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For additional longitudinal and transverse sections, see Figure 3.19 in Chapter 3. B) NE-SW
longitudinal cross-section of the Smarbukk Ser Field; see Fig. 4.5B for location. C) NE-SW
longitudinal cross-section of the Smerbukk Ser Field; see Fig. 4.5B for location. Black boxes
indicate stratigraphic positions of core-box photographs in Figs. 4.6B, 4.6C and 4.6E. Reservoir-
zone and sub-zone terminology follows current usage by the operator Statoil. See Fig. 4.7 for
legend.

accommodation changes lead to the superposition of the most diverse range of facies. They
represent coarse-grained tidal-fluvial channel (FAS8) deposits erosively overlying distributary
mouth bars (FA3) and tide and/or wave-influenced delta-front deposits (FA4 and FA6). These

surfaces can be correlated laterally for distances of 10 to 30 km (i.e., at the inter-field scale).

Several high-order (third or even fourth-order) flooding surfaces occur in the studied interval.
They bound the smaller-scale (meters to a few tens of meters) sanding- and coarsening-upward
parasequences and parasequence sets comprised of distributary mouth-bar and delta-front
deposits. These surfaces can be traced over basin-wide distances (tens of km) and can be used for
intra- and inter-field correlation. However, establishing a basin-wide high-frequency (third- or
higher order) sequence-stratigraphic model is difficult because some of the correlation surfaces
are not obvious everywhere, due to the relatively rapid lateral facies changes that occur between
some fields (e.g., Smerbukk Ser and Midgard; Fig. 4.12); thus, the sequence-stratigraphic

correlation and model is most robust at the second-order scale (Fig. 4.12).

Second-order sequence boundaries (SB)

In the Halten Terrace area two regionally extensive second-order erosive surfaces where
identified at the base and middle (SB2 and SB3 respectively; Fig. 4.12) of the Tilje Formation.
These erosive surfaces are defined by the vertical, abrupt shallowing that is reflected in a sharp
shift of facies from relatively distal deposits below the erosive surface to much more proximal

depositional settings above the surface. The first surface (SB2) occurs at the base of the Tilje
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Figure 4.10: Longitudinal cross-sections for the Midgard (A) and Lavrans (B) fields, developed
using core and well-log data. See Figs. 4.5E and 4.5B for locations. Black boxes indicate

stratigraphic positions of core-box photographs in Figs. 4.6A and 4.6D. Reservoir-zone and sub-

zone terminology follows current usage by the operator Statoil.
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Figure 4.12: Correlation panel for the Halten Terrace constructed using composite stratigraphic
columns for each field, showing the sequence-stratigraphic framework with second- and higher-
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order surfaces (solid and dashed lines) and systems tracts (second-order system tracts indicated by
the background colors). Reservoir-zone and sub-zone terminology follows current usage by the
operator Statoil.

Formation (Fig. 4.12), where tidally influenced, medial-proximal distributary-mouth-bar deposits
(FA3) rest erosively over the shoreface deposits (FA1) of the Upper-Are Fm. (A3). SB2 subtly
incises into the Are Formation and dips slightly (less than 1 degree, relative to the base of Ror
Formation) toward the S (Figures 4.8A, 4.10A, and 4.11A). The incision is relatively shallow
showing an average relief of 8 and 10 m (up to 12-15 m in the northern Lavrans, SW Smerbukk
Ser, and towards the SE part of Midgard), based on the truncation of reservoir units. The greatest
truncation of the A3 unit occurs towards the Lavrans and southern parts of the Midgard fields.
Incision in the Heidrun Field is estimated to be at least 10 m less than previously estimated
(Martinius et al., 2001) based on our stratigraphic re-interpretation of the position of SB2 in the
Heidrun area (Fig. 4.13). The upper Are (A3) middle-lower shoreface successions (FA1) in the
Asgard area have been interpreted to correlate, lithostratigraphically, to the basal-Tilje storm-
influenced shoreface/delta-front units of the Heidrun field (T1.1 of Martinius et al., 2001; Fig.
4.7). Based on our regional observations, we suggest, instead, that the Tilje-Are formational
contact in the Heidrun Field should be picked at a higher stratigraphic level (Fig. 4.13), more
precisely, at the very top of the wave/storm-dominated successions. Thus, SB2 is picked at the
surface that shows any combination of the following characteristics: 1) an the abrupt change in
grain size, from very-fine grained sandstones of the upper Are Fm. to medium-grained
transgressive lags and fine- to medium-grained sandstone of the Tilje Fm.; 2) an the abrupt
change from mainly wave-dominated to the pervasive presence of tide-generated deposits
showing abundant current ripples, double mud drapes, and paleocurrent reversals (Fig. 4.13); 3)
the start of deposits with evidence of seasonal sedimentation (river flood and inter-flood periods;

Ichaso and Dalrymple, 2009); 4) the vertical change in the ichnofauna from a diverse, inner
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neritic unstressed assemblage of the mixed Cruziana-Skolithos ichnofacies in the Are Fm. to a
less open-marine suite (proximal Skolithos ichnofacies) showing low diversity and bioturbation
indexes suggestive of a brackish-water assemblage (Fig. 4.13); and 5) the presence of
Glossifungites at the contact, indicating a depositional hiatus. Consequently, the proposed location
for the top Are surface at a higher position implies a formal renaming of the very lower Tilje
reservoir zones in the Heidrun Field for a more regionally consistent correlation (Fig. 4.7), and a

reduction in the total thickness of the Tilje Fm. in the Heidrun area by 10 to 12 m.

The second erosive surface (SB3 of Martinius et al., 2001) occurs in the middle Tilje Formation.
SB3 (Fig. 4.6C) marks the subtle incision (generally 0-10 m, but locally more pronounced in the
Lavrans area (up to 20 m)) of tidal-fluvial channel fills (FA8 and FA9) at the base of Sequence 3
into the medial-distal distributary mouth-bar (FA3) and delta-front (FA4) deposits of the upper
part of Sequence 2 (Fig. 4.12). The recognition and placement of this regionally extensive hiatal
surface (Figures 4.8 to 4.11) is based on: 1) the abrupt change of grain size from silt and very-
fine and fine-grained sand to medium- and coarse-grained sandstone, and locally conglomerate; 2)
the pronounced vertical change of facies associations, which expresses a shift of environments
from medial-distal deltaic deposits of the underlying sequence to the most proximal fluvially
influenced deposits in the study area at the base of Sequence 3 (Fig. 4.7); 3) the presence of
terrestrially derived humic debris within T3.2 in the Asgard area (Martinius et al., 2001),
suggesting proximity to a fluvial source and freshwater environments in the catchment area; and
4) the change of bioturbation styles from high-diversity trace-fossil assemblages (Cruziana and
Skolithos ichnofacies) in the underlying upper part of Sequence 2, to weak or almost nonexistent
bioturbation dominated by the Skolithos Ichnofacies above SB3. The surface is locally penetrated

by large-scale U-shaped Diplocraterion burrows of a Glossifungites assemblage.
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Second-order flooding surfaces (FS and MFS)

The base of the studied interval (base of A3; Fig. 4.12) represents the transition from
wave-tide dominated delta-front deposits (upper A2 of Svela, 2001) into shoreface deposits (A3,
this work). The contact between these deposits is characterized by transgressive marine lags
(FA2), and has been interpreted by previous authors (Martinius et al., 2001; Svela 2001) as the

regional second-order maximum flooding surface (MFS1) of Sequence 1.

Within Sequence 2, four second-order flooding surfaces (FS) are recognized. From base to top,
the first one (FS2/1) occurs within the basal-Tilje succession and is typified by a surface that
separates two thick parasequence sets composed of heterolithic distributary mouth-bar (FA3)
deposits (Fig. 4.12). FS2/1 is commonly represented by the vertical transition from
medial/proximal fine-grained, mixed sand-mud dominated mouth-bars (FA3) that are commonly
punctuated by tidal-channel deposits (FAS8), to medial fine-grained sandy and mixed sand-mud
dominated mouth-bars showing an increase of wave influence (FA3) relative to underlying
deposits. Mud-dominated and/or wave influenced sandstones are very common right above FS2/1
in the Asgard and Njord areas. FS2/1 corresponds to the basal Tilje *Nd/'*Nd marker. The
second flooding surface (FS2/2; Fig. 4.6A) is prominent. Regionally, it separates the underlying
medial/proximal distributary mouth bars (FA3) and terminal distributary channels (FAS8) from the
overlying bioturbated and mud-dominated distal mouth-bars (FA3) and tide- and locally wave-
influenced delta-front (FA4 and FA7) deposits (Fig. 4.12). FS2/2 is very distinct compared to the
less prominent FS2/1 flooding surface, and it is the first major transgression above SB2. Martinius
et al. (2001) reported the appearance of the marine pollen taxa Nannoceratopss above FS2/2.
Therefore, FS2/2 represents a marine transgressive surface, and corresponds to the lower-Tilje
"“Nd/"Nd marker (Fig. 4.12). The next surface (MFS2; Fig. 4.6B) is placed at the contact

between distal mud-dominated facies, commonly prodelta (FAS) units, and underlying marginal-
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marine lags (FA2) that overlie bioturbated tide-dominated delta-front deposits (FA4). This surface
marks the deepest-water deposits and is the last of the significant flooding surfaces found within
Sequence 2; therefore, it represents the maximum flooding surface (MFS2; Fig. 4.12). The fourth
surface (FS2/3) is similar in nature to FS2/1, and separates two large successions comprising
delta-front (FA4 and/or FA6 and FA7) and distal-medial distributary mouth-bar deposits (FA3).
FS2/3 is characterized by the vertical transition from current-ripple and/or wave- and storm-
influenced sandstones into laminated and/or bioturbated mud-dominated heterolithics. FS2/3 also

corresponds to the mid-Tilje '*Nd/'**Nd marker (Fig. 4.12).

Three second-order flooding surfaces were recognized within Sequence 3 (Fig. 4.12). The first
(FS3/1; Fig. 4.6D) occurs at an abrupt transition from thick, coarse-grained proximal tidal-fluvial
channel units (FA8) into mud-dominated tidal-fluvial bar deposits (FA9), minor prograding and
bioturbated mouth bars (FA3) and delta-front deposits (FA4). A transgressive lag (FA2) is
present locally. The deposits overlying FS3/1 contain abundant marine pollen (Nannoceratopsis),
whereas the proximal fluvial deposits below FS3/1 are dominated by terrestrial fauna (e.g.,
Botrycoccus) (Martinius et al., 2001). The environmental change from proximal to distal facies
associations, coupled with the different paleontological elements above and below FS3/1,
indicates that this flooding surface represents a prominent and regional marine transgressive
surface. The next flooding surface (FS3/2; Fig. 4.6E) occurs within the upper-Tilje succession
(Fig. 4.12) and is similar in nature to FS3/1 in the Asgard area. FS3/2 is picked at the vertical
transition from medial and distal heterolithic mouth bars (FA3) and tidal-fluvial channels (FAS)
to bioturbated tide-, wave- and storm-influenced delta-front deposits (FA4, FA6 and FA7) and
prodeltaic (FA5) sediments (Fig. 4.12). The uppermost flooding surface (FS3/3; Fig. 4.6E) marks
the top of the Tilje Formation and is associated with the abrupt transition from moderately to
intensely bioturbated delta-front deposits (FA6, FA7, and FA4) and marginal-marine lags (FA1)

to the overlying shallow shelf muddy deposits of the Ror Fm (Fig. 4.12).
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Sequence-str atigr aphic subdivision and depositional model

In the studied succession, 6 second-order system tracts of relatively tabular geometry are
recognized on the basis of their bounding surfaces, stacking patterns of facies associations, and
stratigraphic position within Sequences 2 and 3 (Fig. 4.12). This allowed us to deduce and
correlate genetically associated packages that were deposited during specific conditions of the
relative sea-level change (cf. Van Wagoner et al., 1988) within the overall Early Jurassic

transgression (Fig. 4.4 and Fig. 4.14).

