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The combination of time-series analysis and sedimentological studies indicates that the upper part of the lower Jurassic Tilje 

Formation in the southem part of the Halten Terrace consists of tide-dominated deposits. Vertical tida! bundle sequences, showing 

a periodicity relatable to neap-spring variations in the tida! cycle, is the most prominent indicator of tida! activity. Vertical 

transitions between contrasting spring-tide sandstones and neap-tide mudstones occur on a metre scale, and are expected to have a 

significant influence on reservoir communication. The best connectivity between individual spring-tide sandstones is attained when 

the dimensions of the sandbeds are much larger than those of the mudbeds. Jf the two lithologies have approximately equal 

dimensions, the degree of sand connectivity will increase as the dimensions of the beds decrease. The large discrepancy between 

short-term and long-term sedimentation rates in the Tilje Formation is related to rapid infilling of accommodation increments in a 

setting characterized by limited long-term accommodation. 
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The heterogeneous nature of many reservoir sequences 
has in recent years prompted a growing number of 
studies concerned with quantification of geological 
parameters (e.g. Barwis et al. 1 990; Flint & Bryant in 
press; Ashton in press). As an important first step in all 
such reservoir characterization studies, the type of depo
sitional environment in which the investigated sequence 
formed needs to be determined. In areas which are in the 
early stages of exploration, the Jack of well data fre

quently complicates this task. This paper focuses on 
aspects of the sedimentological model for the Tilje For

mation on the mid-Norwegian continental shelf ( Fig. 1 ). 

By performing time-series analyses of the rhythmic sedi
mentary sequences in this formation (e.g. Y ang & Ni o 

1985), the aim is to show that the combination of 
statistical and sedimentological techniques can provide 
important criteria for determining the depositional envi
ronment. Moreover, this combined approach is also used 
to shed light on several important aspects of reservoir 

heterogeneity, such as the vertical distribution of shaly 
and sandy zones and the connectivity between individual 
sandbeds. As discussed below, the concepts of small-scale 
sedimentary cyclicity and time-series analysis have in 
recent years been applied in outcrop studies of modem 
and ancient thin-bedded deposits. To the author's knowl
edge, however, the present study is the first in which 
these concepts have been applied to core material. The 
co res investigated in this study are from blocks 6407/7 
and 6407/ 1 0. 

Geological setting 

The lower Jurassic (Pliensbachian) Tilje Formation (Dal
land et al. 1 988) is one of the most prolific reservoir 
intervals in the Halten Terrace on the mid-Norwegian 

continental shelf ( Fig. 1 ). Previous studies have con
cluded that this 1 00-200 m thick unit was deposited in a 
shallow marine to marginal marine setting characterized 
by varying degrees of ti dal influence ( Karlsson 1 984; 
Gjelberg et al. 1 987; Pedersen et al. 1 989; Dreyer in 
press). Deposition occurred in a narrow seaway infor

mally referred to as the Halten- Trøndelag Basin, with 
source areas both to the east and west ( Fig. 2). In early 
Jurassic times the Halten-Trøndelag Basin was part of a 
large rift-basin complex which consisted of a series of 
basins and intervening highs elongated in the north
south direction ( see Fig. 2 and references cited in the 
figure caption). The westernmost of these basins is the 
Jameson Land Basin, which contains a Mesozoic infill 
sequence that in many ways can be regarded as a mirror 
image of the sedimentary sequence in the Halten
Trøndelag Basin ( Surlyk 1 978; Surlyk et al. 1 986). 

In the southern part of the Halten Terrace, the Tilje 

Formation can be subdivided into two main parts; a lower 
half containing fluvial-dominated fan-deltaic deposits 
(Dreyer in press) and a very heterogeneous upper half in 
which the most striking feature is alternations between 
thin mudstone and sandstone beds ( Figs. 3 and 4). This 

twofold subdivision is most conspicuous dose to the 
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Fig. l. Map of the Halten Terrace and surrounding areas, showing major 

structural elements. Arrows denote direction of sediment dispersal from the 

postulated main southwestern source area ( cross-hatched). 

western basin margin in the southern part of the Halten
Trøndelag Basin. It has been suggested that the thin-bed
ded unit was deposited in a tide-dominated setting (e.g. 
Gjelberg et al. 1 987), but, as yet, conclusive evidence for 
this has not been presented. It is a major aim of this pa per 
to determine the degree of tidal influence in the het
erolithic upper part of the Tilje Formation. 
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Depositional environment of the upper part of 
the Tilje Formation 

In Fig. 3, the heterogeneous upper part of the Tilje 
Formation starts above mouthbar-top 7 in reservoir zone 
B. At this point, a sudden decrease in grain size takes 
place, the sediment sorting and roundness are improved, 
the amount of mudstone intercalations increases, and the 
assemblage of sedimentary structures changes (below). In 
reservoir zone C, the heterogeneous deposits can be 
subdivided into three coarsening then tining upwards 
(CU-FU) sequences (Fig. 3) which can be correlated 
between all wells in blocks 6407/7 and 6407 l l O. The se 
10-22 m thick CU-FU sequences have a characteristic 
vertical arrangement of facies. 

