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This work presents depositional and structural model of Plio-Pleistocene delta of southern Central
Graben offshore basin of Netherlands, based on seismic reflections and well logs tools. The studied interval
of the Plio-Pleistocene delta is divided into 5 seismic super units, 11 seismic units, and 24 seismic subunits.
Seismic reflections were correlated with the wire line records that lead to identification of depositional
sequences and parasequences. The seismic units contain 27 well log units interpreted as depositional
sequences. Each depositional sequence in term is composed of component parasequences corresponding
to progradational and aggradational /retrogradational systems tracts. The main regional interpreted units
can be correlated with the regional seismo-stratigraphy, chrono-eustatic and chronostratigraphy. Other
previous works show that the Mid-Miocene to top Pleistocene interval is divided regionally into 13 seismic
units and 18 log units. Coastline shifting and the sediment supply direction through Plio-Pleistocene
time have been detected by lateral changes in clinoform geometry captured via construction of seismic
unit’s time structure maps. Seismic super unit and seismic unit boundaries have been delineated by
onlaps, downlaps, toplaps, truncations of seismic reflectors, which show the significant landward and
basinward shifting of coastline. Boundaries of seismic subunits are marked on the basis of depositional
cycles. Depositional cycles are characterized on the basis of gamma ray log trends (funnel shape, bell
shape, and cylindrical shape) and their associated geometry of parasequences (lowstand, transgressive,
and highstand, systems tracts). This work results in a sequential and geometric characterization of the
defined deep-seated sedimentary units. It provides a better comprehension of the sedimentary, eustatic,
and geodynamic evolution of the North Sea domains, and consequently a better evaluation of its economic
interests.

Keywords. Plio-Pleistocene; North Sea; seismic stratigraphy; wire-line; depositional sequence; delta
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1. Introduction

The North Sea basin located at North Atlantic
inland margin (Anell et al. 2010; Stuart and Huuse
2012), covers about 625,000 km? area. The North
Sea is bounded from the east, south and west
by Norway, Denmark, Germany, Netherland, Bel-
gium, and United Kingdom, respectively (figure 1)
and from the north it is bounded by Shetland
Islands and Norwegian Sea (Ritsema and Gurpinar
2012). Due to the periodic phases of Variscan
orogeny and Mesozoic failed rift system, North
Sea subsurface is dominated by grabens/sub-basins
(Van Wijhe 1987; Leeder 2009). Grabens/sub-
basins perceived inversion during Late Cretaceous
and Eocene (Glennie 2009) and tensional phases
from Oligocene and afterward are caused by the
Alpine orogeny throughout the North Sea and Dan-
ish area, this rejuvenation is also responsible for the
reactivation of some grabens (Ziegler 1990).

The Lower Rhine Graben oriented in southeast
northwest direction towards the southern North
Sea and Netherlands (Ritsema and Gurpinar 2012).
North Sea Central Graben oriented in north-south
direction (figure 1), ranging from the north of
Netherlands offshore to the north of Norway off-
shore (Abbink et al. 2006). The Viking Graben
oriented in southeast direction, along the Nor-
wegian coast (Ziegler 1990). Comparatively two
smaller grabens Horn Graben and Terschelling
Graben are present in the east and south of Cen-
tral Graben, respectively. The Horn Graben and
the Terschelling Graben are both found north of
the Netherlands’ coast.

This study deals with the implication of sequence
stratigraphic concept on F3-block wave-dominated
delta of Plio-Pleistocene age. Application of
sequence stratigraphy helps to understand the
depositional geometry and process (basin filling,
erosion, truncation, traps, seal, source and reser-
voir spatial distribution), environmental settings
(systems tracts) and lithology prediction (Vail
1987). Sequences and systems tracts are delineated
based on seismic discontinuities and reflection ter-
minations (toplap, downlap, onlap and truncation)
to understand the sea-level changes, rate of sed-
imentation with respect to accommodation and
environment of deposition. It will add to seis-
mic and sequence stratigraphic interpretations that
have been done in the past (Lacaze et al. 2011).

Aim of this research was to delineate the
seismic subunits to understand the evolution of
Plio-Pleistocene delta. Nevertheless, in future the
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extension of this research shall be the accurate
estimation and target the shallow potential strati-
graphic gas traps.

2. Geological setting

The Central European Basins system has under-
gone Variscan orogeny of Paleozoic, Jurassic failed
rift and Alpine orogeny pulses from Oligocene to
onwards. The Variscan orogeny related deforma-
tions of North Atlantic domain, including North
Sea, commenced during Late Carboniferous and
continued until Early Triassic (Haszeldine and Rus-
sell 1987; Lyngsie and Thybo 2007; Anell et al.
2010). This basin further developed under the
load of deformational front advancement into the
foreland basin (Ziegler and Cloetingh 2004). The
Ringkobing-Fyn high appears during the Asturian
pulse of Variscan orogeny and separates the basin
into two parts southern North Sea and northern
North Sea basins. During Late Triassic, several
sub-basins were formed within the southern Per-
mian Basin by the extensional tectonism related to
differential vertical motions. The substantial rifting
began in Late Jurassic and ended in the Early Cre-
taceous (Ziegler 1990; Anell et al. 2010) and during
this period formation of Grabens happened within
the North Sea region (Van Wijhe 1987).

The counter-clockwise movement of African
plate throughout Cenozoic era and the phases of
Alpine orogeny deliver transpressional stress on
North Sea Basins (Rasser et al. 2008) that resulted
into periodic inversion (reversed the basins bound-
ing faults) of the basins (Van Wijhe 1987; Ziegler
1987, 1988, 1990; Dronkers and Mrozek 1991;
Ziegler et al. 1995; Marotta et al. 2002; Knox
et al. 2010). The inversion of the Dutch basins is
dominated by the two additional pulses of Alpine
orogeny, one ends at Eocene—Oligocene border and
the other ends at Oligocene-Miocene border (De
Jager 2003).

The Cenozoic sediments mainly consist of marine
clay and sands (figure 2). The North Sea Groups of
Cenozoic era, approximately 1460 m in total thick-
ness unconformably overlying the Chalk Group of
Late Cretaceous. In North Sea region thermally
subsiding basin (epicontinental basin received sed-
iments from neighboring landmasses), were formed
during Cenozoic era (Sclater and Christie 1980;
Ziegler 1988; Jordt et al. 1995; Sgrensen et al.
1997; Faleide et al. 2002; Tetyukhina et al. 2010;
Benvenuti et al. 2012; Mojeddifar et al. 2015;
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Figure 1. Location map of F3-block: (a) subset of coordinate reference system ED50-UTM31, (b) Netherlands onshore and
offshore boundaries and structural elements of the Late Jurassic—Early Cretaceous, modified after (Schroot and Schiittenhelm
2003; Kombrink et al. 2012; Nelskamp et al. 2012), (c) the seismic survey boundary of F3-block in blue, the location of the

wells by black dots and the north-south and east-west cross sections by dashed lines.
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Figure 2. Stratigraphic column
Van Dalfsen et al. 2006).

