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The Use of Seismological Data
to Predict Overpressures

by H. Philippe Bodmer*

Abstract

Seismic valving is a process resulting from gradual build-up of pore pressure due to fluid generation,
causing the subsequent opening of a fault along with fluid escape towards surface. This mechanism was
recognised causing earthquakes in many parts of the world, as a result of hydrocarbon generation or
infiltration of other fluids. Fault orientation is not only a function of external principal stress condi-
tions but also of pore pressure. In this paper it is postulated that focal mechanisms could be used to
predict overpressures. This idea could be supported by comparison between focal mechanism inter-
pretation in the Alps of central Switzerland and hydrocarbon exploration data.

Zusammenfassung

Die Generierung von Fluiden im Untergrund, der Aufbau von hohem Druck und das anschliessende
Aufbrechen des Gesteines, welches zum Entweichen der Fluide an die Erdoberfliche fiihrt wird als
“seismic valving” bezeichnet. Dieser Mechanismus wurde weltweit als Ausloser von zahlreichen Erd-
beben anerkannt, sei es als Folge der Generierung von Kohlenwasserstoffen, oder sei es wegen der In-
filtration von anderen Fluiden. Es wurde in fritheren Arbeiten gezeigt, dass die Orientierung von
Bruchflidchen nicht nur von den Hauptspannungen abhingt, sondern auch vom Porendruck. In diesem
Artikel wird postuliert, dass Herdlosungen von Erdbeben umgekehrt zur Abschiatzung von Ueber-
druckverhiltnissen verwendet werden konnen. Dieser Gedanke konnte durch den Vergleich zwischen
Erdbebendaten und Explorationsergebnissen aus der Erdélindustrie fiir die Alpen der Zentralschweiz
erhirtet werden.

Résumé

La génération de fluides en profondeur crée des surpressions, la rupture consécutive des roches et fi-
nalement I’échappement de ces fluides vers la surface. Ce processus appelé “seismic valving” a ¢té re-
connu comme étant la cause de nombreux tremblements de terre dans le monde entier, dus a la géné-
ration d’hydrocarbures ou a l'infiltration d’autres fluides. Il a été démontré, dans des travaux plus an-
ciens, que I'orientation de failles est non seulement une fonction des contraintes principales, mais €ga-
lement une fonction de la pression interstitielle. Dans cet article, il est postulé que I'orientation des
mécanismes focaux de tremblements de terre peut étre utilisée pour prédire des régimes de surpres-
sion. Cette idée a été appuyée par la comparaison de mécanismes focaux des Alpes de la Suisse centra-
le avec des données provenant de I’exploration pétroliére.

Exploration Manager TGK, Tiefengas Konsortium, Bitzistrasse 5, CH 6373 Ennetbiirgen
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1. Introduction

Already in 1959, HUBBERT & RUBEY established the relationship between fault
movement and fluid pressure. This concept was further refined by different au-
thors, namely by SiBson (1981, 1990, 1992), who introduced the idea of seismic
valving, i.e. the gradual build-up of pore pressure due to fluid generation and the
subsequent opening of a fault along with fluid escape towards surface and related
seismicity (Figure 1).
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Fig. 1: Schematic model of the seismic valving mechanism.

The opening or reactivation of an existing fault is a direct function of the external
stress field, its angle relative to the fault, and pore pressure. Ideally, angles be-
tween maximum compressive stress orientation and the fault range between 22
and 32 degrees. Such “favourably” oriented faults can be activated under “nor-
mal”, hydrostatic pore pressures. The more the angle departs from the favourable
orientation, the higher the pore pressure must be to allow for fault opening. In ex-
treme cases (angles of 0 or 53 degrees), near lithostatic pressures must accumu-
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late, provided that the formations can withstand such elevated overpressures prior
to hydraulic fracturing. The relationship between pore pressure and fault orienta-
tion in a compressional regime is defined as follows (Sibson, 1990, Figure 2):

(61-03)=pg((tan 6; + cot Br) / (1 -pustan 6;)) py gz (1-4y)

where 61, 63 are the maximum and minimum principal compressive stresses, L is
the coefficient of internal friction, 6r the angle between the fault plane and o1, p;
the average rock density, g the gravitational attraction, z the depth and A, the
pore pressure factor (= Py/ (p; g z ), with Py = pore pressure)

© ., fault orientation (degrees)

Fig. 2: Pore pressure factor (Ay) required to reactivate a fault versus reactivation angle 6r (angle
between the fault and the maximum principal stress 61) after Sibson (1990).

