Overpressured Cenozoic shale mapped from velocity anomalies relative
to a baseline for marine shale, North Sea
Peter Japsen

Geological Survey of Denmark and Greenland (GEUS), Thoravej 8, DK-2400 Copenhagen NV, Denmark
(email: pj@geus.dk)
ABSTRACT: A study of interval velocities from almost a thousand wells reveals

basinwide diﬀerences in physical properties of the Cenozoic deposits of the North
Sea Basin. These diﬀerences relate primarily to the sediments below the midMiocene unconformity as testified by a subdivision of a subset of these wells.
Velocity–depth anomalies are mapped relative to a constrained, normal velocity–
depth trend derived for marine Jurassic shale: tt =465 · e z/2435 +180, where tt is
transit time in µs m 1, and z is depth in metres below sea bed. The upper Cenozoic
deposits are close to normal compaction, whereas anomalies for the lower Cenozoic
sediments outline a zone of undercompaction in the Central North Sea that
corresponds to the overpressure in the Upper Cretaceous–Danian Chalk. The
overpressure results from a balance between the load of the upper Cenozoic
deposits, and the draining determined by the thickness and sealing quality of the
lower Cenozoic sediments. The shale trend may be more widely applicable to marine
shale dominated by smectite/illite. This suggestion is based on the observed
correspondence between velocity anomalies and pressure data, and due to the match
between trends for marine shale of diﬀerent ages in the North Sea and in the US
Gulf Coast area over a significant velocity range.
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INTRODUCTION
Normal velocity–depth trends are important geophysical
reference models used for estimation of overpressure and
overburden reduction as well as for depth conversion
(Hottmann & Johnson 1965; Herring 1973; Bulat & Stoker
1987; Hillis 1995; Hansen 1996b; Japsen 1998). Shale data are
preferable to sandstone data for the estimation of deviations
from normal compaction since shale porosity is less aﬀected by
diagenetic processes, shale does not act as an aquifer with the
consequent porosity variations, and shale may be more uniform
with respect to both grain size and mineralogy. However, few
studies have tried to establish a common understanding for
the diﬀerences and similarities between the increase of shale
velocity during normal compaction for diﬀerent basins, and for
shale of diﬀerent ages and mineralogy (Magara 1978; Hansen
1996a; Japsen in press). The dominance of illite/smectite in
marine Jurassic shale, and of kaolinite in continental Triassic
shale was thus suggested by Japsen (in press) to explain why
baselines for these formations diverge. In the North Sea area,
normal velocity–depth trends have been constructed for shale
of diﬀerent ages: Tertiary shale (Herring 1973); Upper
Jurassic–Tertiary shale (Hansen 1996b); Lower Jurassic shale
(Scherbaum 1982; Japsen in press). In the US Gulf Coast,
velocity–depth trends have been estimated for the mainly upper
Cenozoic shale of marine origin (Weaver 1989), for example
Hottmann & Johnson (1965); Chapman (1994).
The presence of overpressure in the lower Tertiary shale of
the Central North Sea is a well-established fact based on
intensive drilling. Disequilibrium compaction has previously
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been suggested to be the main cause for this overpressure
(Herring 1973; Carstens 1978; Japsen 1994, 1998; Osborne &
Swarbrick 1997). The areal extent of the zone of overpressured
shale as well as the degree of undercompaction have not been
studied. Japsen (1998) investigated the relationship between
overpressure and velocity for the Upper Cretaceous–Danian
Chalk Group that underlies the Tertiary shale (Figs 1, 2). Chalk
velocity anomalies in the central and southern part of the North
Sea Basin were found to outline an area within which overpressures in the Chalk exceed 5 MPa (1 MPa=145 psi). Rapid,
late Cenozoic loading was suggested to generate the major part
of the overpressure in the Chalk where sealed by lower Tertiary
shales. Consequently, no significant overpressure is found in
the Chalk where it is overlain by sandstone (Darby et al. 1996;
Osborne & Swarbrick 1997).
The Chalk overburden – or the Post Chalk Group (the
Cenozoic deposits excluding the Danian; Nielsen & Japsen
1991) – may be subdivided at the mid-Miocene unconformity
into a normally compacted upper part, and a lower part which
is aﬀected by overpressure in the Central North Sea (Fig. 3)
(Japsen 1994). This shift in pressure regime is related to an
increase in grain size, changes in clay mineralogy, and a
pronounced increase in sedimentation rate – factors which have
been suggested to reflect uplift and erosion of the landmasses
surrounding the North Sea (Japsen 1994).
This simple subdivision is used to analyse the main variations
in velocity of these deposits, and their degree of undercompaction as expressed by velocity and burial anomalies
relative to a normal velocity–depth trend for marine shale
(Fig. 4; see Appendix 1 for the definition of velocity and burial
1354-0793/99/$15.00 1999 EAGE/Geological Society, London
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Fig. 1. Lithostratigraphic nomenclature for the Cenozoic in the North Sea Basin. The Post Chalk Group (the Cenozoic deposits excluding the
Danian; Nielsen & Japsen 1991) is subdivided into an upper and lower part at the mid-Miocene unconformity (Japsen 1994). Mes.=Mesozoic,
U.C.=Upper Cretaceous.

Fig. 2. Profile across the North Sea
Basin of the Post Chalk Group and the
Chalk Group, an indication
of Mesozoic and Late
Cretaceous–Cenozoic structural
elements. Depths below seabed (water
depth <50 m). Profile from Edinburgh,
UK to Copenhagen, Denmark, ‘Edb’
and ‘Cph’, Fig. 5. Modified after Japsen
(1998).

