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Abstract

Production induced reservoir pressure dissipation causes stress changes leading to reduction in magnitude and
rotation of the horizontal stresses on fault planes. Abrupt, stick-slip and spontaneous shear displacement of the
downthrown block on crustal faults which can be due to stress perturbations is the causative mechanism of induced
earthquakes in energy production. In this studies, production induced depletion has been estimated as percentage of
predicted reservoir pore pressure at the well-fault plane interface in a horizon interval of 3500 – 3980m. The structural
attitudes of three representative fault planes were also measured from depth structure map and dynamically derived in
situ stresses determined. Fault reactivation tendency was assessed based on the Coulomb - Mohr and composite
Coulomb - Griffiths fault strength criteria to determine the optimal window for critically stressed and optimally
oriented faults for slippage. The static frictional coefficient of the reservoir bounding faults vary from 0.43 – 0.46,0
phyllosilicate cataclastic infilling suspected for the low values. The horizontal stress orientation rotated
through
3.2
0
0
to 17.50 causing the new orientation of the maximum
horizontal
stress
to
rotate
through
108.22
to
122.5
and
the
minimum horizontal stress rotated through 18.220 at 10% to 32.50 at 99% reservoir pressure dissipation on the
frictionally unstable fault plane 1. The magnitude of the maximum horizontal stress reduced from 51.2mPa to
41.5mPa and minimum horizontal stress from 36.1mPa to 26.0mPa at 99% reservoir pressure depletion. Predicted
potential
for induced earthquakes increased with depletion as the optimal fault reactivation window widened from
78.10 and 36.10 under in situ conditions to 77.10 and 37.50 for all steeply dipping faults with poles within the window
and parallel to the maximum horizontal stress to reactivate and generate felt seismicity. A wider window at full
reservoir depletion imply possibility of increased number of faults and their potential risk of slippage. Injection in
water flooding operations to maintain reservoir pressure as well as enhance hydrocarbon recovery is recommended.
Keywords: Horizontal stress change and rotation, fault friction, reactivation, induced seismicity

mechanical state of the seismogenic crust is perturbed
sufficiently enough and often due to increased shear
stress loading on faults, reduction in the magnitude of
the normal stress and reduction in the frictional strength
of the faults. Though pore pressure increase was thought
to be the causative mechanism of induced seismicity, it
has however been proven that induced seismicity is also
associated with fluid extraction due to changes in the
magnitude and orientation of the horizontal stresses as
the pore pressure dissipates with increasing production
(Grasso, 1992; Segall, 1989, Zoback, 2007, Shapiro,
2015). McGar et al. (2002) noted that pore pressure
coupling with stress changes as low as 0.01mPa are
capable of triggering seismic events. Pressure depletion
in a laterally extensive reservoir have been reported to
cause the maximum and minimum horizontal stresses to
decrease by the same amount in accordance with the
depletion induced stress change factor assuming that the
medium is homogeneous and isotropic (Zoback, 2007).
Earthquake inducement in fluid extraction occurs when
stress change comparable in magnitude to the ambient
shear stress acting on the fault causes instability, dilation
and slip down the plane (Grasso, 1992). The fault also
has to be optimally oriented for failure relative to the
principal stress axes for fault slippage to occur. Segall,
(1989) supported by reports of Yerkes and Castle,