Basal part. Dark-grey, mostly well-laminated mudstones 
constitute 40-65% of the basal part of the CU-FU 
sequences. The mudstone alternates with fine- to very 
fine-grained sandstone, both lithologies occurring in mm
to dm-thick beds. Systematic variations in the thickness 
of both sand- and mudbeds occur (below). Trace fossils 
like Anconichnus and Teichichnus are moderately com
mon (Taylor 1 99 1  ). Lenticular to wavy bedding is com
mon, and bidirectional current ripples with mud-drapes 
occur in most sandbeds. 

Middle part. In the middle part of the CU-FU sequences, 
20-40% mudstone is interbedded .with very fine- to 
medium-grained sandstone (Fig. 4). The thin-bedded 

Fig. 2. P1iensbachian palaeogeography in the Nor

wegian Sea and surroundings, prior to major 

crustal extension and sea-ftoor spreading. Note the 

postulated four subbasins and the intervening 

highs. Stars indicate basin where sedimentological 

studies of the Jurassic succession have been made. 

Arrows denote directions of sediment dispersal. The 

East Greenland Basin is probably a complex of 

several minor basins and highs. Sources: Gje1berg et 

al. (1987), Sur1yk (1978), Surlyk et al. (1986), 

300 Km Larsen (1984), Brekke & Riis ( 1987), Bukovics et 
.._ _______ __, al. (1984), Dore & Gage (1987), Dingwall (1987). 
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Fig. 3. Sedimentary core log from a well in the southem part of the Halten

Trøndelag Basin, showing a proximal development of the Tilje Formation. Note 

the subdivision of the Tilje Formation into a lower fan-deltaic part and an upper 

(thin-bedded) tide-dominated part. 
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character is still prevalent, but sandbeds are now dis
tinctly thicker than mudbeds. However, because of the 
cyclic variations in mud- and sandbed thicknesses (be
low), muddy intervals up to 0.3 5  m thick may still occur 
(Fig. 4, lower outcrop photo). Parallel lamination can be 
seen in the mudbeds, and bioturbation is moderately 
common. Diplocraterion parallelum is the most frequent 
trace fossil type. Bidirectional current ripples with mud
drapes and wavy bedding are the dominant sedimentary 
structures (Fig. 4). 

Upper part. The coarsening upwards trend is terminated 
by a 3 - 1 0  m thick interval that mostly consists of 
medium-grained sandstones. At the top of the CU-FU 
sequences, a transition into tine-grained sandstones is 
usually observed. A bioturbated and/or winnowed sur
face separates these sandstones from the mudstone-dom
inated sediments at the base of the next sequence. The 
mudstone content in the upper part of the CU-FU 
sequences is invariably less than 20% , and commonly 
less than 1 0%. Parallel lamination, flaser bedding and 
small-scale cross-bedding are the dominant sedimentary 
structures. The cross-beds are of the planar to sigmoidal 
type, and may in several cases form a 'herringbone' 
pattern. Reactivation surfaces are common, and mud
drapes and wave ripples occur infrequently. Skolithos, 

Diplocraterion and Rosselia trace fossils are present in 
limited amounts. Individual sandbeds may be up to 
50 cm thick, with erosive bases that ciften contain a lag of 
well-rounded to angular clasts of sideritic mudstone. 
Above the basal lags, up to 5 m thick upwards tining 
sandy bedsets may occur. Carbonaceous fragments are 
present in the upper parts of these bedsets. 

The bidirectional ripples and sigmoidal cross-beds, the 
mud-drapes and reactivation surfaces, the rhythmically 
thin-bedded nature of the sediments, the trace fossil 
assemblage, and the presence of flaser-, wavy- and lentic
ular bedding indicate that the CU-FU sequences in the 
upper part of the Tilje F.ormation were deposited in a 
tide-influenced shallow�.Ifi.1frine setting (Reineck 1967; 
Kreisa &'Mmola 1986; Terwindt 1988). In general terms, 
the upper parts of these sequences may be referred to as 
estuarine to tida! shore1ine deposits, whereas the middle 
parts are interpreted as tida! shoreface deposits. The 
upwards tining bedsets with basal lags that occur in the 
upper parts may represent subaqueous tida! channel 
deposits. The basal, mudstone-dominated parts of the 
sequences were probably deposited in a more offshore 
environment. 

