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Fault reactivation, leakage potential, and hydrocarbon
column heights in the northern North Sea

David Wiprut and Mark D. Zoback

To investigate the question of how faults affect the migration of fluids in petroleum reservoirs, we evaluated the state of stress and
pore pressure acting on the major faults in four cil and gas fields in the northern North Sea. Many of the faults bound hydrocarbon
reservoirs. Qur goal was to test the hypothesis that faults that are being reactivated in the current stress field are permeable and thus tend
to leak, whereas those thét are not (i.e. faults that are inactive in the current stress field) are likely to seal. To address this question, we
utilize a detailed analysis of the magnitude and orieatation of all three principal stresses in a number of wells in each field. These data,
along with information on pore pressure, allowed us to resolve the shear and effective normal stress acting on distinct ~100 m x 100
m elements of individual fault planes. By comparing the stress state resolved on each fault element to expected stress at failure (using a
Coutomb failure criterion) we created color-shaded maps showing the proximity te fault slip (and hence leakage) along each fault. Faule
reactivation and hydrocarbon leakage in this area appears to be caused by three factors: (1) locally elevated pore pressure due to buoyant
hydrocarbons in reservoirs abutting the faults, (2) fault orientations that are nearly optimally oriented for frictionat slip in the present-day
stress field, and (3) a relatively recent perturbation of the compressional stress caused by postglacial rebound. We demonstrate that
the combination of these three factors may have recexitly induced fault slippage and gas leakage along sections of previously sealing
reservoir-bounding faults in some fields, whereas in others, the stress and pore pressure are not sufficient to cause fault reactivation. We
show that only in cases where reservoir-bounding faults are not potentially active, the pore-pressure difference across faults can become
quite high. Hence, the leakage potential of reservoir-bounding fauits appears to exert an important influence on potential hydrocarbon

column heights.

introduction

The question of how faults affect the migration of
fluid in petrolenm reservoirs is complicated, as some
faults contribute dramatically to formation permeabil-
ity (Dholakia et al., 1998) and allow hydrocarbon mi-
gration between different reservoir units (Finkbeiner
et al., 2001), yet others provide effective barriers sep-
arating distinct reservoir compartments (Hunt, 1990).
The sealing potential of a fault can be related to the
juxtaposed hthologies across the fault and the pres-
ence or absence of seals resulting from the structure
and content of the fault zone (Weber et al., 1978;
Downey, 1984; Allan, [989; Nybakken, 1991; Knipe,
1992; Berg and Avery, 1995; Fristad et al., 1997).
However, the process by which a previously sealing
fault begins to leak is unclear.

In this paper we consider the effect of fault reac-
tivation on fault seal and fluid flow in the context of
in-situ stress and pore pressure. We test the hypothe-
sis that faults that are critically stressed in the current
stress field (i.e. capable of slipping) are permeable,

whereas those that are not critically stressed are not
permeable. A number of permeability studies in frac-
tured and faulted crystalline rock appear to confirm
this hypothesis (Barton et al.,, 1995, 1998; Hickman
et al., 1998; Townend and Zoback, 2000). Studies in
hydrocarbon reservoirs in sedimentary basins in the
Santa Maria Basin (Finkbeiner et al., 1997), the Gulf
of Mexico (Finkbeiner et al., 2001), the Timor Sea
(Castillo et al., 2000), and on a single partially leaking
fauit in the northern North Sea (Wiprut and Zoback,
2000b) appear to confirm that critically stressed faults
are responsible for promoting hydrocarbon leakage
and migration.

In this study we expand upon the work presented
by Wiprut and Zoback (2000b) in the Visund field.
The point of departure from our previous work is that
we evaluate here the leakage potential of seismically
mapped faunits throughout the Visund field as well as
three other fields in the northern North Sea (Fig. 1).
We also address the effect of critically stressed fauits
and water-phase pore pressure on the potential height
of hydrocarbon columns,
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surface (Byerlee, 1978). Fig. 3B shows a graphical
representation of the preceding calculation. A fault el-
ement is plotted as a point within the 3-D Mohr circle
according to the shear and normal stress resolved on
the fault element. The slope of the Coulomb frictional
failare line passing through the fault element point
uniquely defines the critical pore pressure where the
failure line intersects the normal-stress axis. The crit-
ical pore pressure is compared to a reference pore
pressure line drawn through the data, where the pore-
pressure data are combined across the entire field
into a single one-dimensional model that varies with
depth. The difference between the critical pore pres-
sure and the reference pore pressure is called the
critical pressure perturbation. This value shows how
close the fault element is to slipping given the refer-
ence pore pressure determined for the field, and hence
is a measure of the leakage potential,