Introduction
Since the historic seismic event that occurred in Warri in
the Niger Delta in 1933 (Ajakaiye et al. 1987), there has
been series of earth tremors such as the 4.5 magnitude
Benin event of 13/3/2000, the Abomey Calavi earth
tremor of 11/9/2009 near Benin (Eze et al. 2011), the
Igbogene (Yenagoa), Bayelsa event of 10/8/2016 and a
reported 2016 tremor in Rivers State (Adepulumi,
2019). Recently, crude oil is observed to be erupting
unto the ground with release of felt seismicity across the
basin as exemplified by the Otuabula 2 community
event in Ogbia, Bayelsa State which occurred in
February 2021 (Tribuneonlineng.com) raising anxieties
regarding oil/gas production induced earthquakes in the
region. The Niger Delta basin is reported to be
producing two million barrels of crude oil and over three
hundred million standard cubic feet of gas daily at a
depth range of 2.7 – 8km causing huge crustal
deformations that are capable of inducing ground
subsidence (Abam, 2001). Fears are also rife that
production induced reservoir pressure dissipation and
associated formation compaction could trigger
seismicity when the reservoirs are fully depleted.
Triggered or induced seismicity occurs when the
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(1976); Pennington et al., (1986); Wetmiller, (1986) and
Grasso and Wiltlinger, (1990) theorized that induced
earthquake causation is due to poroelastic stressing
associated with fluid withdrawal or injection. The built
up elastic strain energy release in the rock volume
within the lithosphere is due to abrupt and spontaneous
quick shear motions (shear failure) along crustal faults
following their dilation and slippage during rupture
(Sibson,1989; Montgomery, 2006, Ogata, 2013). It
results when the stress loading (shear stress) on the fault
planes exceeds the frictional strength often due to a
decrease in the normal stress or an increase in the pore
pressure (McGarr et al. 2002, Majer 2011); and the
shear stress resolved on the fault plane in the direction of
shearing attains or exceeds the frictional sliding
resistance. Fault slip tendency also has to equal and or
overcome the coefficient of friction of the crustal fault
planes or a decrease in the cohesive strength (Morris et
al. 1996). Fault reactivation is governed by Amonton's
law which states that the shear strength on the fault
surface is equal to the product of the coefficient of
friction (Byerlee, 1978) and the effective stress. A fault
will dilate and slip when the ratio of the shear to
effective normal stress exceed Byerlee's coefficient of
sliding friction which was experimentally derived to
range 0.6 – 1.0, the former being the limit for
sedimentary rocks. Zoback, (2007) and Townend et al.
(2002) adduced that crustal faults are critically stressed
and, Zoback and Zoback, (2000), Zoback et al. (2003)
asserted that the stress in the crust is such that it cannot
exceed the frictional strength of crustal faults.
Generally, earthquake's causative mechanisms include
natural plate tectonic movement (Sibson, 1989;
Montgomery, 2006, Ogata, 2013), inducement by
anthropogenic processes (McGarr et al. 2002) such as
subsurface fluid injection (Rutledge, et al. (2004),
Rutqvist et al. (2015), Zoback, (2007), fluids extraction
(Grasso, 1992, Zoback, 2007), hydraulic fracturing
(Atkinson et al. 2015, de Pater and Baisch, 2011;
Holland, 2013; Majer et al. 2007; NRC, 2012), volcanic
eruptions (Rymer, 2015, McNutt and Roman, 2015) and
mining of coal, gold and other minerals (Gibowicz and
Kijko, 1994, Cook et al., 1965). It can also be caused by
reservoir compaction and poro-elastic stressing in the
sideburden rocks capable of potentially reactivating
neighboring pre-existing fault planes (van Thienen Visser et al. 2015, Buijze et al. 2017). Induced shear slip
during reservoir engineering operations such as
injection or production have been a major cause of
seismicity (Scholz, 1990; Barton et al., 1995) and
poroelastic stressing of reservoir rocks may delay,
advance, or trigger earthquakes (King et al. 1994,
Muller et al. 2006). Bourne et al. (2014) found
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empirically that earthquake seismic moment is an
