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Abstract
Central Graben salt diapirs may have initiated along extensional faults and evolved into diapirs in Triassic times. The lack of
primary rim synclines indicates that the structures became diapiric without going through a pillow phase. Diapirs grew mainly
by downbuilding, probably with sporadic periods of subtle bathymetric relief created at diapir crests through to the Miocene
period. Sea-bed relief controlled the deposition of Palaeocene turbidite sandstones, which thicken away from the diapir crests
from 0 up to 300 m. However, highest-density turbidity currents ¯owed across diapir crests and good-quality channel sandstones
were deposited across the tops of the diapirs. Radial faults at top Palaeocene level concentrate at the elongate terminations of
elliptical diapirs, or above deeper cross-fault intersections above more circular diapirs. In map view, the radial faults tend to
cluster in three to six main groups. These faults can be very productive zones in the chalk reservoir and some of them have been
active from the Palaeocene to the Recent. Concentric faults also formed at Top Palaeocene, especially parallel to the main NW±
SE regional fault trend. These disappear as the strain decreases upward and away from the salt structure, so that only radial
faults are observed at Oligocene level and above. Diapir growth temporarily ceased at the end of the Palaeocene, with burial by
Eocene-early Oligocene strata. Important unconformities were locally developed above the diapirs during Palaeocene and midMiocene times with high-angle (up to 58) onlap re¯ectors above the unconformities, which indicate that high sea-bed relief
(>300 m) was created rapidly due to reactivation of the diapirs. This rejuvenation is interpreted to be caused during
compression, which is only recognisable around the diapirs. Compression is thought to be produced by downslope sliding of
overburden above the Zechstein salt on the Eastern Platform area during late Palaeocene, and by regional Alpine shortening
across the whole of the Central Graben during middle Miocene times. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction
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Salt diapir structures host some of the largest hydrocarbon ®elds discovered in recent years in the Central
Gaben of the North Sea (Figs. 1 and 2). The diapirs
produce hydrocarbon columns up to 1.3 km tall,
trapped in Upper Cretaceous to Danian chalk and
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Fig. 1. Map of the Central Graben of the North Sea showing diapir locations in this study. Based on maps by BP and Conoco (UK).

Palaeocene sandstone. These reservoirs present a challenge to the eective recovery of the hydrocarbons, as
the seismic imaging of the reservoirs close to the diapirs is poor due to a combination of steeply-dipping
beds, intensely-faulted strata, overlying gas clouds,
extreme stratigraphic thickness changes, and poor velocity control (Fig. 3). This study documents the late
structural evolution of the diapirs using 3D seismic
surveys and well data from the Ban and Kyle structures in the Western Trough, and the Pierce, Machar,
Monan, and Mungo ®elds in the Eastern Trough
(Fig. 1). The 3D seismic data have been acquired
during the last ®ve years, with a rectangular grid spacing of 25 m over all the ®elds, except for Kyle, which
was shot in concentric circles. Migrated time sections
have been used for the interpretations shown here.
The aim of the paper is to identify and explain common structural features developed during diapiric
growth that may help in the exploitation of oil
reserves, and improve understanding of their growth
history. An accompanying paper (Davison, Alsop,
Evans & Safaricz, 1999) describes the core data from
the reservoir units in these ®elds to determine how the

overburden deformed, to allow the diapiric penetration
through large thicknesses of strata.
2. Regional geology of the Central Graben
Zechstein salt was deposited in a subsiding basin
during late Permian times and may have reached up to
2±3 km in thickness (Fig. 2). However, it is dicult to
make accurate estimates of true salt thickness due to
extensive halokinesis and possible dissolution (Allan et
al. 1994; Hossack, 1995). The Zechstein interval is
thinner on the rift margins (Buchanan, Bishop &
Hood, 1996, Fig. 2), and it is possible that salt has ¯owed down into the Central Graben from the ¯anks
during Triassic extension (e.g. Jackson & Vendeville,
1993; Nalpas & Brun, 1993). Triassic red shales and
siltstones overlie the Zechstein salt and reach up to
2 km in thickness in the Graben (Fig. 4). During the
late Jurassic, there was a major phase of extension,
which produced a graben up to 2 km deep, ®lled with
®ne-grained clastic rocks (Fig. 2). The Lower Cretaceous strata deposited during the initial thermal subsi-

Fig. 2. (a) E±W regional seismic section across the west Central Graben and Forties to Montrose High. The diapir in the west is Ban. Diapirs are up to 8 km in height. Salt is interpreted to be
smeared along the graben bounding faults. BK is base Cretaceous. Courtesy of NOPEC. (b) Interpretation of regional seismic line in (a). Located on Fig. 1.
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Fig. 3. Seismic line through the Ban diapir from a 3D survey showing main re¯ectors. BK denotes Base Cretaceous. Reverse faults are interpreted on the shoulders of the diapir, which may be
produced during a period of Tertiary inversion. The diapir is interpreted to have a bulbous head and a narrow stem. A small crestal graben is present. Gas clouds where seismic continuity is
poor can be seen in the Miocene to Recent section. From Evans, Rorison and Sykes (1999).
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Diapir