The Visund field

The Visund field is located offshore Norway in the
easternmost major fault block of the Tampen Spur
(Farseth et al., 1995) along the western edge of the
Viking graben. The reservoir is divided into several
oil and gas compartments, some of which are sep-
arated by the A-Central fault (Fig. 4). Hydrocarbon
columns were detected in the Brent group, which
is the primary reservoir, as well as in the Statfjord
and Amundsen formations. As shown in Fig. 4A,
low seismic reflectivity along the southern part of
the A-Central fault at the top Brent reservoir hori-
zon is interpreted to be the result of gas leakage
from the reservoir. The data in this region are of
very high quality and there are no changes in lithol-
ogy that might account for the change in seismic
reflectivity. Fig. 4A also shows the mean orienta-
tion of the maximum horizontal siress determined
in five wells in and near the Visund field from ob-
servations of drilling-induced tensile wall fractures
(Moos and Zoback, 1990; Brudy and Zoback, 1993,
1999). Drilling-induced tensile wall fractures have
been shown o be reliable indicators of the direction
of the maximum horizontal stress (Brudy et al., 1997;
Wiprot and Zoback, 2000a).

Fig. 4B shows a contour map of the top Brent
reservoir horizon (red lines), with the faults, lateral
extent of gas leakage (dashed line, see Fig. 4A), and
outline of the map area shown in Fig. 4A (blue rect-
angle) superimposed on the structural contours. Ex-
ploration wells that yielded stress and pore-pressure
data are shown with black circles. The Brent reservoir
consists of a ridge running northeast—southwest with
a saddle crossing perpendicular to the ridge between
wells B and C. Comparison of the maps in Fig. 4A.B

shows that the ridge is trapping gas along most of its
length except for the portion of the ridge defined by
the dashed low-reflectivity area. In the lower part of
Fig. 4B, the southern boundary of the Brent reservoir
plunges steeply into the Viking graben. This is the
result of a large northeast—southwest trending graben-
bounding fault that intersects the southern end of the
A-Central fault. The effect of the graben-bounding
fault can be seen in Fig. 4A as well, where there is
a sharp transition from high to low reflectivity in the
southern portion of the map.

Fig, 4C shows a schematic cross-section running
approximately east-west through well D and the
A-Central fault. The A-Central fault developed during
the Jurassic as a normal fault with an ~60° dip
(Farseth et al, 1995) and as much as 300 m of
normal throw (L. Arnesen, pers. commun.). Since
that time, the fault appears to have rotated and now
dips between 30° and 45°. As a result, the A-Central
fault is well oriented for being reactivated in a reverse
sense in the current stress field. The other major faults
in Visund generally dip 20° to 40° to the east, with
some smaller antithetic faults dipping to the west.

Fig. 5 shows two views of the A-Central fault as
determined from three-dimensional seismic reflection
data. In the upper part of Fig. 5, a simplified map view
of the fault is shown along with the orientation of the
maximum horizontal stress in the three wells closest
to the fanlt. The shaded area shows the lateral extent
of gas leakage (simplified from Fig. 4A). In the lower
part of Fig. 5, a perspective view of the approximately
east-dipping fault surface is shown. A dark circle on
the fault plane indicates the point where well D pene-
trates the A-Central fault. The fault plane is colored to
indicate the leakage potential based on the orientation
of the fault, the stress, and the pore pressure.

Fig. 6 shows a summary of the in-situ stress and
pore-pressure data in the Visund field over the depth
range of principal interest for the A-Central fault. The
pore-pressure data are direct measurements made in
the reservoir. The vertical stress was derived by using
the average overburden gradient across the field. We
calculated the overburden in each well by integrating
density logs. The data for the minimum horizontal
stress were derived from analysis of carefully con-
ducted leak-off tests (LOTs). The magnitude of the
maximum horizontal principal stress was determined
from analysis of drilling-induced tensile fractures
(following Zoback et al.,.1993; Brudy et al., 1997).
Determinations of stress magnitude and orientation in
Visund are described in detail by Wiprut and Zoback
(2000a).