anomaly). The present study draws attention to the fact that the
baseline applied here for Tertiary shale in the North Sea
matches other baselines for marine shale dominated by illite/
smectite of diﬀerent ages and for diﬀerent basins over a
significant velocity interval.
DATA
The study is based on velocity–depth data from calibrated
sonic logs in 935 wells that penetrated the post-Chalk Group
in the North Sea Basin from 53N to 59N (Fig. 5). Of
these wells, 649 were drilled in the British, 115 in the Danish,
41 in the Dutch and 130 in the Norwegian sectors
(designated in the text with the prefixes UK, DK, NL and
N). Readings of depth and travel time to the base of the Post
Chalk Group, water depths and coordinates are available for
all wells.
322 wells have readings of time and depth to the midMiocene unconformity or, in the UK Southern North Sea, to

the middle of the Miocene (13 wells) or to the top or base of
the Miocene (8 wells). For these 21 wells the available data are
taken as a reasonable approximation for the interval velocity
calculation for the upper and lower part of the Post Chalk
Group. Interval velocity, Vi, is thus calculated for the Post
Chalk Group, and its upper and lower parts by dividing the
thickness of the respective unit by the corresponding transit
travel time (Figs 6–8, Table 1 and Table 2). Burial anomalies are
calculated for the Post Chalk Group and its upper and lower
parts relative to the baseline suggested for marine shale
(Equations 1 and 10; Fig. 9).
49 wells were considered to have clearly erroneous data for
the Post Chalk Group and seven for the subdivision into its
upper and lower parts based on a comparison with nearby
wells, and were thus excluded from the database. Ten wells had
a thin Post Chalk section and were thus excluded (<55 m).
Wells drilled on or near salt diapirs are included in the database,
but to emphasize regional trends, data points from recognized
diapirs are omitted from the maps.
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Fig. 3. Calibrated sonic logs for the Post Chalk Group for Danish wells (a) E-2, (b) Elna-1 and (c) Karl-1 and UK wells (d) 16/18-1, (e) 31/27-1,
(f) 49/1-3. The burial anomaly for the lower Post Chalk Group is proportional to the formation overpressure in the wells (P), which, for the
Danish wells, is 9.5, 4.0 and 15.3 MPa estimated in the Chalk section and in Palaeocene sandstone (Elna-1); pressure data for the Karl-1 well
from the nearby Mona-1 well. The Chalk formation pressure is 13.4 MPa in UK well 31/26-1. Vsh: shale trend (Equation 1), V sh: shale trend
shifted by dZBlow , the burial anomaly of the lower Post Chalk Group for the well; 607, 345, 1097, 120, 893 and 341 m, respectively. The sonic
logs are averaged over intervals of 40 ms, and thus do not show the minimum levels of logs. Well locations on Fig. 5.

A map of Chalk Group formation overpressure was
published by Japsen (1998) based on data from 126 locations
from producing Chalk fields and wells in the British, Danish,
Dutch and Norwegian sectors in the North Sea (Fig. 9c). For 45
of these wells, interval velocities could be calculated for the
Post Chalk Group and its upper and lower parts. The pressure
data for the well DK Elna-1 are from Palaeocene sandstone.
A NORMAL VELOCITY–DEPTH TREND FOR
MARINE SHALE
Japsen (in press) formulated a baseline for a marine shale based
on velocity–depth data from Danish wells for the F-I Member
of the Lower Jurassic Fjerritslev Formation (Michelsen 1989):

tt=465 · e z/2435 +180

(1)

where tt=1/V (µs m 1) is transit time, and z (m) is depth
below seabed (Fig. 6). The baseline was reconstructed by
correcting present formation depths for the eﬀect of Neogene
erosion as estimated from Chalk velocities, and is based
on reference data with velocities from 2600–3600 m s 1 (corrected depths from 2100–3750 m). The corrected depths
correspond to the burial of the formation during the midTertiary when the sediments were at maximum burial at more
locations. The baseline can now be traced more easily in a plot
of velocity versus the corrected depths, and is thus well defined
at great depth where velocity–depth data for normally compacted shale at maximum burial are rare. This formulation
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Fig. 4. Velocity anomaly, dV, and
burial anomaly, dZB, relative to a
normal velocity–depth trend, VN
(Equation 7). Undercompaction due to
rapid burial and low permeability causes
overpressure, Pcomp, and velocities
low relative to depth (positive dZB;
Equation 12). Uplift and erosion reduce
the overburden thickness, and cause
overcompaction expressed as high
velocities relative to depth (negative
dZB); however, post-exhumational
burial, BE, will mask the magnitude of
the missing section, zmiss (Equation
8). The normalized depth, zN, is the
depth corresponding to normal
compaction for the measured velocity.
Modified after Japsen (1998).

Fig. 5. Well velocity database. 935 wells with interval velocity for the Post Chalk Group and 322 wells with interval velocities for the upper
and lower Post Chalk Group. Eighteen wells are located just south, and nine just north of the map frame. Depth profile from ‘Edb’ to ‘Cph’
on Fig. 2.

is a constrained, exponential transit time–depth model that
fulfils reasonable boundary conditions at the surface and
at infinite depth; V0 =1550 m s 1 and V` =5556 m s 1;
the maximum velocity–depth gradient is 0.6 s 1 for z=

2.3 km. An example of a sonic log that follows the suggested
trend along a normally pressured Cenozoic section is shown in
Fig. 3d (compare with the discussion of the constrained
formulation in Appendix 1). In the following sections
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Fig. 6. Interval velocity versus midpoint depth for wells in the North Sea Basin: (a) Post Chalk Group; (b) upper Post Chalk Group; (c) lower
Post Chalk Group. Two clusters of data points (A and B) are seen below midpoint depths of 1000 m (a and c). The main causes for the velocity
variations of Cenozoic deposits are thus related to the sediments below the mid-Miocene unconformity. Well names are left out on (b) for
simplicity. Well locations on Fig. 5. Vsh: shale trend (Equation 1).

arguments are presented to demonstrate that this trend
may be applied to shale of Cenozoic age in the North Sea,
and possibly in general to marine shale dominated by illite/
smectite.

VELOCITY VARIATIONS OF THE POST CHALK
GROUP
The mean interval velocity for the Post Chalk Group data is only
2086 m s 1, and the range is moderate (1627–2345 m s 1)

Fig. 7. Isochore for wells in the North Sea Basin: (a) Post Chalk Group; (b) upper Post Chalk Group; (c) lower Post Chalk Group. The
depocentre of the upper Post Chalk Group is broad and focused over the Central Graben. The depocentre for the lower Post Chalk Group is
divided into smaller areas over the Viking and Central grabens and the Moray Firth. Computer contoured well data; grid size 55 km2.