dence phase consist of ®ne-grained clastic rocks.
Upper Cretaceous to Danian age chalk is one of the
major hydrocarbon reservoirs in the North Sea, and is
usually the oldest stratum preserved on top of the diapirs. One exception is a thin Jurassic (J70) interval preserved on the top of the Machar diapir. The general
absence of Triassic through to Early-Cretaceous strata
over the diapir crests suggests that they were never
deposited over the topographically high crests or that
they accumulated as ephemeral veneers that were
destroyed by erosion or salt ¯ow. This also suggests
that the diapirs have mainly grown by downbuilding
from an early stage. During downbuilding, diapirs
grow downward during sedimentation of the overburden, with the salt crest remaining ®xed in relation to
the sea bed (Barton, 1933). In contrast, during
upbuilding, the crest moves upwards in relation to the
sea bed, as the dome intrudes the overburden (Jackson, Talbot & Cornelius, 1988).

Table 1
Geometry and dimensions of Central Graben diapirs

Fig. 4. Stratigraphy of the Central Graben of the North Sea.

Diapir width
(km)

Depth of burial diapir
crest (km)

Relief at top
Palaeocene (km)

Relief top diapir to top
chalk (km)

Ellipticity ratio at top Hydrocarbon column
chalk
height (m)
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Palaeocene sandstones overlie the chalk and are also
an important hydrocarbon reservoir (Fig. 4). These
sandstones thicken away from the diapir crests up to a
maximum gross thickness of 300 m. Occasional turbidite ¯ows, up to 7 m in thickness, are encountered
over the crest of Ban within the Eko®sk Formation
and the overlying Palaoecene strata. These are interpreted to be the largest ¯ows which had enough
momentum to travel up and over diapir crests. Siltstones, claystones, and occasional sandstones, were
deposited from Eocene to Recent times (Fig. 4).
3. General geometry of the diapirs
All seven studied diapirs are mature salt stocks with
sub-vertical stems. Estimates for the heights are 3.5±
8.5 km. However, the heights of all the diapirs are not
accurately known, as it is not possible to image the
base salt on some of the seismic sections (e.g. Figs. 2
and 3).
The width of diapirs has been estimated at the
widest part of the vertical stem (Fig. 5), which is identi®ed by the breakdown in seismic continuity of the
overburden re¯ectors, where the strata are steeply dipping. We have based our diapir wall positions on an
estimate of 300 m wide drag zones and placed the wall
300 m inward from the initiation of the high angle
(>458) lick-up zone. Hence, the positioning of the dia-

pirs is not exact, and width estimates are very approximate (Figs. 6 and 7). Width varies from Machar,
which reaches a maximum of 4.28 km, to Monan with
a maximum width of 1.2 km (Table 1, Fig. 7).
Diapirs vary in map view from elliptical to circular,
with Ban having an ellipticity ratio of 1.97 (structural
closure mapped at top reservoir) to North Pierce,
which is almost circular (ellipticity ratio of 1.06,
Fig. 8). Long axes of the diapirs are NW±SE, parallel
to regional extensional fault trends (Fig. 8).
Salt has penetrated at least up to the Palaeocene
sandstone reservoirs in all diapirs, but the breakthrough is only partial on Ban, Machar and Kyle,
where the chalk is probably responsible for preventing
further growth. The overburden on Ban is preserved
as an intact hinged lid, which has caused the salt to
push sideways out to the north-east (see Davison et
al., 1999). The shape of the salt breakthrough at Top
Palaeocene sandstone level is variable and is controlled
by extensional faults which sole out at top salt level.
Despite their smaller volume and presumed reduced
buoyancy, the North Pierce and South Pierce salt
structures have completely penetrated the chalk and
the overlying Tertiary strata (Figs. 7(c) and (d)). South
Pierce exhibits the greatest penetration, cutting up into
the Pliocene strata (Fig. 7(d)) to a sub-sea¯oor depth
of about 235 m. Ban, Kyle, Monan, North Pierce
and Mungo have all actively pierced middle to upper
Oligocene strata, but not through the mid-Miocene