As opposed to conventional seismology where alternative plane orientations are
derived from focal solutions, the proposed method usually provides an unique so-
lution (i.e. the one of the two planes requiring the least pressure to be activated).

When formation pressure meets the condition described by the above formula,
failure occurs along the fault, eventually resulting in seismicity and discharge of
fluids towards surface. The compartment is re-sealed and pressure builds to an-
other breakout. This episodic process of fluid escape and accumulation cycles is
referred to as seismic valving. Many field observations give direct evidence for the
concept of seismic valving as documented by the selected references cited below.
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2. Observations of seismic valving

Among the innumerable descriptions of phenomena directly or indirectly related
to fluid discharge along with earthquake activity, SIBSON (1981) estimates that at
least 1010 litres of fluids were expulsed in connection with the 1952 Kern County
earthquake in California. Focal mechanisms of events after the large 1952 event
show distinct local deviation from the regional stress pattern (CASTILLO &
ZOBACK, 1994a) which is most probably due to a change of subsurface pressure
conditions connected to the main event (see above formula and also CASTILLO &
Z0BACK 1994b). Comparable order of magnitude of fluid transport along with
seismicity, i.e. in Montana, Idaho and Iran was reported by various authors (see
Burley et al., 1989).

Numerous oil and gas fields are known to be associated with faults and geother-
mal anomalies indicating subvertical fluid flow (MEYER & MAcC GEE, 1985, see
also BURLEY et al., 1989).

Investigation of cements that partially occlude secondary porosity in Piper Forma-
tion sandstones in the Tartan Field and adjacent Witch Graben, UK North Sea
led to the conclusion that the deposition of the cements is related to episodically
ascending fluid flow from deeper levels (BURLEY et al., 1989). Seismic valving was
interpreted to be the most probable mechanism to explain the observations. Dia-
genetic alterations attributable to the transport of hot fluids were also reported
from other areas in the North Sea (JOURDAN et al., 1987). Recent seismicity is
lacking in the North Sea area investigated by the above authors and it is thought,
therefore, that the process is no longer active.

Fluid inclusion data from hydrocarbon-filled calcite and quartz crystals in alpine
clefts provide temperature and pressure information spanning over a time range
of several million years (MuLLIs 1976 and Figure 3). Temperatures derived from
those inclusions in the northern Alps gradually decrease as a result of continuous
uplift and erosion. Pressures, however, undergo episodic variations which are at-
tributed to rapid fluid expulsion along with fault opening and slow recharge after
re-sealing of the fault valve. Similar pressure variations were also reported from
the northern Apennines (MULLIS, 1988).

Luo et al. (1994) published seismological data recorded in the War-Wink field,
Delaware basin, USA. Seismicity concentrates near the basis of the overpressure
regime where formation pressures are either overpressured or near - hydrostatic
(Figure 4, also compare with Figure 3). Note the enhancement of porosity along
with increasing earthquake frequency indicating intense fracturing (Figure 1).
Also consider that productive formations in the War-Wink field are within the
seismically active zone. The seismicity in the War-Wink area also extends into the
overpressured zone, a phenomenon which is probably attributable to secondary
accumulations of hydrocarbons (see DURHAM, 1994).

72



"(9L61 SlNA) sy uIdylIou ‘zar[[] .p [BA ‘S[eisAIo zyrenb ur Suidden pngy jo uonnjoas aimjeradws) pue ainssaid srewnxoxddy ¢ 81