exponential function of the cumulative reservoir
compaction. Carminati et al. (2004) observed that stick
slip displacement in normal faults stress regimes is
controlled solely by the hanging wall collapse which
tends to propagate upwards on-like in strike slip and
reverse faults regimes. The differential stress required to
generate rock failure is also 5 - 6 times smaller than that
required in strike slip and reverse faults tectonic
settings. Consequently, normal fault earthquakes never
reach their magnitudes when compared to other stress
regimes with a higher b - value of the Guternberg Richter power law (Doglioni et al. 2019). The amount of
damage during the stress release is reflective of
earthquake magnitude which is a function of the
accumulated energy transmitted (Montgomery, 2006)
and is a product of the seismic moment, the fault rupture
measurable by the average displacement on the fault
plane, the shear modulus of the host rock and the surface
area of the earth block (Aki, 1966, Hanks and Kanamori,
1979). The larger the volume of the earth block involved
in the normal fault slip and the steeper the fault dip
angle, the larger is the vertical displacement and
correspondingly the higher is the seismic energy and
earthquake magnitude. Since the major principal stress
axis is parallel to the lithostatic load in extensional stress
regimes, gravity favours normal faulting and the
coseismic energy variation might be few orders of
magnitude larger than the radiated seismic wave energy
thus factors that determine earthquake magnitude in
normal fault settings are crustal volume, fault dip angle,
static friction and energy partitioning (Doglioni et. al
2019). Earthquakes have been noted to modify the
earths gravitational energy (Dahlen, 1977, Doglioni et
0
al. 2005) and normal faults often activating at about 60
and shallower dip angles in lower friction rocks often
have low earthquake magnitude. Normal faults in
passive continental margins may sometimes be
reactivated as reverse faults and vice versa when ocean
basin in front of the margin is consumed in a process
termed tectonic inversion (Mandl, 2000). Normal fault
stress regime favours fault reactivation than reverse
fault regimes if both regimes have equal overburden
pressure and differential stress because the vertical
stress is always the overburden load (Zoback, 2007).
Several large damaging earthquakes due to fluid
withdrawal have been reported near the Santa Fe
Springs oil field (1923, M～ 3.5; 19290 and Mw 5
Whittier event in California) (Hough and Page, 2016)
and felt shocks in the Long Beach and Richfield oilfields
and surface rupture reported in 1926 for the Goose
Creek oil field in the USA (Pratt & Johnson, 1926).
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Series of M < 4.0 events have been reported near the
Wilmington oil field in California (Kovach, 1974;
Yerkes & Castle,1976), some near oilfields in Texas
(Pennington et al., 1986; Doser et al., 1991); in oilfields
in Russia, Uzbekistan and Turkmenistan (Kouznetsov et
al., 1995), the Lacq gas field (M > 4.0) in Southern
France (Grasso & Wittlinger, 1990; Segall et al. 1994)
and numerous other case reports of up to M > 4.0
earthquakes (Buije et al. 2017). Segall, (1985) also
reported on M > 5.0 earthquakes below oil fields in
California, and the DOE, (2012) chronicled oil/gas
extraction induced seismicity in about 6,000 fields in
California, Illinois, Oklahoma and Texas. Other reports
include the Rotliegend gas reservoir, in Netherlands
(Buijze et al. (2017), Ravenna, Italy (Bertoni et al.
1995), The Geysers Reservoir, California (Segall and
Fitzgerald, 1996), in Gazli, Uzbekistan (Majer, 2011)
and Three Gorges reservoir, China (Wang et al. 2008)
suggest it's a common phenomenon in fluid extraction.
Pratt and Johnson, (1926) investigated ground
subsidence in the Goose Creek oilfield, Houston Texas
and noted that the volume of subsidence amounted to
20% of oil/gas production accompanied by ground
cracking, fissuring, faulting and quakes beneath
buildings and across the city. Rutqvist et al., (2006)
asserted that major earthquakes and induced seismicity
during deep fluid injection or withdrawal are associated