Thole et al. 2016). During Oligocene uplifting of
Scandinavian shield fluvio-deltaic system started
draining, which is responsible for the develop-
ment of sequences in northwestern Europe region
and offshore region of Dutch Sector (southern
embayment) (Bijlsma 1981; Rohrman et al. 1995,
1996). The southern North Sea basin received

of Netherlands offshore Central Grabben Basin (CGB), modified after (Duin et al. 2006;

Neogene to Pleistocene sediments through north
German rivers that drained westward (Zagwijn
1974). During Late Miocene and Early Pliocene
rate of wuplifting of Fennoscandia hinterland
increased (Ghazi 1992; Sales 1992; Jordt et al.
1995) and the drainage system shifted from Dan-
ish (northeast and east) to southern embayment
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(Spjeldnaes 1975) throughout this time the rate of
sedimentation exceeded the rate of subsidence and
the basin shallowing occurred.

Uplifting rate of Fennoscandian shield suppos-
edly increased during Miocene (Jordt et al. 1995;
Rundberg and Eidvin 2005; Rasmussen et al.
2013). The differential load has been spread over
the region due to the increasing load of sedi-
ments from Fennoscandian shield to North Sea
Basin (Clausen et al. 2012, 2013; Harding and
Huuse 2015). This caused rapid subsidence in basin
center and minor subsidence or even uplifting at
basin margin (Kooi et al. 1991; Cloetingh et al.
1992) because of this Zechstein salt of Permian age
began to move and formed numerous unconformi-
ties within Pliocene interval (Qayyum et al. 2013).

Ringkobing-Fyn high of Permian age reactivates
during Middle Miocene to Pliocene times and
partly detached the North Sea Basin into northern
embayment and southern embayment (Sgrensen
and Michelsen 1995). Inwards the west of deep sea-
way of Central Graben Basin these embayments
were linked and depocentres were found within
them (Serensen et al. 1997). Northern embayment
covers northern part of Central Graben Basin and
Norwegian-Danish Basin, whereas southern embay-
ment covers southern part of Central Graben Basin
and North German Basin.

The rate of sedimentation drastically increased
during Quaternary time; during 2% of Cenozoic
deposition time interval, half of the total thick-
ness was deposited (Van Wees and Cloetingh 1996).
During glacial time subsidence accelerated and sed-
iments deposited in fluvial and shallow marine
conditions (De Gans 2007).

The Lower North Sea Group (LNSG) about
410 m thick consist of mainly marine shale and lit-
tle portion of marl 40 m thick at the top (Winthae-
gen and Verweij 2003). The Middle North Sea
Group (MNSG) about 350 m thick and the lithol-
ogy of this group is mainly shale. The succession of
Cenozoic era can also be separated into two pack-
ages by regionally marked Mid-Miocene unconfor-
mity (Deagan and Scull 1977; Kristoffersen and
Bang 1982; Sgrensen et al. 1997; Overeem et al.
2001; Winthaegen and Verweij 2003; Anell et al.
2010; Tetyukhina et al. 2010; Mojeddifar et al.
2015). The lower package primarily contains Pale-
ogene sediments (Lower and Middle North Sea
Groups), which are comparatively fine grained
(Steeghs et al. 2000) than the upper package
of Neogene sediments (Upper North Sea Group)
about 700 m thick. Lithologically, Upper North
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Sea Group (UNSG) consists of coarser in grain size
deltaic sandy-clay stone and sand, which exhibit
complex geometries (Mojeddifar et al. 2015). The
Pliocene uplift of Scandinavia triggered the regres-
sion that caused the large influx of coarse sediments
into the North Sea (Gregersen et al. 1997; Eid-
vin and Rundberg 2001; Rasmussen and Dybkjaer
2005). The main direction of progradational deltaic
sequence (clinoforms) of upper package is towards
west-southwest (Tigrek 1998), which corresponds
to the different phases of delta evolution.

3. Data set and methodology

3D post-stack time-migrated seismic grid data
within the F3-block that covers about 380 km?
area. Seismic grid consists of 947 X lines and 646 In
lines with 25 m sampling interval in both directions
and 4 m sampling rate. The base map (figure 1)
shows the location of 7 available wells and the avail-
ability of well logs presented in table 1. Four wells
F02-01, F03-02, F03-04 and F03-06 are selected
(based on suitable location) to appraise the inter-
pretation of this research.

Structural time map of interpreted seismic unit
tops are also generated to recognize the delta front
progress. Seismic and well log data has been inte-
grated to understand the stacking patterns and
depositional trends of the study area. Prior the
data integration, both the data sets (seismic data
in time and well log data in depth) interpreted
individually and then calibrated to complement
each other (Datta Gupta et al. 2012). Multiple
techniques exist that allow to develop time—depth
relation (Walden and White 1984; White 1997;
White and Simm 2003; Duchesne and Gaillot 2011;
Edgar and Van Der Baan 2011). Wavelet has been
extracted to generate synthetic seismograms, at
location of each well. The main purpose of this
exercise is to identify the exact seismic horizons
against the corresponding well tops (figure 3), and
for this purpose Petrel software has been utilized
to generate synthetic seismogram. Their interfaces
allow us to starch and squeeze generated synthetic
seismogram for the best match with seismic traces
(Munoz and Hale 2012). All types of data sets
provide different insights (Catuneanu et al. 2009),
and precise calibration broaden the understand-
ing about the given data. Keeping this in view
synthetic seismogram is generated on zero-phase
Ricker wavelet of 40 Hz, 2 m sampling rate and
normal polarity to achieve best seismic to well tie.
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Table 1. Tabulated presentation of available well and well logs.
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Wells GR SP DT RHOB NPHI PHIE LLD LLS MSFL SN Al Al rel Cali
F06-01 4 X Vv N4 X V4 X X X X N4 v X
F02-01 v v v v v v v v v v v v X
F03-02  / X v v X v X X X X v v X
F03-04 vV V4 V4 4 X vV X X X X Vv Vv X
F03-06 v v v v v X v v v X X X v
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F02-02 4 X Vv V4 X X X X X X X X X
RHOB
S5 gems 25 Well F03 - 06 =
% DT Velocity RC | Synthetic | Inline 426 - Seismic_Data E
1180 usiit 801500 s 25004008 008> eismogrant 391
SSU-05 =N - - (ms
SU-05-2
= ) 8
3 8
SU-05-1
< o
SSU-04§ S
SU-04-2
- = ==
. (=]
o
SU-04-1 R 8
SSUD3lo 4+ e — |- — 2= = - |- - — - - - ——— - - -
S S 7 — - 3 g
SU-03-2 | —_———————se |
R 3 ’ — -
*' 58002} 3 E— S
SU-02-2 o -
SSU-01 top |~ e e e e ——
SU-01-1 ——— e —
SSU-01 basel"g‘, 5 = 2 ‘8_
= - =d