SUONeIaUAY) ZLBND

dq A ojw 01-8
9UAJ0IN d1e

uollelauan ziienQ)

dq Ao GL-01
3U320IN 3IPPIN

q Al B Al aq el gl e |l ql |
om L | | | | 1 | 1 1 0
0021 oneysoiphH -00S
ainesadwa |
0S¢Z A 000 L
00€ -00S L
2.inssald
0S€E - ~-000¢
(2 Bep) (4eq)
ainssald

ainjesodws |

43



Earthquake Frequency |
Porosity lithostatic __
P -”E%;’D@ &P og hydrostatic__
Pressure ~  ____-—"~ Fo o 0o- P
= T O === T Production
§ = E’ a | 8 = cl = c - e
g g g 5 B 5 2| g A8 |28 8| =
& 8 & 2 S AHER B 5
N - 8 g, 1 ¢ JFPISPHITIPHG] °
0 1000 2000 3000 4000 5000 6000 7000
Depth (m)

Fig. 4: Seismicity, porosity and pressure in the War-Wink field, Delaware basin, USA (Luo et al.,
1994).

Also in the Gulf Coast, hydrocarbon generation and seismic valving are increas-
ingly gaining acceptance as the major mechanism of overpressures and hydrocar-
bon migration, thus questioning older, but still widely accepted concepts of under-
compaction and hydrocarbon expulsion (HUNT et al. 1994). Scattered seismicity is
known to span over the area, both onshore and offshore.

Finally, the well known artificial seismicity induced by fluid injection through
wells and reservoir impounding provides the most direct confirmation of the rela-
tionship between pore pressure and seismicity.

Fluid escape after fault rupture is accompanied by intense fracturing of the sur-
rounding rocks, thus creating the necessary storage capacity to accumulate fluids
after re-sealing of the escape fault due to plastic deformation and the precipita-
tion of minerals after pressure and temperature drop. Trapping of these fluids is
provided by the tight surrounding rocks which were not affected by connecting
fractures (see Figure 1). The concepts of seismic valving, therefore, may unfold
new opportunities in hydrocarbon exploration where conventional traps are ab-
sent or already exploited. The relationship between seismic valving and hydrocar-
bon accumulations is subject of another publication which is presently in prepara-
tion.

Apart from the above-cited sedimentary basins where seismic valving seems to be

applicable, the proposed mechanism has good chances to be found elsewhere in
the world (HUNT, 1990). According to TGK estimates, the majority of the known
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overpressured sedimentary basins (i.e. FERTL, 1976, HUNT, 1990) are seismically
active.

Many highly productive wells in the Oklahoma region exploit isolated, fractured
pressure compartments (i.e. Anadarko basin, see Al-SHAIEB, 1991, Arkoma
basin), thought to be the result of seismic valving.

3. Overpressure prediction in the Alps of central Switzerland

TGK carried - out an extensive exploration programme for deep gas along the
alpine front of central Switzerland (GUNZENHAUSER & BODMER, 1993). Hard
overpressures are known from German and Austrian wells under comparable tec-
tonic situations.

The extension of overpressures into the Swiss Alps, although not known from
wells, is indicated by the following observations:

- The presence of distinct seismic velocity inversions below the Helvetic Nappes
(Figure 5) suggests enhanced porosity, probably due to overpressure.

- The nature and distribution of surface gas indications and gas seepages suggest
the presence of large regional seals which probably coincide with the base of the
Helvetic nappes including some overthrusted slices of North - Helvetic Flysch:
Hydrocarbon indications derived from direct observations and approximately
5000 soil gas measurements show that seepages at surface are abundant and dif-
fuse near the edges and outside the nappes (high average soil gas concentrations),
but scarce within the central part of the nappes (low average soil concentration,
see Figure 6). Flow rates, however, are generally much higher inside the nappes
and geochemically identified thermal gas from a major gas seepage can even be
permanently inflamed at one location. Seepages within the nappes are predomi-
nantly concentrating along major fault zones.

- High hydrocarbon saturation in soils and in deeper formations (wells, tunnels
and shafts) and isotopic and chemical composition point towards important active
hydrocarbon generation in humic and sapropelic Permo-Carboniferous troughs.

- Low hydraulic conductivities (10-11 - 10-14 m/s), determined in Nagra boreholes
at the Wellenberg site, penetrating into the base of the nappes, were observed and
two of the three wells show a significant increase of formation pressure towards
bottom - hole (KUPFER, 1991, KAPPELER, 1994). Strong lateral and vertical pres-
sure variations alternating between over- and underpressures are due to the pres-
ence of effective horizontal and vertical seals and pressure compartmentation.