The evidence for gas leakage in the immediate
vicinity of the A-Central fault points to the fault
as the possible conduit by which hydrocarbons are
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Fig. 4. (A) Map view of the Visund field showing seismic reflectivity of the reservoir horizon as well as the mean osientation of the maximum
horizontal stress in five wells (A-E) (after Wiprut and Zoback, 2000b). (B) Contour map of the top Brent reservoir horizon. The saddle defines
a local structural fow along a ridge running from the northeast to the southwest. The area shown in part A is outlined in blue. (C) East—west
cross-section along X-X' (shown in part B) through the Visund field. Cap rock is defined by the short-dashed line at the base Cretaccous
unconformity. The trajectory of well D through the A-Central fault is shown with long dashes.

escaping from the reservoir. We utilize the stress and
pore-pressure trends shown in Fig. 6 to create the map
of leakage potential shown in Fig. 5. The color shows
the difference between the critical pore pressure we
calculate and the reference pore-pressure line shown
in Fig. 6. This difference is the critical pressure
perturbation {(defined previously). Hot colors indicate
that a small increase in pore pressure (=<~7 MPa)
is enough to bring the fault to failure. Cool colors
indicate that the pore pressure must rise significantly
(=20 MPa) before those parts of the fault will begin
to slip in the current stress field. Note that the largest

part of the fault that is most likely to slip (indicated
by the white outline) 1s located along the same part of
the fault where leakage seems to be occurring. Note
also that this portion of the fault is coincident with a
change in the fault plane strike. Thus, there appears
to be a qualitative correlation between the critically
stressed fault criterion and the places along the fault
where leakage appears to be occurring.

Well D was deviated to penetrate the A-Central
fault at 2933 m true vertical depth (Fig. 5; horizontal
dashed line, Fig. 6 inset), whereas wells B and C
were drilled vertically. Because well D penetrates the
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Fig. 5. Map view and perspective view of the A-Central fault as determined from a three-dimensional seismic reflection survey. Map view shows
the region of gas leakage inferred from reduced seisinic reflectivity (Fig. 4A). Perspective view is colored to show excess pore pressure {critical
pressure perturbation) needed to induce fault slip in the current stress field. The white contours indicate portions of the fault that require an
excess pore pressure less than approximately 7 MPa above the reference pore pressure. The largest part of the fault that is most likely to slip

corresponds to that which appears to be leaking.

fault in this area, we can evaluate the correlation be-
tween the gas leakage and our prediction of leakage
more quantitatively. Pore pressures in Visund are sig-
nificantly above hydrostatic throughout the reservoir
(Fig. 6). The inset of Fig. 6 shows a detailed view
of the pore-pressure measurements in the three wells
closest to the A-Central fault. The steep pressure gra-
dient in well D is the result of light oil rather than
free gas. A free gas cap was not detected in well D
or well C, consistent with the reduced seismic reflec-
tivity shown in Fig. 4A. As shown in the inset of
Fig. 6, the pressure below the fault (indicated by the
position of the dashed horizontal line) is within ~1
"MPa of the theoretical critical pore pressure for fault
shippage (the thick dashed line). This value is several
megapascals above the reference pore pressure, just
as predicted in Fig. 5.

Above the fanlt, pore pressures are significantly re-
duced, indicating that there is poor pressure commu-
nication across the fault (Fig. 6, inset). The A-Cen-
tral fault is connected at its southern end with the
graben-bounding fault described previously, prevent-
ing hydrocarbons from migrating around the southern

end of the fault from the footwall to the hangingwall.
Geochemical analysis of gas from both sides of the
fault indicates that the hydrocarbons are derived from
different sources (i.e. no fluid flow across the fault).
Hydrocarbons are filling the reservoir on the eastern
side of the A-Central fault from the east, and are fill-
ing the reservoir on the western side of the A-Ceniral
fault from the west (A, Wilhelms, pers. commun.),

It is interesting to note that although the pore
pressure in the footwall appears to have caused the
A-Central to slip and leak, both the footwall and
hangingwall show reduced seismic reflectivity. In-
creased permeability resulting from fault slip seems to
influence pore-pressure compartments on both sides
of the fault. In this case, as with cases reported by
Hickman et al. (1998) and Finkbeiner et al. (2001),
fault slip appears to have principally promoted fault-
parallel flow,

The pore pressures shown in the inset of Fig. 6 in-
dicate that wells B, C and D are in approximately the
same pressure compartment in the hangingwall, yet
well B does not penetrate an area of reduced reflectiv-
ity. This is the result of the saddle shown in Fig. 4B.
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Fig. 6. In-situ stress and pore-pressure data obtained from wells throughout the Visund field. Best-fit lines to data are shown. Inset shows
pore-pressure measurements in three wells drilled close to the A-Central fault.