Fig. 5. Diapir dimensions and parameters mentioned in the text.
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unconformity (Figs. 6 and 7). The variable amount of
penetration may be due to lithi®cation of the chalk
soon after burial, so that rock strength was greater
than the buoyancy force exerted by the salt, which is
generally <2 MPa; based on diapiric freeboard heights
(see Jackson & Talbot, 1991, for de®nition) in other
areas such as the Red Sea and the South Atlantic salt
basin, (Davison, Bosence, Alsop & Alawi, 1996).
Machar has a larger stem diameter than Mungo and
Monan, so it should have a larger buoyancy force, but
it has a larger roof to lift, and Machar did not break
through the chalk completely, whereas Mungo and
Monan did. The nature of the cap rock developed by
dissolution at the crest of the diapir may also be important. In the Eastern Trough the Mungo and
Monan structures have penetrated the chalk, and they
have a hard dolomite-anhydrite cap rock, whereas
Machar has a softer celestite-anhydrite cap. Hard cap
rocks may act to localise the stress and promote fracturing of the overburden.
Bulging diapir heads are interpreted on Ban
(Fig. 6(a)), South Pierce (Fig. 7(d)), Monan (Fig. 7(a)),
Mungo (Fig. 7(b)), and Kyle (Fig. 7(b)) with the maximum width of the diapir bulb located just below the
Mid-Miocene unconformity on Mungo and Monan,
and within the chalk on Kyle and Ban. During the
Late Oligocene to Early Miocene the Mungo and
Monan diapirs appear to have extruded at the surface
to create salt overhangs. The salt extrusion occurred at
the same level as the mid-Miocene unconformity,
which suggests that increased salt ¯ow may have
occurred at this time due to regional compression. The
Mungo and Monan structures appear to have been
active after extrusion, so that the extruded sheet has
been domed upward (Fig. 7(a)). Some residual positive
relief remains over the diapirs as there is a very regular
domal uplift of 10±30 m over the diapir crest. This
may be due to residual buoyancy or dierential compaction.
4. Deformation of the overburden
4.1. Upturned zones and drag zones
Overburden layers are upturned against the diapir
¯anks by frictional forces exerted at the diapir
interface as sedimentary rocks move down past the
Zechstein salt stocks (Figs. 5 and 9). The shape of
the diapiric drag zones is poorly de®ned on the
seismic data in the inner shear zone area, where the
beds are rotated to dips greater than 708 (estimated
from core data, Davison et al., 1999). Width of the
upturned zone caused solely by frictional drag is
dicult to estimate, as a large section of the upturn
can be due to the salt pedestal eect (Vendeville &
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Nilsen 1995; Figs. 5 and 9). Total width of
upturned zones (salt pedestal plus frictional drag)
has been measured at Top Palaeocene reservoir
level. It is de®ned as the section from the salt wall,
which is vertical, to the point where the Top
Palaeocene reservoir returns to a regional level
(Fig. 5). The width of the ¯ank upturn is a minimum of 1.1 km on South Pierce and reaches a
maximum of 2.28 km on Machar, which is also the
widest diapir (Fig. 9, Table 1). The width of the
inner frictional drag zone is also estimated from the
seismic sections and well data. Ban has a 1 km
wide zone where there is an abrupt change to steeper dips caused by frictional drag (Fig. 6(a)), and
Kyle has a frictional drag zone width of approximately 650 m (Fig. 6(b)).
The diapirs cause upturn of the top Palaeocene
reservoir horizon to produce structural relief which
reaches 2.8 km on Machar (estimated using seismic
stacking velocities), with a minimum relief on Kyle
of 0.91 km (Table 1). Ban and Machar show the
greatest structural relief at Palaeocene level. This is
probably because the chalk horizon was not completely breached by the diapir in either of these two
structures, whereas Monan and South Pierce show
the least structural relief at top reservoir, where the
diapirs have breached up to very high levels in the
Tertiary.
The comparison between the dierent upturn pro®les at the same scales indicates that South Pierce and
Monan have the most curved pro®les at top reservoir
level (Fig. 9). The upturn pro®les do not exhibit any
large faults at Top Reservoir level (Fig. 7), although
much of the deformation of the Palaeocene overburden
is taken up by small faults that cannot be resolved on
the seismic data. All the faults die out a short distance
above the reservoir horizon and deformation around
each fault must be taken up by distributed ¯ow. In
general, the amount of vertical upturn appears to
remain fairly constant at Base Cretaceous through to
top Palaoecene sandstone level, and then progressively
decreases upward (Figs. 6 and 7).
The Ban, Machar, and Mungo structures will
probably have considerable relief at deeper reservoir
horizons, producing large potential structural traps in
the Triassic to Early Cretaceous interval. However, the
problem will be to ®nd a good quality seal for the Jurassic age Pun Sandstone against the salt, as illustrated by the South Pierce structure which appears to
have leaked hydrocarbons from the Jurassic sandstone
level.
4.2. Faulting at Upper Cretaceous to Palaeocene level
Faulting at this level is dominated by concentric and
radial normal faults around the diapirs, with the main

Fig. 6. Interpreted sections from 3D seismic surveys showing two diapiric stocks in the Western Trough. Sections pass through the central crest of the diapirs. (a) Ban, (b) Kyle. The NW±SE
section shows faults at top salt level. There are prominent onlap horizons at Top Balder and Mid-Miocene level which are interpreted to correlate with periods of rapid upward movement of the
diapir. The Kyle diapir also shows a prominent onlap pattern at the Mid-Miocene unconformity. Three faulted packages are present in the Tertiary on both diapirs. These exhibit polygonal patterns and are interpreted to be due to volume changes.
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Fig. 6 (continued).
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Fig. 7. Interpreted sections from 3D seismic surveys showing the diapiric stocks in the Eastern Trough. Sections pass through the central crest of
the diapirs. (a) Monan. This diapir appears to have extruded during the Miocene and the extruded sheet has then been bowed up by later salt
movement. (b) Mungo. This diapir appears to have a detached bulb at Miocene level, which may have been produced during regional compression at this time. Re¯ectors below top chalk are not visible. (c) North Pierce. Multiple unconformities are present through the Tertiary section on this diapir. (d) South Pierce. This diapir has a bulbous head which reaches maximum width in the lower Miocene. (e) Machar. The
diapir has a prominent listric fault on its north-western side which has removed chalk from the top of the diapir. A broad fold is present at MidMiocene unconformity level and prominent onlap onto the fold is observed.