Within the three CU-FU sequences in reservoir zone 
C, smaller-scale coarsening upwards or vertically ag
graded units, 4-11 m thick, have been recognized. These 
are separated by a combination of prominent erosion 
surfaces (many with lags of mainly sideritic mudstone 
clasts), strongly bioturbated horizons, and calcite-ce
mented zones. It is thought that the bioturbated and 
calcite-cemented zones represent omission surfaces, 
formed in periods of limited clastic supply. The erosive 



1 62 T. Dreyer NORSK GEOLOGISK TIDSSKRIFT 72 (1992) 

Fig. 4. Core photograph (left) and outcrop photographs (right) of a facies type characteristic for the middle parts of the CU-FU sequences in reservoir zone C of the 

Tilje Formation. The outcrop examples are from time-equivalent analogue deposits on Jameson Land, East Greenland (upper part of the Gule Horn Member of the 

Neill Klinter Formation). Note the 'streaky' appearance of this facies type, with irregular interbedding between sandstones and mudstones. Sand- and mudbeds vary 

considerably in thickness, presumably as a function of neap-spring tida! cyclicity (see text). The intervals at the middle of the core photograph and the top of the upper 

outcrop photograph probably represent neap-tide deposits. On the large outcrop photograph, the thickest mudstone intervals are thought to represent peak neap-tide 

deposits. The facies type shown here is interpreted to have formed in the shoreface part of a tide-dominated shallow marine setting. 

boundaries might reflect scouring by subaqueous chan
nels, or they may represent unconformities formed as a 
result of high-frequency fluctuations in relative sea leve! 
( see below). 

Investigation of tidal bundle sequences 

Definition and description of tida/ bundles 

Tida! bundles are perhaps the most reliable indicators of 
tida! activity in the sedimentary record (e.g. Boersma 
1 969; Allen 1 982; Y ang & Nio 1 985; Williams 1 989) . The 
tida! bundle is defined as a depositional unit correspond
ing to one tida! cycle. ldeally, a tida! bundle may be 
separated into four components: ( l ) a sandstone lamina 
deposited during the dominant current stage; ( 2) a mud

drape formed during the subsequent slack-water stage; 
( 3) another sandstone lamina deposited during the sub

ordinate current stage. This latter sandstone lamina is 
thinner than the one formed by the dominant current, 
and may erode into the mud-drape and sand lamina 
below; ( 4) a second mud-drape formed during the slack
water stage following the subordinate current stage. 
Apart from the distinct sandjmud couplets, tidal bundles 
can be recognized by the presence of higher-order cyclic
ities in the bundled successions. The most prominent of 
these is the neap-spring-neap cyclicity . This tidal cycle is 
generated by systematic variations in the amplitude of 

the tidal wave over a fortnightly period. At neap tide, 
there is little difference between high and low water, 
resulting in limited current activity. At spring tide, the 
difference between high tide and low tide is at its maxi
mum, genera ting powerful tidal currents. Between the two 
extremes, the amplitude of the tidal wave waxes ( neap to 
spring) and wanes ( spring to neap). It has been observed 

that the thickness of the tida! bundles changes in phase 
with this cyclicity (e.g. Allen 1982; Tessier & Gigot 1 989) . 
Around neap tide, the tida1 bund1es tend to be thin and 
mudstone-dominated, whereas the opposite is true for 
spring-tide bundles. The neap-spring-neap cyclicity, with 
its period of 14 days, may thus be recognized by system
atically recording the thickness of the tidal bundles (be
low). A series of bundles deposited during one such 
fortnightly period is called a tida! bundle sequence (TBS). 
Interpretations of neap-spring-neap variations should be 
made with caution, however, as the influence of non-tidal 
currents will disturb the cyclicity. Deposition or erosion 
of sand and mud as a result of stormjwave activity, 
mass-flow processes and fluvial discharge may remove 
bundles from a TBS or add 'non-tidal' sediments to the 
TBS. In the first case, the number of recorded bundles in 
the TBS will be too low. In the second case, sandbeds or 
sand/mud couplets of non-tida! origin may mistakenly be 
included in the TBS, making the number of bundles too 
high. In tide-influenced sediments like the Tilje Forma
tion, TBS analyses may be helpful in assessing to what 
degree the tida! processes dominated during deposition. 
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Fig. 5. Tida! bundle sequences (TBS) from the 

upper part of the Tilje Formation. The left pho

tograph shows six vertical tida! bundles deposited 

around spring tide. Note the sandstone dominance 

and the regular alternations between thicker-than

average bundles ( l ,  3, 5) and thinner-than-average 

bundles ( 2, 4, 6) ( reflecting di urna! inequality, e.g. 

de Boer et al. 1989). Note also the opposed migra

tion directions of the two sandbeds in a bundle. The 

coins are 24 mm in diameter. The right photograph 

shows a TBS deposited around neap tide. Note the 

mudstone dominance, the thinner nature of the 

bundles, and the often indistinct development of the 

subordinate tide sandbed. The coin is 21 mm in 

diameter. 