Fig. 8. Interval velocity for wells in the North Sea Basin: (a) Post Chalk Group; (b) upper Post Chalk Group; (c) lower Post Chalk Group. The
interval velocity of the Post Chalk Group is only about 2000 m s 1 in the depocentre due to the overpressure in the lower Post Chalk Group
(Figs 7, 9). Computer contoured well data; grid size 55 km2.
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Table 1. List of symbols
a, b, c
b1, b2
BE
DC
g
k
P, PH
P
Pcomp
S
tt, tt0, tt`
V, Vi
V0, V`
ViPCh, Vilow
VN
dV
dZB
dZBCh
dZBlow
z
zm
zmiss
zN
z
zup, zlow
up

up

Parameters in the constrained tt–z trend (Equation 9) (µs m 1, m, µs m 1)
Exponential decay constants (Equations 5, 6) (m)
Post-exhumational burial (Equation 8) (m)
Net drainage capacity (Equation 14) (%)
Gravitational acceleration, 9.807 (m s 2)
Velocity–depth gradient (s 1)
Measured formation pressure, calculated hydrostatic pressure (Pa)
Formation overpressure=PPH (Pa)
Overpressure generated by compaction disequilibrium (Equation 12) (Pa)
Stress exerted by the load of the overburden per unit area (Pa)
Transit time (=1/V), transit time at the surface and at infinite depth (Equations 5, 6) (µs m 1)
Instantaneous velocity, interval velocity (m s 1)
Velocity at the surface and at infinite depth (m s 1)
Interval velocity of the Post Chalk Group, and of its lower part (m s 1)
Normal velocity–depth trend
Velocity anomaly (m s 1)
Burial anomaly relative to a normal velocity depth trend (Equation 7) (m)
Burial anomaly of the Chalk Group (Japsen 1998) (m)
Burial anomaly of the lower Post Chalk Group (Equations 1, 10) (m)
Depth (m)
Depth to the midpoint of a layer (m)
Missing overburden section removed by erosion (Equation 8) (m)
Normalized depth corresponding to normal compaction based on VN
Thickness of a layer (m)
Thickness of the upper and lower Post Chalk Group (m)
Mean density contrast of the upper overburden (kg m 3)
Eﬀective stress=SP (Pa)
Eﬀective load of the upper overburden (Equation 11) (Pa)

compared to the thickness range (72–3347 m) (Table 2). The mean
interval velocity of the upper Post Chalk Group is slightly smaller
than that of the lower Post Chalk Group (1934 m s 1 as opposed
to 2200 m s 1), whereas the mean midpoint depths to these units
are 519 and 1650 m, respectively. The mean thicknesses of the
upper and lower Post Chalk Group are approximately equal, 1038
and 1224 m, respectively.
In the velocity–depth plot for the Post Chalk Group, two
clusters of data are seen below a midpoint depth of 1000 m
(thicknesses above 2000 m) (Fig. 6a): cluster A with velocities
slightly above 2000 m s 1, and cluster B around 2250 m s 1.
These clusters are recognized in the velocity–depth plot for
lower Post Chalk Group (Fig. 6c), whereas the data points
show a limited scatter for the upper part (Fig. 6b). It is thus
clear that the causes for the major variations of interval velocity
for the Post Chalk Group are related to the sediments below
the mid-Miocene unconformity (see Fig. 3).
The data points from cluster A originate from the Central
Graben area where the upper Cenozoic deposits are thick
(>1200 m, Fig. 7b). There the interval velocity for the postChalk Group, V PCh
, is in the 2000–2100 m s 1 contour
i
interval, and that for the lower Post Chalk Group, V ilow,
generally ranges from 2000 to 2300 m s 1 (Fig. 8a, c). The
main part of the data points from cluster B originate from the

Viking Graben and the Outer Moray Firth where the lower
Post Chalk Group is thick (>1500 m; Fig. 7c). There, V PCh
is
i
in the 2100–2400 m s 1 contour interval, and V ilow is above
2300 m s 1.
Sonic logs from Cenozoic sections drilled in the North Sea
illustrate the influence of over- and undercompaction (Fig. 3).
Deviations from pure shale lithology, for example high sand/
shale ratios, are less pronounced and can be diﬃcult to
quantify, but are reflected in the relatively high velocity of the
normally compacted upper Post Chalk Group (e.g. Fig. 3a). A
velocity inversion around the mid-Miocene unconformity is
observed in the Central Graben area for wells where marked
overpressure has been measured in the underlying Chalk
(Figs 3a, c, e). An additional velocity inversion is seen in the
basal part of the Cenozoic section from these wells, thus
indicating an increase in overpressure with depth. In two of
these wells, the basal part of the upper Post Chalk Group
constitutes a transitional zone where velocity decreases as
overpressure builds up. The build-up of overpressure in the
lower Post Chalk Group during the late Cenozoic has prevented the lower Tertiary sediments from reaching compaction
equilibrium. The increase in velocity with depth below the
velocity-inversion on these logs thus reflects the ‘frozen’
normal compaction trend prevailing in the sediments before

Table 2. Statistics for the well velocity database
Midpoint depth
(m)

Interval velocity
(m s 1)

North Sea Basin

Thickness
(m)