I. Davison et al. / Marine and Petroleum Geology 17 (2000) 499±522

Fig. 7 (continued).
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Fig. 8. Maps of the diapirs at Top Palaeocene sandstone reservoir re¯ector indicating extent of structural closure, zone of salt breakthrough
(Zechstein subcrop) where the chalk and Palaeocene sandstone reservoirs may be absent, and basic fault patterns. (a) Ban, most faults are concentric with some small radial faults at the SE end. Interpretation by Conoco (UK). (b) Kyle dominated by radial faults. Interpretation by Ranger Oil (UK). (c) North and South Pierce, radial faults predominant on these two structures, with faults trending NW parallel to main structural
trend between the two diapirs. Interpretation by Enterprise Oil. (d) Machar. Interpretation by BP Amoco. (e) Mungo, predominantly radial fault
pattern. Interpretation by BP Amoco. (f) Monan, predominantly radial fault pattern, with an E±W trend dominating along E±W axis of the diapir. Interpretation by BP Amoco.
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normal faults oriented parallel to the NW±SE striking
regional extensional faults in the Central Graben
(Fig. 1). The elongate diapirs have more faults developed parallel to the regional NW±SE fault trend than
the diapirs which are circular in plan section (c.f.
Withjack & Scheiner 1982; Fig. 8).

4.2.1. Radial faults
Radial faults are most concentrated at the terminations of the elongate structures. On Ban and
Machar the longer ¯anks are not signi®cantly aected
by large radial fault systems and the predominant system is concentric (Fig. 8). The south-western ¯ank of
the elongate Ban diapir has been uplifted as a large
¯ap cut by concentric NW±SE trending faults, with
minor radial faults only developed at the elongate terminations of the diapir (Fig. 8). Faults parallel to the
elongate diapir trend will aect the drainage radius of
development wells in the chalk. Preferential ¯ow will
run along the long axis of the diapirs giving an elliptical well drainage area, which will be most elongate
close to the diapir crest where the open fracturing is
most intense. The radial faults at chalk level are
usually grouped into three or four main zones of deformation on both elliptical and circular diapirs
(Fig. 8). These zones are important for enhancing the
reservoir productivity in the chalk. However, if water
injectors are drilled down¯ank along these radial faults
water breakthrough to producing wells on the crest
may be extremely rapid.
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4.2.2. Concentric faults
Concentric faults mainly develop from the crest of
the diapir out to a zone above the vertical contact of
the diapir. Some of the outward-dipping concentric
faults sole out near the top salt (e.g. Fig 6(a)). Large
displacements of several hundred metres on these listric faults can remove both the chalk and Palaeocene
sandstone reservoirs from diapir crests (Figs. 6 and 7).
Many of the normal faults were growing during sedimentation, and the inward-dipping concentric growth
fault system can be unusual in having thinner strata in
the hangingwall due to the extreme tectonic thinning,
which takes place over the diapir crest after initial
sediment deposition. Concentric faults are most dominant on Ban and Machar, the reason for this is not
obvious.
4.3. Fault patterns in the Oligocene to recent overburden
Small extensional faults are developed in the Oligocene strata directly above the diapirs. These faults
rarely have displacements of more than 100 m (Figs. 6
and 7). In the Ban and Kyle ®elds, there are three
intensely faulted sedimentary units which exhibit unusually strong re¯ectors situated between the Top
Balder re¯ector and the Mid-Miocene unconformity
(Fig. 6(a) and (b)). Each faulted package is bounded
at its base and top by an unbroken, coherent set of
re¯ectors. These faults form a regional polygonal pattern when viewed on time slices or horizons, but close
to the diapirs, the pattern switches abruptly to a radial
one (Figs. 10 and 11). Faults radiate out from the dia-

Fig. 9. Comparison of depth-converted bed upturn pro®les through the diapirs at top reservoir horizon. Origin of graph is de®ned where the
point of each reservoir intersects the diapir wall. All taken from the west and south-west ¯anks. Vertical=horizontal scale. The Monan and
South Pierce pro®les show the most amount of curvature where beds return to horizontal within 1 km of the diapir wall. The largest upturn are
shown on Mungo and Ban some of this upturn is due to the salt pedestal eect and is not true frictional drag.
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pir crest for a distance of approximately 4 km on Kyle
at near Late Oligocene level (1.5 s TWT) (Fig. 10),
and 4.5 km on Ban at the same level (Fig. 11). Each
radial fault on Kyle is separated by 600±700 m at its
outer extremity with an average spacing of one fault
per 118 arc at Late Oligocene level (Fig. 10(b)). Adjacent radial faults on Ban subtend an arc of approximately 78 (Fig. 11).
The stratigraphic age of the strata that exhibit polygonal faults are Oligocene to Early Miocene. It is
unclear from the well logs what dierentiates these
claystones from the other claystone horizons. The
average diameter of the fault polygons is approxi-

mately 550 m on Kyle and 500±650 m on Ban (Figs.
10 and 11), comparable in size to those studied on a
regional basis by Cartwright (1996) farther north.
Polygon size may be due to the uniform thickness of
the aected layers, which range from approximately
250±350 m. Cartwright and Lonergan (1996) suggested
that these faults propagated to the depositional surface
from maximum depths less than 500 m during early
compaction and syneuresis processes, which produced
¯uid expulsion and layer contraction. Many of the
faults show synsedimentary slip, with beds thickening
in the hangingwalls toward the faults. The absence of
polygonal fault patterns over the diapir crests indicates

Fig. 10. Coherency ®ltered time slice at 1.5 s TWT through the Kyle Field highlighting faults in the Tertiary package (courtesy of Ranger Oil).
Polygonal faults are present R 2 km away from the diapir and radial faults occur above and around the diapir. The radial faults are evenly distributed around the structure.