Figure 3. Synthetic seismogram of well F03-06 was generated to choose the best fit wavelet for perfect correlation with
seismic data. From left to right, depth (T'VD) displayed within first track, sonic (DT) and density (RHOB) displayed within
the second track by pink and red color respectively, Derived velocity (Vp) displayed with in the third track by thin black
solid line. Reflection coefficient (Kooi et al. 1991) displayed within the fourth track. Synthetic tied with Inline 426 displayed
within the fifth and sixth track respectively, and two-way travel time (TWT) within the seventh track.

The gamma ray is the only log available in
all wells that correlates laterally and differen-
tiate vertically between shale and sand layers
within the study area. Luthi (2001) suggested
to acquire the basic gamma ray log interpre-
tation rule, that is the gamma ray lower val-
ues correspond to the sandy layers and inversely
higher values to the shale/clay layers. Mojeddi-
far et al. (2015) interpret two types of lithology
(sand and shale) and within three seismic units
above the Mid-Miocene unconformity. The gamma
ray log value above 70 API correspond to the
shale rich sediments mainly belonging to the seis-
mic unit 1 and 3. However, the gamma ray log
value lower than 70 API correspond to the sand

rich sediments normally belongs to the seismic
unit 2.

In this study, we further subdivided (Mojeddifar
et al. 2015) seismic unit 2 into further 5 seis-
mic super units, 11 seismic units and 24 seismic
subunits, which represent the phases of deltaic evo-
lution (figures 4-7). Four types of lithologies were
interpreted based on the range of gamma ray log
(figure 7). The gamma ray log value below 20 API
is interpreted as coarse sand, between 20 and 45
API is sand, between 45 and 70 API is fine sand
and above 70 API is shale.

Sequence stratigraphy is very strong tool (for
correlating regional and local scales) to understand
the stratigraphic evolution by integrating multiple
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Fig. 6

Figure 4. Interpreted arbitrary composite seismic section through wells from east-west direction, showing older to younger
sequences (SSU-01- to SSU-05) depositional pattern, identify on the basis of onlapping, offlapping, toplapping and down-
lapping patterns of parasequences. Boundaries of seismic super units are marked by thick black color, seismic units are
represented by specific color to differentiate, however seismic subunits are represented by red colour.

Fig. 5

intersection point 0 1000

2000m

SSU-03

Figure 5. Interpreted Inline-847 seismic section from north-south direction, showing older to younger seismic super units
(SSU-01- to SSU-05) depositional pattern, identify on the basis of onlapping, offlapping, toplapping and downlapping patterns
of parasequences. Inline-847 selected to correlate it with the well F03-02, which exists at the distance ~1 km from the
section. Boundaries of seismic super units are marked by thick black color, seismic units are represented by specific color to
differentiate, however seismic subunits are represented by red color.

sets of data (Catuneanu et al. 2009) for developing
chronostratigraphic framework (Lacaze et al. 2011).
Seismic sequence stratigraphy deals with the inter-
pretation of the main reflection packages and fur-
ther subdivision of these reflection packages into
seismic sequences and systems tracts. The prograd-
ing delta succession (delta top and clinoform break)
is illustrated in schematic diagram (figure 6a).
The maximum isopach thickness of each SSU and
SU is considered as the clinoform-containing delta
front, which help to mark the approximate paleo-
shoreline on maps (figure 6b) to understand the
sediment supply direction.

Funnel shaped geometry of GR log indicates
the shallowing upward (Das et al. 2017; Das and
Chatterjee 2018) and forestepped accumulation
pattern of parasequences during lowstand sys-
tems tract (LST). Deepening upward and fining
upward strata interpreted by bell shape geome-
try of GR log during transgressive systems tract
(TST) due to rise of relative sea level (figure 7).
Funnel and/or cylindrical shape geometry of GR
log indicates the thickening upward and coarsen-
ing upward strata was formed due to the pro-
grading and/or aggrading accumulation pattern
of parasequences (Zouaghi et al. 2011) during
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Figure 6. (a) Schematic diagram showing variation of thick-
ness of prograding seismic units within the delta succes-
sion. Top of delta and clinoform break are represented by
white squares, the thickest red sections correspond to the
clinoform-containing delta fronts, (b) F3-block isopach maps
of super seismic units and seismic units representing the
sediments supply direction (delta progradation) specified by
the black arrows from delta top to clinoform-break. More-
over, indicates the approximate delta front location marked
dashed-black line.

highstand systems tract (HST) and is applied while
interpreting the seismic units.

According to the sequence stratigraphy hierar-
chical order (Vail et al. 1977; Miall 2000), the stud-
ied package has been identified as deposits of fourth
order cycle and further characterized into systems
tracts. Zouaghi et al. (2011) show that thickening-
upward, shallowing and coarsening-upward parase-
quences could characterize lowstand systems tracts
or highstand systems tracts; however, thinning-
upward, deepening-upward and fining upward
parasequences are characterized as transgressive
systems tracts.

4. Results

Five seismic super units (SSU-01 to SSU-05) of
Plio-Pleistocene age were defined in the 3D seismic
data. SSU limits correspond to major unconfor-
mities, which are calibrated by F02-011, F03-02,
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F03-04 and F06-01 wells (figures 4, 5 and 7).
The maximum GR log value, within the sequence
boundaries, is interpreted as maximum flooding
surfaces (mfs).

The analogy of F3-block is the nearby A-block
southern North Sea, where Kuhlmann and Wong
(2008) regionally interpreted 13 key horizons Plio-
Pleistocene intervals as sequence boundaries (S1—
S13).

In North Sea F3-block, the dipping trend of
interpreted seismic units is from north-northeast,
evident in the isopach map of SSU and SU
(figure 6b). In each unit, delta front is identified as
the thickest portion that shifts its direction from
northeast to east-west with respect to the source
of sediment supply.

Base of Pliocene seismic unit-01-1 (SU-01-1) of
seismic super unit-01 (SSU-01) on seismic sec-
tion is represented by high amplitude continuous
reflectors, whereas the above reflections are com-
paratively diffused (figures 4 and 5). The top of
Pleistocene seismic unit-05-2 (SU-05-2) of seismic
super unit-05 (SSU-05) is characterized by the base
of high amplitude sporadic package; contrary to
this the reflections above the sporadic reflectors
package are transparent.