Unit

No.
wells

Mean

Std

Min

Max

Mean

Std

Min

Max

Mean

Std

Min

Max

Post Chalk Group
Upper
Lower

935
322
322

2086
1934
2200

140
68
164

1627
1709
1745

2345
2087
2578

997
519
1650

402
186
465

36
73
267

1674
950
2433

1994
1038
1224

805
372
445

72
147
136

3347
1900
2101

Fig. 9. Burial anomaly relative to the baseline for marine shale for wells in the North Sea Basin (Equations 1, 10): (a) Post Chalk Group; (b)
upper Post Chalk Group; (c) lower Post Chalk Group. The burial anomaly of the Post Chalk Group is mainly determined by the
undercompaction of its lower part. The zone of undercompaction corresponds to the overpressure in the underlying Chalk. Computer contoured
well data; grid size 55 km2. Chalk formation overpressure from Japsen (1998).
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deposition of the upper unit (Japsen 1994). Furthermore, a
section with velocities above the shale trend is shown from an
area in the Southern North Sea where overburden reduction
estimated from Chalk velocities is in the range from 250 to
500 m, which corresponds to the shift of the sonic log relative
to the trend line (Fig. 3f; Japsen 1998). Finally, a Cenozoic
section close to normal compaction is shown from the Outer
Moray Firth (Fig. 3d). Note the agreement between the
gradients of the shale trend and the more uniform parts of the
sonic logs for the lower Post Chalk Group.
The velocity variations relative to the shale trend discussed
above can also be identified on the plots of interval velocity
versus depth (Fig. 6). The data points representing the normally
compacted, shallow section plot on the high-velocity side of the
trend due to silt and sand content of the upper Post Chalk
Group (Fig. 6a, b). The data points representing the deep
section plot predominantly on the low-velocity side of the trend
because the lower Post Chalk Group is undercompacted in the
central part of the basin (Fig. 6c, where the influence of
relatively high velocities of the upper Post Chalk Group has
been removed). A few points plot on the high-velocity side
because the lower Post Chalk Group is overcompacted due to
erosion of the overburden along the basin margins or because
of high sand content. The course of the shale trend is thus
supported by the data points for a couple of wells that are
characterized by normal pressure as well as by Chalk sections
that are at maximum burial today (wells DK S-1, L-1, UK
16/18-1, Fig. 6c; Japsen 1998).

BURIAL ANOMALIES OF THE POST CHALK
GROUP
The map of burial anomalies for the Post Chalk Group reveals
a distinct pattern of positive anomalies in the Central North Sea
(corresponding to negative velocity anomalies), an intermediate
zone of zero burial anomalies, and generally negative anomalies
towards the margins of the basin (positive velocity anomalies),
particularly in the Moray Firth (Fig. 9a).
Subdivision of the Post Chalk Group into its upper and
lower parts at the mid-Miocene unconformity leads to a
burial anomaly map for the upper part, showing almost normal
compaction. The burial anomaly map for the lower part reveals
an amplified pattern of the anomalies for the entire Post
Chalk Group in the Central North Sea (Fig. 9b, c). Properties
of the sediments below the mid-Miocene unconformity
thus determine the burial anomaly pattern of the Post Chalk
Group.
The fundamental ambiguity in sediment compaction studies
based on velocity data is the discrimination between the eﬀects
of lithology and of compaction on velocity. Sand and silt are
abundant in the Palaeogene sediments along most of the
margin of the North Sea Basin (Isaksen & Tonstad 1989;
Cameron et al. 1992; Johnson et al. 1993; Gatliﬀ et al. 1994).
Here it is not possible to discriminate the eﬀects on interval
velocity of a high sand/shale ratio from those of overcompaction. This discrimination demands a detailed separation of shale
sequences (cf. Hansen 1996b). In the Central North Sea the
lower Tertiary sediments are dominated by shale, and
the overpressure is pronounced. There, burial anomalies for the
lower Post Chalk Group generally become a measure of the
degree of undercompaction as it is shown below. Where
Palaeocene sandstone dominates the lower Tertiary section (e.g.
towards the Moray Firth), overpressure will bleed oﬀ (see
discussion in Appendix 2; Darby et al. 1996).

Areal extent of overpressured lower Tertiary shale
The area outlined by positive burial anomalies for the lower
Post Chalk Group in the Central North Sea corresponds to the
areal extent of overpressure in the underlying Chalk Group
(Fig. 9c; Japsen 1998). This suggests that the velocities of the
lower Post Chalk Group are low relative to depth because of
overpressure due to undercompaction. This was also found to
be the case for velocities of the Chalk (Japsen 1998). A close
correspondence is seen between the contours of burial anomaly
and of overpressure, for example the 750 m burial anomaly
contour and the 10 MPa contour (see Equation 12a in
Appendix 2).
Furthermore, the outline of the overpressured and undercompacted zone closely corresponds to the outline of the late
Cenozoic depocentre, for example the 750 m burial anomaly
contour and the 1250 m thickness contour (Figs 9c, 7b). This
suggests that the overpressure is induced by the rapid, late
Cenozoic loading (see Equation 11a in Appendix 2).
The causal relationship between overpressure and undercompaction of the Chalk and the overlying, lower Tertiary sediments and the rapid, late Cenozoic burial are thus illustrated by
the overlap of these occurrences (Figs 7c, 9c). These relations
are discussed in more detail in Appendix 2, and it is demonstrated that the retention of the overpressure generated by the
load of the upper Post Chalk Group depended on the thickness
and sealing quality of the lower Post Chalk Group.
COMPARISON WITH OTHER SHALE TRENDS
Herring (1973) established a simple, exponential transit time–
depth model for normally compacted shale in the North Sea
(see Equation 5; Fig. 10) of the form
tt=623 · e z/4273.

(2)

The model was based on Hottmann & Johnson’s (1965) theory
that abnormally pressured formations are undercompacted
because fluid removal is restricted by impermeable beds.
Herring (1973) constructed the baseline as a linear ln(tt)z
trend based on data from normally pressured shale intervals. Many data points were available at shallow depth
(300<z<1700 m; 1700<V<2400 m s 1) whereas normally
pressured shale from greater depth could only be identified in a
few wells in the Outer Moray Firth (2100<z<2300 m;
2600<V<2750 m s 1).
Scherbaum (1982) established a linear velocity–depth trend
for Lower Jurassic shale in the Northwest German Basin:
V=1535+0.58 · z.