In the investigated upper part of the Tilje Formation, 
depositional units displaying rhythmically alternating 
sandstone and mudstone beds are very common. These 
units are 1 -23 cm thick, and contain the four component 
beds described in the preceeding paragraph. The lower 
sandbed is usually thicker than the upper ane, whereas 

the opposite trend is most frequently seen for the 
mudbeds (Figs. 5 and 6). The sandbeds are lenticular and 
aften shaped as ripple formsets. They have slightly ero
sive or loaded bases, and where cross-lamination can be 
seen the foresets in the upper and lower sandbeds dip in 
opposite directions. Mudbeds are grey, and may be 
massive, parallel laminated and occasionally contain thin 

Fig. 6. A single vertical tida! bundle ( between the coins) from the Tilje Forma

tion. Note the four bundle components: ·( l )  a thick lower sandbed containing 

unidirectional, climbing current ripples with numerous clay-drapes; ( 2) a thin 

lower mudbed draping the upper ripple in the bed below; (3) a thin upper 

sandbed, slightly finer-grained than the lower sandbed, and with a single current 

ripple migrating in an opposite direction to !hose in the lower sand bed; ( 4) a 

thick upper mudbed with faint parallel lamination. The beds are interpreted as 

dominant current sandbed ( 1 ), minor (first) slack-water mudbed (2), subordinate 

current sandbed (3), and major (second) slack-water mudbed (4). Coins are 

14 mm in diameter. 
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streaks or lenses of sandstones. The thickness of the 
depositional units varies systematically, the most striking 
variation being the alternation between series of thin 
(Fig. 5, right photograph) and thick depositional units 
( Fig. 5, left photograph) over metre-thick intervals. By 
analogy with the depositional units described in the 
preceeding paragraph, the rhythmic units of the upper 

Tilje Formation are thought to represent vertically ac
creted tida! bundles. The alternating thick and thin series 
of depositional units can similarly be related to deposi
tion during spring and neap tides over a fortnightly 
period. In contrast to most tidal bundles described in the 
literature (e.g. Allen 1 982; Y ang & Ni o 1 985; Kreisa & 
Moiola 1 986), the proposed TBS exemplified in Fig. 5 

does not consist of a series of laterally accreted cross
bedded sets generated by megaripple migration. Instead, 
it is made up of vertically aggraded, ftat-bedded sand/ 
mud couplets displaying ripple cross-lamination and par
allel lamination. Recently, alternations of this kind have 
been ascribed to tidal activity in a setting where megarip
ples are absent or scarce. This may occur on tidal ftats 
and in those parts of tidal seas where currents are less 

energetic (Williams 1989; Tessier & Gigot 1 989). Mega
ripples are also uncommon in areas where the dominant 
and subordinate currents are of more or less equa1 

strength and duration (Ailen 1 982). 

Procedure for time-series analysis 

Time-series analysis (e.g. Y ang & Ni o 1 985) is applied to 
quantify the degree of tida! inftuence in the upper thin
bedded part of the Tilje Formation ( Fig. 3). The first 
step in this procedure is to measure the thickness of tida! 
bundles in the cores from the Tilje Formation. Criteria 

for identifying individual bundles are based on recogni
tion of the four component beds and detection of bidirec
tionality in successive sandbeds. Data were collected in 
five zones: two from the basal part of the thin-bedded 

interval ( the Tilje 2 and Tilje 2A datasets) and three in 
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the middle part of the thin-bedded interval ( the Tilje 3,  
Tilje 3A and Tilje 3B datasets). It should be noted that, 
in addition to the tidal deposits described above, the 
cores from the basal part of the thin-bedded interval are 
interpreted to contain beds deposited by non-tidal pro
cesses. These beds are sharp-based, normal-graded or 
ungraded, and tend to be massive. Their sorting is poorer 
and their average grain size coarser than the typical tidal 
bundle sandbeds. Beds of this type are characteristic of 
the fan-delta front deposits from the lower half of the 
Tilje Formation (Dreyer in press). Plots of bundle thick
ness versus bundle number for each of the five intervals 
are shown in Figs. 7a- l l a. The data-sets contain from 
80 to 145 tidal bundles, measured over 3 - 5 m thick core 
intervals without any visible stratigraphic breaks. Subse
quent to the measurements, Fourier analysis (e.g. Allen 
1 982) is performed on the tidal bundle sequences. By this 
technique, the time sequence is resolved into its harmonic 
components, the contributions from each component 
being indicated by its amplitude or power ( the square of 
the amplitude). The resolution of the data is displayed in 
the power spectrum, generated by plotting the power of 
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Fig. Z (a) Plot of bundle thickness vs. bundle num ber for the Tilje 2 dataset. (b) 

Power spectrum for the Tilje 2 dataset. The main peak corresponds to the 

dominant period of the data (see Table 1 ). The periods of the power spectrum are 

discussed in the text. 
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the harmonic components versus their frequencies ( f).  
Power spectra from the five measurement series are pre
sented in Figs . 7b- l l  b. 