with shear slip along discontinuities and critically
stressed fractures which tend to be active fluid flow
paths.
Surface fault rupture associated with earthquakes is
important because it has caused severe damage to
buildings, bridges, dams, tunnels, canals, and
underground utilities (Lawson et al. 1908, California
Department of Water Resources 1967). Majer, (2011)
asserted that accurate and consistent assessment of risk
of induced seismicity is essential and should predict the
largest magnitude potential earthquake expected,
possibility of small earthquakes leading to bigger ones,
inducement of large magnitude seismicity on distant
faults, the recurrence interval from previously noticed
seismicity, possible controls of induced seismicity for
mitigation, and long term response and plans. Day,
(2002) noted that the primary duty of the engineering
geologist in earthquake geotechnical engineering is to
determine the location and investigate the faults in terms
of being either active or inactive, and evaluate the
historical records of earthquakes and their impact on the
site. An active fault is a tectonic structure which is about
to move within a future time span (Wallace, 1986).
Active fault investigations are useful for provision of
design data for infrastructures sustainability. In the
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context of the critically stressed fault, it is mechanically
alive and hydraulically conductive while a capable fault
is one with significant potential for displacement at or
near the ground surface and represents an engineering
hazard. A dead or sealing fault on the other hand is one
that is mechanically and hydraulically dead and not
conductive to fluid flow in the earth and acting as barrier
to fluid migration (IAEA, 2015). Fault studies by the
engineering geologist will help to define the design
earthquake parameters, such as the peak ground
acceleration and magnitude of the anticipated
earthquake, determine the response of soil and rock
materials to the earthquake and provide
recommendations for the seismic design of earthquake
resistant infrastructures.
The Niger Delta is significant in the seimotectonics of
Nigeria because of its strategic location at the equatorial
fractures zones that cut into the country's basement and
predicting earthquake potential in the region provides
insight into the role induced fracturing and fault and
tectonic reactivation could play in the release of felt
seismicity across the country. This research was aimed
at understanding the role production induced pore
pressure decline and associated stress changes would
have on potential seismicity in the region.
Tectonic Framework
The study area (Figure 1) is the extensional Niger Delta
basin (Anderson, 1951, Abija and Tse 2016) which
tectonic evolution was controlled by Cretaceous
fracture zones during the triple junction rifting (RRR),
opening of the south Atlantic and separation of Africa
from South America (Burke et al. 1971, Olade, 1975,
1976, Wright, 1989). Burke, (1976) believed mantle
convection currents were responsible for continental
rifting and this resulted in rift-rift-rift junction system.
The delta basin is an arcuate structure formed by the
Cretaceous equatorial fracture zones bequeathing a
shared tectono – stratigraphic megasequences between
Brazil and West Africa during the Late Jurassic - Early
Cretaceous parallel to the direction of plate motion.
These are the Chain, Charcot, Ascension, Romanche
and Ifewara - Zungeru fracture zones (Lehner and De
Ruiter, 1977). Rift extension transcends into the Benue
trough, an aulacogen of the triple junction which started
opening in the Late Jurassic and persisted into the
Middle Cretaceous (Lehner and De Ruiter, 1977) and
diminished in the Niger delta in the Late Cretaceous.
Rifting and opening into the continent was accompanied
by gravity tectonism as the primary deformational
process and induced deformation in response to shale
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mobility (Kulke, 1995). The formations in the oilfield
under investigation have been dissected by
syndepositional gravity tectonics and faulting into a