(3)

This shale is thus equivalent to the Danish Fjerritslev Formation (Japsen 1993) for which Japsen (in press) developed the
trend given by Equation (1). The velocity–depth gradient was
determined as the mean value of the gradients for the wells in
the database, and the smallest recorded velocities for each
depth were chosen to determine the velocity at the surface. The
reference data were not indicated by Scherbaum (1982), who
did not consider overburden reduction to be a geologically
reasonable cause for depth anomalies exceeding 500 m relative
to the estimated baseline. Neogene erosion of this order has,
however, been estimated later for neighbouring areas (Japsen
1998). Jankowsky (1962) presented a trend similar to that of
Scherbaum (1982) for Lower–Middle Jurassic shale in the same
area.
Hansen (1996b) established a simple, exponential transit
time–depth relation for Upper Jurassic–Tertiary normally
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Fig. 10. Comparison of normal velocity–depth trends for shale. The depth shift is within 250 m for V<2750 m s 1 for the four North
Sea trends (Ha, He, J, and S). The trend of Japsen (in press) was derived for reference data between 2600 and 3600 m s 1. Ch: Chapman
(1994), US Gulf Coast; Ha: Hansen (1996b), Upper Jurassic–Miocene shale, Norwegian Shelf (Equation 4); He: Herring (1973), Tertiary
shale, North Sea (Equation 2); HJ: Hottmann & Johnson (1965), mainly upper Cenozoic shale, US Gulf Coast; J: Japsen (in press), Lower
Jurassic shale, Denmark (Equation 1); S: Scherbaum (1982), Lower Jurassic shale, Northwest German Basin (Equation 3).

pressured shale intervals from 32 wells on the Norwegian
Shelf:
tt=627 · e z/3704.

(4)

Exponential decay functions were fitted to data points for each
of the wells, and the shale in the wells with estimated maximum
surface values of transit time were identified as normally
compacted. The reference data were from 1700 to 3600 m s 1.
Hansen’s analysis may, however, have identified wells with
overcompacted shale as being normally compacted. First, an
exponential transit time–depth trend of the form given by
Equation (4) leads to infinite velocity at depth as transit time
approaches zero, as pointed out by Chapman (1983) (see
Appendix 1). The discrimination of normally compacted from
overcompacted sections by the use of Equation (4) thus
becomes critical when applied to wells where limited data are
available at depths greater than c. 2 km. Second, regression
analysis of data from wells with a normally compacted upper
and an overcompacted lower section may result in an estimate
of a velocity at the surface corresponding to an entirely
normally compacted section. Moreover, Hansen (1996b) did
not compare deviations from the resulting trend with pressure
data in the central part of the North Sea Basin.
For velocities less than 2750 m s 1 there is a close match
between the shale trends of Herring (1973), Scherbaum (1982),
Hansen (1996b) and Japsen (in press) (Equations 2–4 and 1,
respectively). Note that the match between the trends extends

to the estimated velocity at the surface. The first two of these
trends follows the trace of Japsen’s trend for V<3000 m s 1.
The trend of Herring (1973) is less than 75 m from the trend
of Japsen (in press), while that of Scherbaum (1982) is less
than 200 m from that trend. However, the trend of Hansen is
less than 250 m from that trend only for velocities less than
2750 m s 1 (Fig. 10).
Overpressure estimated from burial anomalies relative to
these trends will diﬀer less than c. 2 MPa for the present
database (Equation 12a). Based on the present dataset it is thus
not possible to judge the validity of these trends for velocities
above 2750 m s 1 for which the discrepancy becomes notable.
However, the model applied by Hansen (1996b) can only be a
valid approximation over a limited interval because it predicts
velocity to approach infinity at depth, whereas that of Japsen (in
press) fulfils reasonable boundary conditions. Furthermore,
Japsen (1998) found that Hansen’s (1996b) estimates of removed overburden based on shale data were, on average, 196 m
smaller than estimates based on Chalk data for 20 wells in
common between the studies. A possible explanation for this
discrepancy could be that Hansen’s (1996b) shale trend overestimates velocity at depth.
Velocity–depth trends estimated for mainly upper Cenozoic
shale in the US Gulf Coast are shown for reference in Fig. 10.
The trends of Hottmann & Johnson (1965) and of Chapman
(1994) are of the forms given by Equations (4) and (1),
respectively, and predict smaller velocities at depth than the
North Sea trends. However, Chapman’s (1994) trend is within
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250 m of that of Japsen (in press) in the critical interval, for
2100<V<2700 m s 1. Few details are given about these US
Gulf Coast studies.
DISCUSSION
Data for the Lower Jurassic Fjerritslev Formation were used to
derive the baseline given by Equation (1). This formation was
deposited in a marine environment (Michelsen 1989), and its
clay mineralogy is dominated by illite/smectite (H. Lindgreen
pers. comm. 1998). Illite/smectite particles are separated by
water molecules (Bailey 1980), and this interlayer water is
adsorbed to the particles even during deep burial (van Olphen
1966). Japsen (in press) argued that the water adsorbed on the
illite/smectite particles could lead to weak mechanical grain
contacts, and thus to the low sonic velocity observed for the
Lower Jurassic shale at depth (cf. Fig. 6).
Illite and smectite are the main components of marine shale,
and constitute 70% of the clay minerals in the major ocean
basins today (Weaver 1989, p. 312). The shale of the Cenozoic
deposits of the North Sea Basin is also dominated by illite/
smectite (Weaver 1989, pp. 670, 680). Towards the centre of
the basin, shale units of c. 90% smectite dominate the Palaeogene sediments (Weaver 1989, p. 670; Nielsen 1998). Consequently, by analogy the normal velocity–depth trend developed
for marine Lower Jurassic shale is applied as the baseline for the
Cenozoic shale in the North Sea Basin (Equation 1). The
validity of this analogy, as demonstrated in the previous
sections, is indicated first by the correspondence between burial
anomalies for the lower Post Chalk Group relative to this
baseline and measurements of overpressure in the Central
North Sea, and second by the correspondence between this
baseline and other suggested shale lines over significant velocity
ranges.
Cenozoic shale from the Gulf Coast area is dominated by
illite/smectite, as is North Sea shale (Weaver 1989, p. 670, 677),
and the partial match between the suggested baseline and that
of Chapman (1994) for Gulf Coast shale has been noted
(Fig. 10). These observations indicate that the suggested baseline could be valid more generally for marine shale dominated
by illite/smectite. The diﬃculty in constructing normal
velocity–depth trends may explain why shale baselines suggested by previous authors have diﬀered. Thus, trends developed for identical shale units deviate at depth without any
explicit explanation; for example, compare the trends of
Hottmann & Johnson (1965) with that of Chapman (1983), and
the trend of Herring (1973) with that of Hansen (1996b)
(Fig. 10). The first reason for these discrepancies may be sought
in the shortcomings of mathematical formulations that predict
velocity to increase towards infinity at depth (cf. Chapman
1994; Japsen in press). A second explanation may be the
diﬃculty in identifying data from normally compacted sections,
and the lack of basinwide calibration of some models. As
pointed out by Japsen (1998), burial anomalies relative to a
normal velocity–depth trend should match available estimates
of overburden reduction and of overpressure throughout a
basin.
The simplicity of the velocity–depth relationship for marine
shale has long been known (e.g. Jankowsky 1962; Hottmann &
Johnson 1965; Magara 1978). This simplicity is in contrast to
the complexity and variety of shale porosity–depth curves
(Rieke & Chilingarian 1974), and in contrast to the sparse
knowledge about the velocity–porosity relation for shale (cf.
Hansen 1996a). Possible explanations for this contrast may be
sought in experimental problems, but also in the distinction