Fig. 11. Perspective diagram of the faulted Oligocene±Miocene horizon above the Ban diapir. Oblique illumination with increased dips in shadow, where faults are present. Inset shows the
faults dip consistently in one direction over large segments around the diapir, then change polarity at the northwestern end of the diapir. Radial faults predominate in the ®rst 2±3 km around
the diapir and polygonal fault patterns outside this.
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that the diapirs probably inhibited diagenetic volume
changes in the claystones above them, or perturbed the
regional stress ®eld due to continued development of
faults up to the surface, and because there is a thinner
sedimentary cover over the crests. Rapid subsidence
without radial faulting in the surrounding areas
enabled conditions favourable to sineuresis to build
up, when ¯uids episodically bled o along polygonal
faults in regions outside the immediate in¯uence of the
diapirs.

(Fig. 12). This temporal patchy variation in salt withdrawal sites is probably controlled by continual migration of sediment depocentres, which switched
independently of the local salt movement.
The vertical relief of a prominent Palaeocene onlap
surface on Monan and North Pierce is almost 0.5 s
TWT (equivalent to approximately 500±600 m of sedi-

5. Structural evolution of the diapirs
Most of the diapirs we have studied in the Central
Graben are situated adjacent to, or directly above,
large normal faults in the overburden at Top Triassic
or Middle Jurassic coal level (Figs. 1 and 2, see also
Foster & Rattey 1993; Hodgson, Farnsworth & Fraser,
1992; Hossack, 1995). These faults must extend to deeper horizons and probably aect the pre-salt succession. Ban and South Pierce appear to have nucleated
at intersections between NW±SE regional extensional
faults and NE±SW to E±W oriented faults, which may
have an oblique slip component. The fault throws are
similar to the estimated original salt thickness and this
produces a smearing of the salt interval down the fault
plane creating large relief at top salt level (Weston,
Davison & Insley, 1993). Once large relief is created,
the diapirs can initiate rapidly without passing through
a prolonged pillow stage. As salt ¯ow was initiated by
large faults situated near most of the diapirs, they
probably evolved from initial salt ridges developed
parallel to the faults. The diapirs probably initiated in
Triassic time during regional extension (Hossack,
1995; Smith, Hodgson & Fulton, 1993), and although
further signi®cant extension occurred during the Late
Jurassic, it was the Triassic event which was important
in locating the diapirs. With diapirs growing from salt
ridges, most of the early salt withdrawal was along the
ridges, so that cross sections perpendicular to the regional structural grain do not show any marked development of secondary rim synclines. NW±SE oriented
sections, parallel to the original salt ridges, will show
very elongate rim synclines which are barely recognisable. This evolution is supported by the absence of primary and secondary rim synclines (sensu Trusheim,
1960) imaged on seismic lines in the Central Graben
(Figs. 2, 3, 5 and 6).
An example of this withdrawal pattern is the Ban
structure where mapping of the Jurassic two-way
re¯ection time isochron indicates a ¯ow of salt along a
pre-existing wall, as well as from the west (Fig. 12(a)).
Similar observations on time isochron maps at higher
levels suggest complex movements occurred in the
source layer once the Ban salt wall became depleted