«— Are Fm. | Tilje Fm. [Ror Fm.—»|
Sequence 1 | Sequence 2 . Sequence 3
- ‘ A Rise
F3313
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£
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Figure 4.14: Conceptual relative sea-level curve for the Early Jurassic (Late Sinemurian to early
Toartian) based on our facies-oriented sequence-stratigraphic analysis of the upper Are — lower
Ror interval in the Halten Terrace area.
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The upper Are (A3) succession comprises shoreface deposits (FA1) that lie directly on the MFS1
of Sequence 1 (Fig. 4.12). The A3 unit is regionally capped by the basal Tilje sequence boundary
(SB2); thus, A3 represents the highstand system tract (HST1) of Sequence 1 (Fig. 4.14). Facies
distributions in A3 in the Smerbukk Field indicate relative water deepening towards the S-SE
(Chapter 3). In the Njord Field area, hummocky cross-stratified beds are more common but
overall thinner and more intensely bioturbated than further to the north in the northern Asgard and
Heidrun fields (Figures 4.8 to 4.11). This suggests that this southern area was more open, with
greater exposure to marine wave action, whereas northern areas were more sheltered.

Nevertheless, all areas were exposed to significant wave action.

Sequence 2

Lowstand system tract 2 (LST2): This sequence-stratigraphic unit (average 20 m thick) is

bounded below by SB2 and above by the prominent transgressive surface FS2/2. Overall, LST2
consists of a progradational, coarsening-upward succession, mainly composed of deltaic fine-
sand-dominated heterolithic distributary mouth-bar (FA3) and channel-fill deposits (FAS). It
shows a general vertical change from finer-grained medial-distal deposits to more proximal,
coarser and sandier deposits. The LST2 unit represents the lower part of the Tilje Formation (T1
and T2.1 in Heidrun; T1.1 in ASG and Lavrans, T1 in Trestakk; and T1.1.1 in Njord using the
existing unit nomenclature). Locally, LST2 shows major thickening (30 to 55 m thick; Fig. 4.12)
toward the Lavrans and the SE part of the Midgard fields, and thins to about 15 m thick in the
Smerbukk, central Asgard, and Heidrun (Fig. 4.12) areas. The LST2 succession is subdivided into
two to five progradational and/or vertically stacked coarsening-upward mouth-bar (FA3) higher-
order parasequences (5 to 10 m thick each) (Fig. 4.14). These high-order sub-units are punctuated
by fining-upward channel fills (FAS8; up to 1 m thick), where the largest number of them occurs in

the areas of greatest thickness (Fig. 4.10 and Fig. 4.12).
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Transgressive systemtract 2 (TST2): LST2 is overlain regionally by TST2 (average 15 m

thick). TST2 is bounded at the base by FS2/2 and at the top by MFS2 (Fig. 4.12). In general, this
unit consists of an aggradational, coarsening- and sanding-upward succession, mainly composed
of distal mouth-bar (FA3) deposits with minor tidal-fluvial channels (FAS8), delta-front (FA4, FA6
and FA7), and prodeltaic (FAS5) deposits (Fig. 4.12). The succession shows a vertical change of
facies from mud-dominated and bioturbated, distal to wave- and tide-influenced, heterolithic,
more proximal facies. The TST2 package represents the upper part of the lower Tilje Formation
(T2.2 in Heidrun (Fig. 4.8); T1.2 in ASG and Lavrans (Fig. 4.9 and Fig. 4.10); the lower part of
T2 in Trestakk (Fig. 4.7); and the lower part of T1.1.2 in Njord (Fig. 4.11)). The unit shows
lateral thickness variations (Fig. 4.12), with the greatest thickness (20-25 m) on the E side of the
Smerbukk (Fig. 4.9A) and throughout the entire Smerbukk Ser (Fig. 4.9B) and Lavrans fields.
The TST2 succession is organized into two to four (central Asgard area; Fig. 4.9B) coarsening-
upward, third or higher-order parasequences, each 3 to 5 m thick. The lower part of the succession
comprises aggradational and progradational prodeltaic (FAS) and wave- and storm-influenced
delta-front (FA6 and FA7) deposits. Distal delta-front and prodeltaic deposits (FAS) are more
common toward the SW of the Trestakk Field and in the southern Njord Field (Fig. 4.7)
suggesting the presence of more distal environments in the southern part of the Halten Terrace.
The wave-influenced delta-front (FA7) deposits of southern areas change vertically and laterally,
toward the N-NE, into thick tide-dominated delta-front (FA4) successions (e.g., T2.2 in Heidrun
Field; Fig. 4.8B). Vertical alternation between tide- and wave-influenced delta-front units occurs
across the studied area and is more dominant toward the central-western Asgard region. This
alternation is the result of delta-lobe switching during periods of base-level rise and flooding,
allowing for the dominance of wave and storm energy over tidal processes in the delta-front area
(e.g., T2-T3.1 in Smerbukk (Chapter 3); upper T3.1 in Heidrun and Trestakk; and locally in T3.1

in Midgard). Internally, TST2 medial-distal mouth bars record seasonal variations in river
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discharge (Ichaso and Dalrymple, 2009) with relatively greater prominence in the western Asgard
and Trestakk areas. The delta-front units commonly show low-angle clinoforms (dipping 2-4° to
the south) in well-log correlation panels suggesting delta-front progradation with evident
southward thickening (Fig. 4.8B, Fig. 4.11). These deposits are locally overlain by 5 to 10 m-
thick stacked, medial, distributary mouth-bar (FA3) parasequences that are punctuated by 1 to 1.5
m-thick fining-upward trends composed of tidal-fluvial channel deposits (FAS8). The thickest

channel-fill deposits occur in the Lavrans field (Fig. 4.12).

Highstand system tract 2 (HST2): This stratigraphic unit (average 25-30 m thick) overlies

TST2 and is bounded at the base by MFS2 and at the top by the SB3 erosive surface. HST2 is
overall progradational and coarsening-upward, and is comprised of thick marginal-marine lags
(FA2), prodelta (FAS), wave- and storm-influenced delta-front (FA6 and FA7), tide-dominated
delta-front, and medial to proximal mouth-bar (FA3) and tidal-fluvial channel (FAS8) deposits.
The succession shows a vertical change of facies from mud-dominated and bioturbated mixed
sand-mud heterolithics to sand-dominated heterolithics. HST2 represents the lower-middle part of
the Tilje Formation (T2.3 to T3.1 in Heidrun; T2 and T3.1 in ASG and Lavrans; middle T2 to
T3.1 in Trestakk; and middle T1.1.2 to T1.2 in Njord). Locally, HST2 shows major thickening
(up to 45 m thick; Fig. 4.12) in the Lavrans Field. The unit shows relatively constant thickness
(30-40 m) in the Heidrun, Asgard and Midgard areas, and thins to about 25 m in the Njord Field
(Fig. 4.12). HST?2 is organized into two to four high-order coarsening-upward parasequences (5 to
10 m thick each). The base of HST2 is characterized by the local presence of 10 to 50 cm thick
marginal-marine lags (FA2) and regionally by sharply based, 1 to 2 m thick, proximal prodeltaic
(FAS) deposits (Fig. 4.7) that thicken toward the south (Fig. 4.7). This prodeltaic unit (FAS)
grades upward into 5 to 20 m-thick sanding- and coarsening-upward delta-front deposits (FA4)
showing tidal and/or combined-flow structures (Fig. 4.6B). Low-angle clinoforms (dipping 2-5°

to the south) that are interpreted in well-log panels of the Smerbukk Field suggest a general
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deltaic progradation and thickening from N to S (Fig. 4.9A). These deposits are commonly
overlain by 5 to 10 m-thick storm- (FA6) and wave-influenced (FA7) delta-front deposits
(Figures 4.8 to 4.11) that commonly alternate vertically with tide-influenced delta-front (FA4)
and/or distal distributary mouth-bar (FA3) deposits (e.g., top of T2 in Asgard and Lavrans, and
upper T1.1.2 in Njord; Fig. 4.7). These distal deposits are regionally overlain sharply by medial
distributary mouth-bar (FA3) and wave-influenced delta-front (FA6) deposits that show a local,
NE to SW, facies transition from more proximal to more distal distributary mouth bars (e.g.,
Smerbukk Ser; Fig. 4.9C). This level correlates with the mid-Tilje Formation '*Nd/'**Nd marker
(Heidrun and Smerbukk fields; Fig. 4.12) of Martinius et al. (2001), which divides deposits with a
younger source below the marker from those with an older source above the marker. Regionally,
these deposits are overlain by more proximal distributary mouth bars (FA3) that are commonly
punctuated by 1 to 2 m-thick tidal-channel fill deposits (FAS8). Locally (Lavrans Field),
interdistributary-bay (FA10) and wave-influenced delta-front deposits occur at the very top of

HST?2 (Fig. 4.8).

Sequence 3

Lowstand system tract 3 (LST3): HST?2 is erosivelly overlain by LST3 (average 20 to 30

m thick) of Sequence 3. LST3 is bounded at its base by SB3, which shows gentle incision into
HST2 (Figures 4.8 t0 4.11), and is capped by the FS3/1 transgressive surface (Fig. 4.12). Overall,
LST3 consists of a progradational succession composed dominantly of coarse-grained tidal-fluvial
channel fills (FA8) and sand-dominated heterolithic tidal point-bar (FA9) deposits. The
succession contains the most proximal deposits within the entire Tilje and shows a general
vertical change from coarse- and medium-grained to fine-grained sandstones. LST3 represents the
middle-upper Tilje Formation (T3.2 in Heidrun, Asgard, Lavrans and Trestakk; and T2.1 in

Njord). Locally, LST3 shows great thickening (up to 50 m) towards the western part of Asgard
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(Smerbukk), and in the Lavrans and Midgard fields (Fig. 4.12), and thins to 15-20 m towards the
Smerbukk, central Asgard, Heidrun and the Njord areas (Fig. 4.12). The package shows a
complex channel organization, where the channel-fill (FA8) styles vary horizontally and vertically
from single fining-upward sandstones overlain or replaced laterally by heterolithic tidal point bars
(FA9), to more amalgamated, stacked packages of FA8 sandstones. Basal conglomeratic channel
lags are more common in the Smerbukk and Lavrans fields where the overall distribution of grain
sizes and thickness within FA8 deposits suggest a NE-SW proximal-to-distal sediment-transport
direction (Chapter 3 and 4). Locally (in Lavrans, Trestakk and SE margin of Midgard), the tidal-
fluvial channel fills (FA8) are interbedded with field-wide tidal-channel bar deposits capped by a

0.5 to 1 m thick, rooted silty sandstone (FA 9; Fig. 4.6D).

Transgressive system tract 3 (TST3): LST3 is regionally overlain by the thick (average 50 m)

TST3. This transgressive unit is bounded at the base by the FS3/1 transgressive surface and
extends upward into the overlying Ror Formation. Overall, TST3 consists of transgressive (fining-
upward) or aggradational (upward-coarsening) patterns within the Tilje Fm. TST3 comprises
distributary mouth-bar (FA3), tidal-fluvial channel-fill (FA8 and FA9), delta-front (FA4 and
FA7), prodeltaic (FAS), and shallow-marine sandy shoal and transgressive-lag (FA2) deposits
(Fig. 4.12). The succession is dominated by highly diverse heterolithic deposits ranging from the
mud- to the sand-dominated end members showing both tidal and wave influence. The TST3
succession represents the upper Tilje Formation (reservoir zones T3.3 to T4 in Heidrun; T4 to T6
in Asgard, Lavrans and Trestakk; and T2.2 to T4 in Njord) and the vertical transition to the fully
marine muddy Ror Formation (Fig. 4.12). The unit show considerable thickness variations. The
greatest thickness (up to 100 m) occurs towards the Trestakk (Fig. 4.7) and Njord areas (Fig.
4.12), and thins (30 to 40 m thick) towards the north of the Halten Terrace (e.g., Heidrun field;

Fig. 4.12).
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The TST3 succession in the Tilje Fm. is organized into two low-order coarsening-upward
parasequences (30 to 50 m thick), each of which is subdivided into several higher-order (third or
higher), coarsening-upward, parasequences (up to 5-15 m thick each). The first low-order
parasequence (lower TST3) is bounded at the base by the FS3/1 transgressive surface and capped
by FS3/2 (Fig. 4.12). It consists of medial distributary and mixed sand-mud heterolithic,
distributary mouth-bar (FA3) deposits punctuated by tidal-channel fills (FAS). These deposits
show vertical alternation from medial to more proximal, and, locally, a lateral transition toward
the SW into more distal mouth-bar deposits (e.g., the Heidrun (Fig. 4.9) and Smerbukk Ser (Fig.
4.10) fields). Wave-influenced delta-front (FA7) deposits also occur. In the Trestakk area (Fig.
4.7), these deposits pass upward into 20 to 25 m-thick, erosively based, stacked tidal-fluvial
channel fills (FA8) and tidal-bar deposits (FA9). Regionally, these deposits change laterally
toward the west (Smerbukk and Lavrans) and SE (Midgard) into 40 to 50 m thick, stacked tidal-
fluvial channel (FAS8) successions that alternate vertically with heterolithic point-bar (FA9)
deposits (Fig. 4.7). Toward the south of the studied area (Njord Field), the tidal-fluvial channels
change rapidly upward into 20 to 25 m-thick medial-distal distributary mouth bars (FA3) showing

abundant bioturbation and mixed tidal- and wave-influence.