4.1 Seismic super unit-01 (SSU-01)

Seismic super unit-01 encloses three seismic units
and two seismic subunits. The lower and upper
boundaries of SSU-01 are characterized by the
downlapping parasequences (angular unconformi-
ties) of overlying seismic unit SU-01-1 and unit
U-02-1-1 (figures 4 and 5).

4.1.1 Seismic unit-01-1 (SU-01-1)

The upper boundary of SU-01-1 marked on the
basis of overlying onlapping parasequences of seis-
mic unit-01-2. Seismic reflectors of SU-01-1 show
high amplitude facies at the distal part and vari-
able amplitude facies at the proximal and slope
of the delta. Closer to the delta platform, the
reflectors are nearly parallel to sub-parallel. The
downlapping and offlapping of SU-01-1 parase-
quences indicates the prograding and forestepped
accumulation pattern of parasequences due to fall
of sea level. The isopach map of base and top of
SU-01-1 indicates that sediment supply was from
northeast (figure 6b).

Throughout the study area SU-01-1 (~26 m
thick) consists of single depositional sequence in all
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Figure 7. Wells section through east-west to correlate the seismic units and seismic subunits of Plio-Pleistocene delta. The
recognized seismic super units are represented by different background colors and the boundaries are marked by heavy black
lines, the seismic units are separated by thin black lines and the seismic subunits are represented by red color lines and
maximum flooding surfaces by blue dashed lines. The geometry of U-02-2-4, U-02-2-5 and U-03-2-2 has been detected from

the interpreted seismic sections of figures 4 and 5.

wells. The thickness of SU-01-1 slightly increases
towards the northeastern uplifted region (figures 4
and 5). High and low, amplitude seismic reflections
of this interval correspond to the low and high
fluctuations of gamma ray (GR) response, respec-
tively, of wells F02-01, F03-02, F03-06 and F03-04
(figure 7). Sand to shale (GR bell shape) shows ret-
rograding of parasequences during TST and shale
to coarse sand (GR funnel shape) was deposited

afterward due to prograding parasequences during
HST.

4.1.2 Seismic unit-01-2 (SU-01-2)

The upper boundary of SU-01-2 picked on the
basis of overlying downlapping parasequences of

seismic unit-01-3 and unit U-02-2-2 (figure 4)
westward (towards the slope) and the overlaying
parasequences onlapping of SU-01-3 (figure 5)
northeastward (towards the platform). Upper
boundary of SU-01-2 shows moderate to low ampli-
tude reflector. Towards the platform, reflectors
are representing onlapping and in the westward
direction, reflectors are pinching-out at the bot-
tom of the slope. Figure 6(b) shows that SU-
01-2 is restricted to the eastern portion of the
study area. The onlapping of SU-01-2 parase-
quences towards the uplifted zone indicates the
retrograding and back stepped accumulation pat-
tern of parasequences due to the rise in sea
level. The isopach map of SU-01-2 top indicates
the no significant indication of sediment supply
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direction due to spatial distribution of sediments
restricted in the eastern portion of the study area
(figure 6b).

Likewise, SU-01-1, seismic unit-01-2 (~24 m
thick) consists of single depositional sequence
encounter in well F03-04 and F03-02, thickness
of this seismic unit also slightly increases towards
the northeastern uplifted region (figures 4 and
5). SU-01-2 shows coarse sand to fine sand
(GR bell shape) indicates retrograding parase-
quences during TST (figure 7). In later stages

of SU-01-2 aggrading parasequences during
HST shows fine sand (GR  cylindrical
shape).

4.1.3 Seismic unit-01-3 (SU-01-3)

The upper boundary of SU-01-3 is the upper
boundary of SSU-01 and the seismic reflectors of
SU-01-3 show moderate reflection near the uplifted
portion and low amplitude continuous reflector
towards the slope. Reflectors are parallel to sub-
parallel at the level of platform, however in western
direction at the bottom of the slope reflectors
are pinching-out. The onlapping and downlapping
of SU-01-3 parasequences form near the plat-
form and the slope, respectively, indicates the
slope-fan accumulation pattern of parasequences
due to fall of sea level (figures 4 and 5). SU-
01-3 isopach map indicates two sediment sup-
ply directions from north-northeast and northeast
(figure 6b).

The SU-01-3 sequence contains two seismic sub-
units (U-01-3-1 and U-01-3-2), which are restricted
in northeastern region and encounters in well F03-
04 and F03-02.

The thickness of U-01-3-1 gradually increases
towards the northeastern uplifted region (figures 4
and 5). Seismic unit U-01-3-1 (~23 m thick)
has fine sand to thick sand deposits (GR funnel
shape) due to prograding parasequences during
LST. U-01-3-1 indicates sand to shale accumula-
tion (GR bell shape) during TST (figure 7) and
shale to sand accumulation (GR funnel shape)
indicating prograding parasequences during
HST.

However, the upper seismic subunit U-01-3-2
(~14 m thick) indicates sand to fine sand (GR bell
shape) due to retrograding parasequences during
TST (figure 7). Sand to coarse sand (GR funnel
shape) indicates prograding parasequences during
HST.
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4.2 Seismic super unit-02 (SSU-02)

Seismic super unit-02 comprises two seismic units
and nine seismic subunits. The upper bound-
aries of SSU-02 are characterized by the toplap-
ping of underlying seismic subunit U-02-2-6 and
onlapping of overlying units of SU-03-1 (figures 4
and 5).

4.2.1 Seismic unit-02-1 (SU-02-1)

Seismic unit-02-1 bounded from top by overlying
parasequences downlapping of U-02-2-1. Seismic
reflectors of SU-02-1 shows low amplitude discon-
tinuous reflection near the uplifted portion and
high amplitude continuous reflector towards the
slope and developing clinoform geometry (figure 8).
The onlapping and downlapping of SU-02-1 parase-
quences form near the platform and the slope,
respectively, due to the fall of sea level (figures 4
and 5). SU-02-1 top isopach map indicates the sed-
iment supply diverged from northeast (figure 6b).
The SU-02-1 sequence contains three seismic sub-
units (U-02-1-1, U-02-1-2 and U-02-1-3), which are
restricted in northeast region and encounters only
in wells F03-04 and F03-02.

The lower seismic subunit U-02-1-1 (~38 m
thick) overlaying the U-01-3-2, indicates shale to
coarse sand (GR funnel shape) due to prograding
parasequences during LST. Coarse sand to shale
(GR bell shape) in this subunit shows retrograd-
ing parasequences during TST (figure 7). Shale to
sand (GR funnel shape) within this subunit shows
prograding parasequences during HST.