Fig. 12. Maps showing inferred salt movement through time around
the Ban diapir interpreted from sediment thickness variations
(Young, 1997). Radially-inward ¯ow is assumed. During the Jurassic
to Mid Cretaceous, ¯ow appears to have been along a NE±SW trend
presumed to be parallel to an initial salt wall and from the west.
From Mid Cretaceous onwards the salt supply switches to an area to
the east of the diapir.
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mentary rock thickness, Fig. 7(a) and 7(c)), which is
suggestive that the diapirs were actively upbuilding
during this period. It is suggested that regional compression enhanced the diapir topography to create this
onlap pattern. Marked onlap onto the Top Balder
(Palaeocene) re¯ector is present over all ®ve diapirs in
the Eastern Trough, but is not clearly visible in the
Western Trough, perhaps suggesting that the Palaeocene compression was driven from the east. This compression may be due to downslope sliding of
sedimentary cover above the salt on the Voring platform east of the Eastern Trough.
A regional isochore map of the Forties Formation
around North and South Pierce shows that a major
sand pone channel complex de¯ects around the North
Pierce structure and ponds behind the South Pierce
diapir (Fig. 13). This indicates that sediment transport
pathways were partially controlled by bathymetry of
the diapirs. There is some indication on the Pierce diapirs and on Machar that the sand quality improves
near the crest of the diapirs, suggesting the strongest
¯ows cut across the top depositing thin high-porosity
channel sandstones.
Topographic relief was maintained above some of
the diapirs throughout most of the Palaeocene to MidMiocene period as indicated by several prominent
onlap surfaces (Fig. 7). The unconformities can be
traced away from the diapir crests for a maximum distance of up to 2.7 km before they become conformable
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boundaries, indicating they are salt induced features.
They represent periods when the relative upward
movement of the salt was greater than the sedimentation rate (Jackson & Talbot 1991).
Most of the unconformities visible in the strata
below the Mid-Miocene are symmetrical about the diapir stem. The Mid-Miocene unconformity has been
identi®ed over most of the diapirs at approximately
1.5 s (TWT) regional level on the seismic lines (Figs. 6
and 7). The unconformity surface is approximately
symmetric about the stem with the same width of
upturn and vertical relief on all sides of the diapirs.
There is considerable variation in the vertical relief of
the Mid-Miocene unconformity between diapirs. The
greatest relief occurs on the Monan diapir with approximately 0.7 s TWT which also shows the largest
amount of sedimentary onlap (Fig. 7(a)), and the smallest relief is approximately 0.05±0.1 s TWT on the
North Pierce diapir (Fig. 7(c)). The relief on top of the
salt domes must have been considerable during the
Middle Miocene, creating surface slopes up to 58, as
the angle of onlap onto the unconformity surface is
approaching 58 on South Pierce, Monan, Ban and
Machar. When this unconformity was developed, even
after erosion, there was already approximately 750 m
of strata covering the Ban and Machar diapirs (Figs.
3 and 6(a)), and this would have signi®cantly inhibited
the buoyancy eect of the diapirs.
Davison, Bosence, Alsop and Alawi (1996) have

Fig. 13. Regional isochore (vertical TWT) map of the interval Forties to Lista Formation around the North and South Pierce diapirs. Yellow indicates maximum thickness of approximately 250 m and blues minimum thickness of 100 m. A large channel complex is shown running from
NW±SE cuts across the South Pierce diapir. A localised thick zone is developed on the north-west side of South Pierce where sands probably
accumulated in front of the diapir. Thicker sands have been proven by drilling in the thick zone shown in yellow.
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Fig. 14. (a) Geoseismic section through the South Pierce diapir showing a fold in Eocene-Oligocene strata interpreted to have been produced by
Mid-Miocene compression. (b) Seismic section. Located on Fig. 8.

Fig. 15. Seismic section through the upper part of the Machar structure showing several onlap surfaces marked by arrows, and shallow gas-®lled sandstones adjacent to faults which almost cut
to sea-bed (courtesy of BP). Onlap onto the Mid-Miocene unconformity is arrowed. Top salt produces a strong re¯ector near the crest of the structure but the top salt on the ¯anks is dicult to
pick. Section located on Fig. 8.
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noted that present-day downbuilding diapirs which are
at, or within 100 m of, the sediment surface can produce a diapiric freeboard of up to 300 m in the Gulf
Coast of Mexico and the South Atlantic margins
where active salt movement is occurring. This suggests
buoyancy forces of approximately 2 MPa if negligible
¯exural rigidity of the overburden is assumed. However, once covered by appreciable thicknesses of strata
(>300 m), such as those present over the Machar and
Ban structures, the freeboard would be reduced to
tens of metres or less. Hence, it is impossible for salt
buoyancy forces alone to have created sucient surface topography to produce the high-angle onlap patterns observed on the seismic data.
The high bathmetric relief was probably produced
by a regional compressional reactivation of the diapirs
during the middle Miocene period. The strata immediately below the unconformity show limited evidence of
erosional truncation. This suggests that uplift was relatively rapid and the diapir was rapidly covered before
any appreciable erosion of the diapir crest could take
place.
There are very few obvious regional folds or thrusts
within the Central Graben, and the regional shortening
could only have amounted to a few percent. However,
one localised fold is present over the South Pierce
structure with a relief of approximately 750 m which
folds Eocene-Oligocene strata (Birch, Crowle, Hayes &
Nash, 1998). The hangingwall of a NE±SW trending
cross fault has been folded (Fig. 14). Other evidence
which suggests that the Mid-Miocene unconformity
was caused by compression is that no other Tertiary
unconformities are observed in the underlying strata
on the Ban and Kyle structures indicating that diapir
topography was subdued to probably less than 100 m
throughout the Eocene to Middle Miocene period. The
folded shape of Early Miocene strata above Machar is
dierent from the inferred shape of the diapir, with a
broader wavelength box-like fold developed (Fig. 15).
This also suggests that the fold was not produced by
simple drape and dierential compaction of the Tertiary strata around a down-built salt diapir, but may
be a compressional fold structure which has nucleated
above the diapir where the overburden was thinnest
and weakest (Fig. 15).
Two distinct closely-spaced unconformities, with
onlap above them, have been recognised on Ban
(Fig. 6(a)) suggesting that the Middle Miocene compression occurred in pulses. Physical modelling of
compressional reactivation of diapirs indicates thrust
faults may develop (Vendeville & Nilsen, 1995). Both
physical and numerical modelling suggest that the
most likely position for thrusts to develop is on the
upper shoulders of active diapirs above the steep salt
margin (Davison et al. 1993; Schultz-Ela, Jackson &
Vendeville, 1993). There is some evidence that such