The second low-order parasequence is bounded at the base by FS3/2 and at the top by FS3/3 (Fig.
4.12). This upper Tilje package consists of 10 to 50 m-thick agradational and/or progradational,
sanding- and coarsening upward, prodeltaic (FAS), wave- and storm-dominated delta-front (FA6
and FA7), tide-influenced delta-front (FA4), and bioturbated distal to medial mouth-bar (FA3)
deposits showing local 1 to 2 m-thick fining-upward tidal-channel (FA8) deposits. Locally, tide-
influenced delta-front (FA4) deposits show thickening and low-angle clinoforms (dipping 2-3°)
toward the S-SW (Figures 4.7, 4. 9 and 4.10). The delta-front (FA4, FA6, and FA7) and mouth-
bar (FA3) deposits are locally overlain in the Heidrun field and at a few locations in the Asgard

area (Fig. 4.7 and Fig. 4.12) by 1 to 15 m-thick stacked, sharp and erosively based, shallow-
187



marine sandy shoals/ridges and transgressive lags (FA2). This uppermost Tilje succession is
regarded as the first indicator of the regionally extensive flooding event that initiated deposition
of the Ror Formation (Fig. 4.7). As proposed by Martinius et al. (2001), there is no second-order

HST in Sequence 3, at least not within the upper Tilje Formation.

TECTONO - STRATIGRAPHIC ANALYSIS

When applying classic sequence-stratigraphic conceptual models to ancient rift basins,
the fundamental controlling factors (autogenic and allogenic) have to be taken into consideration
for both local and regional tectono-stratigraphic analyses. Firstly, the topography of rift basins,
depending on the rifting stage (pre-rift, climax, or post-rift) and the development of surface-
breaking normal faults, can create extreme topographic and paleogeographic complexity, unlike
the situation that exists in the case of the smooth passive-margin shelf profile used in the standard
sequence-stratigraphic models (Van Wagoner et al., 1987; Posamentier et al., 1988). The dynamic
evolution of faults and folds determines the sites of uplift and erosion (Bosence, 1998) and
controls the location of sediment sources and the pathways of sediment dispersal and input to the
basin (Withjack, 2002). More importantly, however, together with eustatic sea-level changes, they
control the development of accommodation in both absolute and relative terms, by defining the
pattern of differential subsidence along the basin axis (parallel to the structural grain) and/or
transverse to the rift axis (transverse or oblique to the structural grain) in transfer zones between
major faults (Howell and Flint, 1996; Ciampalini et al., 2011). The interplay of these factors,
together with climate and autogenic hydrodynamic processes (river and tidal currents, and
wave/storm action; Chapter 3), controlled the sediment supply to, and depositional regime of, the

Tilje Fm. deltaic successions in the Halten Terrace.

The accommodation in the Halten Basin area (~20-40 m per million years) during the Early

Jurassic was created in part by the presence of a first-order relative sea-level rise (up to 100 m;
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Surlyk, 1990b; Fig. 4.4), but the largest contribution was thermal relaxation and tectonic
subsidence associated with crustal stretching and rifting during the opening of the North Atlantic
Ocean (Doré, 1991). During the Sinemurian, middle-upper Are depositional time, the onset and
propagation of the NE-SW-oriented blind normal faults (rift-initiation stage; Fig. 4.4) formed
isolated, syn-depositional areas (10 to 20 km wide) of relatively rapid subsidence (with no surface
expression) above slightly deformed tectonic blocks toward the western Asgard area (Marsh et al.,
2010). Similarly, more rapidly subsiding areas are interpreted to have occurred locally in the
hangingwalls of the NE-SW and N-S-oriented Revfallet, Smerbukk, Trestakk, Bremstein, and
Vingleia faults (Fig. 4.1). Southwestward-dipping physiographic ramps (10 to 15 km wide) that
tended to capture the fluvial drainage could have been formed in the zones between faults (the

Smerbukk-Revfallet and Smerbukk-Trestakk relay ramps of Corfield and Sharp, 2000).

The overall tabular upper Are (A3) shoreface units (Fig. 4.12) that were deposited during sea-
level rise (HST1) were followed by a base-level fall (Surlyk, 1990) that marks the Pliensbachian
Are-Tilje contact (SB2; Fig. 4.14). This second-order eustatic sea-level drop caused an
accommodation decrease across the studied area (Martinius et al., 2001). The concurrent
movement of active normal faults within and along the margins of the Halten Basin (Corfield and
Sharp, 2000) added an important tectonic component to these accommodation changes. The SB2
hiatal surface was formed during this eustatic sea-level drop, incising into the A3 shoreface
deposits and defining the base of the Tilje Formation (base of Sequence 2 and LST2; Fig. 4.14).
This incision is shallow and overall dips toward the south (relative to the top Tilje Fm.). The
shallowness of the incision into A3, coupled with the fact that the accommodation was controlled
by regional syn-rift tectonic subsidence (Dam and Surlyk, 1995; Surlyk and Noe-Nyggard, 2000),
which would have minimized the effect of the eustatic sea-level fall in the Halten Basin, suggests
that the Tilje succession was deposited close to the lowstand shoreline where there is a general

decrease of erosional relief (Yoshida et al., 1998). This interpretation implies that major incisions
189



should occur further to the north, in areas of slower subsidence or tectonic uplift closer to the
source areas. Significant differential thickness variations in the overlying LST2 (see below)
suggest that the change from wave/storm dominated (upper Are units) to tidal (basal Tilje)
sedimentation across SB2 was caused by a tectonically generated reconfiguration of the Halten
Basin that created an embayment in which tidal processes were enhanced, while wave energy was

minimized by sheltering.

The onset of relative sea-level rise following the lowstand that formed SB2 is represented by the
marginal-marine distributary mouth-bar and delta-front deposits of LST2 (Fig. 4.14). The facies
distribution within the progradational and locally aggradational LST2 shows a general NW-SE
proximal-distal trend in the Smerbukk Field, and a NE-E to SW trend in the Heidrun Field,
suggesting the presence of two possible sediment entry points (Fig. 4.15A). Toward the southern
Njord Field, medial to distal mouth-bar and proximal delta-front facies are present. They show an
overall increase in the abundance of wave and mixed-energy structures relative to correlative
deposits in the Asgard area, suggesting less sheltering and greater exposure to wave action,
presumably because these southern fields lay closer to the mouth of the Halten-Basin embayment.
In the studied area, there is greater differential thickness variations within LST2 reservoir units
than in preceding or overlying deposits (Fig. 4.12), which suggests that fault movement was
overall more active at the time of SB2 formation, which, in turn implies that SB2 was at least in
part tectonically created. Major thickening of LST2 reservoir units occurs toward the east side of
the Smerbukk and Lavrans fields that lie on the hangingwall of the Trestakk Fault, and toward the
SE margin of Midgard (hangingwall of the Bremstein fault zone). However, the thickening differs
between these two relatively more rapidly subsiding areas (e.g., thicker in Lavrans (Fig. 4.12) and
less thick at the SE of Midgard) indicating that differential subsidence caused spatial variations in

the amount of accommodation within the basin. The Revfallet or “Northern” fault zone (west of
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Heidrun) appears to have been less active, as the northern part of the studied area shows only

minor thickness variations (Fig. 4.12; Corfield and Sharp, 2000).

Continued sea-level rise during Sequence 2 is indicated by the presence of flooding surfaces
FS2/1 and FS2/2, and by the deposition of TST2, which is characterized by relatively more distal
distributary mouth bars than the underlying LST2, and tidally influenced, bioturbated, delta-front
deposits (Fig. 4.12). The thinning of these units, the decrease in the abundance of terminal
distributary channels, and the increase in the relative influence of waves that occur toward the
south (Fig. 4.7) indicate that the Njord Field continued to be the site of more distal environments,
closer to the exposed mouth of the rift-generated embayment. The overall tabular geometry of
TST2 suggests that the amount of accommodation/subsidence was spatially uniform, which

implies a period of fault inactivity.

Regionally, the maximum transgression (MFS2) within Sequence 2 is marked by the presence of
prodeltaic and distal delta-front deposits at the base of HST2. This highstand unit shows only
slight differences in thickness across the basin suggesting less fault activity, except for the
Trestakk Fault, which shows great differential thickening towards its hangingwall area right after
MFS2 (Figs. 4.10B and 4.12), suggesting that, again, locally greater tectonic subsidence occurred
in this area. During HST2 several parasequence sets were formed showing vertical aggradation
and progradation. Progradation of sanding- and coarsening-upward parasequence sets is common
in the area of study showing thickening toward the S-SE (e.g., Smerbukk and Lavrans). The
height of the clinoforms present in HST2 is up to 15 m, indicating water depths of approximately
25 m (assuming a water depth of 10 m at the topset-foreset break in slope (cf. Hansen and
Rasmussen, 2008)), and perhaps as much as 40 m if compaction is taken into account (cf.
Terwindt and Breusers, 1972; Nordahl, 2004). Aggradation dominates in the areas of most rapid

subsidence (e.g., E of Lavrans). These observations indicate: 1) a tendency for aggradation in the
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more rapid subsiding areas and progradation in areas of relatively slower subsidence; 2) overall
progradation toward the S of the Halten Basin; 3) high rates of sediment input in areas of
relatively more progradation in the western region of ASG; and 4) intermittent periods of
eustatic/tectonic sea-level change as indicated by the numerous high-order flooding surfaces and

sequence boundaries (Fig. 4.12).

A second base-level fall (SB3) marks the end of Sequence 2. The coarse-grained proximal tidal-
fluvial channel deposits of LST3 incise slightly into the underlying deposits. The facies
distribution in the western and central Asgard area indicates an entry-point switch from NW to N.
In the Heidrun and Midgard fields, entry points toward the E-NE seem to remain unchanged
(Figs. 4.8A and 4.10A) without major paleogeographic changes (Fig. 4.15B). The reservoir units
in LST3 show differential thickening immediately above SB3, which suggests the onset of fault
movement at the time of SB3 formation, implying that SB3 was in part tectonically created.
Major thickening of LST3 units occurs toward the hangingwall of the Trestakk and Bremstein
Fault zones. Similarly to LST2, the thickening also differs between the rapidly subsiding areas
(major thickening in Lavrans, Fig. 4.12) indicating that differential subsidence rates controlled the
amount of local accommodation within the basin. This interpretation, coupled with models of the
timing of fault activity (Corfield and Sharp, 2000; Marsh et al., 2010), indicates that the Tilje

succession did not form under conditions of continuous and constant subsidence.

The regionally extensive second-order flooding surface (FS3/1) marks the transition to the thick
transgressive deposits of TST3. There is a volumetric concentration of thick sandy tidal-fluvial
channel deposits in the western Asgard area (Smerbukk), Trestakk and the eastern part of the
Midgard field throughout most of the TST3 succession (Fig. 4.7). By contrast, the correlative
deposits in the Heidrun Field and the footwall of the Trestakk fault and its northern relay zone (in

central Asgard), show an abundance of thin proximal and medial mouth bars (with greater wave
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influence toward Trestakk), capped by tidal point bars and channel-margin deposits. These
observations, coupled with the interpreted entry points (N and NE-E respectively) and the local
thickening of the basal deposits of TST3 in the Lavrans and southeastern Midgard areas, indicate
that the main tidal-fluvial distributaries, and the associated proximal deposits, were axially
funnelled along the narrow hangingwall depocenters of the Trestakk and Bremstein fault zones,
parallel to the main regional structural grain (NE-SW; Fig. 4.15B). The lateral transition from
these deposits into the thick delta-front successions in the Njord Field suggests an overall

deepening of the basin toward the S-SE.