However, the middle seismic subunit U-02-1-2
(~40 m thick) consists of sand to shale (GR bell
shape) due to retrograding parasequences during
TST (figure 7). It is followed by fine sand to coarse
sand (GR cylindrical) due to aggrading pattern of
parasequences during HST. The upper seismic sub-
unit U-02-1-3 (~18 m thick) is consists of fine sand
to shale (GR bell shape) indicates retrograding
parasequences during TST (figure 7). Afterward,
sand and coarse sand is present (GR funnel shape)
due to prograding parasequences during HST.

4.2.2 Seismic unit-02-2 (SU-02-2)

The upper boundary of SU-02-2 is the upper
boundary of SSU-02 and the seismic reflectors of
SU-02-2 shows moderate amplitude and prominent
continuous reflection in overall studied area. The
high angle downlapping pattern over the lower
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Figure 8. Structural geometry of NE to SW prograding Plio-Plistocene delta of North Sea F3-block.

boundary of SU-02-2 indicates the high sediment
influx and low accommodation space deposition.
The thickness of SU-02-2 increases towards the
slope and gradually decreases towards the plat-
form and basinward direction (figures 4 and 5). The
sediment supply of SU-02-2 is northeast direction
(figure 6).

The SU-02-2 sequence contains six seismic sub-
units (U-02-2-1 to SU-02-2-6), seismic subunits SU-
U-02-2-2, U-02-2-3 and U-02-2-5, which encounters
in western wells (F02-01 and F03-06). However,
seismic subunits U-02-2-1 and U-02-2-6 encounter
in eastern wells (F03-04 and F03-02) and are well
developed over the slope. The seismic subunit U-
02-2-4 is restricted in the middle portion of the
studied area, also well developed over the slope,
marked on the basis of onlapping and downlapping
pattern of parasequences (figures 4 and 5).

The lower seismic subunit U-02-2-1 (~52 m
thick) overlaying the SU-02-1, consists of fine sand
to shale (GR bell shape) due to retrograding pat-
tern of parasequences during TST (figure 7). It
is followed by shale to sand (GR funnel shape)
deposited during prograding parasequences during
HST.

The seismic subunit U-02-2-2 (~14 m thick
towards western direction in wells F02-01 and
F03-06 and thickness increasing towards the

eastern part) consists of fine sand to shale
(GR bell shape) due to prograding parasequences
during TST.

Seismic subunit U-02-2-3 (~20 m thick) consists
of shale to sand (GR funnel shape) due to retro-
grading parasequences during LST. Sand to shale
is present (abrupt change in GR) indicating retro-
grading parasequences during TST. Shale to sand
(GR funnel shape) in this subunit indicates pro-
grading parasequences during HST (figure 7).

The seismic subunit U-02-2-4 is limited in the
middle part over the slope and pinching out prior
to reach any of the studied well, due to this rea-
son systems tracts of this seismic subunit are not
picked.

Seismic subunit U-02-2-5 (~15 m thick towards
western direction in wells F02-01 and ~24 m
thick F03-06 and thickness increasing towards the
eastern part) capping U-02-2-4 and pitched-out
eastward over the seismic subunit U-02-2-2. This
seismic subunit (U-02-2-5) consists of sand to shale
(GR bell shape) due to retrograding of parase-
quences during TST. It is followed by shale to fine
sand (GR cylindrical to funnel) due to aggrading
parasequences during HST (figure 7).

Top most seismic subunit U-02-2-6 (~44 m thick
towards eastern direction in well F03-04 and thick-
ness increasing towards the slope) limited in the
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eastern part of the studied region and consists of
shale (GR bell shape) due to retrograding parase-
quences during TST. Shale to sand (GR funnel
shape) due to prograding parasequences during
HST (figure 7).

4.3 Seismic super unit-03 (SSU-03)

Seismic super unit-03 comprises two seismic units
and six seismic subunits. The upper boundaries of
SSU-03 are characterized by onlapping of the over-
lying unit U-04-1-1 (figures 4 and 5).

4.3.1 Seismic unit-03-1 (SU-03-1)

The upper boundary of seismic unit SU-03-1is
marked by the downlapping of overlying parase-
quences (angular unconformity) of U-03-2-2 (fig-
ures 4 and 5). Seismic reflectors of SU-03-1 show
moderate to low reflections in overall region on
east-west and north-south seismic line (figures 4
and 5). The thickness of SU-03-1 increases towards
the slope and southward direction and gradually
decreases towards the platform (northeast) and
basinward in western direction (figures 4 and 5).
SU-03-1 isopach map indicates the sediment supply
from northeast (figure 6b). Offlapping arrangement
of seismic units SU-02-1, SU-02-2 and SU-03-1
illustrate the fall of sea level, clearly visible in
figures 4 and 5.

The SU-03-1 sequence contains two seismic sub-
units (U-03-1-1 and U-03-1-2), all the seismic
subunit encounters only in western and northern
wells (F02-01, F03-06, and F03-02) due to pinching
out of SU-03-1 in eastern direction prior to reach
at the level of platform (figures 4 and 7).

The lower seismic subunit U-03-1-1 (~8 m
thick in well F02-01 and ~11 m thick in F03-
06) consists of fine sand to shale (GR bell shape)
showing retrograding of parasequences during TST
(figure 7).

The upper seismic subunit U-03-1-2 (~28 m
thick in well F02-01 and this thickness decreasing
toward eastern part, encounter ~18 m thick in F03-
06 well) consists of shale to sand (GR funnel shape)
indicating prograding parasequences during HST.

4.3.2 Seismic unit-03-2 (SU-03-2)

The upper boundary of seismic unit-03-2 is the
upper boundary of SSU-03 and the seismic
reflectors of SU-03-2 shows moderate to low reflec-
tions near the uplifted region on east-west seismic
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line (figure 4) and high amplitude of continuous
reflector at juxtaposition of the slope and vari-
able to low amplitude continues towards the low
zone in the west, on the same seismic line. Reflec-
tors are parallel to sub-parallel and have high
amplitude in the western direction at the bot-
tom of the slope reflectors. The onlapping and
downlapping structures of SU-03-2 parasequences
form near the platform and the slope, respectively,
due to fall of sea level (figure 4). The thick-
ness of SU-03-2 gradually increases towards the
basin (westward direction) and abruptly increases
towards the southward direction (figures 4 and 5).
SU-03-2 isopach map indicates the sediment sup-
ply in two directions northeast and north-northeast
(figure 6b). The SU-03-2 sequence consists four
seismic subunits (U-03-2-1 to U-03-2-4), the lower
seismic subunits U-03-2-1 developed in uplifted
area and encounters only in F03-04 and F03-02
wells. Seismic subunit U-03-2-2 develops towards
the slope and missing in the uplifted region (east)
and the basin wards (west) thus not encountered
in F02-01, F03-06, F03-04 wells. Seismic subunit
U-03-2-3 well developed in overall studied region
and encounters in all wells. However, seismic sub-
unit U-03-2-4 developed towards the distal part
and encounters in western wells of the study area
(figure 7).

