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ABSTRACT

Detailed seismic imaging and in situ stress and pore-pressure measurements are used to
analyze reverse-fault reactivation of a long-dormant normal fault in the northern North Sea.
Fault reactivation is caused by three factors: (1) a recent increase in the compressional stress in
the area associated with postglacial rebound, (2) locally elevated pore pressure due to the pres-
ence of natural gas in a hydrocarbon reservoir on the footwall side of the fault, and (3) a fault
orientation that is nearly optimally oriented for frictional slip in the present-day stress field. We
demonstrate that the combination of these three factors induces fault slippage and gas leakage
along sections of the previously sealing reservoir-bounding fault. We argue that similar pore-
pressure triggering of fault slip in the crust may occur because of the accumulation of gas
columns of, e.g., CQand He in the vicinity of tectonic faults.
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INTRODUCTION act as both barriers and conduits. Some fauliom analysis of carefully conducted leak-off tests
In this study we consider fault reactivation andontribute dramatically to formation permeabilin wells throughout the field. The magnitude of
fluid flow in the Visund oil and gas field in the ity (Finkbeiner et al., 1998), yet others providehe maximum horizontal principal stress was de-
context of in situ stress and locally high poreffective barriers separating distinct reservoitermined from analysis of the drilling-induced
pressures due to gas accumulation in a reservosmpartments (Hunt, 1990). tensile fractures (following Brudy et al., 1997).
abutting a long-dormant normal fault. The me- Figure 1 also shows the orientation of th®eterminations of stress magnitude and orienta-
chanical role of fluids has long been of interest tmaximum horizontal stress determined in fivdion are described in detail by Wiprut and Zoback
scientists studying earthquakes and faulting (seeells in and near the Visund field from observa¢2000). Note that we are able to fit lines quite well
review by Hickman et al., 1992). There are sewions of drilling-induced tensile wall fracturesto the principal stresses and that the maximum
eral well-studied cases in which seismicity wagMoos and Zoback, 1990; Brudy and Zobackhorizontal stress is distinctly larger than the verti-
induced by high pore pressures resulting frorh993, 1999). Drilling-induced tensile wall frac- cal stress, and the minimum horizontal stress is
fluid injection at depth (Healy et al., 1968;tures have been shown to be reliable indicatorearly equal to the vertical stress. This result is
Raleigh et al., 1976; Zoback and Harjes, 1997nf the direction of the maximum horizontalconsistent with the strike-slip and reverse-slip
Sahagian and Proussevitch (1992) suggested tstiess (Brudy et al., 1997). Five rose diagrams stress field indicated by earthquake focal-plane
high pore pressure due to a buoyant column tie lower part of Figure 1 show the consistencsnechanisms in this part of the North Sea (Lind-
gas at the top of magma chambers may be ref maximum horizontal stress orientations irholm et al., 1995). The inset of Figure 2A shows a
sponsible for triggering volcanic eruptions, angtach well. Each rose diagram shows the meaietailed view of the pore-pressure measurements
Linde et al. (1994) and Sturtevant et al. (199&)rientation of the maximum horizontal stressin the three wells closest to the A-Central fault.
suggested that gas dissolution from magma dutre +2a error in this orientation, and the numbeiWell D was deviated to penetrate the A-Central
ing the passage of seismic waves may trigger fuof times the tensile fractures in each well coulfault at 2933 m true vertical depth (indicated by

ther seismicity in geothermal areas. be subdivided into 0.2-m-long intervals. Thethe horizontal dashed line), whereas wells B and
final rose diagram shows a compilation of the& were drilled vertically. The pore-pressure data
VISUND OIL AND GAS FIELD entire data set. The depths over which the daitawell D are discussed subsequently.