structures exist on the seismic sections through the
Ban diapir (Figs. 3 and 6(a)), and stratigraphic repetition of chalk units on the Ban structure has been
proved by drilling. However, such repetitions may be
outward-dipping normal faults that have rotated
through the vertical, as demonstrated in physical experiments (Davison et al., 1993). From the geometry
alone it is impossible to tell which process generated
the apparent reverse movement.
The mid-Miocene rejuvenation of the diapirs
appears to aect both the Western and Eastern
Trough and does not correlate with the age of downslope sliding of listric faults developed on the graben
margins, which is thought to be Palaoecene to Eocene
in age and associated with uplift of the UK mainland
(Buchanan et al., 1996; Bishop, 1996; Bishop, Buchanan & Bishop, 1995). Mid-Miocene compression is
more likely to be due to regional plate compressive
forces than local downslope sliding into the graben.
The origin of these forces is still not clear, but may be
due to remote stresses driven by Alpine movements
farther south.
6. Hydrocarbon columns and gas escape
Most of the diapirs have very large hydrocarbon
columns, which vary from a maximum of 1315 m on
Mungo to a minimum of 600 m on North Pierce
(Table 1). All of the structures, except Kyle, are under®lled. The reason for this is not thought to be the lack
of hydrocarbon charge, but due to ¯uid escape from
the structures promoted by the buoyancy eects of
large hydrocarbon columns. Most of the diapirs exhibit gas clouds in the overlying strata on the seismic
sections, which have also been encountered by drilling
(Figs. 6 and 7). The largest gas clouds interpreted
from the seismic data are situated over Ban. Monan
is the most overpressured reservoir at the present time,
as this has a probable gas column of 920 m (height of
the column is estimated from seismic sections and drilling data) and an oil column of 210 m. This is the only
diapir which does not have a clearly visible gas cloud,
and it is the structure with the largest potential buoyancy overpressure. We attribute this to the better seal
quality of the shales above the Monan reservoir, which
must be accumulating hydrocarbons today, without
leakage. The Monan hydrocarbon column is capable
of producing approximately 8.5 MPa (1220 psi) of
overpressure at the top of the reservoir due to buoyancy. Hence, the Tertiary claystones above Monan
have capillary entry pressures for hydrocarbons greater
than 8.5 MPa. There is no correlation of the hydrocarbon overpressure with the depth to the top reservoir
(Fig. 16). This indicates that it is the variable nature of
the seal, which is more important than the depth of

I. Davison et al. / Marine and Petroleum Geology 17 (2000) 499±522

Fig. 16. Plot of calculated buoyancy of hydrocarbon column plotted
against depth to the top of the reservoir. There is no relation
between these two parameters indicating that seal capacity depends
on rock type more than burial depth.

burial of the top seal of Palaeocene claystones. For
example, North Pierce is buried to 2440 m and has a
small hydrocarbon buoyancy pressure of 460 psi,
whereas Monan is only buried to 1800 m at the reservoir crest, and it holds back a potential hydrocarbon
buoyancy pressure of 1220 psi.
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(Fig. 17). Producers should be drilled as high up on
the crest in the oil leg as possible where fractures are
more intense. This maximises the production time
before water breakthrough. Diapirs with concentric
sealing faults in chalk are best suited to radial stratigraphic parallel production wells which are usually
drilled from a centralised platform. Where partially
leaking concentric faults are present on the ¯anks of
the structure, such as on Ban, the horizontal stratigraphic-parallel injectors tend to form a broader sweep
of the up-dip oil as there is less tendency for breakthrough due to concentric ¯ow along concentric faults.
If, however, there are no open fractures on the deeper
¯anks of the diapir it is more advisable to drill radial
or oblique injectors at an angle to the stratigraphy to
maximise the chance of intersecting the deepest open
fractures suitable for injection as there is very little
transmissibility through unfractured chalk (Fig. 17).
Faults in the Palaeocene sandstone reservoirs are of
secondary importance. Producing wells drilled in
Palaeocene sandstones are best drilled stratigraphically
parallel into the reservoirs to maximise ¯ow.

7. Discussion
7.1. Exploration and production drilling
recommendations
Hydrocarbons escape from the diapir structures
along normal faults cutting almost to the sea-bed,
which can be identi®ed on the seismic data (e.g.
Machar, Fig. 15). Kyle has a concentric gas curtain
suspended above the diapir, which suggests the gas is
leaking up along concentric faults. Shallow bright
spots have been imaged adjacent to faults above
Machar, and it is known that these are gas-®lled sandstone bodies (Fig. 15). The shallow gas bleeding from
the reservoirs into the overlying Tertiary to Recent
strata causes pressure problems when drilling, and also
weakens the rocks by promoting hydraulic fracturing
and faulting in shales so that hole collapse is more
likely. To minimise drilling problems, oset locations
for drilling rigs and production facilities are recommended (exploration and production) away from
diapir crests, in the direction of diapir elongation
(Fig. 17). This will facilitate horizontal drilling along
the diapir ¯anks in the elongation direction of the diapirs and avoid hole problems in the shallow overburden at distances of several hundred metres above the
diapir (Fig. 17), whatever the well trajectory.
The presence of many radial faults in the chalk
reservoir horizons, which may be ¯uid seals or ¯uid
conduits, requires drilling parallel to the elongate
direction of diapirs to maximise the number and length
of fault compartments drained by each well and maximise the number of open fractures cut by the well