Intense earthquake activity was recorded in the sediments below the Helvetic
nappes, but practically none within the nappes or in the crystalline basement. Pro-
jection of the epicentres into the proper tectonic position (Figure 7) shows that
seismicity is partially related to thrust planes as constructed from reflection seis-
mic sections:
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Typical seismic velocity
distribution in the Alps
of central Switzerland.
Velocity inversion zones
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pine Molasse / North
Helvetic Flysch (NHF)
complex. Local anoma-
lies indicating increased
fracture porosity and
permeability are obser-
ved in all sedimentary
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— the main overthrust of the Helvetic nappes (“Glarner Hauptiiberschiebung”),

— the overthrust separating autochthonous Molasse and the Subalpine Molasse /
North Helvetic Flysch (NHF) complex, and

— overthrusts between the imbricated thrust slices of the Aar Massif (BODMER &
GUNZENHAUSER, 1992).

Numerous seismic events, probably connected to strike - slip movements, follow
subvertical tectonic elements along the main valleys parallel to the profile illus-
trated in Figure 7. Seismicity following the Sarnen valley in the region Alpnach -
Sarnen is remarkably concentrated in clusters. In this century, the majority of the
earthquakes in this area were observed during the years 1917 and 1964 (more
than 1000 events!) with little activity between or after the clusters. Clustering in
time and in space, providing another strong argument for the importance of fluids
and fluid pressure in earthquake mechanics, is commonly observed in many other
areas in the country (DEICHMANN, 1992).
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Fig. 7: Seismicity in the Alps of central Switzerland. Epicentres are laterally projected into the correct
tectonic position. Focal solutions were determined for the labelled events (see Tables 1 and 2).

Assuming the validity of the seismic valving concept, seismicity is expected to
concentrate in areas where horizontal permeability barriers impede the flow of
fluids towards surface in order to allow for overpressure build-up. This relation-
ship between low permeability and seismicity is documented by the well data near
the base of the Helvetic Nappes as cited above. Application of the above formula
published by SiBsoN (1990) on reliable focal mechanisms (Table 1) confirm the
presence of overpressures below the Helvetic Nappes and along the overthrust of
Aar Massif slices (0.39 <= Ay <= 0.43, see Table 2). Fault planes below the hydro-
carbon generating, Permo-Carboniferous formations and within the nappes are
favourably oriented and pressures causing fault rupture, therefore, are expected
to be normal (Av <= 0.34).

78



location year event|coordinates mag. | depth | P-axis T-axis _geology |reference
' no. |X Y (km) azi | dip | azi | dip
Alpnach 85 | 711 | 666100/ 197000 25 1 | 285 | 22 | 70 | 64 |Nappes Deichmann&Pfister (1977)
Ibergeregg | 89 | 447 | 7025001 210400 2.5 3 | 281 48 58 33 | NHF/Molasse Deichmann&Pfister (1977)
Engelberg | 89 | 614 | 674500 188500 2.9 5 151 13 | 54 | 29 |Aar Massif Deichmann&Pfister (1977)
Sarnen 85 | 953 | 666400 192300, 2.9 8 | 307 71 | 211 2 |Base Nappes |Deichmann&Pfister (1977)

Samen 64 | 2 | 665600 194500/ 50 | 11 139 | 11 | 37 | 44 |Basement _ |Pavoni(1984)

Tab. 1: Selected focal mechanisms in central Switzerland (see also Figure 7). The location of the events
(except event #2) was determined by raypath modelling and a crustal model derived from re-
flection seismic data (DEICHMANN & PFISTER, 1990).

location year| dagl El E2 ul Ao Al A2 A

Alpnach 85 | 331 | 24.03 | 30.35 0.75 20 | 0.34  0.35|0.34
Ibergeregg | 89 | 330 | 19.22 | 17.29 | 0.75 2.0 | 0.39  0.42 | 0.39
Engelberg | 89 | 333 | 36.21 | 51.84 | 0.75 2.0 | 043  0.94 0.43
Sarnen 85 | 332 | 876 | 34.78 0.75 2.0 | 0.65 | 0.40 | 0.40