Rapid tectono-eustatic sea-level rise in the upper part of TST3 (Fig. 4.14), marked by the regional
FS3/2, caused an abrupt stratigraphic change to overall more distal facies. In the Heidrun and
Asgard areas, deposition occurred in mixed-energy tidally and wave-influenced distal mouth bars,
tidally and storm-influenced delta-front settings and sandy shelf ridges. Toward the south of the
Halten Basin (Njord Field) these deposits are relatively thicker and more distal in character. This,
plus the common presence of prodelta units and smaller-scale HCS beds and more intense
bioturbation above FS3/2, coupled with local progradation toward the SW (Trestakk) and SE
(Njord), suggest a continuation of the overall N-S proximal-distal trend in the basin. These units
are capped by the shallow-shelf deposits of the Ror Fm. indicating a regional flooding and a fast
retreat of the marginal-marine systems toward the N. This regional transgression is attributed to
tectonic subsidence of the basin by the initiation of the Toartian rift-climax stage. The tabular
geometry and stratigraphic architecture of the Tilje Formation sequences and system tracts, and
the fact that the depositional environments did not show major shifts throughout Tilje deposition
indicate that, on a regional scale, sedimentation kept pace with the creation of tectonic and
eustatic accommodation. Also, water depths throughout the Halten Basin during the Tilje time
were always shallow, as is indicated by the relative thinness of the progradational successions,

and the small height of the clinoforms. This relationship changes at the end of Tilje deposition,
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when a major transgression occurred, because the generation of accommodation was faster (Fig.

4.14) than the rate of sedimentation input.

GENERAL DISCUSSION

The interpretations presented in this study indicate that the Tilje Formation consists of a
thick swallowing-upward heterolithic deltaic succession dominated by a combination of tidal and
fluvial depositional processes, accompanied by small amounts of wave/storm energy, with diverse
facies associations (FA) that range from proximal tidal-fluvial channels to the more distal
prodelta. The different stratigraphic studies of the Tilje (Martinius et al., 2001; this work) and the
correlative Niell Klinter Group in Greenland (Dam and Surlik, 1995) have documented the
variability of fluvial, tidal, and wave processes during deposition of this early-stage passive-
margin, deltaic succession. In general, our observations from the Tilje Formation suggest that the
relative intensity of the three processes did not change significantly throughout its deposition.
Vertical variations in the apparent intensity of these three processes are believed to be controlled
by the longitudinal and/or lateral shifting of depositional environments (proximal and distal) as
the result of autogenic lobe switching and changes in eustatically and tectonically generated
accommodation (cf. Yoshida et al., 2007; Dalrymple, 2010a), and by the lateral shifting of fluvial
entry points. Thus, fluvial and tidal processes are more strongly represented at times when, or at
places where, more proximal, river-mouth environments occupied the study area, whereas wave
processes are recorded more during episodes when, or at locations where, distal and/or flanking
environments were present in the study area (Chapter 3). During Tilje time, we envision a
depositional morphology that is somewhat similar to that shown by the Mahakam Delta (Allen
and Chambers, 1998; Storms et al., 2005), although perhaps with slightly greater fluvial influence,

as suggested by the presence of low-energy interdistributary bays, well-defined mouth bars with
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terminal distributary channels, and the widespread presence of evidence of seasonal variation in

river discharge.

The abrupt transition from wave-dominated deposition in the Upper Are Fm. to more tidal-fluvial
sedimentation in the Tilje is, however, considered to represent a more profound change in the
nature of the basin, from a setting where there is no sheltering from open-ocean wave action to
one that is largely protected from waves and within which tidal-current action was enhanced.
Because of its correspondence with a sequence boundary (SB2) that is associated with increased
levels of differential subsidence, we attribute this process change to a tectonic reorganization of
the basin, with the uplift of a westerly high that created a V-shaped basin, within which the Tilje

accumulated.

The vertical organization of the FAs is relatively simple and “layer-cake” in geometry throughout
the Tilje succession (Fig. 4.7), in comparison with their complex lateral variation in facies and
sub-environments (Fig. 4.12). In general terms, the stratigraphic organization of the Tilje
Formation (Fig. 4.16A) is comparable with that of such outcrop analogues as the Lower Jurassic
Gule Horn and Lower Ostreaelv formations of the Niell Klinter Group in East Greenland (Dam
and Surlyk, 1995; Surlyk and Noe-Nygaard, 2000) and the Middle Jurassic Lajas Formation of the
Neuquén Basin in western Argentina (Mcllroy et al., 2005), and also with the Quaternary
succession of the East China Sea (Berné et al., 2002; Liu et al., 2007), because all of them consist
of a great thickness of tidally dominated and/or influenced deposits that display tabular
geometries in which individual units can be correlated for considerable distances with little or no

amalgamation of successive channels (Brandsater et al., 2005; Dalrymple, 2010b).

The Niell Klinter Gule Horn and Lower Ostreaelv succession (200-250 m thick; Koppelhus and
Dam, 2003) is considered to be a pre-rift stratigraphic unit that accumulated in a setting

characterized by rapid tectonic subsidence (Dam and Surlyk, 2000). Like the Tilje, the lower part
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of the Niell Klinter succession shows an overall layer-cake geometry (Dam and Surlyk, 1995).
Internally, erosional unconformities and flooding surfaces can be traced over long distances
without interruption, and the units bounded by these surfaces show tabular organization and little
architectural complexity (i.e., they lack major deep incisions or a complex network of incisions
associated with the main unconformities). These characteristics probably reflect the combined
effects of high sediment influx and moderate to high rates of creation of accommodation (30—40
m per million years) in a flat-bottomed basin (Dam and Surlyk, 1998). The thick (~600 m) Lajas
Formation (Fig. 4.16B) was deposited in a shallow-marine basin developed in a back-arc
extensional setting during the early stages of the Andean Orogen (Digregorio and Uliana, 1980).
Accommodation was created at an estimated high rate of 130 m per million years. As in the
previous example, the units bounded by third- and fourth-order channel-erosion and flooding
surfaces are tabular and units stack aggradationally, forming thick sequences separated by
sequence boundaries that show only shallow incisions (Mcllroy et al., 2005). The Quaternary
deposits in the East China Sea (Fig. 4.16C), seaward of the modern tide-influenced Changjiang
delta (Berné et al., 2002), also consist of thick sandy units showing little or no amalgamation of
channels. Instead, these sands, which are concentrated in valley fills and well preserved
transgressive shelf ridges, are separated by thick successions of prodeltaic mudstones (Berné et
al., 2002). In this example, accommodation has been created at a high rate of 150 m per million
years, or even higher (up to 300 m per million years; Dalrymple, 2010b), which has been

approximately balanced by an equally high sedimentation rate (Liu et al., 2007).

The sheet-like lithostratigraphic and sequence-stratigraphic units present in the Tilje, Niell Klinter
and Lajas formations were formed in tectonically active extensional settings in which active
major faults created a funnel-shaped embayment that enhanced the regional tidal regime
(Brandsater et al., 2005; this study). Our work on the Tilje Formation demonstrates that the thick

and tabular nature of these successions is related to the high rates of tectonic subsidence and
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Figure 4.16: Schematic cross-sections showing the diverse stratigraphic architectures formed in
tide-dominated/influenced deltaic depositional environments with different rates of creation of
accommodation. High-accommodation expressions: (A) Jurassic Tilje Formation, offshore
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Norway (30-50 m/ million years), showing tabular geometries, shallow lowstand incisions (less
than 20 m deep) and high preservation of muddy, prodeltaic and delta-front FAs. Example from
the Heidrun field, this work. (B) Jurassic Lajas Formation, Neuquén Basin,Argentina (130 m/
million years). Summary diagram from the Sierra de Chacaico region showing the diverse tidally
dominated facies associations, general tabular geometry, vertical architectural variations,
sequence boundaries and shallow incisions. After Figure 16 of Mcllroy et al. (2005). (C)
Quaternary Eastern China Sea, seaward from the Changjiang Delta (150-300 m/ million years).
Tidal-fluvial sandstones and modern sandy shelf ridges showing great lateral extensions. The
ridges show shallow incisions. A number of tidal-fluvial units show moderate incisions. These
deposits alternate with gently seaward-dipping muddy units that were deposited by prograding
interglacial highstand and falling-stage deltas. After Figure 2 of Berné et al. (2002). Low
accommodation expressions: (D) Cretaceous Sego Sandstone in the Book Cliffs, Utah, USA (10-
15 m/ million years), showing a nested succession of tidally influenced channel-fill deposits,
interspersed with minor amounts of wave-dominated prodeltaic mudstone (Anchor Mine Tongue).
After Figure 3b of Willis and Gabel (2001). (E) Cretaceous Clearwater Formation at Cold Lake,
Alberta, Canada (10 m/ million years), showing the complex stratigraphic relationship among
sequences and the nested erosive surfaces. Shoreface deposits are deeply incised and poorly
preserved because of their erosion by tidal-fluvial channels that form the lowstand units. After
Figure 4 of Feldman et al. (2008).

sediment accumulation during deposition. These rates were high enough that, during the time
between significant base-level falls, the depositional base level had risen more than the depth of
the channels, such that the next younger set of channels did not erode deeply enough to

amalgamate with the older set of channels.

The absence of major confined incised valleys (Figs. 4.16A, 4.16B, and 4.16C) is an important
characteristic of the Tilje lowstand deposits and its outcrop analogs (Niell Klinter and Lajas
successions), and is reflected in the widespread nature of the tidally dominated and/or influenced
coastal deposits (cf. Dalrymple, 2010b). The Quaternary East China lowstand deposits consist of
fluvial to tidally influenced channels (Fig. 4.16C) that show wide lateral extension with shallow
incisions into distal delta-front and prodeltaic deposits, together with well-preserved tidal shelf
ridges (Berné et al., 2002). The lack of significant incision during base-level fall and lowstand in
these examples can be explained by deposition in a setting where the mouth of the rivers never

fell below a shelf-break. In the East China Sea, this occurred because the shelf had a very low
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gradient (< 0.02°) with a shelf-slope break at 200 m depth (Liu et al., 2007), whereas, in the
tectonically active rift settings, the rapid tectonic subsidence minimized the rate of sea-level fall
and the amount of seaward movement of the shoreline, thereby minimizing the amount of fluvial

incision.

The tabular geometry of these examples contrasts with the more complex architecture of some
other well-known thick tide-dominated and wave-influenced, deltaic successions such as the
Cretaceous Sego Sandstone member (Fig. 4.16D) of the Mancos Shale in eastern Utah (Van
Wagoner, 1991; Willis and Gabel, 2003) and the Clearwater Formation in Alberta, Canada
(McCrimmon and Arnott, 2002; Feldman et al., 2008). The first of these is a progradational
wedge (~ 100 m thick) that was deposited in the Western Interior Seaway of North America
within the Sevier Foreland Basin (Dickinson, 2004). The Sego Sandstone shows a complex
stratigraphic architecture, especially in the upper part of the Lower Sego where three fourth-order
sequences show complex amalgamation of fluvial and tidal channels, forming a third-order
sequence set that contains lowstand valley incisions up to 30 deep (Fig. 4.16D) (Van Wagoner,
1991; Willis and Gabel, 2003; Wood, 2004; Burton and Wood, 2011). The general stratigraphic
complexity caused by the anastomosed network of erosive surfaces is the result of accumulation
in a low-accommodation setting (Willis and Gabel, 2003). Only ~10-15 m per million years of
accommodation was created during Lower Sego time. Similarly, the Cretaceous tide-dominated
deltaic deposits of the Clearwater Formation (McCrimmon and Arnott, 2002) show multiple (up
to 13) incised valleys (>30 m deep). The complex architectural organization (Fig. 4.16E), made
up of four progradational sequences of fourth-order, is characterized by multiple erosive surfaces
and amalgamated tidal-fluvial channel-fill successions that accumulated in a low-accommodation

setting (Feldman et al., 2008) of very slow subsidence (~10 m per million years).
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The examples described above illustrate the range of possible stratigraphic expressions of tide-
dominated deltaic systems (cf. Dalrymple, 2010b). The creation of space, as in other depositional
environments, represents one of the main controls on the resultant stratigraphic architecture. In
low-accommodation settings (rates smaller than ~15 m per million years) (Sego and Clearwater)
tidal-fluvial channels commonly amalgamate generating complex architectures characterized by
stacks of laterally and vertically amalgamated channel-fill deposits showing multiple deep
incisions and complex anastomosed networks of erosive surfaces (Figs. 4.16D and 4.16E). On the
other hand, as accommodation increases, there is a progressively greater preservation of muddy
prodeltaic, delta-front, and tidal-flat deposits. Once the rate of creation of accommodation reaches
a critical value (greater than about 30 m per million years), tabular stratigraphic geometries are

dominant and lowstand incisions tend to be shallow (Figs. 4.16A and 4.16B).