The lower seismic subunit U-03-2-1 (~20 m
thick) directly overlaying the SU-02-2 consists of
sand to coarse sand (GR funnel shape) indicating
prograding parasequences during HST (figure 7).
This seismic subunit only comprises of highstand
systems tract.

The seismic subunit U-03-2-2 is developed in the
middle part of the studied field and it is not encoun-
tered in any well (figures 4 and 5). However, this
unit visible on seismic sections but the approxi-
mate extent has been positioned on well section
(figure 7).

U-03-2-3 (~23 m in well F02-01, ~54 m in F03-06
and ~22 m thick in F03-04) is qualitatively char-
acterized by cylindrical shape geometry of GR log
(figure 7), which shows static sea level and aggrad-
ing accumulation pattern refers to the period of
balance between sediment supply and accommo-
dation space during TST. U-03-2-3 has maximum
spatial distribution from east to west and encoun-
tered in all wells.

However, the upper seismic subunit U-03-2-4
consists of shale (GR bell shape) indicating ret-
rograding parasequences during TST (figure 7).
Afterwards, shale to sand is deposited, which
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indicates prograding parasequences during HST.
However, in the eastern direction seismic subunit of
U-03-2-4 is top lapped prior to reach well F-03-04
(figure 7). Shale (GR bell shape) is deposited due to
retrograding pattern of parasequences during TST
(figure 7). Later, shale to sand (GR funnel shape)
indicates prograding pattern of parasequences dur-
ing HST.

The overall geometry of SU-03-2 (figure 5)
is thickening towards west and forming shallow
depression in the uplifted region and displaced in
the east by vertical faults. These faults capped by
upper boundary of SU-03-2 and disturb the reflec-
tions, amplitudes, and continuity of the reflectors
due to displacement along the fault.

4.4 Seismic super unit-04 (SSU-04)

Seismic super unit-04 includes of two seismic units
and five seismic subunits. The upper boundary of
SSU-04 is characterized by onlapping of the over-
lying unit U-05-1-1 (figures 4 and 5).

4.4.1 Seismic unit-04-1 (SU-04-1)

The upper boundary of SU-04-1 is characterized
by the onlapping of overlying parasequences of
U-04-2-1 and the seismic reflectors of SU-04-1 is
attributed with low to moderate amplitudes but
continuous. SU-04-1 isopach map indicates the
sediment supply in two directions east-eastnorth
and north-northeast (figure 6b). The thickness
of SU-04-1 progressively increases towards the
southwestern direction and decreases towards the
northeastern direction (figures 4 and 5). The SU-
04-1 comprises three depositional sequences (U-
04-1-1, U-04-1-2 and U-04-1-3), the lower and
upper seismic subunits U-04-1-1 and U-04-1-3 are
developed towards the slope and only encounters
in western wells F02-01 and F03-06. The mid-
dle seismic subunit U-04-1-2 well developed in
the studied region and encounters in all wells
(figure 7).

Shale to sand (GR funnel shape) is present in
the lower seismic subunit U-04-1-1 (~37 m thick
deposited during prograding parasequences during
LST. Sand to shale (GR bell shape) indicates ret-
rograding parasequences during TST (figure 7).
Furthermore, shale to fine sand (GR cylindrical)
indicated HST of this seismic subunit deposited
during progradational parasequences.

However, the middle seismic subunit U-
04-1-2 (~44 m thick) consists of shale to fine sand
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(GR funnel shape) deposited during prograding
parasequences during LST. Shale to sand (GR bell
shape) indicates retrograding parasequences during
TST (figure 7). Shale to coarse sand (GR cylin-
drical shape) indicates aggrading parasequences
during HST.

The upper seismic subunit U-04-1-3 (~36 m
thick) consists of shale to sand (GR bell shape)
indicating retrograding parasequences during TST
(figure 7). Afterwards, shale to coarse sand (GR
funnel shape) indicates prograding parasequences
during HST.

4.4.2 Seismic unit-04-2 (SU-04-2)

The upper boundary of seismic unit-04-2 is the
upper boundary of SSU-04 and the seismic reflec-
tors of SU-04-2 shows low amplitude discontinuous
reflection near the uplifted portion and high ampli-
tude continuous reflector towards the slope and
developing clinoform geometry (figure 8). Seis-
mic unit-04-2 is bounded from top by onlapping
reflectors (angular unconformity) of the overlying
parasequences (figures 4 and 5). SU-04-2 comprises
of two seismic subunits identified with promi-
nent continuous reflector and GR log behavior
in wells F02-01 and F03-06 to the west, F03-02
and F03-04 towards the north and east, respec-
tively (figure 7). The thickness of SU-04-2 is
relatively similar in all directions, except north-
eastern region (platform), where all the sequences
are pinching (figures 4 and 5). The lower interval
of SU-04-2 (seismic subunit U-04-2-1) is character-
ized by continuous reflector having high amplitude
towards low zone and relatively low amplitudes
towards uplifted region. These seismic subunits
(U-04-2-1 and U-04-2-2) attributed with high and
low amplitude seismic reflections of this interval
and correspond to the high and low fluctuations
of gamma ray (GR) response, respectively. The
reflectors of seismic unit-04-2 show high ampli-
tude facies at the distal part and variable ampli-
tude facies at the proximal and slope of the
delta. Closer to the platform, the reflectors are
nearly parallel. The downlapping and offlapping
of SU-04-2 parasequences indicates the prograd-
ing and forestepped accumulation pattern because
of the fall of sea level. SU-04-2 isopach map indi-
cates the sediment supply in two directions of
northeast (figure 6b). The lower seismic subunit
U-04-2-1 (~20 m thick in wells F02-01 and F03-06,
this thickness slightly increases toward the slope
and reaches up to ~23 m thick in well F03-06)
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consists of sand to shale (GR bell shape) indicat-
ing retrograding pattern of parasequences during
TST (figures 4 and 7). Afterwards, shale to sand
(GR funnel shape) indicating prograding pattern
of parasequences during HST.

The upper seismic subunit U-04-2-2 (~20 m
thick in well F02-01, ~33 m thick in F03-06 and
decrease down to ~9 m in well F03-04) consists of
shale to sand (GR bell shape) due to retrograd-
ing parasequences during TST (figure 7). Followed
by shale to sand (GR funnel shape) due to retro-
grading parasequences during HST. The GR log
response suggests that these seismic subunits of
SU-04-2 are reducing in thicknesses toward eastern
side (well F-03-04) of study area.