Sarnen 64 | 331 | 28.58 | 61.42 0.75 20 | 0.34 | 1.42 0.34

Tab. 2: Overpressure computation using focal mechanism data. dcl denotes the orientation of the
maximum principal stress interpolated from the Seismotectonic Map of Switzerland (PAvONI &
MAYER-RoOsA, 1977), E1 and E2 define the angle between o1 and the alternative fault planes,
the P and T - axes are defined by their azimuth (azi) and dip angle, ul is the coefficient of in-
ternal friction and Ao the difference between maximum and minimum principal stress. A1 and
A2 are the pore pressure factors corresponding to the fault planes E1 and E2 as determined by
the formula by SiBsoN (1990), see text, and A is the pore pressure factor at fault rupture (the
minimum of A1 and A2).

The pressure predictions carried - out using seismological data are in line with the
few existing well data, and other overpressure indicators derived from various
geophysical and geochemical surveys. Earthquake - derived fault orientations par-
tly coincide with some discontinuities visible on seismic sections. Other disconti-
nuities such as the base of the Glarus nappe and other subhorizontal overthrusts
would require lithostatic pressures to become re-activated (6;). Fluid inclusion
data confirm that such elevated pressures were indeed existing in the vicinity of
the base of the Helvetic Nappes (MULLIS et al. 1994) but have dissipated since
Middle Miocene.

4. Conclusions

The TGK investigations in the Alps of central Switzerland lead to the conclusion
that SIBSON’S seismic valving concepts are applicable to that area. The study of lo-
cal seismicity in unexplored sedimentary basins along with a geochemical
investigation of surface hydrocarbon indications and fluid inclusions in vein fill-
ings may well be a promising new approach in hydrocarbon exploration. Over-
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pressure prediction using focal mechanisms is proposed as a useful application in
hydrocarbon exploration in areas, where no or little drilling information is avail-
able. Such preliminary information could be used either for the estimation of hy-
drocarbon - generating potential in unexplored sedimentary basins, but also to an-
ticipate pressure problems connected to deep drilling in virgin formations.

Acknowledgements

I thank Nicolas Deichmann (Schweizerischer Erdbebendienst, IG - ETHZ) for providing the earth-
quake data, for stimulating discussions on the subject of fluid-driven seismicity and for commenting
this work. I also thank Peter Lehner for helpful suggestions which improved this manuscript and for
reviewing the text. I am also grateful to Josef Mullis for reviewing the text and with whom I had the
pleasure to collaborate and share ideas for many years and who brought back into my mind that geolo-
gy takes place in the field and not behind PC screen.

References

AL-SHAIEB Z. (1991): Compartmentation, Fluid Pressure Important in Anadarko Exploration. Oil &
Gas Journ. July 8, pp.52 - 55

BODMER PH., GUNZENHAUSER B. (1992): TGK Hydrocarbon Exploration in Central Switzerland: Ex-
perience with Alpine Reflection Seismics. Bull. Swiss Assoc. of Petroleum Geol. and Eng.
59/135, pp. 15-22.

BURLEY S§.D., MuLLIs J., MATTER A. (1989): Timing Diagenesis in the Tartan Reservoir (UK North
Sea): Constraints from Combined Cathodoluminiscense Microscopy and Fluid Inclusion
Studies. Marine and Petroleum Geology, 6, pp. 98-120.

CasTiLLO D.A., ZoBACK M.D. (1994a): Systematic Variations in Stress State in the Southern San
Joaquin Valley: Inferences Based on Wellbore Data and Contemporary Seismicity. Bull.
Am. Assoc. petrol. Geol. 78, pp 1257 - 1275.

CaAsTILLO D.A., ZoBACK M.D. (1994b): Systematic Stress Variations in the Southern San Joaquin Val-
ley and along the White Wolf Fault: Implications for the Rupture Mechanism of the 1952
Ms 7.8 Kern County Earthquake and Contemporary Seismicity. Journ. of Geophys. Res.
(in press).

DEICHMANN N., PFISTER M. (1990): Erdbeben der Zentralschweiz. Internal TGK report no. 63, 33 p.

