQUENCY
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Figure 37. Frequency spectrum within the seismic interval of this study. Highest frequency
recorded is ~125 Hz. Dominant frequency is ~50-60 Hz.
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APPENDIX B
VELOCITY INFORMATION
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Figure 38. The velocity data used for time-depth conversion, plotted against two way time. Velocity
of the study interval is in the range of 1500 m/s to 2100 m/s. Velocity model is built from four time-
depth data (checkshot / VSP). The high velocity in the lower part is possibly due to accumulation of
marine shale in the northeastern part of the field, as it is indicated by the well (Belida East 1)
location. Marine shale is interpreted to have higher velocity than fluvial sands in other part of study
area.



APPENDIX C
CHANNEL SINUOSITY
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Figure 39. The method used in this study to measure sinuosity of channels (after Bridge, 2003)
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