The Visund field is located offshore Norway inwere observed in each well are shown by verti- Figure 3 shows two views of the A-Central
the easternmost major fault block of the Tampecal black lines in the plot to the right of the roséault as determined from three-dimensional seis-
spur (Faerseth et al., 1995) along the western eddiagrams. The orientation of the maximum horimic reflection data. In the upper part of Figure 3,
of the Viking graben (Fig. 1, inset). The reservoizontal stress is remarkably consistent, both latea-map view of the fault is shown along with the
is divided into several oil and gas compartments|ly across the field and with depth. orientation of the maximum horizontal stress in
some of which are separated by the A-Central Figure 2A shows a summary of in situ stresthe three wells closest to the fault. The shaded
fault. As shown in Figure 1, low seismic reflec-and pore-pressure data for the Visund field overea shows the lateral extent of gas leakage (sim-
tivity along the southern part of the A-Centrathe depth range of principal interest. The poreplified from Fig. 1). In this area, the A-Central
fault is interpreted to be the result of gas leakag@essure data are direct measurements conductadlt juxtaposes reservoir sandstones on the foot-
from the reservoir. The data in this region aravith the Schlumberger Repeat Formation Testewrall side with cap-rock shales on the hanging-
very high quality and there are no changes ifihe vertical stress shown in Figure 2A was dewall side. In the lower part of Figure 3, a per-
lithology that might account for the change irrived by using the average overburden gradiespective view of the approximately east-dipping
seismic reflectivity. The question of how faultsfor the entire field. We calculated the overburdefault surface is shown. The A-Central fault devel-
affect the migration of fluid in petroleum reser-n each well by integrating density logs. The dataped during the Jurassic as a normal fault with an
voirs is complicated, because faults are known tor the minimum horizontal stress were derived-60° dip (Feerseth et al., 1995) and as much as
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\-9.\ as the possible conduit by which the hydro-
carbons are escaping from the reservoir. To in-
vestigate this possibility further, we evaluated
the state of stress and pore pressure acting on the
fault plane in the context of the hypothesis that
faults that are critically stressed in the current
stress field (i.e., capable of slipping) are permea-
ble, whereas those that are not critically stressed
are not permeable. A number of permeability
studies in fractured and faulted rock masses
appear to confirm this hypothesis (Barton et al.,
Visund Oil Field 1995, 1998; Hickman e_t al., 1998)_. Figure 2B
shows how we apply this hypothesis conceptu-
ally to the A-Central fault. As gas accumulates in

N

High reflectivity
due to gas in th¢
Brent reservoir

e e o a permeable reservoir bounded by a sealing
A . ‘( fault, the pore pressure at the fault-reservoir
o v o0t IS interface increases because the pore-pressure
= Visund 557 - ‘ gradient in the gas is considerably less than the
= ’ //Ia\ > N hydrostatic gradient owing to the extremely low
§ e . density of gas. As the height of the gas column
increases, at some point the pore pressure will be
sufficient to induce fault slip, providing a mech-
anism to increase fault permeability and allow
leakage from the reservoir.
To evaluate the hypothesis that parts of criti-
A s Well cally stressed faults are permeable and are the
A B c D E cause of localized leakage, we resolve the stress
25007 I I I I orientations and stress magnitudes shown in Fig-
2700 N | | | ures 1 and 2A into distinct ~100 m x 100 m ele-
2900 | | | | | ments on the fault plane to determine the shear
SHmax= 10T £ 10° SHmax= 102 £ 10° 3100 and normal stress on each part of the A-Central
c b o 33004 I I I I fault. It is then straightforward to compute the
£ 3500 L]l I I pore pressure at which the fault element is ex-
$ 37007 | | | | pected to slip, if Mohr-Coulomb frictional failure
£ 3900- | | | | is assumed. We refer to this pore pressure as the
- i - ! I:: 41007 | | | | critical pore pressure. The color shading on the
SHmax= 107 = 11 SHmax =97 = 9 gf 43007 | | | | fault plane shown in Figure 3 indicates the differ-
E 45001 ence between the critical pore pressure and the
ﬂ 47007 I I I I reference pore-pressure line shown in Figure 2A.
4900 I I I I This difference is called the critical pressure per-
51001 I I I I turbation. Red colors indicate that a small in-
ST P+ 11 ST 100 + 10° 53001 | | | | crease in pore pressure (<~7 MPa} |s_enough to
bring the fault to failure. Blue colors indicate that
Figure 1. Map view of Visund field showing seismic reflectivity of reservoir horizon as well as the pore pressure must rise significantly (>20
mean orientation of maximum horizontal stress in five wells (A—E). Inset shows location of MPa) before those parts of the fault will begin to
Visund field with respect to coast of Norway and Viking graben. Rose diagrams show range of slip in the current stress field.

orientations seen in each well. To right of rose diagrams, depths (meters relative to kelly bushing,

true vertical depth, mMRKB, TVD) over which data could be seen in each well are shown by black Note that the Iargest parts_ Of. the A-Centr.al

lines. Gray regions indicate parts of well that were not logged. fault that are most likely to slip (i.e., shaded in
red) are located along the same part of the fault