The resultant architectural organization (i.e., the presence or absence of deep incisions and
amalgamation), coupled with the longitudinal proximal-distal trends (cf. Dalrymple and Choi,
2007), the along-coast facies variations, and any temporal changes in the dominant depositional
processes (cf. Yoshida et al., 2007; Bhattacharya, 2010), have significant implications for the
stratigraphic distribution and compartmentalization of the best hydrocarbon reservoir units within
heterolithic coastal successions (McCrimmon and Arnott, 2002; Wood, 2004; Klefstad et al.,
2005; Martinius et al., 2005; Ainsworth, 2010). From the high accommodation, tide-dominated
settings discussed above (Tilje (Fig. 4.16A), Niell Klinter, Lajas (Fig. 4.16B), and East China Sea
(Fig. 4.16C)), the tabular stratigraphic architecture commonly develops effective horizontal
barriers to fluid flow, thereby limiting vertical connectivity (Martinius et al., 2005), because of the
high potential for preservation of thick mud-dominated heterolithic deposits. By contrast, this
setting shows good horizontal connectivity within the sand-dominated layers. In the low
accommodation scenarios (Figs. 4.16D and 4.16E), thick laterally extensive mudrock barriers are

less common because of their removal by later channel incision; consequently, fluid-flow
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connectivity is mainly controlled by the horizontal facies transitions within the amalgamated
network of channel and valley deposits. In both cases, fluid-flow connectivity is overall controlled
by the decimeter- to meter-thick mudstone interbeds and the channel-bottom mud-clast
conglomerates (cf. Ainsworth, 2010) that are common in tide-influenced lithofacies (Dalrymple,

2010b).

The sand-dominated channel (FA9) and sandy mouth-bar deposits (FA3A) comprise the best
reservoir-quality rock volume in tidal hydrocarbon field worldwide (cf. Wood, 2004). Wave-
dominated shoreface sandstones, such as the laterally extensive clean sandstones in the upper Are
Formation and in the upper part of the Tilje Formation (Fig. 4.7) are also good potential reservoir
units (cf. Wood, 2004); however, the common presence of calcite cementation creates vertical and
lateral fluid-flow barriers in such shallow-marine units (Martinius et al., 2005). In the Tilje
Formation, the best tidal-sand reservoir units (Kleftad et al., 2005) occur within two main
stratigraphic intervals: the stacked and progradational, sandy, proximal, distributary-mouth bars
of LST2; and the amalgamated tidal-fluvial channel sandstones of LST3 (Figs. 4.9B and 4.12). By
comparison, the rest of the succession (TST2, HST2, and TST3 units) shows moderate (medial
heterolithic mouth bars) to poor (tide- and wave-influenced delta-front and prodelta heterolithic
deposits) reservoir properties (Kleftad et al., 2005; Martinius et al., 2005). This reservoir-quality
characterization it is based on the geometry of sand bodies and the degree of vertical and lateral
fluid-flow interconnectedness between individual sand bodies, which in turn is mainly controlled
by the volume, thickness, bedding style, and distribution of mudstones within the sandy units

(Jackson et al., 2005; Martinius et al., 2005).

Our study in the Tilje Formation shows that tidal sandstone reservoirs can be exceedingly
complex because of their internal facies heterogeneities (Chapter 3) from the scale of meters

down to millimetres. The proximal tidal-fluvial channel deposits (FA9) show overall good
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reservoir quality (Martinius et al., 2005) because of the scarcity of mud layers (sandstone-
mudstone ratios between 90:10 and 80:20). The most important heterogeneities in these deposits
are the thick fluid mud layers and rip-up mud-clast conglomerates that occur in channel-bottom
deposits (Ichaso and Dalrymple, 2009). Above this, the abundance and thickness of mud drapes
decreases rapidly, such that the vertical permeability is not degraded significantly (cf. Ringrose et
al., 2005; Aplin and Macquaker, 2011). Instead, differences in the grain size of the sandstone
layers, degree of sorting, variations in the matrix content, compaction, and bioturbation
styles/index represent the main internal sedimentological controls on intergranular volume (IGV),
porosity and permeability (cf. Ajdukiewicz and Lander, 2010). At the microscale, these good
tidal-fluvial-sandstone reservoir units and their internal connectivity are affected by micro-
heterogeneities controlled by compaction, fracturing of the sand grains, chemical dissolution of
unstable minerals, and calcite cementation (cf. Nwachukwu et al., 2011). The more distal terminal
distributary channels and their associated sandy mouth-bar deposits (FA3A) show an increase in
heterogeneity (sandstone-mudstone ratios between 80:20 and 60:40). These deposits comprise
thinner, but abundant, sand-mud alternations, still with thick fluid-mud layers (Ichaso and
Dalrymple, 2009). This increase of the sand:mud ratio reduces the capability of fluids to flow
because of the increase of the vertical compartmentalization (Martinius et al., 2005; Ringrose et
al., 2005). However, the mineralogical heterogeneity, the presence/absence of internal lamination
which is a reflection of the depositional processes (suspended-sediment concentration and current
strength; cf. Mackay and Dalrymple, 2011), bioturbation style/index and diagenesis can affect
considerably the micro-porosity and permeability of mud-dominated layers (cf. Aplin and
Macquaker, 2011). Therefore, mouth-bar deposits (FA3) comprising intervals showing abundant
fluid-mud layers associated with river floods might are expected to show greater production
problems than intervals comprising that lack such thick mudstone layers (Ichaso and Dalrymple,

2009).
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The thickest, most proximal, and cleanest tidal sandstones (i.e., with the lowest degree of
heterogeneity) occur within LST3 (Fig. 4.12), toward the north of the Halten Basin (Fig. 4.7) and
within localized areas of relatively rapid subsidence that tended to capture and hold the main
channel belts. However, our stratigraphic model suggests an overall tabular geometry for the
LST3 unit, which might form a connected thick tidal-sand reservoir network (c.f. Jackson et al,
2005) that has high production potential. The spatial distribution and quality of tidal sandstone
reservoir units (T3.2) in LST3 is a result of their location with respect to the proximal to distal
facies trends, with better reservoirs toward the north (clean proximal sands) and less good
reservoirs in the south (distal sands with more mudstone layers). This pattern is believed to be
controlled by the preservation and distribution of mudstone layers within the fluvio-marine
transition of tide-influenced deltaic settings, because of the general increase of mud in a seaward
direction (Dalrymple and Choi, 2007). The NE-N to S volumetric distribution (Fig. 4.7) of the
thickest LST3 units is believed to be also controlled by the orientation of the normal faults and the
local generation of accommodation along the axis of the hangingwall areas, which are believed to

exert a main control on the dispersal paths and deposition of tidal sandstones.

CONCLUSIONS

e  The 100 to 300 m-thick Tilje Formation was formed in a NNE-SSW-oriented structurally
controlled embayment, the Halten Basin, during the early Jurassic synrift stage of the
evolution of the Norwegian Atlantic margin. Sedimentation in this embayment was
controlled by tectonically induced high accommodation rates, supplemented by a first-
order sea-level rise, and by high sediment supply. The Tilje was deposited in a deltaic
setting forming a heterolithic shallowing-upward succession, where the sedimentation
occurred under mixed-energy conditions that were dominated by tidal and fluvial

processes, with secondary influence by waves.
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A regional sequence-stratigraphic framework is presented, which is based on the
recognition of second-order, regionally extensive surfaces including 2 sequence
boundaries (SB), 6 flooding surfaces (FS), and 2 maximum flooding surfaces (MFS) that
can be correlated throughout the entire study area (i.e, over distances of up to 200 km).
Higher-order surfaces were also recognized; however, they cannot usually be correlated
with high confidence beyond a single field (i.e., over distances of more than ca. 20-30
km) because of the significant internal heterogeneities that are present, especially within
the most channelized facies associations.

The Tilje is organized into two tabular, second-order sequences, which are themselves
composed of higher-frequency sequences. These sequences are separated by two second-
order sequence boundaries (SB2 and SB3) associated with two main rift-related tectonic
pulses. The first pulse formed SB2 and is believed to have exerted a major regional
control on the geomorphology of the basin, causing a change from an open, wave-
dominated setting (upper Are Fm.) to a southward-opening, funnel-shaped, tide-
dominated setting that persisted throughout deposition of the Tilje Fm. SB 2 shows
shallow incision into the underlying Are Fm., and the overlying sediment accumulated
predominantly in a distributary-mouth-bar environment. Sequence 3 rests erosively on
Sequence 2, and is characterized by proximal tidal-fluvial distributary-channel fills and
mouth-bar deposits showing at least 2 main oblique to axial fluvial input points, one from
the N-NW and a second one from the NE, with overall increase in wave influence and
deepening toward the S.

Localized thickening of the LST2 and LST3 units, and, to a lesser extent, the upper part
of Sequence 2 (HST2), indicate temporal variations on the generation of accommodation,
suggesting differential rates of movement, with more rapid subsidence in areas located

over the hangingwall areas of the Trestakk-Smerbukk, Bremstein and Vingleia normal-
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fault zones. These faults were blind and did not break the surface during Tilje deposition.
Over the entire duration of the studied succession and study area, there was, however, an
overall balance between the generation of accommodation and sediment supply, as shown
by the fact that depositional environments remained within a few kilometres of the coast
throughout the Tilje. Significant water depths were not present anywhere within the study
area. Therefore, during the Pliensbachian, the Halten Basin behaved as a sediment-
overfilled to balanced basin.

The spatial distribution of facies, coupled with the interpreted presence of clinoforms and
the overall distribution of sand-dominated deposits (i.e., tidal-fluvial channel deposits in
Sequence 3), indicates that there were at least two major sediment entry points to the
Halten Basin, one located toward the N-NW in the western Asgard area, and one situated
in the NE near the Heidrun and Midgard Fields. Slightly deeper water and/or greater
exposure to wave action occurred toward the southern Njord Field, as evidenced by the
overall dominance of distal and more strongly wave-influenced deposits in that area,
especially within the mid-upper Sequence 3 (TST3).

The tabular nature of the sequences, the absence of deep lowstand incisions and
prominent valleys, and the high degree of preservation of muddy prodeltaic, delta-front
and tidal-flat units in the Tilje and its analogs (Niell Klinter and Lajas successions) and in
the Quaternary East China Sea are examples of tidal-deltaic depositional systems that
formed in high accommodation settings. By comparison, examples of tide-dominated
deltaic systems deposited in low accommodation settings (e.g., the Sego and Clearwater
formations) show complex architectures characterized by stacks of laterally and vertically
amalgamated channel deposits showing multiple deep incisions and complex networks of
erosive surfaces. The resultant tabular stratigraphic architecture of high-accommodation

settings promotes lateral fluid-flow connectivity in tidal sandstone reservoirs, but with
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significant mudrock barriers to vertical fluid flow. Lowstand units that contain the most
amalgamated, proximal and mud-free deposits have the highest reservoir potential in such
successions. Internal heterogeneities because of mudstone interbeds within the sandy
units might, however, reduce the reservoir quality. In low-accommodation settings,
vertical barriers as less common because of the poor preservation of mudrock deposits

due to the complex network of deep incisions and erosive surfaces.
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CHAPTERS

GENERAL SUMMARY AND DISCUSION

The sedimentological, sequence stratigraphic, and tectono-stratigraphic interpretations
presented in this study indicate that the 150-220 m-thick Lower Jurassic, syn-rift, Tilje Formation
(Halten Terrace, offshore mid-Norway) consists of a shallowing-upward succession of
heterolithic deltaic deposits. This succession comprises two overall tabular second-order
sequences (Sequences 2 and 3). Both sequences are bounded at their base by erosive surfaces
(SB2 and SB3 respectively) that show little incision into the underlying strata, Are Formation

(SB2) and Tilje Sequence 2 (SB3).