The local structural low provided by the saddle ef-
fectively separates the hydrocarbon column in well B
from wells C and D. There is an approximately 22-m
difference in oil-water contacts between wells B and
C; and there is an approximately 18-m'.‘r-‘gas column
in well B that is absent in well C. Assuming the
hydrocarbon columns were approximately the same
before the fault leaked, the missing gas column in
well C nearly accounts for the difference in oil-water
contacts between the two wells.

Fig. 7 shows a perspective view, looking down
and toward the north, of all the major faults in the
Visund field with colors indicating the potential for
hydrocarbon leakage. The perspective view in this
figure creates distortions, therefore the scales are
approximate. The five wells that provided data for
the maximum horizontal stress are labeled, and other
wells that provided pore-pressure data are shown as
white circles. The faults are colored to indicate the
likelihood of leakage along the surfaces. The leakage
.map indicates the potential for hydrocarbon leakage
along any fault, and does not imply that any fault
with red colors is currently leaking. A reservoir must
abut the fault in the proper place, there must be
hydrocarbons present to leak and the pore pressure
must be high enough to reactivate the fault in order
for the leakage to take place. The limits of this
analysis are discussed in further detail below.

Fieids 1, 2 and 3, northern North Sea

Fig. 8 shows the states of stress observed in Fields
1, 2 and 3, which we also studied in the northern
North Sea. The general pore-pressure trend in Field
! follows a nearly hydrostatic gradient until 3500 m,
where it increases significantly in wells A, B and C
(Fig. 8A). There is a marked pore-pressure difference
between wells A and B, drilled into the hangingwall
block of a major north—south trending and eastward
dipping fault in Field 1, and well C drilled into the
footwall block. Pore pressures in wells A and B
follow a steep gas gradient toward the top of the
hydrocarbon column, whereas the pore pressures in
well C appear to primarily mirror the hydrostatic gra-
dient at the same depth. The pore pressure in well
C in a reservoir at greater depth follows a hydro-
carbon gradient. The pore-pressure difference across
the fanlt between wells B and C at a depth of 3450
m is shown by the arrow and is approximately 15
MPa. We discuss this large pore-pressure difference
subsequently.

Pore pressures in both Field 2 and Field 3 are hy-
drostatic until approximately 3400 m, where there is
an increase in pore pressure in both fields (Fig. 8B,C).
The reservoir is highly overpressured in Field 3,
and in Field 2 there is only moderate overpressure
in the reservoir. The pore-pressure irends in both




210

D, Wiprur and M.D. Zoback

et
.

2600m (RKB)

5000m (RKE)

Fig. 7. Perspective view of fault surfaces in the Visund field showing leakage potential. The A-Central [aull is shown with depths listed on the
bounding box. Perspective view is colored to show excess pore pressure needed to induce fault siip in the current stress field, Hot colors indicate
that the fault is close to failure and cool colors indicate that pore pressure must rise significantly (nearly 23 MPa) before fault will be reactivated
in current stress field. Note that the scales are approximate, as the perspective view creates dislortions.

fields continue to mirror the hydrostatic gradient in
the overpressured sections. A number of anomalous
pore-pressure meastrements in the shallower parts of
Field 2 (Fig. 8B) come from approximately five wells
scattered throughout the region, and do not reflect the
overall pore-pressure trend in any one compartment.

Note that in all three ficlds the maximum horizon-
tal stress is distinctly larger than the vertical stress,
and the minimum horizontal stress is close in mag-
nitude to the vertical stress. This result is consistent
with the strike-slip and reverse stress field indicated
by earthquake focal-plane mechanisms (at 5 to 30 km
depth) in this part of the North Sea (Lindholm et al.,
1995).