where leakage seems to be occurring. Thus, there

appears to be a good qualitative correlation be-
300 m of normal throw (Linn Arnesen, Norskobserved in this region may be related to lithotween the critically stressed fault criterion and the
Hydro, 1998, personal commun.). Since thaspheric flexure associated with Pleistocene d@laces along the fault where flow appears to be
time, the fault appears to have rotated and noglaciation (Stephansson, 1988; Klemann andccurring. Because well D penetrates the fault in
dips between 30° and 45°. Both the focal-plan@/olf, 1998; Grollimund et al., 1998). If this in- this area, we can evaluate this correlation more
mechanisms of earthquakes occurring in thierpretation is correct, the existence of the currequantitatively. As shown in the inset of Figure
vicinity of the Visund oil field (at 5—-30 km depth) compressional stress in this area is a geological®A, the pressure below the fault (indicated by the

and the in situ stress measurements shown in Figcent (ca. 10—15 ka) phenomenon. position of the dashed horizontal line) is within
ure 2A indicate that the current state of stress in ~1 MPa of the theoretical critical pore pressure
this area is highly compressional. As earthFAULT SLIP AND HYDROCARBON for fault slippage (the thick dashed line). This
guakes along passive continental margins suchlBEAKAGE value is several megapascals above the back-

Norway's are quite rare, a number of investiga- The evidence for gas leakage in the immediaground pore pressure, just as predicted in Fig-
tors have suggested that the compressional stregsnity of the A-Central fault points to the fault ure 3. Above the fault, pore pressures are signifi-
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cantly reduced, indicating that there is poor pre 40 60 80 100 120
sure communication across the fault. Geocher 2000
cal analysis of gas from both sides of the fat

and Finkbeiner et al. (1998), fault slip appears
have principally promoted fault-parallel flow.

It is not clear at this time whether leakag
along the A-Central fault is an episodic ¢
steady-state condition. It is possible that on
sufficient gas leaks out of the reservoir to redu
the pore pressure, the fault may seal again. 1 L
reservoir could subsequently be recharged L
hydrocarbons migrating in from neighboring re 4000 1L L1 Lol
gions, as chemical analysis of the hydrocarbo
in the Visund field and the surrounding are: 40 60 80 100 120
indicates. This could be the mechanism I A Stress (MPa)
which the pore pressure increases to the criti
value where the fault fails. It may also be tt
case that once the fault has been reactivatec
remains permeable, and the hydrocarbons wol
leak continuously from the reservoir.

The relationship between pressure and flu

2800
indicates that the hydrocarbons are derived frc L Maximum a N <+ Critical| _|
different sources (i.e., no fluid flow across th - Horizontal a5 1 N
fault) (Arnd Wilhelms, Norsk Hydro, 1998, per- — Stress £ 30004 B+ Jressure
sonal commun.). Because leakage appears tc — Q
localized to the region where the fault is mo 8 — % 1o —wers
likely to slip, fault slip rather than capillary- E ~ < 30004 * weic
pressure effects seem to be responsible for the ~ ) o WellD
. . . | [a) i Fault in|

leakage. Thus, in this case, as with cases repoil é "7 welp
by Barton et al. (1995), Hickman et al. (1998 £ 3000 — Vertical
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Conceptual Model
of Excess Pore Pressure

i i Due to Gas Buoyanc
flow along reservoir-bounding faults such as tt Schematic Ge_ologlc yaney pore Pr_essure
Cross-Section Profile

A-Central fault is reminiscent of a pressure .
regulated valve. Pore pressure acting against \
initially sealing fault can rise only to a certail

Pressure
—>

. Impermeable = = = Fault

value before fault slippage occurs and hydr P 1\ Depth .
Caprock Critical Pore

carbons leak upward along the fault through tl 5 Fault ) Pressure
cap rock. Sibson (1992) speculated that sot ncreasincJ A \ ‘%}
tectonic faults act as valves that (while close Gas * 3 ) /OO 3 Gas Columns
allow near-lithostatic pore pressures to accurr \ )
late. After a pressure-induced earthquake occt Permeable N %
fracturing of the crust in the region surroundin Reservoir %

the earthquake increases permeability and dis
pates the high pore pressure.

Pore-pressure—induced faulting and leaka
may be a dynamic mechanism that acts to cont B
the hydrocarbon capacity of reservoirs boundeg|gyre 2. A: In situ stress and pore-pressure data obtained from wells throughout Visund field
by faults. This process was observed in the Gywiprut and Zoback, 2000). Best-fit lines to data are shown. Inset shows pore-pressure measure-
of Mexico (Finkbeiner et al., 1998) where onlyments in three wells drilled close to A-Central fault. Depths, abbreviations are as in Figure 1.
small amounts of hydrocarbon could be trappe_B: Conqeptual model showing inc_rease in pore pressure at reservoir-bounding fault as result of

. - : . .. increasing gas column in reservoir.

against reservoir-bounding faults near frictiona
failure, whereas larger columns could be trappe
against faults of different orientation initially fur-
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