The pervasive heterolithic nature (from sand- to mud- dominated) of the Tilje Formation have
been discussed in previous works with the common interpretation that the Tilje is dominated by
tidal depositional processes (Ekern, 1990; Dreyer, 1992; Martinius et al., 2001). Much of the rock
volume (~ 80 %; Martinius et al., 2005) of these heterolithic facies are interpreted to be cyclic and
non-cyclic tidal rhythmites (cf. Dalrymple et al., 1991; Williams, 1991; Tessier et al., 1995;
Dalrymple 2010b) without a clear explanation for the origin and abundance of the many
anomalous thick (>0.5 cm) mud layers that occur within flaser to lenticular beds. The improved
classification of heterolithic deposits (Chapter 3), and the recognition of diverse facies
associations (FA) in this study, suggest that other depositional processes such as waves and
storms were volumetrically important (Ekern, 1990) and were probably underestimated in
previous environmental interpretations, which therefore, have implications regarding the
environmental interpretations, the paleomorphology of the Tilje deltaic system (cf. Bhattacharya,
2010), and the distribution and relative location of the deposits in a proximal-to-distal context

through the fluvio-marine transition (Dalrymple and Choi, 2007).
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Modern tide-dominated and -influenced deltaic systems (cf. Bhattacharya, 2010; Goodbred and
Saito, 2012) are commonly characterized by the presence of abundant suspended fine-grained
sediments, and are prone to abundant mud deposition mainly by tidal-fluvial processes
(Dalrymple and Choi, 2007). These processes are controlled by the complex tidal-fluvial
circulation effects, including flocculation of clay to fine-silt flocculation in the partially mixed
fluvial-marine transitional zone, sediment resuspension by tidal currents and salt-wedge incursion
along the tidal-fluvial distributary channel system (i.e. estuarine circulation; Allen et al., 1980)
that lead to mud-trapping by residual circulation (Dalrymple and Choi, 2007; Dalrymple 2010b).
These hydrodynamic and physical-chemical conditions result commonly in the formation and
deposition of thick fluid-mud layers, which are well known from modern estuarine and deltaic
tidal-fluvial channels, distributary mouth-bars and proximal delta-front settings (Kirby and
Parker, 1983; Dalrymple et al., 2003; McAnnaly et al., 2007; Dalrymple and Choi, 2007;
Bhattacharya, 2010). Despite their common presence in modern coastal environments, remarkably
few examples of ancient fluid-mud deposits are documented, and almost all of them are in
association with tidal-fluvial channel units (Bhattacharya and MacEachern, 2009; Ichaso and

Dalrymple, 2009; Mackay and Dalrymple, 2011).

This study has documented for the first time the deposits formed by high-density mud suspensions
in a range of ancient coastal environments (Ichaso and Dalrymple, 2009; see Chapter 2). The
abundance of thick fluid muds, together with the pervasive heterolithic nature of the deposits,
bidirectional cross-stratification and cross-lamination, double-mud drapes, rip-up mud clasts, and
brackish-water trace-fossil assemblages (cf. MacEachern and Bann, 2008) supports the inferred
tide-dominated origin of the Tilje succession. Overall, the very-thick single or compound fluid-
mud deposits (“instantaneous” mud layers up to 20 cm thick, each formed during a single tidal
slack-water period) are commonly preserved in the deposits formed in the bottom of tidal-fluvial

channels (Ichaso and Dalrymple, 2009) in association with thick cross-bedded coarse- to fine-
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grained sandstones (BI 0-1) that accumulated near the turbidity-maximum zone during periods of
normal and/or low river discharge. More distal tidal-fluvial channels at the river mouth (i.e.
terminal distributary channels; Olariu and Bhattacharya, 2006) can also preserve channel-bottom
fluid-mud layers; however, the thickest fluid-mud layers are most commonly associated with
coarse, granule-bearing sandstones that represent river-flood deposits; at such times, the turbidity
maximum was pushed further seaward. The associated mouth-bar deposits also contain abundant,
fluid-mud deposits formed during times of high river discharge. These high energy deposits are
commonly interbedded with inter-flood units composed of mud-dominated and bioturbated
heterolithic units showing abundant tidal and wave-energy indicators with few fluid-mud layers.
The seasonal discharge pulses are common in modern mid-paleolatitude deltaic systems with
warm climates and strong seasonal differences in temperature and rainfall (Bhattacharya, 2010),
and they should be expected to occur in most ancient distal mouth-bar and proximal delta-front
successions formed by tidal-fluvial processes under similar paleolatitudinal and paleoclimatic

conditions (Chapter 3).

However, fluid muds are not restricted only to tidal settings, but form also by storm-wave
processes (cf. Hill et al., 2007). Such thick homogeneous mud layers are preserved in wave- and
storm-dominated delta-front successions in the Tilje, or in areas laterally adjacent to river mouth
areas where wave energy was stronger. These fluid-mud layers occur on top of and in association
with thick storm sandstone beds, suggesting that storm-wave action was responsible for large
amounts of sediment resuspension of mud deposited previously, just as has been documented in
modern coastal-shelf settings. The fluid mud generated by wave turbulence is then advected along
shore and downslope, coming to rest on top of the HCS beds created by the same storm. (cf.
Mehta et al., 1994; Lamb and Parsons, 2005). These observations and interpretations add to our
general understanding of mud deposition in tidal and wave/storm-influenced clastic systems. In

general, the mudstones layers ascribed to fluid-mud deposition that are described in this work are
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all similar with respect to their anomalous thickness and lack of bioturbation, but they do show
internal textural variations, ranging from more homogeneous in more proximal to medial tidal-
fluvial channels to slightly laminated in the delta-front deposits. The textural variability of these
fluid-mud layers is believed to represent a sedimentary response to a distinct set of depositional
processes related to the relative importance of cohesive forces and shear forces acting during mud
deposition, as a function of difference in the suspended-sediment concentration (SSC) and current

speed (Mackay and Dalrymple, 2011).

The identification of the dominant processes that operated during deposition of the Tilje
succession, based on the detailed sedimentological and facies association (FA) analysis (cf.
Middleton, 1978; Anderton, 1985; Walker, 1992; Dalrymple, 2010a), was fundamental for
refining the environmental reconstructions for the Tilje Formation. The use of the proximal-distal
facies changes predicted by Dalrymple and Choi (2007) was central to this methodology, and the
same approach should apply to any other ancient tidally influenced succession (cf. Dalrymple
2010a). Previous workers (Ekern, 1990; Martinius et al., 2001) suggested, based on an overall
dominance of tidal energy, that the environments during Tilje deposition lay near the tide-
dominated end member of the tripartite river-wave-tide deltaic classification (Fig. 5.1) of
Galloway (1975), implying the dominance of elongate, shore-normal sand bodies at the river
mouth, similar those in the Ord, Fly, and Ganges-Brahmaputra tide-dominated deltas
(Bhattacharya, 2010; Goodbred and Saito, 2012). The architectural organization of the interpreted
facies associations in this study indicates that the larger tidal deltaic environment in which the
Tilje was formed did not change substantially through time; however, the reconstruction
generated here indicates that wave energy was also important, influencing the sedimentary units
deposited in more distal parts of the delta system (or in areas laterally adjacent to the river mouths
(i.e., in areas with less tidal flux and greater exposure to wave action). The vertical stacking of

these more wave-influence to —dominated deposits was the result of three factors: autogenic delta-
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Figure 5.1: Location of the differing environmental interpretations of the Tilje Formation
(Martinius et al. (2001) and this work) in the delta-classification triangle (after Galloway (1975)
showing wave-, tide-, and river-dominated end members occupying the three apexes of the
triangle. Modified from Seybold et al. (2007).
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lobe switching, the allogenic shifting of sediment entry points from NW (Sequence 2) to N-NE
(Sequence 3) in response to tectonic factors, and landward shifts of the depositional environments
in response to increasing accommodation (both eustatic and tectonic) (Chapters 3 and 4). Overall,
deposition of the Tilje occurred in a more mixed-energy tidal-fluvial-dominated and wave-
influenced deltaic setting (cf. Bhattacharya, 2010) as indicated by: 1) the overall volume of rock
preserving evidence of mixed tidal-fluvial fluvial processes in the proximal and medial settings
and flooding events in the medial to distal deposits; and 2) the deposition of thick wave and
storm-influence delta-front successions within the middle stratigraphic interval of the Tilje
Sequence 2, and toward the top of the Tilje succession, both of which are times of relative sea-
level rise and net transgression (Chapter 3). The environmental interpretation presented in this
study places the Tilje succession in the upper-central portion of the “tide-dominated” deltaic
system area of Galloway’s (1975) classification (Fig. 5.1). It is envisaged that the Tilje system
had a more “lobate” morphology than previously thought, with a similar depositional morphology
to the modern Mahakam Delta (Allen and Chambers, 1998; Storms et al., 2005) a mixed-energy
deltaic system characterized by an overall fan-shaped delta-front area, incised by seaward-
bifurcating, fluvially dominated and straight to low-sinuosity tidal-fluvial distributaries (cf. Ichaso
and Dalrymple, 2006), highly sinuous and less fluvially active or abandoned channels that are
tidally dominated (cf. Ichaso and Dalrymple, 2006), and mouth bars aligned perpendicular to the
shoreline (Allen and Chambers, 1998; Bhattacharya, 2010; Goodbred and Saito, 2012 ) showing
elongated (tidally dominated) to slightly lobate shapes (wave-influenced). This reinterpretation of
the depositional morphology has important implications for the distribution of sand- and mud-

dominated deposits.

Catuneanu (2006) and Dalrymple (2010a) discussed how the morphology of estuaries and deltas,
as well as the dominant hydrodynamic processes operating in them, can be very sensitive to the

changes in the ratio between the rate of accommodation creation and sediment supply. In rift-
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generated basins, the interface between terrestrial and marine environments tends to be tidally
dominated because of the development of a regional structurally controlled funnel-shaped
geometry (Carr et al., 2003) that enhances tidal processes (Dalrymple, 2010b). However, the
relative dominance of certain hydrologic process can change throughout the tectono-sedimentary
evolution of the basin from its pre-rift to post-rift phase (Bosence, 1998), because of the
physiographic modifications and the changes in bathymetry, coastal-shoreline morphology, basin
width, etc. (Ravnds and Steel, 1998; Gawthorpe and Leeder, 2000). At larger scales, these
changes tend to control the longer-term accommodation regime affecting not only the marine
processes (Yoshida et al., 2007), but also the resultant stratigraphic organization and the
preservation and distribution of mud deposits (Johnson and Baldwin, 1996; Dalrymple, 2010b).
Despite the growing body of work that links deltaic tidal sedimentation with extensional basins
(Mellere and Steel, 1996; Bhattacharya and Willis, 2001; Blackwood et al., 2004; Ghosh et al.,
2004; Reynaud and Dalrymple, 2012) there is little information on the structural style and
environmental and stratigraphic organization of the deposits within marine-connected basins

during the initial stages of extension (Gawthorpe and Leeder, 2000).

This study in the Tilje succession adds another example to the understanding of tidal depositional
systems in a late pre-rift to early syn-rift phase (cf. Bosence, 1998). In general, the tabular nature
of the Tilje sequences and their internal reservoir units indicates that differential movement on
these faults, although not constant through Tilje time (Chapters 3 and 4) was always significantly
less than the regional rate of subsidence/sediment accumulation, such that there was never any
obvious surface expression of the NE-SW-oriented blind normal faults (Corfield and Sharp, 2000;
Marsh et al,, 2010). The onset and propagation along a limited number of normal faults
(Garfunkel and Bartov, 1977) during the transition from the pre-rift to early syn-rift phase can
lead to the formation of isolated syndepositional areas of relatively rapid subsidence (with no

surface expression) above subsiding hangingwall areas (e.g., western part of Asgard) and locally
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in the NE-SW- and N-S-oriented hangingwall areas (e.g., Revfallet, Smerbukk, Trestakk,
Bremstein, and Vingleia faults). Physiographic ramps can also form in the zones between faults
(e.g., the Smerbukk-Revfallet and Smerbukk-Trestakk relay ramps of Corfield and Sharp, 2000).
These areas with slightly higher rates of subsidence exert subtle control on the distribution of
facies by tending to preferentially capture the drainage systems (cf. Ciampalini et al., 2011),
producing a tendency for coarser-grained tidal-fluvial deposits to occur in the more rapidly
subsiding areas. Because differential fault movement appears to have been most pronounced just
before, during and shortly after formation of the major sequence boundaries, the lowstand units

(e.g. Tilje LST2 and LST3) show more pronounced local thickness variations.