4.5 Seismic super unit-05 (SSU-05)

Seismic super unit-05 contains two seismic units
and 3 seismic subunits. The upper boundary of
SSU-05 is marked by toplap structures (figures 4
and 5).

4.5.1 Seismic unit-05-1 (SU-05-1)

Upper boundary of SU-05-1 marked on the basis
of overlying parasequences onlapping of SU-05-2
and the seismic reflectors of SU-05-1 shows low
amplitude continuous reflection in whole studied
region. SU-05-1 comprises three seismic subunits
(U-05-1-1, U-05-1-2 and U-05-1-3) identified with
prominent continuous reflector and GR log behav-
ior in wells F02-01 and F03-06 to the west and
F03-02 and F03-04 towards the north and east,
respectively (figure 7). These seismic subunits well
developed in the western part of the studied area
and encounters in all wells (figures 4 and 5). The
thickness of SU-05-1 well developed towards the
basin (westward direction) and pinching out in
eastward direction, although in north-south direc-
tion thickness of the sequence is fairly similar
(figures 4 and 5). SU-05-1 isopach map indicates
the sediment supply in the directions of east-
eastnorth (figure 6b).

The U-05-1-1 (~80 m thick in well F02-01,
~43 m thick in F03-06 and decrease down to ~8 m
in well F03-04) consists of shale to coarse sand (GR
funnel shape) due to prograding parasequences
during LST. Coarse sand to shale (GR bell shape)
indicating retrograding parasequences during TST
(figure 7). Followed by, shale to sand (GR funnel
shape) indicating prograding parasequences during
HST.

Page 13 0of 19 85

The U-05-1-2 (~46 m thick in wells F02-01
and F03-06 and decrease down to ~21 m in well
F03-04) interpreted in western region as funnel
shape geometry of GR log specifies the shallow-
ing upward strata (shale to sand) and forestepped
accumulation pattern of parasequences deposited
(prograding strata) during LST. However, in east-
ern region at the level of platform LST of U-05-1-2
disappeared (figure 7). The bell shape geometry
followed by funnel shape geometry of gamma ray
(GR) log is identified in all wells. Shale to sand
(GR funnel shape) indicating retrograding parase-
quences during TST. Later, shale to sand (GR
funnel shape) is deposited during aggrading parase-
quences during HST.

The U-05-1-3 (~42 m thick in well F02-01,
~38 m thick in F03-06 and decrease down to
~6 m in well F03-04) interpreted in western region
as shale to coarse sand (GR funnel shape) shale
(GR funnel shape) indicating retrograding parase-
quences during TST. Later, shale to sand (GR
funnel shape) shows aggrading parasequences dur-
ing HST.

4.5.2 Seismic unit-05-2 (SU-05-2)

The upper boundary of seismic unit-05-2 is the
upper boundary of SSU-05 and the seismic reflec-
tors of SU-05-2 shows low amplitude facies at the
distal and strong at the proximal. Reflectors are
nearly parallel to sub-parallel within this seismic
unit. The onlapping of SU-05-2 with the underlying
SU-05-1 indicates the retrograding accumulation
pattern due to rise of sea level, which is followed by
progradation as a result of base level fall marked
by truncation of seismic unit-05-2 upper bound-
ary (figures 4 and 5). The thickness of SU-05-2
somewhat increases towards the basin (westward
direction) and is approximately similar in north-
south direction (figures 4 and 5). SU-05-2 isopach
map indicates the sediment supply in the directions
of northeast (figure 6b). The SU-05-2 (~47 m thick
and gently decreasing toward east) sequence con-
tains single depositional units and encounters in
all wells. This unit consists of fine to coarse sand
(GR funnel shape) indicating prograding parase-
quences during LST. Followed by, fine sand to
shale (GR bell shape) shows retrograding parase-
quences during TST (figure 7). Later, shale to
coarse sand (GR funnel shape) shows prograding
parasequences during HST.
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Figure 9. Ice-sheet north—-south trending plough-marks observed in the western part of the studied area (time slice 552 ms)
almost parallel to the shoreline in the southern Central Graben. The large and continuous glacial lineaments are the fast

flowing glacial streams indicated by the black arrow.

5. Regional chronostratigraphy and
eustatic significance of unconformities

This study delivers the model of Plio-Pleistocene
delta and the stratigraphic relation that exist in
southern part of Central Graben Basin, North
Sea (figures 9 and 10). The southern-embayment
source of sediment influx in Early Pleistocene times
was from major European drainage system (Baltic
river) and for middle and Late Pleistocene was
glacial-fluvial (Moreau et al. 2012).

Regionally, in the North Sea region, Sgrensen
et al. (1997) interpreted 9 composite sequences,
which include 45 seismic sequences within the
Upper Cenozoic time. Different depositional cycles
(comprises lowstand, transgressive and highstand
systems tracts) were observed in each composite
sequence. In the northern embayment 21 sequences
were observed due to restricted areal distribu-
tion, however almost all 45 sequences were iden-
tified in the southern embayment. These com-
posite sequences can be correlated with the Haq
et al. (1988) chrono-eustatic and chronostrati-
graphic supercycle sets TEJAS B(TB) and more
precisely supercycles TB2 and TB3. Kuhlmann and
Wong (2008) expanded the work of Sgrensen et al.
(1997) and divided Mid-Miocene to top Pleistocene
interval regionally into 13 seismic units and 18 log
units. However, this study predominantly focused
on evaluation of Plio-Pleistocene delta, which can
add to the chronostratigraphic time lines TB3 of
Haq et al. (1988).

Serensen et al. (1997) interpreted the climate
changes based on fluctuations and the rate of sed-
iment accumulation, which may have been caused
by the change of the source area. The studied
seismic reflector’s maximum inclination towards
the southwest and westward direction (lobes/active
front of the delta switching) indicates the domi-
nant progradation direction of the delta. SU-01-1
is characterized by the high-angle downlapping
internal reflectors at the proximal direction, which
results the coarse grained sediments accumulation
above and fine sand and shale below. However,
at the distal part the internal reflectors are dip-
ping gradually where mainly shale is deposited
(figures 4, 5 and 7). The paleo-water depth of SU-
01-1 is ranging between few hundred meters (Huuse
2002; Rasmussen et al. 2005). Kuhlmann (2004)
interpreted temperate, open marine environment of
seismic units (SU-01-1 and lower part of SU-01-2)
of composite sequence ‘V’ on the bases of homoge-
neous pattern of internal reflectors.