In the second part of the time-series analysis, a filtering 
technique (Yang & Nio 1 985;  Tessier & Gigot 1 989) is 
used to test the results of the Fourier analysis. The 
filtering analysis is a stepwise process in which a series of 
'filter windows', defined by a smoothing equation, are 
used to separate-out components with increasingly higher 
frequencies from the initial signal. For the Tilje datasets, 
this resolved the initial signal into one or more compo
nents with frequencies varying from low to high values 
(Table 2) . 

Discussion of periodicities and their implications 

The main peak of each power spectrum is an expression 
of the dominant period ( 1 /f) of the measured time se
quence. In a tidal system, the dominant period tends to 
reflect the neap-spring-neap cyclicity, ranging in value 
from 14 in a diurnal system (one tidal cycle in 24 hours) 
to 28 in a semi-diurnal system ( two tidal cycles in 24 
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dominant period of the data ( see Tab le l ). The periods of the power spectrum are 

discussed in the text. 



NORSK GEOLOGISK TIDSSKRIFf 72 ( 1992) 

A TILJE 3 
Data plot 

THICK 

7 

6 

B 

o 10 20 30 40 50 60 70 8,0 90 100 110 120 130 140 150 
BUNDLE 

TIUE3 
Smoothed spectrum 

SPECTRUM 

LB 
L7 
L6 
1.5 
L4 
L3 
1.2 
1.1 
1.0 
0.9 
0.8 
0,7 
0.6 
0.5 

+ + 

i l . ' 

g:; ._:\._.t·!�. •t o. 2 r++. + �- .. - �- . . .-... ... _....._,_ ,_b� 
o .l + �...._.. ........-. � .... -..... ............... 0.0��----�----�----��--�--��-----

0.0 o .l 0.2 0.3 0.4 
FREQ 

............ Parzen + + +.Tukl!. 

0.5 

Fig, 9. (a) Plot of bundle thickness vs. bundle num ber for the Tilje 3 dataset. (b) 
Power spectrum for the Tilje 3 dataset. The main peak corresponds to the 
dominant period of the data (see Table 1). The periods of the power spectrum are 
discussed in the text. 

hours). In mixed tidal systems, the dominant period may 
have a value between these extremes (Allen 1 982). The 
data in Tables l and 2 indicate that a significant degree 
of tide-generated periodicity is present in the Tilj e  3, 3A 
and 38 data sets, supporting the facies interpretation 
discussed above. The main peaks in the power spectra 
are well to moderate! y well defined ( Figs. 9b-11 b ), im
plying the presence of a dominant periodicity. 8ased on 
Fourier analysis only (Table 1 ), the main period can be 
estimated to fall between 21 . 0  and 28.6 bundles. With the 
filtering analysis (Table 2) it was possible to provide 
more accurate values for the main period; 22.7 bundles 
(Tilj e  3), 25.6 bundles (Tilj e  3A), and 26.3 bundles (Tilje 
38). For the Tilj e  38 data-set, a secondary, higher-fre
quency component with a period of 1 7.9 was also found 
(Table 2). The values of the main period are dose to but 
always less than the ideal number of 28 tida! bundles 
expected to develop in a semi-diurnal tida! system. This 
discrepancy can be explained in three ways: ( l )  Erosion 
by tides and other currents and along omission surfaces 
may have reduced the num ber of preserved bundles ( see 
discussion below); (2) The early Jurassic tida! system 
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Fig. JO. (a) Plot of bundle thickness vs. bundle number for the Tilje 3A dataset. 
(b) Power spectrum for the Tilje 3A dataset. The main peak corresponds to the 
dominant period of the data (see Table I). The periods of the power spectrum are 
discussed in the text. 

operating in the Halten-Trøndelag 8asin may not have 
been fully semi-diurnal. If the system was mixed but 
predominantly semi-diurnal, periods of around 22-25 
bundles would be expected ( Allen 1 982) ; ( 3) The neap 
tida! currents may occasionally have been characterized 
by current velocities below the threshold of sand move
ment ( Tessier & Gigot 1989). In this way, some of the 
neap tidal bundles may have been missed during mea
surement because they contain only mud. 

In conclusion, it is assumed that the periodici ty associ
ated with the tida! bundle sequences in the Tilj e  3, 3A 
and 38 datasets reflects neap-spri ng cycles in a predomi
nantly semi-diurnal tida! system. In addition to the do
mainant tida! processes, there may have been a limited 
influence of wave- and fluvial-generated currents in the 
basin. The T8S was probably also subj ected to episodes 
of erosion and non-deposition. For instance, the sec
ondary period of 1 7.8 i n  the Tilj e  38 dataset might reflect 
the presence of T8S significantly affected by erosion/ 
non-deposi tion. 