At longer-term scales, the characteristics of the Tilje Formation, including 1) abundant sediment
supply to a mixed-energy deltaic system (Chapter 3), 2) the lack of major environmental shifts
with deposition centred within a few kilometers of the shoreline thoughout deposition of the Tilje,
3) the presence of tabular internal organization with limited channel amalgamation and two thick
sequences showing only shallow basal incision (Chapter 4), and 4) high rates of tectonic
subsidence (Chapter 4), indicate that the Tilje formed in a sediment-overfilled to balanced basin
(cf. Withjack et al.,, 2002) comparable to many other tidally dominated orinfluenced deltaic
outcrops such as the Early Jurassic Gule Horn and Lower Ostreaelv Formations of the Niell
Klinter Group in East Greenland (Dam and Surlyk, 1995; Surlyk and Noe-Nygaard, 2000) and the
Middle Jurassic Lajas Formation of the Neuquén Basin in western Argentina (Mcllroy et al.,
2005), and the Quaternary succession of the East China Sea (Berné et al., 2002; Liu et al., 2007).
These analogs, which are characterized by their tabular internal geometry, great thickness, and the
absence of major incised valleys, contrast with the more complex architecture (multiple deep
incisions, isolated lowstand to transgressive units, and extensive channel amalgamation) of some
other well-known, thick, tide-dominated and wave-influenced, deltaic successions including the

Cretaceous Sego Sandstone Member in eastern Utah (Van Wagoner, 1991; Willis and Gabel,
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2003) and the Clearwater Formation in Alberta, Canada (McCrimmon and Arnott, 2002; Feldman
et al., 2008). The differences in the internal organization of these later systems can be attributed to
a more complex amalgamation of channel system and the generation of an anastomosed network

of erosive surfaces as the result of accumulation in low-accommodation settings (Willis and

Gabel, 2003).

The observations presented in this study demonstrate that there is a continuous range of possible
stratigraphic expressions of tide-dominated systems (cf. Dalrymple, 2010b), but also show how
the relation of creation of space and the rate of sedimentation represents one of the major controls
on the resultant stratigraphic architecture. In extensional basins, it is also important to determine
the tectono-stratigraphic stage during which the accumulation of these successions occurs. For
example, if the tectonic activity increases, the continued movement and deformation along the
pre-rift normal faults would lead to a synrift stage (Bosence, 1998) where continued faulting
affects considerably the geometry and position of tectonic blocks and the physiography and
bathymetry by the generation of pronounced footwall relief. The local rates of generation of
accommodation can then be very different and the interaction of depositional processes (tidal-
wave versus fluvial) and multiple sediment entry points can be variable (Gawthorpe and Leeder,
2000), resulting in even more complex stratigraphic architectures with great differential
thickening, overfilled and underfilled sub-basins, and multiple unconformities (Ravnas and Steel,

1998), none of which are present in the study area.

These conceptual models, which are based on direct observations and interpretations from core,
outcrop and modern tidally dominated/influenced deltaic successions (Bhattacharya, 2010;
Dalrymple, 2010b; Goodbred and Saito, 2012), have important applications to the exploration for
and production from the growing number of economic reservoir plays in different hydrocarbon

provinces of the world. At the large scale (tens of kilometers), the geometry and complexity of the
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stratigraphic architecture and the distribution of depositional environments exerts major controls
on the development of effective barriers to fluid flow, and the vertical connectivity of reservoir
zones, by preserving or eroding the transgressive mud-dominated units. High accommodation
settings forming thick tabular geometries have better potential to develop effective vertical
barriers to fluid flow because of the preservation of thick mud-dominated delta-front and
prodeltaic deposits. In such situations, the best horizontal connectivity occurs in the fluvial-tidal
sand-rich reservoir zones that can be localized by the subtle control exerted by differential fault
movement. By contrast, low-accommodation settings show less common fluid-flow barriers and
high vertical and lateral continuity of reservoir units because their preservation potential is
commonly very low as a result of dissection by younger channels. In both scenarios, the smaller
scale (decimeter- to meter-thick) sand-mud heterogeneities discussed earlier in this chapter,
together with other common constituents of tide-dominated facies (e.g. channel-bottom mud-clast,
bioturbation styles; Dalrymple, 2010b) produce internal controls on the fluid-flow connectivity
within the sandy fluvial-tidal reservoir units (Martinius et al., 2005). A detailed understanding of

the reservoir succession at all scales is essential for effective development.
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GENERAL CONCLUSIONS

The Early Jurassic Tilje Formation (Halten Terrace, offshore mid-Norway) consists of a
150-300 m-thick and overall tabular, shallowing-upward, mixed tide-wave influenced
deltaic succession probably with a similar depositional morphology to that shown by the
modern Mahakam Delta. It was formed in a NNE-SSW-oriented structurally controlled
embayment during the late pre-rift to early synrift stage of the Halten Basin.

The Tilje is dominated by pervasive heterolithic deposits. Seven lithofacies and eight
subfacies were identified in the upper Are (A3) — top Tilje (T6) stratigraphic interval in
the Halten Terrace, on the basis of their sedimentological attributes. The complex
heterolithic facies were classified on the basis of their sandstone/mudstone ratios, bedding
style, grain size, sedimentary structures, and degree and type of bioturbation.

Ten facies associations (FA) were recognized as the product of the co-occurrence of
certain facies groups. These FAs range from more proximal tidal-fluvial channels to the
most distal prodeltaic depositional environments. The majority of these Facies
Associations represent deposition in the restricted environmental setting of deltaic mouth
bars and delta-front setting, albeit with complex variability of detailed Facies because of
the apparently rapid offshore and lateral variations in the abundance of suspended
sediment, and the interaction between river, tides and wave action.

For the first time, thick fluid-mud deposits are documented from a range of coastal
environments in the Tilje Formation. They are spatially associated with river mouths,
occurring in tidal-fluvial channels, in channel-proximal deltaic deposits, and are also
formed by wave processes in areas relatively farther removed from river mouth.. The
recognition of fluid-mud layers in the ancient is important for interpretations of
depositional processes and paleogeographic reconstructions because of their association

with the turbidity maximum zone. Also, many of the fluid-mud layers represent tidal
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slack-water deposits, further enhancing the association between tidal processes and fluid
muds. Fluid-muds also occur in temporal association with river floods (because of
increased sediment discharge) and with storms that generate waves that resuspend
previously deposited mud.

An expanded sequence-stratigraphic framework is presented in this work for the Halten
Terrace, which is based on the recognition of second-order, regionally extensive surfaces
including 2 sequence boundaries (SB), 6 flooding surfaces (FS), and 2 maximum flooding
surfaces (MFS). Higher-order surfaces were also recognized; however, they cannot
usually be correlated with high confidence beyond a single field (i.e., over distances of
more than ca. 20-30 km) because of the significant internal heterogeneities that are
present, especially within the most channelized facies associations. Also, the differential
subsidence rates associated with enhanced fault movement could have caused spatial
variability in the recording of sea-level changes. Thus, certain high-order surfaces might
be strongly recorded in areas of either high or low sedimentation. Areas of relatively rapid
subsidence might show less obvious sequence boundaries, whereas the same surface
might be more prominent in areas with lower rates of subsidence and sedimentation.
Stratigraphically, the Tilje Formation comprises two thick, tabular sequences (Sequences
2 and 3). Sequence 2 is bounded (base and top) by regional hiatal surfaces (SB2 and SB3)
that show only subtle incision. The basal SB 2 shows shallow incision into the underlying
Are Fm., and the overlying sediment accumulated predominantly in a distributary-mouth-
bar environment. Vertically, these deposits form metres to tens of metres-thick
coarsening- and sanding-upward heterolithic parasequenses showing a complex
alternation of more proximal tidal- and more distal or laterally adjacent wave/storm
influenced delta-front successions, which are bounded at their base and top by high-order

flooding surfaces, suggesting intermittent periods of eustatic/tectonic sea-level rise
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superimposed on autogenic delta-lobe switching. The changes in location of the river
mouth allowed wave and storm energy to take over from tidal processes in the delta-front
area, without any larger-scale change in the relative intensity of waves and tidal currents.
Sequence 2 shows a N-NW to S-E proximal-to-distal facies trend, as a result of sediment
input from the NW, nearly parallel to obliquely across the trend of the main Smerbukk-
Trestakk fault system.

The overlying Sequence 3 rests erosionally (SB3), but with almost no incision, over the
mouth-bar and delta-front deposits of Sequence 2. The Tilje Formation is capped by a
flooding surface that marks the transition to the marine deposits of the Ror Fm that
represents the continuation of the transgressive part of Sequence 2. The lower interval of
Sequence 3 preserves the most proximal facies of the entire Tilje Fm., mainly composed
of tidal-fluvial distributary channel and point-bar successions that were deposited by
rivers flowing from the N-NE to the S-SW during a relative base-level drop. The upper
part the Tilje Fm., which is composed mainly of channelized heterolithic distributary-
mouth bars and mixed tide-wave delta-front deposits, records a flooding event and a
major retreat of the tidal-fluvial deltaic system towards the north during the subsequent
sea-level rise. The upper Tilje reflects the onset of the regional flooding event that led to
the deposition of the Ror Formation in a shallow-shelf setting.

There were two major sediment entry points to the Halten Basin, one located toward the
N-NW in the western Asgard area, and one situated in the NE near the Heidrun and
Midgard Fields. Slightly deeper water and/or greater exposure to wave action occurred
toward the southern Njord Field.

The Tilje records seasonal variations in river discharge because of the strong seasonal
differences in rainfall that characterized the warm Jurassic climate. High-discharge

periods are characterized by weakly bioturbated fine- to coarse-grained sandstones and
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thick fluid-mud layers within the channelized distributary-mouth-bar successions. These
deposits alternate with moderately to intensely bioturbated, very-fine to fine-grained
heterolithic deposits suggestive of periods of low river discharge when the current speeds
were less and the salinity was higher. Seasonal variations were more prominent during the
lower-middle Tilje (Sequence 2) depositional time than before or after, suggesting that
there was a secular change in seasonality.

Sequences 2 and 3 show localized thickening of the LST2 and LST3 units, and the upper
part of Sequence 2 (HST2), as the result of temporal variations on the generation of
accommodation by differential rates of movement within the rapidly subsiding areas
located over the hangingwall areas of the Trestakk-Smerbukk, Bremstein and Vingleia
normal fault zones. These faults were blind and they did not break the surface during Tilje
deposition.

Over the entire duration of the studied succession and throughout the study area, there
was an overall balance between the generation of accommodation and sediment supply, as
shown by the fact that depositional environments remained within a few kilometres of the
coast throughout the Tilje. Therefore, during the Pliensbachian, the Halten Basin behaved
as a sediment-overfilled to balanced basin.

The tabular nature of the sequences and their component systems tracts, the absence of
deep lowstand incisions and prominent valleys, and the high preservation potential of
muddy prodeltaic, delta-front and tidal-flat units in the Tilje and its ancient analogs (Niell
Klinter and Lajas successions) and in the Quaternary East China Sea, are examples of
tidal-deltaic depositional systems that formed in high-accommodation settings. By
contrast, examples of tide-dominated deltaic systems deposited in low-accommodation

settings (e.g., the Sego and Clearwater formations) show complex architectures
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characterized by stacks of laterally and vertically amalgamated channel deposits showing
multiple deep incisions and complex networks of erosive surfaces.

The distribution of good reservoir-quality tidal sandstones showing the smallest amount
of internal heterogeneities (tidal sands with sandstone-mudstone ratios between 90:10 and
80:20) vary within the Halten Basin from relatively more proximal areas (towards the
north) to more distal locations (towards the south). The thickest reservoir units occur
towards the north and within localized areas of relative rapid subsidence because these
areas had a tendency to capture the river systems that supplied the sand.