between microscopic and macroscopic properties of shale.
Several factors contribute to make velocity–depth models for
shale such simple representations of a complex reality. First,
acoustic waves are mainly influenced by intergranular porosity
and not by fractures (Rider 1986). Second, acoustic waves are
aﬀected by bulk properties as they propagate through the
sediment. Finally, it should be borne in mind that the dimensions of acoustic waves (up to 102 m) are many orders
of magnitude greater than those of illite/smectite particles
(about 10 A
r =10 9 m; Weaver 1989, pp. 33, 49).
CONCLUSIONS
A shale trend is formulated as a constrained, exponential transit
time–depth function that predicts velocity to increase from a
surface value close to that of water to a finite value at great
depth. The trend was derived for Lower Jurassic marine shale,
but it is suggested that the trend may be more widely applicable
to marine shale dominated by illite/smectite based on the
following observations:
(1) the match between baselines for Lower Jurassic shale and
Cenozoic shale in the North Sea area;
(2) the partial match between baselines for Cenozoic shale in
the North Sea and in the Gulf Coast area;
(3) the match between the outline of overpressure in the
North Sea Chalk and undercompaction of overlying lower
Tertiary sediments as estimated from burial anomalies
relative to the baseline.
The agreement between the suggested baseline and other shale
lines as well as with North Sea pressure data is demonstrated
here for velocities from 2000 to 2750 m s 1. The limitations
for the application of the trend in terms of specific clay
mineralogy, basin development, depth range, temperature etc.
await further studies.
In the North Sea Basin, the sediments above the midMiocene unconformity are close to normal compaction,
whereas the sediments below the unconformity reveal pronounced velocity–depth anomalies. Along the margins of the
North Sea Basin, anomalies due to erosion of the overburden
can only be identified for pure shale intervals. In the central
part of the basin, the burial anomalies for the shale-dominated
lower Tertiary section are measures of the degree of undercompaction due to overpressure. The overpressure results from
a balance between the load of the upper Cenozoic deposits, and
the draining is determined by the thickness and sealing quality
of the lower Cenozoic sediments.
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APPENDIX 1: BURIAL ANOMALY RELATIVE TO A
BASELINE
Baseline formulations
Normal velocity–depth trends, VN(z), may be established for many
relatively homogeneous sedimentary units saturated with brine (V is
velocity [m s 1], and z is depth [m]). Such a baseline represents a
generalization which describes the increase of velocity with depth as
porosity is reduced during normal compaction (hydrostatic pore
pressure and increasing burial of the rock with time).
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Baselines for shale have often been approximated by a simple,
exponential transit time–depth trend (e.g. Hottmann & Johnson 1965;
Herring 1973; Magara 1978; Hansen 1996b):

tt=tt0e z/b1

(5)

1

where tt=1/V is the transit time (µs m ), tt0 is the transit time at the
surface and b1 (m) an exponential decay constant. This simple
formulation is linear in the ln(tt)z plane, and implies the incorrect
boundary condition that tt<0 (and thus V<`), and k<` for
z<`, where k is the velocity–depth gradient (s 1). This model is
thus only valid over limited depth intervals as it predicts the velocity
gradient to increase with depth (Chapman 1983).
A constrained exponential transit time-depth model is a convenient,
yet not a universal formulation of the form

tt=(tt0 tt`)e z/b2 +tt`,

The burial anomaly
The burial anomaly, dZB (in m), is the diﬀerence between the
present-day burial depth of a rock, z, and the depth, zN(V), corresponding to normal compaction for the measured velocity, V (Fig. 4)
(Japsen 1998):

(7)

where zN(V ) represents the inverted normal velocity–depth trend,
VN(z), for the formation in question. The velocity anomaly, dV (m
s 1) is the corresponding diﬀerence along the velocity axis. The term
burial anomaly is independent of what caused the anomaly, and only
indicates that the depth of the rock is anomalous relative to the
reference trend. The burial anomaly is zero for normally compacted
sediments of the mean lithology for which the baseline was derived.
High velocity relative to depth results in a negative burial anomaly (a
positive velocity anomaly) which may be caused by a reduction in
overburden thickness if the lithology is relatively homogeneous over
the study area (for a discussion of terminology see Japsen 1998). The
missing overburden section, zmiss, removed by erosion may only
equal the magnitude of the burial anomaly if no burial took place
subsequent to exhumation. Any post-exhumational burial, BE, will
mask the magnitude of the missing section, and we get (Hillis 1995;
Japsen 1998):

zmiss = dZB +BE.