In the Tilj e  2 and 2A datasets, the main peaks of the 
power spectra are only moderately well defined (Figs. 7b 
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and 8b ), and secondary peaks are more conspicuous than 
in the datasets discussed above. Fourier analysis proved 
insufficient to determine accurately the dominant period 
(Table 1), hence filtering techniques had to be used. For 
the Tilj e  2 dataset, this technique showed that a domi
nant period could not be extracted from the power 
spectrum. Instead, five periodic components of low and 
almost equal strength were resolved. This suggests that 
the Tilj e  2 dataset does not contain any strong and 
well-defined periodic signals. It is worth noting that this 
dataset was collected in the basal part of the thin-bedded 
unit, close to the boundary to the fluvial-dominated 

Table l. Summary of frequencies and periods for the main peak of the tida) 
bundle power spectra. 

Dataset Frequency (f) Period (l ff) 

Tilje 2 0.014-0.044 71.4-22.7* 
Tilje 2A 0.036 -0.067 27.7-14.9* 
Tilje 3 0.044 22.7 
Tilje 3A O.o35-0.042 28.6-23.8 
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Table 2. Periodic components of the Tilje datasets derived from filtering analysis. 

Dataset 

Tilje 2 

Tilje 2A 

Tilje 3 
Tilje 3A 
Tilje 3B 

Periods (P) and their amplitudes (A), 
num bered in order of decreasing strength 

(l) P=71.4, A=0.49 
(2) P= 22.2, A= 0.39 
(3) P=3.2, A=0.37 
( 4) P= 34.5, A= 0.36 
(5) P= 14.3, A= 0.36 
(l) P=I9.6,A=I. I8 
(2) P= 7.6, A= 0.83 
(3) P= 3.1, A= 0.67 
(l) P=22.7, A=0.97 
(l) P= 25.6, A= 0.71 
(l) P= 26.3, A= 0.86 
(2) P= 17.9, A=0.71 

fan-deltaic deposits (Fig. 3 and Dreyer in press). It is 
reasonable to assume that the presence of beds formed 
by non-tida! processes (above) has obscured the tidal 
signals in the dataset. 

F iltering analysis implies that the Tilj e  2A dataset has 
a dominant, high-amplitude period of 19.6 bundles 
(Table 2), significantly less than the 28 bundle periodicity 
expected in a semi-diurnal system. The Tilj e  2A bundles 
occur in a stratigraphic interval dominated by sandbeds. 
Intervening mudbeds are often thin, and have in several 
cases been subj ected to erosion by the processes which 
deposited the overlying sandbed. Sometimes it is difficult 
to determine the tops and bottoms of individual tidal 
bundles because of sand-on-sand superpositioning. It is 
possible that the frequency of erosional events in this 
interval has been responsible for the lower than expected 
period of the Tilj e  2A dataset. Another possible explana
tion may be that the fluvial influence on these deposits 
has been so significant that the neap-spring tidal signal 
has become obscured. The Tilj e  2A dataset has two 
subsidiary periods of 7. 6 and 3. 1 bundles (Table 2). The 
significance of these periods is not clear, but it is possible 
that the smallest period reflects the diurnal inequality of 
the tide ( thicker-than-average and thinner-than-average 

variations in successive bundles created by fluctuations in 
the strength of successive tides, de B oer et al. 1989) . 

To summarize, a significant tida! influence is registered 
in the datasets from the middle parts of the thin-bedded 
upper Tilj e  unit. In this interval, a bundle sequence 
periodicity corresponding to neap-spring variations in a 
predominantly semi-diurnal tida! system is recognized. 
Limited modification by waves and fluvial discharge 
events may have taken place. In contrast, both bundle 
periodicity and sedimentary features imply that the de
posits close to the base of the thin-bedded unit may have 
been subj ected to mixed tidaljfluvial influences. 

Sedimentation rates 
Tilje 3B 0.036-0.0475 27.7-21.0 Each of the TBS in the Tilje  Formation was formed 

* Poorly defined main peak. The main periods were derived from filtering during a fortnightJy period, and their average thickness is 
analysis (Tahle 2). 0. 5 m. By multiplying this average thickness by 24, an 
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annua) sedimentation rate of 12 mfyear is arrived at. This 
exceptionally high rate is similar to that calculated by 
Tessier & Gigot ( 1989) for related Miocene sediments in 
southern France. Indeed, most studies concerned with 
shallow water tidal bundles have concluded that these 
sediments reflect very high rates of sedimentation (e. g. 
Allen 1982; Yang & Nio 1985; Kvale & Archer 1990) . If 
this high sedimentation rate is uncritically used to calcu
Iate the amount of time occupied by the thin-bedded 
upper part of the Tilj e  Formation, it would seem that 
this unit was deposited over just a few years. This is 
obviously incorrect. The Tilje  Formation was formed 
during most or all of the Pliensbachian (Dalland et al. 
1988) , and unpublished biostratigraphical data for the 
investigated wells suggest that the upper part of the 
formation represents a time-interval of at least 1. 5 mil
lion years. Using this number, the average sedimentation 
rate for the thin-bedded unit is 3 x IQ-5 mfyear. This 
number indicates that, on average, 3 x IQ-5 m of sedi
ments was preserved and incorporated into the strati
graphic record each year. In contrast, the rate of 
12 mfyear is valid for short sedimentation periods only, 
and does not take the long-term preservation potential 
into consideration. If one believes that the periodicity 
derived from the tidal bundle data stems from neap
spring cyclicity, the significant discrepancy between the 
two sedimentation rates indicates that the long-term 
preservation potential for the investigated sedimentary 
sequence was very low. 