Fig, 9A shows a map view of Fields 1 and 2
with the faults and mean orientation of the maxi-
mum horizontal stress determined in five wells in this
area. Other exploration wells that yielded stress and
pore-pressure data are shown by black circles, Field
1 is a small discovery approximately 5 km west of
Field 2. Reservoirs in Field 1 are quite deep with
Brent reservoir sandstones encountered between ap-
proximately 3500 and 4100 m. Structural dips are to
the east between appraoximately 1° and 10° in Field
1 and between 2° and 14° in Field 2. Fig. 9B shows
a schematic cross-section through well F in Field 2
that gives a generalized picture of the structure in
this area. Major reservoir-bounding faults in this area
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Fig. 8. In-situ stress and pore-pressure data obtained from wells throughout Ficld 1 (A), Field 2 (B), and Field 3 (C). Bestfit lines to data are
shown. See text for explanation of arrow in (A).
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Fig. 9. (A) Generalized map of Field 1 and Field 2 showing the orientation of the maximum horizontal stress (inward pointed arrows),
exploration wells (circles), and major faults, (B) East—west cross-section along X-X' passing through well F in Field 2. Major faults generally

dip steeply west toward the Viking graben.

strike approximately north—south, and dip to the west
between 40° and 55°. Careful examination of seis-
mic cross-sections in Field 1 and Field 2 revealed
no evidence of hydrocarbon leakage, and there is no
evidence of hydrocarbon migration at present in these

fields. Field 1 and Field 2 are highly compartmental- |
ized by faults. ;
Fig. 10 shows a perspective view of all the major
faults in Fields 1 and 2 with colors indicating the
potenttal for hydrocarbon leakage as in Figs. 5 and 7.
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Fig. 10. Fault leakage potential in Field 1 and Field 2. See Fig. 7 for explanation.

The five wells that provided data for the maximum
horizontal stress are labeled. Note that most of the
faults in Fields 1 and 2 do not show any significant
potential for leakage. This is primarily the result of
the faults being poorly oriented for frictional failure
in the current stress field. This prediction is consis-
tent with the absence of hydrocarbon leakage and
migration in these fields. Fig. 10 shows that our anal-
ysis predicts there should be no leakage and it also
shows that the reservoirs may potentially maintain
large pore-pressure differences across compartments.
According to our analysis, the major fault to the east
of well B in Field 1 can potentially maintain up
to approximately 15 to 17 MPa pore-pressure dif-
ference across its surface at the weakest points. As
noted above, the pore-pressure data in this field show
a pressure difference of approximately 15 MPa be-
tween the pore-pressure trend used to create Fig. 10
and the hydrocarbon column supported by the major
fault east of well B (Fig. 8A, see arrow).

Fig. 11A shows a map view of Field 3 with the
faults and mean orientation of the maximum hori-
zontal stress determined in four wells in this area.
Other exploration wells that yielded stress and pore-
pressure data are shown with black circles. Fig, 11B
shows a schematic cross-section through two wells
in the field along the line W~W'. The Brent reser-
voir in Field 3 typically dips between 3° and 10°
to the east and southeast in individual fault blocks,
but overall becomes shallower to the south-southeast
in this region. Reservoir-bounding faults in Field 3
generally strike in two directions, with a northeast—
southwest striking set of faults cross-cutting a north—
south striking set. The faults typically dip between
50° and 60° throughout the field. Fig. 12 shows three
east—west oriented cross-sections cut through wells A
and F along the lines X-X/, Y-Y’, and Z-Z’ shown
in Fig. 11. Cross-section Y-Y’ indicates that there
is some amplitude dimming above the fault east of
well A, which is interpreted to be the result of gas
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“those that are not critically stressed are more likely to

be sealing. Fault reactivation and hydrocarbon leak-
age in this area appear to be caused by three factors:
(1) locally elevated pore pressure due to buoyant hy-
drocarbons abutting faults, (2) fault orientafions that
are mearly optimally oriented for frictional slip in
the present-day stress field, and (3) a recent pertur-
bation of the compressional stress associated with
postglacial rebound. The combination of these three
factors may have recently induced fault slippage and
gas leakage along sections of previously sealing reser-
voir-bounding faults in some fields, whereas in others,
the stress and pore pressure are not sufficient to cause
fault reactivation. In cases where reservoir-bounding
faults are not potentially active, the pore-pressure dif-
ference across faults can become quite high. Hence,
the leakage potential of reservoir-bounding faults ap-
pears fo exert an important influence on potential
hydrocarbon columm heights.
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