The internal reflectors of SU-01-2 appear with
onlapping reflection patterns and are restricted
in the eastern part of the study area. Kuhlmann
and Wong (2008) proposed the model in which
the elongated structures were developed on the
slope, parallel to the prograding wedges. Based on
Kuhlmann and Wong (2008) model the transitional
environment (warm and cold environment
associated with regression and transgression) of
seismic unit (SU-01-2) were interpreted. The study
area initially goes under retrogradation and then
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Figure 10. Chronostratigraphic ages acquired after Kuhlmann and Wong (2008) and Gibbard and Head (2009). The seismic
super units, seismic units and seismic subunits of the study area correlated with the interpretation of Haq et al. (1988),
Sgrensen et al. (1997), and climate interpretation of Zagwijn and Hager (1987). The interpretation of the seismic units
and seismic subunits associated with Gamma Ray log of well F03-06 and F03-04. The geometry of U-02-2-4, U-02-2-5 and
U-03-2-2 has been detected from the interpreted seismic sections in figures 4 and 5. Haq et al. (1988) eustatic sea-level
contradicting with Zagwijn and Hager (1987) climate curve in composite sequence IX, due to the increase of sediment influx
at the shelf area (where the accommodation space was less during lowstand period) that causes the stratal progradation and

eustatic sea-level rise.

aggradation, which is evident in figure 7. Ret-
rogradation indicates the warmer climate condition
(rising of sea-level) and/or high influx rate of fine
grain sediment accumulation, whereas the aggra-
dation is associated with coarse grain deposits of
cold (stable sea level) environment.

The paleoenvironment of SU-01-3 and SU-02-
1, which falls within the composite sequence VIII
of Sgrensen et al. (1997), is restricted marine
(Kuhlmann and Wong 2008). Each seismic unit
parted into hot and cold period of deposition on the
basis of GR log deflections (figure 10). The warmer
climate at the base of SU-01-3 interpreted by low
GR log deflection associated with the coarse grain
deposits. On the other hand, high GR log deflection
indicates the colder climate conditions associated
with the fine grain deposits (figure 7).

Intervals SU-02-2 to SU-04-1 are characterized
by the north-south trending lineaments (figure 9).
Ottesen et al. (2014) observed the ice-sheet plough-
marks (scratches due to iceberg movement) in the
northern North Sea Basin. Similar plough-marks
have been observed on the time slice 522 m of
the studied area. The orientation of lineaments
in north to south direction indicates the iceberg
movement direction was almost parallel to the

shelf in the southern part of the Central Graben
(figure 9). Thick deposition of strata and maximum
deflections of gamma ray in terms of retrograda-
tion, progradation and aggradation indicates the
environment of deposition of this interval as artic,
shallow marine condition (Kuhlmann et al. 2006).

The seismic SU-04-2 and SU-05-2 units show
initial retrogradation to progradation and then
aggradational character and the deposits of high
sedimentary influx. On the basis of onlapping
of internal reflectors with lower boundaries and
toplapping with upper boundaries, paleoenviron-
ment of this interval interpreted as continental and
marine (fluvial to paralic) deposits. The reflectors
characteristics of SU-04-2 and SU-05-2 infer that
probably sedimentation occurred at the time of
adequate accommodation space availability during
highstand sea level. The thickness of SU-04-2 and
SU-05-2 remains approximately similar at the plat-
form but increases towards the basin.

6. Conclusions

This research mainly deals with the detailed anal-
ysis of the Plio-Pleistocene deltaic evolution of
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North Sea, F3-block. Eleven seismic units and their
seismic subunits are being traced and interpreted
in detail on the well log and 3D seismic cube data.
High-resolution sequence stratigraphy is iteratively
applied on wells and seismic date to understand
the spatial distribution of seismic units and seis-
mic subunits that are separated by the sequence
boundaries and flooding surfaces, respectively. The
interpreted seismic units can be correlated with
the concept of regional seismo-stratigraphy chrono-
eustatic and chronostratigraphic time lines super-
cycle sets TEJAS B (TB) and more precisely
supercycles TB2 and TB3, which are presented
by Haq et al. (1988) and Kuhlmann and Wong
(2008).

During the Quaternary time, the sedimentation
rate of Baltic river significantly increased due to
contemporary uplift and accumulation pattern pre-
dominantly influenced by the fluvial influx (eroded
sediments from the peripheral/hinterland area)
and sea-level fluctuations. In the eastern part of
F3-block at the level of platform Plio-Pleistocene
wave-dominated deltaic sediments mainly consist
of coarse sand, sand, fine sand and shale inter-
vals, however in western part towards the slope and
basin floor grain size decreases.

Seismic units are divided into seismic subunits
based on depositional cycles by gamma ray log
trends (funnel shape, bell shape, and cylindri-
cal shape) and the LST, TST and HST stacking
geometries. Funnel shape represents (fall of sea-
level) prograding parasequence set, developed in
both lowstand systems tract (LST) and highstand
systems tract (HST). Bell shape represents (rise
of sea-level) retrograding parasequence set, devel-
oped in transgressive systems tract (TST). Finally,
the cylindrical shape represents (no fluctuation on
sea-level) aggrading parasequence set, developed in
highstand systems tract (HST) and shelf marginal
wedge (SMW).

The cutoff values of GR log deflection have been
implemented to predict the approximate litholog-
ical interpretation. It has been observed that the
coarse sand and sand lithologies are mainly asso-
ciated with the LST and HST conditions; however
fine sand and shale are associated with the TST
conditions. Maximum flooding surface interpreta-
tion is based on maximum GR log deflection within
the sequence boundaries.

Pleistocene coastline shifting from north-west to
north-south detected by the time structure maps of
clinoforms (expanding geometry of offshore delta
progradational sequences, toward south-west and

J. Earth Syst. Sci. (2019) 128:85

west ). The younger and restricted seismic units SU-
01-3 and SU-02-1of Pleistocene age overstep onto
the regionally distributed Late Pliocene (SU-01-1)
and Early Pleistocene (SU-01-2) basal seismic units
of the delta. Major sea level fall observed in the
middle Pleistocene time that is marked by the ero-
sion of SU-02-2 and SU-03-1 at the delta platform
and seismic facies shift (progradation) towards the
delta slope. Cyclic rise of sea level depicted by
the onlapping geometry (aggradation) of seismic
facies associated with seismic unit SU-03-2 to SU-
05-2.

The paleo-climate of the seismic units is inter-
preted on the basis of reflectors geometry, rise
and fall of sea level and grain size distribu-
tion. The warmer climate conditions are associated
with the retrogradation pattern, rising sea level
and fine grain sediment accumulation, conversely
cold climate conditions are delineated by progra-
dation/aggradation, stable/falling sea level and
coarse grain sediments deposition.
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