A model that can encompass both the short- and 
long-term sedimentation rates must be based on episodic 
genera ti on of accommodation ( space available for sedi
ment to fill) in a setting characterized by limited long
term accommodation. The episodically generated accom
modation space may have formed by the scouring activ
ity of ti dal or estuarine channel systems (e. g. Tessier & 
Gigot 1989) . Recently, however, several authors have 
called upon high-frequency changes in relative sea level 
as a mechanism to explain episodic generation of accom
modation ( Goodwin & Anderson 1985; Cotter 1988; 
Plint & Norris 1 991 ). A three-phase model based on 
frequent small-scale changes in relative sea level may be 
formu1ated as follows: 

Phase l. Accommodation space is genera ted by episodic 
relative sea-level rises. 

Phase 2. During and after the sea-level rises, short peri
ods of deposition occur, in which the increments of 
accommodation space are infilled. The short duration of 
these infill periods is due to a combination of high 
( short-terrn) sedimentation rates and limited magnitude 
of the accommodation increments. 

Phase 3. The infill periods are followed by long periods 
without net sedimentation. Erosion may occur in these 
periods if the sea leve) is lowered. These non-deposi tional 
periods generate omission surfaces (see above), and dom-
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inate the studied sequence to such an extent that the 
long-term average sedimentation rate for this unit be
comes very low (3 x IQ-5 mfyear). 

In the model outlined above, the thin-bedded upper 
Tilj e  unit can be viewed as a sedimentary sequence with 
a low degree of stratigraphic completeness (Sadler 
1981 ), in which packages of rapidly accumulated de
posits are separated by omission surfaces representing 
substantial periods of time. A similar conclusion has 
been reached for other related sedimentary successions, 
such as the tidal laminites of the Salem Formation 
(B rown et al. 1 990) . The spacing between the omission 
surfaces mainly depends on the amount of accommoda
tion generated by the relative sea-level rises. In general, 
the generation of 10 m of accommodation space in 
phase l (above) would lead to the development of a 
l O m thick infill sequence in p hase 2. The omission 
surface (phase 3) would then form at the top of the 
infill sequence. Examination of the Tilj e  Formation 
cores suggests that the thickness of these rapidly formed 
and stratigraphically 'complete' infill sequences mostly 
varies between 3 and lO m. The measurements of tidal 
bundles were only made in interva1s which did not 
include possible omission surfaces. 

Input to reservoir modelling 
The pronounced neap-spring-neap periodicity docu
mented for the thin-bedded part of the Tilj e  Formation 
(Fig. 3) is likely to have a significant influence on the 
vertical permeability and transmissibility pattems of the 
unit. The sediments laid down around spring tide will in 
general have coarser grain sizes and fewer mud-drapes/ 
interbeds than sediments which accumulated around 
neap tide (Fig. 5) . Spring-tide sandbeds will also tend to 
be thicker and more erosive, thus promoting sandbed 
amalgamation. In effect, spring-tide deposits will have 
moderately good reservoir quality, with relatively high 
permeabi li ties and few barriers to fluid flow. Neap-tide 
deposits, on the other hand, will be virtually non-reser
voir zones, with negligible permeabilities and transmissi
bilities approaching zero (Fig. 5). The transition zone 
between spring and neap deposits will have intermediate 
properties, with the reservoir quality generally becoming 
poorer away from the spring-tide maximum. 

On average, spring and neap maxima in the Tilj e  
Formation are 0. 25 m apart, and full spring-neap-spri ng 
cycles will thus be approximately 0. 5 m (range 0. 20-
1. 25 m) in thickness. B ecause of this cyclicity, the thin
bedded unit is segmented into thin sandstone-rich and 
mudstone-rich zones. If one assumes that the neap-tide 
mudstones have zero transmissibili ty for fluids, they 
may prevent fluid communication · between sandstone
rich zones. However, it is assumed that the sandbeds 
in the spring-tide zone altemate laterally with mixed
lithology zones of limited horizontal extent (Fig. 1 2). 
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Fig. 12. Illustrations of four possible reservoir configurations generated by neap-spring tidal cyclicity. (A) Cases A l and A2: Neap-tide mudstones and spring-tide 
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horizontal continuity of the mudstones is larger than that of the sandstones, whereas the opposite is true for case B2. See text for discussions about the reservoir 
communication in the four cases. 