(8)

Low velocity relative to depth gives a positive burial anomaly (negative
velocity anomaly) which may indicate undercompaction due to overpressure. When the load of the overburden is carried partly by the
formation fluids, the formation is undercompacted relative to the full
load, and this is reflected in low velocities relative to depth, and hence
in positive burial anomalies. See Appendix 2 for a full discussion of
this case.
Burial anomaly for baselines of the form tt=a · e z/b +c
Let the constrained exponential transit time–depth model (Equation 6)
be reformulated as

tt=a · e z/b +c

The actual depth, z, for the rock, however, corresponds to a normal
transit time, tt, along the baseline. Substitution into the definition of
the burial anomaly (Equation 7) now yields

and by substituting tt =1/V where V is the measured velocity, and
the expression for tt from Equation (9) we get

(6)

where tt` is the transit time at infinite depth, and b2 an exponential
decay constant. This Equation is linear in the ln(tttt`)z plane,
and is constrained because it implies that tt(z=0)=tt0, and tt<tt`, and
k<0 for z<` (cf. Al-Chalabi 1997). The velocity gradient, k, has a
maximum for z=ln[tt0 tt`)/tt`]. This formulation – rather than the
simple, exponential expression (Equation 5) – was thus suggested to be
valid for shale by Chapman (1983). Japsen (in press) applied Equation
(6) to express the velocity–depth trend for marine Lower Jurassic shale
(Equation 1). Equations (5) and (6) have in common the increase in the
velocity–depth gradient until a certain depth and this appears to be a
characteristic of shale since shale lines have been formulated so
successfully in terms of Equation (5).

dZB =zzN(V ),

to get an expression for depth of normal compaction, zN(tt), that
corresponds to the depth for measured transit time, tt , and we get

(9)

where a=tt0 tt` and c=tt`. We can calculate the burial anomaly
relative to this baseline for a sedimentary rock with a measured transit
time tt , and buried at a depth, z (Fig. 4). We can invert Equation (9)

This expression is derived for a layer for which the mean or interval
velocity is identical to the velocity at the midpoint of the layer. This
diﬀerence is less than about 10 m s 1 even for a thick shale unit with
a velocity–depth gradient about 0.5 s 1, but may become significant
for thick units with high velocity–depth gradients, for example
gradients as 2 s 1 for chalk.

APPENDIX 2: UNDERCOMPACTION – A BALANCE
BETWEEN LOADING AND DRAINING
Overpressure, P (Pa; 1 MPa=145 psi) is the diﬀerence between the
measured formation pressure, P, and the calculated hydrostatic pressure, PH, at depth, z. The lithostatic pressure, S (Pa), at depth z is the
stress exerted by the weight of the overburden. Terzaghi’s principle
states that the weight of the overburden per unit area, S, is borne partly
by the rock matrix and partly by the pore fluid: S=+P, where  (Pa)
is the eﬀective stress that is transmitted through the matrix (Terzaghi
& Peck 1968).
Overpressure is generated by disequilibrium compaction when the
weight of the overburden is increased by addition of sediments at the
surface, and the pore fluid in the formation is sealed in the formation
(e.g. Rubey & Hubbert 1959; Osborne & Swarbrick 1997). The rock is
unable to compact because the pore fluid cannot escape at the same
rate as load is added to the overburden of the rock. Consequently, the
additional load is carried by pore fluids and higher than hydrostatic
pressure results. The rock is said to be undercompacted, because
porosity becomes high relative to depth.
In the Central North Sea Basin the Cenozoic sediments may be
divided into a normally compacted, upper unit, and an overpressured,
lower unit; the upper and lower Post Chalk Group, respectively (Figs
1, 3). The maximum overpressure generated by disequilibrium compaction may thus be approximated by the eﬀective load, up, of the
upper unit that initiated the overpressure by rapid burial (cf. Rubey &
Hubbert 1959; Japsen 1998):

up =up · g · zup

(11)

where up is the density contrast (wet bulk density minus pore fluid
density) of the upper Post Chalk Group, g is gravitational acceleration
(9.807 m s 2), and zup its thickness. In the Central North Sea up
is slightly above 1103 kg m 3 (Japsen 1998), so when zup is in
metres, we get

up]zup/100 (MPa),
which means that deposition of
generate an overpressure of 10 MPa.

1000 m

(11a)
sediments

may

Positive burial anomalies due to overpressure
The overpressure of an undercompacted rock, Pcomp, is proportional
to the burial anomaly, dZB, if the eﬀective stress is increasing with time
(cf. Magara 1978; Japsen 1998), and we get

Pcomp =up · g · dZB.

(12)

The equation is based on Terzaghi’s principle and states that if a rock
is buried at a greater depth by dZB without change in the eﬀective stress
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(indicated by unchanged velocity), the eﬀective stress of the added load
is carried by an increase in pore pressure (Fig. 4). If we substitute
up =1103 kg m 3, and dZB is in metres, we get
Pcomp]dZB/100 (MPa),

(12a)

which means that a burial anomaly of 1000 m may reflect overpressure
due to undercompaction of 10 MPa.
We can compare the degree of undercompaction of the lower Post
Chalk Group expressed by its burial anomaly, dZ low
B , with pressure data
from the underlying Chalk, because pressure measurements from the
lower Tertiary section are rare in the Central North Sea (Fig. 11a). The
overpressure in the Chalk, PCh, is proportional to the burial anomaly,
low
low
dZ low
B , and in the order of the overpressure, P comp]dZ B /100,
predicted by Equation (12a). This indicates that the burial anomaly for
the lower Post Chalk Group is a measure of overpressure due to
undercompaction.
However, the Chalk pressure is generally larger than predicted from
the velocity of the lower Tertiary section. The line PCh =P low
comp in
Fig. 11a marks a lower limit of the overpressure, and the mean of
Ch
P low
comp/PCh is 66% whereas P comp/PCh is 78% for 24 data points
obtained away from diapirs and where Pd4 MPa. About 20% of the
overpressure in the Chalk is thus caused by non-compactional sources,
and Japsen (1998) suggested the main contributors to be transference
of overpressure from the pre-Chalk section generated by volume
expansion processes and hydrocarbon buoyancy. This also explains the
main part of the diﬀerence between PCh and P low
comp. The remaining
diﬀerence is likely to be influenced by the easier drainage of the lower
Tertiary section than of the underlying Chalk.
Undercompaction in the lower Tertiary and in the Chalk
induced by the same load
There is an overall correlation between the burial anomalies for the
Ch
lower Post Chalk Group, dZ low
B , and for the Chalk Group, dZB (Fig.
11b, which is focused on data related to overpressure:
dZ Ch
B > 500 m). This is to be expected because the regional factors
aﬀecting both parameters are the same: overpressure due to late
Cenozoic loading (Equation 11) and Neogene erosion of the overburden (Fig. 4; Japsen 1998).
Ch
However, many points in the diagram have dZlow
B <dZ B . Deviations
from pure shale and pure chalk lithology may explain many of the
outliers relative to the line of identical burial anomalies:

+ increased dZCh
B : high shale content in the Chalk reduces velocity

relative to depth; e.g. the shaley Chalk south of the viking Graben
(Johnson & Lott 1993; Japsen 1998).
+ reduced dZ low
B : high sand content increases the velocity of the
lower Post Chalk Group.
Consequently, data points for wells with shaley Chalk and sandy
Palaeogene deposits plot above the line (e.g. wells UK 15/21-2,
49/1-3). The line itself marks the trend of wells dominated by pure
lithologies (e.g. wells DK L-1, Mona-1).
Apart from this influence of lithology, the general shift relative to
the line suggests the reasonable conclusion that the degree of undercompaction is smaller for the lower Tertiary shale than for the
underlying Chalk. This conclusion is also supported by the fact that the
largest deflections from the shale trend on the sonic logs in Fig. 3 are
found in the lowermost part of the Tertiary section.
Undercompaction due to the load of the upper Post Chalk
Group
If a rock was completely sealed oﬀ when overpressure was induced by
rapid burial, the pore fluid of the rock carries the eﬀective stress of the
weight added: Pcomp =up. From Equations (11) and (12) we get

dZB =zup,

(13)

which means that the burial anomaly equals the thickness of the load
added since the onset of overpressure (Japsen 1998).
In the case of the lower Post Chalk Group we would have
dZlow
B =zup, where zup is the thickness of the upper Post
Chalk Group. In Fig. 11c we see that dZlow
is proportional to zup
B
as expected, but dZlow
B <zup (e.g. wells DK Karl-1, N 1/6-1).

Fig. 11. Cross-plots of burial anomaly of the lower Post Chalk
Ch
Group, dZ low
B ; burial anomaly of the Chalk Group, dZ B ; Chalk
formation overpressure, PCh; and thickness of the upper Post
Chalk Group, zup (Equations 1, 10; Japsen 1998). (a) PCh
versus dZ low
B . The overpressure predicted by the burial anomaly is
proportional to the measured overpressure in the underlying
Chalk. The shift relative to the prediction is due to the noncompactional sources that add to the Chalk overpressure from
below, and due to the easier drainage from the shallower Tertiary
Ch
low
section (Pcomp =dZ low
B /100; Equation 12a). (b) dZ B versus dZ B
(dZ Ch
<
500
m).
The
burial
anomalies
for
lower
Post
Chalk
B
Group and the underlying Chalk correlate in general. Outliers are,
in particular, caused by deviations from pure shale and pure Chalk
lithology. (c) zup versus dZ low
B . The burial anomalies are
proportional to the thickness of the upper Post Chalk Group. The
shift of the data points with positive anomalies towards normal
compaction (towards the left) relative to the line for complete
sealing, suggests a net drainage of the lower Tertiary section
(dZ low
B =zup; Equation 13).
Consequently, a part of the late Cenozoic loading has led to compaction of the lower Post Chalk Group, and hence to a reduced burial
anomaly. This means that a net drainage has taken place to account for
the partial compaction. Furthermore, a range of burial anomalies are
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Fig. 12. Cross-plot of drainage capacity
for the lower Post Chalk Group, DC,
versus thickness of the lower Post
Chalk Group, zlow (Equation 14).
Drainage of the lower Post Chalk
Group is prevented if the unit
itself is thick. The relationship,
dZB =zup · zlow/1600, where zup is
the thickness of the upper Post Chalk
Group, was determined for the Chalk
Group by Japsen 1998. Wells plotting
above this trend reflect a better
drainage capacity for the same thickness
of the lower Post Chalk Group. Legend
as Fig. 11.
recorded for a given thickness of the upper Post Chalk Group; e.g. for
zup =1000 m, dZlow
B range from negative values to about 500 m. The
smaller values in this range correspond to a low sealing quality of the
lower Post Chalk Group, e.g. well UK 16/18-1 located in the Outer
Moray Firth where Palaeocene sandstones dominate the lower Tertiary
section (e.g. Darby et al. 1996; Japsen 1998).
Drainage prevented by thick lower Post Chalk Group
The burial anomaly, dZB, is thus in general a fraction of zup
depending on the eﬃciency of the rock to de-water. Consequently, the
net drainage capacity, DC (%), was introduced by Japsen (1998) as

DC=(1dZB/zup) · 100.

(14)

The net drainage capacity expresses how close the rock is to
compaction equilibrium relative to the rapid, late loading, zup. If no
drainage, and consequently no compaction, has taken place,
dZB =zup, and the drainage capacity for the rock is 0%. If the rock is
normally compacted, dZB =0, and DC becomes 100%.
Let us investigate the de-watering of the lower Tertiary shale in
terms of the drainage capacity as a function of zlow, the thickness of
the self-sealing lower Post Chalk Group (Equation 14; Fig. 12)
(compare Carstens 1978). The drainage capacity increases from about
25% in the Cenozoic depocentre (e.g. wells DK Mona-1, N 1/6-1) to
50% for the E-2 well. This diﬀerence in drainage capacity may be
explained by the variations in thickness of the lower Post Chalk Group
itself, decreasing from about 1400 to about 700 m for these wells. The
wells plotting above the trend in Fig. 12 thus reflect a better drainage
capacity for the same thickness of the lower Post Chalk Group than
the wells on the trend (e.g. wells DK Elna-1, UK 16/18-1).
The relation dZlow
B =zup · zlow/1600 was determined for the
Chalk Group by combining a linear trend observed between DC for
the Chalk and zlow, and the definition of the drainage capacity
(Equation 14; Fig. 12; Japsen 1998). The Chalk burial anomaly is
thus proportional to the product of the thickness of the upper part
of the overburden (which induces the overpressure due to undercompaction), and the thickness of the lower part (which determines
the degree of overpressure retention). The relationship is seen on
Fig. 12 to apply for the lower Post Chalk Group itself where the
sealing capacity of the unit is best. This underlines that the state
of undercompaction of the Chalk Group and of the lower Post
Chalk Group is induced by the same mechanism: disequilibrium
compaction.
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