DEICHMANN N. (1992): Structural and Rheological Implications of Lower Crustal Earthquakes below
Northern Switzerland. Physics of the Earth and Planetary Interiors. 69, pp. 270 - 280.

DurHAM L.S. (1994): Finding a Field of Streams: Fluid Flow Concept Could Boost Reserves. AAPG
Explorer May 1994, pp 1-17.

FErRTL W.H. (1976): Abnormal Formation Pressures. New York, Elsevier, pp. 325 - 347.

GUNZENHAUSER B., BODMER PH. (1993): Deep Gas Exploration Needed in Central Swiss Overthrust.
Oil & Gas Journal, June 7, p 52ff.

80



HUBBERT, M.K. & RUBEY, W.W. (1959): Role of Fluid Pressure in Mechanics of Overthrust Faulting.
Bull. Geol. Soc. Amer. 70/59, pp. 115-205.

HuNT J.M. (1990): Generation and Migration of Petroleum from Abnormally Pressured Fluid Com-
partments. Bull. Am. Assoc. petrol. Geol. 74/1, pp 1 -12.

Hunt J.M., WHELAN J.K., EGLINGTON L.B., CaTHLES III L.M. (1994): Gas Generation - A Major
Cause of Deep Gulf Coast Overpressures. Oil & Gas Journ., July 18, pp. 59 - 63.

JourDAN A., THOMAS M., BREVART O., ROBSON P., SOMMER F., SULLIVAN M. (1987): Diagenesis as
the Control of Brent Sandstone Reservoir Properties in the Greater Alwyn Area, East
Shetland Basin. In: Brooks & K. Glennie (eds.): Petroleum Geology of North-West Eu-
rope, Vol. 2, J., Graham and Trotman, London, pp. 951 - 961.

KAPPELER S. (1994): Das geplante Lager am Wellenberg: Geologie und Hydrogeologie. Nagra In-
formiert 24, pp.12 - 23.

Kuprer T. (1991): Hydrogeology of SB4. Nagra Bulletin 1/91, pp. 18-24.

Luo M., BAKER M.R., LEMoONE D.V. (1994): Distribution and Generation of the Overpressure Sys-
tem, Eastern Delaware Basin, Western Texas and Southern New Mexico. Bull. Am. Assoc.
petrol. Geol. 78/9, pp. 1386 - 1405.

MEYER H. J. & Mac GEE H. W. (1985): Oil and Gas Fields Accompanied by Geothermal Anomalies
in Rocky Mountain Region. Bull. Am. Assoc. petrol. Geol. 69, pp. 933 - 945.

MuLLis J. (1976): Die Quarzkristalle des Val d’ Illiez - Zeugen spitalpiner Bewegungen. Eclogae geol.
Helv. 69/2, pp. 343 - 357.

MurLis J. (1988): Rapid Subsidence and Upthrusting in the Northern Apennines Deduced by Fluid In-
clusion Studies in Quartz Crystals from Porretta Terme. Schweiz. Mineral. Petrogr. Mitt.
68, pp. 157 - 170.

MutLLis J., DUBEssY J., PoTy B., O'NEIL J. (1994): Fluid Regimes During Late Stages of a Continental
Collision: Physical, Chemical and Stable Isotope Measurements of Fluid Inclusions in Fis-
sure Quartz from a Geotraverse through the Central Alps (Switzerland). Geochim. Cos-
mochim. Acta 58, pp. 2239 - 2267.

PAvONI N., MAYER-RosA D. (1977): Seismotektonische Karte der Schweiz. Mitt. Institut fir Geo-
physik, ETH-Z, no. 191, 4p.

PAvONI N. (1984): Seismotektonik Nordschweiz. NTB 84-45, NAGRA Baden.

SiBsoN R.H. (1981): Fluid Flow Accompanying Faulting: Field Evidence and Models. In: Simpson
D.W. & Richards P.G. (eds.), Earthquake Prediction: An International Review. Am. Geo-
phys. Union, Maurice Erwing Series, 4, pp 593 - 603.

SiBsON R.H. (1990): Rupture Nucleation on Unfavourably Oriented Faults. Bull. Seismol. Soc. Am.
80/6, pp. 1580 - 1604.

81



	The use of seismological data to predict overpressures