The resultant stratigraphic architecture in high-accommodation settings promotes lateral
fluid-flow connectivity in tidal sand reservoirs, but with significant mudrock barriers to
vertical fluid flow. Internal heterogeneities because of mudstone interbeds within the
sandy units might, however, reduce the reservoir quality. In the low-accommodation
settings, vertical barriers are less common because of the poor preservation of mudrock

deposits due to the complex networks of deep incisions and erosive surfaces.
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APPENDIX B

Halten Terrace REPORTS and MAPS
Database

Are—Tilje Formations
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Reports and Maps

Title Author Year | Confidentiality File
Halten tectonic and .
Stratigraphy Internal Statoil 2004 Yes Word / PPT
Depositional Model for Ichron —
the Are FM Internal Statoil | 2092 Yes PDF
g NGU - storage
o capacitiesfor CO2in Boeet al. 2002 NO PDF
8 aquifersin Norway
o TheTilje FM
Smearbukk Field (HNO | Internal Statoil | 2006 Yes PDF
ASG RESU 0927)
Handy Handout :
Heidrun Fidd Internal Statoil | 2005 Yes PPT
Hydrocarbon : 2005-
Boundaries Internal Statoil 2006 Yes PPT
Halten terrace mid-JR .
active maps Internal Statoil 2008 Yes PPT
Halten terrace NPD 2003 NO PDE
Operators
Halten terrace Statoil |, ool statoil | 2006 Yes PPT
Fields
Smarbukk Field Top :
o Tilje 1.1 siructure Internal Statoil 2003 Yes PPT
o Smerbukk Sor Field .
g Top Garn structure Internal Statoil 2003 Yes PPT
Smerbukk Field Tilje .
Thickness Map Internal Statoil 2007 Yes PPT
Smar b“‘}kog'e'd Are || nternal Statoil | 2008 Yes PPT
Smar b“k;‘o';'e'd Tilie | nternal Statoil | 2009 Yes PPT
Halten Basin A.lchaso | 2007 NO PPT
Pal eogeography_
North Sea Tectonic A Ichaso 2007 NO PPT
Blocks
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APPENDIX C

Halten Terrace Tidal Sgnaturesand Tidal Channels
Database

Tilje Formation
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Tidal Signatures

2
fa) w Ow
— x >z
w WELL o BOX DEPTH x5 DEPOSIT TYPE MUD TYPE
[ O BN
L
[
5122- Heterolithic Tidal point coupl et fluid mudstones,
6406 2-1 2 | 1-3 5119 | 414 bar/ channe fill double mud drapes
5119- Heterolithic Tidal point coupl et fluid mudstones,
6406 2-1 2L | 2826 | g | TL14 bar/ channe fill double mud drapes
Laminated tide/ ] )
6406 2-1 20 | 2214 %%%Eg T2 combined flow pa'(;g'ﬂgg%urgu d‘: 'ags
influenced delta front a
. ’ paired mud laminae and
6406 2-1 17 | 32 5012 3.2 Point bars/ Channel FM , not that clear
%) 5010 margins rhythmit
<z( ythmites
’ paired mud laminae and
[ -
S | 640621 14 | 1612 | 97° T41 Point bars/ Channel FM , not that dlear
< 4974 margins )
= rhythmites
. ’ paired mud laminae and
6406 2-2 10 | 1712 | 0% 3.2 Point bars/ Channel FM , not that clear
5027 margins .
rhythmites
. ’ paired mud laminae and
6406 2-2 9 | 333 | 06 T4, Point bars/ Channel FM , not that clear
5014 margins .
rhythmites
5009- mud dominated
6406 2-2 9 30-28 5006 T4.1 laminated tidal margins heterolithics, paired mud
laminae
4894- paired thick FM mud
6506 12-L -2H 4 48-46 4892 T1.2 Mouth bar layersand laminated mud
laminae
Coupled thick FM, and
. laminated mudstonestones
650612-L2H | 3 84 o 6 wave nfluenced (quite interesting unit) by
« its association with Thick
= HCS beds
x 4491- paired thick FM mud
Q| 6506 12-K-3H 5 31-30 4489 T1.2 Mouth bar layersand laminated mud
% laminae
4458- Tidally influenced delta paired thick mud layers,
6506 12-K-3H 4 80-76 4453 3.1 front double mud drapes
5146- Tidally influenced delta paired thick mud layers,
6506 |-4-H 3 5143 3.1 front double mud drapes
o 3 4769- Tidally influenced delta paired thick mud layers,
6506 12-9-S 10 28-23 4763 31 front double mud drapes
4266- Tidal laminated delta paired thick mud layers,
§ 6506 12-3 15 179 4257 T2 front double mud drapes
R
Laminated tide/ ] ’
4 -
o 24 | 148 f;%% T4 combined flow pa'(;g'ﬂgg%urgu d‘:'aﬁrs
Z influenced delta front ap
2011- paired mud laminae and
6407 7-1S 8 17-13 Point bars/ Channd fill FM , not that clear
2907 ;
rhythmites
& 2890- paired mud laminae and
x 6407 7-1S 7 18-2 Point bars/ Channd fill FM , not that clear
o 2871 .
= rhythmites
6407 7-4 4 plate 3027- Heterolithic mouth bars paired thick mud layers,
15-13 3013 (channelized) double mud drapes
6407 7-6 Core 3746- Laminated tide paired thick mud layers,
2-1 3704 influenced delta front double mud drapes
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Tidal Channels

FIELD

WELL

CORE

BOX

RESERVOI
R ZONE

DESCRIPTION

LAVRAN

6406 2-1

27-
16

—
»
N

Heterolithic Tidal point bar/ amalgamated channel fill
Coarse grained cross bedded sandstones, showing basal mud
clast lags, and thick horizontal fluid mud layers passng
vertically to  sand-mud mixed heterolithics, showing
abundant current ripple cross lamination (reverse
paleocurrent indicators at 4951-4952). Second channd fill
(4950.5 - 4944) it's a nice example of vertical decrease of
suspended sediment concentrations, notice how thick Fluid
mudstones are reduced to laminae (locally double mud
drapes). Thick cross beds are capped by 30-40 cm thick
intervals containing ripple cross lamination showing
reversals. Possble reactivation surface at 4947.4. This
channel seems to be very proximal, fluvial dominated but
with evident tidal influence close o near the tidal limit. B.I
absent to low (0-1) and trace fossils are localized withing
the fine grained/muddy intervals (mostly Planolites) and
few small scale Diplocraterion in the cross beds

6406 2-1

14

18-
11

4981-
4973

T4.1

Heterolithic Tidal point bar/ amalgamated channel fill Nice
examples of reverse paleocurrent indicators within this
interval. Notice how the thickness and style of mud drapes
change vertically from thick fluid mudstonesand rip up mud
clast into thin 5-10 cm thick ripple cross laminated
sandstones interbedded with 10-25 cm thick lenticularly
bedded heterolithics. Notice also the direction of the cross-
laminae within the sandstones and the opposite direction in
the overlaying crosslamination of mud dominated
heterolithics (best example at 4979-4978). B.1 absent to low
(0-2) and trace fossls are localized within the fine
grained/muddy intervals (Planolites and Paleophycus) and
few small and large scale Diplocraterion in the cross beds

6406 2-1

19

13-
03

5062-
5052

T3.2

Heterolithic Tidal point bar with tidal margin/ amal gamated
channel fill Coarse channel base coming from Core # 20
(boxes 04-01), amalgamated tidal-fluvial channels: notice
how heteralithics become steeper within the channd fills.
Fluid mudstones within the point bar occupiers aimogt in
pairs, there almost certain "cyclicity" between thin paired
mud dominated heterolithics and sand dominated
heterolithics locally showing flow reversals Tida
marsh/creek -channd margin mud dominated heterolithics
showing alternation of intense with low bioturbation cap the
channel fill successon. B.I low to moderate (2-3), locally
intense (B14-5) and trace fossils are localized within the fine
grained/muddy intervals (Planolites and Paleophycus).
Large scale Diplocraterion and Skolithos are common

6406 2-2

10

30-
22

5046-
5037

T4.2

Tidal channel fill Low suspended sediment concentrations.
Fluid mudstones are restricted to the base of the channds.
Vertical stepping of cross-beds and thin fluid-mud layers.
Decrease of mud layers thickness overall sanding and fining
upwards. Tops showing thick intervals composed of current
ripple cross laminated sandstones showing reversal
indicators (box 23 - 5039-5038). Reactivation surface
candidate Box 25 (5041-5040). Very low B.I, bioturbation
commonly occurs within the fine grained sandstones.
Paleophycus. Locally large scale Diplocraterion within the
medium grained sandstones

6406 2-2

11

33-

5087-
5079

T4.1-
T4.2
contact

Channel fill Ripple intervals showing reverse paleocurrent
indicators, capped by laminated heterolithics showing
double mud drapes
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SM@RBUKK

6506  12-
N4-H

04

79-
74

5929-
5924

TopT5.1

Point bar Numerous ripples cross laminated sandstones
showing revere current ripple cross lamination. Reactivation
surfaces are common, notice the dipping of the thick cross
bedded medium grained sandstones and overlying sand
dominated heterolithic deposts containing fluid mud layers.
Low BI

6506 12-11
SR (1-4-H)

03

02

5131-
5099

T3.2 and
T4

Amalgamated channel fill Sand dominated channd fills
showing overall sanding and fining upward trends. Thick
fluid mudstones are concentrated at the base of the channel
vertically decreasing their thickness into laminae (vertical
changes on suspended sediment concentrations). Cross
bedded sandstones are interbedded with 20-30 cm thick fine
grained sandstones showing current ripple cross lamination,
reversals are common. Double mud drapes and paired fluid
mudstone are also common (nice example at 5116.5 and
5114.8). Low Bl

6506 11-5-
S

01

4598-
4582

T4

Channédl fill Sand dominated channel fills showing overall
sanding and fining upward trends. Thick fluid mudstones
are concentrated at the base of the channd vertically
decreasing their thickness into laminae (vertical changes on
suspended sediment concentrations). Compound Thick
fluid mud layer at 4597.5. Paeocurrent reversals are
common within the sand dominated heterolithics. B.I absent
to low (0-1) and trace fossils are localized within the fine
grained/muddy intervals (mostly Planolites). Few top down
rare bioturbation in mud layers.

SM@RBUKK SZR

6506 12-8

07

4240-
4235

T4

Channd fill Channel base: Coarse sand lags, mud clast and
fluid mudstones. Current reversals are common: Cross
bedding direction against opposite ripple current lamination
within heterolithics. Notice intervals: 4237.5-4237.3 and
4235.9-4235.6. B.I absent to low (0-1) and trace fossils are
localized within the fine grained/muddy intervals (mostly
Planolites). Large scale Diplocraterion in the underlying
channel fills.

6506 12-5

26

tray
6-1

4333-
4327

Base T4

Channd fills Similar to 12-8.

NJORD

6407 7-4

04

3021-
3013

T2.2

Channd fills Thick FM candidates at 3021, overlain by
heterolithics showing paired mud layers. Best Ripple cross
lamination reversals at 3021.2 and 3016.5. Low Bl

6407 7-5

05

plate
19-
18

3419-
3410

T2

Amalgamated Channel fill rip up mud clag, thick fluid mud
layers. Thick cross bedded medium grained sand fining
upward. Thick fine grained sandstones showing
paleocurrent reversals (3382.5). Low Bl

6507 7-3

08

21-

2542-
2526

T3.2 and
T3.3

Channel fills Heterolithic tidal channeds, fining upward
trends, paleocurrent reversals at 2540 and 2527-28. Finning
upward successons showing thick sand dominated
heterolithics passng upward into thin-thick bedded
aternation of sand-mud mixed heterolithics. Low to
moderate. Abundant vertical burrows (Diplocraterion)
within the thickest sandstones.

6507 7-4

08

24-

2653-
2637

T3.2

Channd fills - tidal channed margins? Heterolithic tidal
channels, basal coarse grained lags. Finning upward
successions showing thick sand dominated heterolithics
passing upward into thin-medium bedded alternation of
sand-mud mixed heterolithics Reversals are not evident,
candidates at: Low to moderate. Abundant vertical burrows
(Diplocraterion) within the thickest sandstones. Locally
Skolithos.

6507 8-1

06

11-

2408-
2404

T3.3
T3.2 bad
preserved
core

Channel fills Heterolithic tidal channes, fining upward
trends, paleocurrent reversals at and 2406-07. Finning
upward successons showing thick sand dominated
heterolithics passng upward into thin-thick bedded
alternation of sand-mud mixed heterolithics.
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APPENDIX D
Halten Terrace
Top Are— Base of Tilje Formation

Smerbukk Field

Transgressive Lags Database
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Smearbukk Field Transgressive Lags

WELL LOCFAIEI'_%N IN TRANSLGARGESS'VE THICKNESS DESCRIPTION CEMENTED
11-4-S south Eroded 0 none N/A
11-2 south Preserved 10-15¢m | réddisn bioturbeted Iron
sands, calcite grains
[-4H south Preserved 5cm ;\g;)rked sanaslight Calcite
reworked light grey Iron /
5-S south Preserved 20cm cross bedded sands, calcite
calcitegrains
reworked light grey Iron /
12-9-S central Preserved 15cm cross bedded sands, caldite
calcitegrains
reworked light grey
K-3H central Eroded? <5cm | Crossbedded snds, N/A
calcite grains mud
clast
erosive base, light
i grey tidally Iron/
L-2H central Preserved 5cm reworked 2, mud calcite
clast
reworked light grey
K-1H central Eroded? <5cm | Orossbedded snds, N/A
calcite grains mud
clast
Reworked light grey
cross bedded sands, .
12-10 north preserved 10cm calcite grains, shell Calcite
fragment
33H north Eroded 0 erosive base T1, N/A
Glossifungites
reworked light grey
cross bedded sands, Iron/
N-4H north-east preserved <10cm calcite grains 2 of caldite
them
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