The latter are believed to have formed in areas along 
the coastline where deposition of sand was restricted 
even at spring tide. Similarly, the mudbeds in the neap
tide zone are laterally transitional to discontinuous 
mixed-lithology intervals. These are though to have 
formed in laterally restricted coastal areas where de
position of sand was not completely halted at neap 
tide. The mixed-lithology zones are regarded as having 
low but not negligible permeabilities, and may thus gen
erate communication paths between otherwise isolated 
spring-tide zones (Fig. 12a). To hetter understand the 
communicat ion relationships in this kind of layered 
reservoir, data on the lateral extent of the contrasting 
lithologies are required. Four cases can be considered 
(Fig. 1 2): 

Case A l (Fig. 1 2a). Both the neap-tide mudstones and 
spring-tide sandstones have large lateral extents (i.e. 
kilometres). In this case, communication between sand
rich zones will be severely restricted because of the high 
lateral continuity of the mudstone barriers. Most of the 
hydrocarbons will be trapped under the shales, unable 
to reach the communication paths through the mixed
lithology zones. However, the sheetlike nature of the 
sand-rich zones implies that relatively large fluid vol
urnes may be accessed by perforating the most promi
nent of these intervals. 

Case A2 (Fig. 1 2a). Both the neap-tide and spring-tide 
deposits have small lateral extents (i.e. a few hundred 
metres). In this case, the limited length of the mud-

stones makes the communication between sandstones 
relatively good. Hydrocarbons will only have to travel 
short distances before reaching the communication 
paths. However, the discontinuous nature of the spring
tide sandbeds implies that the amount of hydrocarbons 
that can be extracted from each bed is limited. 

Case Bl (Fig. 1 2b1 ). The spring-tide sandbeds have lim
ited lateral extents whereas the continuity of the neap
tide mudbeds is high. This situation may arise if tida! 
currents become channelized during spring tide. Reser
voir communication will be at a minimum. 

Case B2 (Fig. 12b2). The spring-tide sandbeds are later
ally continuous, while the neap-tide mudbeds have a 
limited lateral extent. This type of reservoir configura
tion may occur in settings where the t ida! current veloc
ity is high enough to transport significant amounts of 
sand even around neap tide. In this sand-dominated 
case, both horizontal and vertical permeability is ex
pected to be good. 

Currently, outcrop studies are being undertaken in an 
onshore equivalent of the Tilj e  Formation (Dam 1990) 
to determine which of the four cases is most likely to 
occur. The heterogeneity patterns associated with neap
spring tida! cycles should be included in the geological 
modelling of this type of thin-bedded and tide-domi
nated reservoir. This will ensure that the reservoir 
model becomes realistic, thus enhancing the reliability 
of subsequent simulations and production estimates. 
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Conclusions 
( l )  Tide-dominated deposits occur in the thin-bedded 
upper part of the Pliensbachian Tilje  Formation in the 
southern Halten-Trøndelag Basin. Vertically accreted 
tida! bundles are the most prominent indicator of tida! 
activity. 

(2) Variations in sandstone and mudstone bed thickness, 
grain size, and the frequency of sand/mud alternations 
can be related to the cyclic buildup of tida! bundle 
sequences (TBS). These variations have a significant 
impact on vertical permeability and transmissibility 
trends. Sediments deposited around spring tide have 
good reservoir qualities, whereas neap-tide deposits are 
virtually non-reservoir zones (flow barriers). The neap
spring cyclicity occurs over intervals of approximately 
0. 25-1 m. 

(3) Time-series analysis of TBS in the studied cores 
confirms that the deposits in the middle part of the 
thin-bedded unit were formed in a tide-dominated depo
sitional environment. Well-defined periods of 23-26 hun
dies were recorded from this interval, suggesting that the 
Tilje  tida! system was predominantly semi-diurnal. Peri
odicities from TBS in the lower part of the thin-bedded 
unit were less distinct, and the sedimentary features here 
indicate a mixed tidaljfluvial influence on sedimentation. 
Erosion and non-deposition probably disturbed the TBS 
cyclicity in this interval. 

( 4) There is a large discrepancy between the estimated 
short-term and long-term sedimentation rates in the Tilj e  
Formation. The short-term rate ( 1 2  mjyear) was derived 
form the TBS, and is exceptionally high. The average 
long-term sedimentation rate (3 x w- 5 m/year) was esti
mated by dividing the thickness of the thin-bedded unit 
by its estimated time span. This discrepancy suggests that 
the Tilje  Formation was deposited in a location where 
short periods of rapid deposition alternated with long 
periods of non-deposition. 

( 5) The communication relationships in the thin-bedded 
unit depend on the lateral extent of the spring-tide 
sandbeds and neap-tide mudbeds. The best reservoir 
communication occurs in cases where · spring-tide 
sandbeds have lateral extents which surpass those of the 
neap-tide mudbeds. If the two lithologies have more or 
less equal dimensions, the degree of communication will 
increase as the dimensions of the beds decrease. Mixed
lithology zones can in this case act as communication 
paths between otherwise isolated sandbeds. 
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