7.2. Criteria to distinguish between purely downbuilt
diapirs and diapirs that have been reactivated by
regional compression
Geometrical analysis of the Tertiary section has indicated that inversion has occurred with rejuvenation of
the Central Graben diapirs (see also Hossack, 1995).
In Table 2 and Fig. 18, we highlight the speci®c features in the overburden which may help in determining
whether a diapir was rejuvenated by late compression
after a phase of downbuilding (see also Letouzey,
Couetta, Vially & Chermette, 1985; Vendeville & Nilsen, 1995). Rejuvenated diapirs will exhibit some or all
of the following characteristics: (a) localised unconformities with high angles of onlap above the unconformity; (b) thick lid of overburden strata (>300 m)
updomed above the diapir; (c) reverse layer-parallel
slip or concentric thrust faults localised at the diapir
shoulders; (d) central horst block uplifted above diapir;
(e) continued upward movement of the diapir even
when pinched o from source. The presence of layer
parallel reverse slip and concentric reverse faults may
not occur together. In experiments on active diapirs
Schultz-Ela et al. (1993) show that layer parallel slip
occurs in overburden which is anisotropic, and thrust
faults at diapir shoulders occur in isotropic overburden. Crestal collapse graben also occur above some
rejuvenated diapirs, but crestal horst structures have
only ever been produced in physical models of upbuilt
diapirs (Davison et al., 1993).
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Fig. 17. Schematic diagram showing the suggested oset location of production platforms in relation to an elongate diapir. Well trajectories
from an oset location avoid the gas and highly-fractured overburden above diapir crests and enter the reservoir horizons horizontally along the
¯anks.

8. Conclusions
1. The location of the Central Graben salt diapirs
was controlled by Triassic age extensional faulting.

Jurassic age faulting played a less important role
in the location of the diapirs, but aided in their
growth.
2. The diapirs grew by downbuilding for most of their

Table 2
Criteria for recognising downbuilt diapirs from diapirs which have been reactivated by regional compression (adapted partly from Vendeville &
Nilsen, 1995)
Criteria

Downbuilding

Rejuvenation driven by compression

Stratal thickness

Thick beds on the ¯anks thin over the salt, consistent
with the syngrowth sedimentation patterns of
Trusheim (1960) and Seni and Jackson (1983).

Lithological variation

Lateral lithological variation concentric to the diapir
in the rocks directly overlying the salt and through
most of overburden strata.
Normal sense of movement away from crest, caused
by material sliding o crest.
Small displacement normal faults on diapir shoulders,
dipping away from the diapir.
Crestal graben.
Large listric growth faults along part of the salt
contact.

Uniform bed thickness over crest when not
tectonically thinned. Large thickness of overburden
folded above crest. High angle onlap onto preinversion unconformity.
Less concentric lithological variation produced when
diapir inactive before inversion period.

Layer parallel shear
Faulting

Drag zone geometry
Regional deformation

Narrow and high relief.
Regional extension faults.

Fold geometry of concordant
overburden
Withdrawal basin

Geometry molds to the diapir.
Primary and or secondary rim syncline sometimes
present.

Reverse sense of movement toward the crest.
Convex upward thrusts in the overburden on the
shoulder of the diapir.
Crestal horst as well as graben.
Normal faults, strike-slip faults and thrust faults
directly above the diapir e.g. Withjack and Scheiner
(1982).
Broad and lower relief.
Regional folds and thrusts and inverted extension
structures in the cover.
Broad ¯at top or, fold shapes unrelated to the
underlying diapir shape.
Absent when diapir is growing by compression.
Diapir continues to grow even when source is severed
by welding.
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Fig. 18. Geometrical features of diapirs aected by late compression, with (a) compressional fold in overburden, (b) reverse layer-parallel slip, (c)
wide drag zone, (d) thrust faults on shoulders, (e) lack of rim synclines (f) localised unconformities and high angle of onlap above unconformity
restricted to immediate diapir vicinity, and (g) thick updomed strata above the diapir.

3.

4.

5.

6.

history except for periods of compression during the
Late Palaeocene and Middle Miocene when unconformities with high angles of onlap (>58) of overlying strata developed.
Radial faults are predominant at all levels above the
diapirs. However, these are more regularly spaced
at higher levels above the diapir crest. At Palaeocene reservoir level and below, the major radial
faults tend to be grouped into three to six zones
with minor faults in between them. Radial faults are
most concentrated at the terminations of elongate
diapirs.
Subordinate concentric normal and reverse faults
are mainly developed in the lower layers from the
Palaeocene and below. Concentric faults are most
likely to develop between the centre of the diapir
and the edges of the diapir walls above the salt
structure.
Major upturned ¯ank traps are probably present at
lower levels on the diapirs. However, the side seal
provided by the salt may be broken at Jurassic level
and deeper, due to late fault slip.
With the exception of Kyle, none of the diapirs are
®lled to spill point and there appears to be dynamic
leakage of hydrocarbons from the structures produ-

cing large gas clouds at the present day. Some of
the diapir traps have probably been ®lled and emptied of hydrocarbons several times.
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