Journal of Mining and Geology Vol. 58(1) 2022.

fault bounded architectural framework in the
intercalated sandstone and shale sequences of the
Agbada Formation.

Fig. 1: Map of the study area showing the oilfield and the Niger Delta

Some of the faults abut in the quaternary in the topmost
Benin Sandstone and extends to the top of the Akata
shale Formation which is the regional continental
intercalaire and source rock of the basin (Abija, 2019a).
Gravity tectonics accompanied by low rate of fluids
diffusion and imposition of overburden load on the pore
fluids, vertical transfer along the faults, grain sliding in
shear; reduction in the rock compressibility and pore
volume; and destruction of cement bonding causing re orientation of the fault plane and changing the dip angle
(Abija, 2019b). Gravity tectonics indexed by structures
such as shale diapirs, roll-over anticlines, collapsed
growth fault crests, back-to-back features, and steeply
dipping closely spaced flank faults completed the
prodeltaic deposition before deposition of the Benin
Formation. These faults mostly offset different parts of
the Agbada Formation and flatten into detachment
planes near the top of the Akata Formation.

Study Materials and Methods

The onshore portion of the Niger Delta Province is
delineated by the geology of southern Nigeria and

Investigation of induced seismicity due to reservoir
pressure depletion in oil and gas production rely on

southwestern Cameroon. The Benin flank, an EastNorth East trending hinge line south of the West Africa
basement massif marks the boundary towards the
northwest while Cretaceous outcrops of the Abakaliki
High form the northeastern boundary. The Calabar
flank, a hinge line bordering the adjacent Precambrian,
forms the East-South-East limit of the basin. Offshore,
the basin is bounded by the Cameroon volcanic line to
the east, the eastern boundary of the Dahomey basin (the
eastern-most), West African transform-fault passive
margin) to the west, and the two-kilometer sediment
thickness contour or the 4000m bathymetric contour in
areas where sediment thickness is greater than two
kilometers to the south and southwest (Tutle et al.,
1999). The oilfield from which data were obtained is an
onshore field with production at advance stage.
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paleoseismic structures such as faults in predicting their
potential for reactivation, associated seismic moment
and earthquake magnitude that will be of detrimental
environmental consequences. Abija et al. (2021, under
review) noted that fault failure criteria and associated
Mohr circles have been used extensively in mechanical
problems such as stress analysis, failure envelopes,
fracture opening and fault reactivation (Brace, 1961; Xu
et al. 2010, Ramsay, (1967), Delaney et al. (1986), Tong
et al. (2017), Jolly, and Sanderson (1997). The Mohr
diagram is also used in structural geology, seismology,
soil mechanics, engineering geology (Sibson 1985,
Streit & Hillis 2002); to explain mechanism of faulting
and reactivation of pre-existing fault (Yin and Ranalli,
1992; McKeagney et al. 2004). Based on Sibson,
(1985), (1990), on the conditions in which crustal faults
could remain active in orientations that are nonoptimum in the principal stress directions, Scholz,
(2011) proposed that two failure envelopes in the Mohr
circle i.e. the frictional Mohr circle (ôf = ìóN) and the
Coulomb Mohr circle (S0 + ìóN) can be used to explain
the theory. At significant depths, crustal faults are
cohesionless hence fault cohesion is considered null.
Borehole breakout data and earthquake focal
mechanisms have also shown that crustal faults are
weak and dip slip movement is often partitioned onto
adjacent subsidiary faults as reported from the San
Andreas fault (Zoback et al. 1987, Mount and Suppe,
1987). Hauksson, (1991) noted that seismotectonic
studies of a region should be based on geological
assessment of individual crustal faults.
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intermediate principal (maximum horizontal) stress,
(â2) and minor principal (minimum horizontal) stress
(â3) were measured from the depth structure map
(Figure 2) with reference to the global coordinate
system. The fault strike describes the azimuth of a
horizontal line measured clockwise from the north in the
plane of the fault, the fault dip angle was measured from
the horizontal plane while the fault azimuth or dip
direction was measured from the north and clockwise
and normal to the fault strike and pointing downwards.
The orientation of the normal to the fault planes was
resolved in the coordinate system of the stress field in
order to calculate normal and shear stresses on the fault
planes (Abija et al 2021 under reviews). To determine
production induced stress changes, the magnitude of the
in situ crustal stresses (vertical, minimum horizontal
and maximum horizontal stresses), were estimated
using equations (1). (Engelda, 1993), (2) (Eaton, 1969),
and (3) (Peng and Zhang, 2007) respectively.
óv = ∫ ñgdz................................................................(1)
óhmin =

(í/1- í)(óv - áPp) + áPp .................................(2)

óHmax = óhmin + ót (óv – óhmin)...........................................(3)
where,
ót = ó'hmin – (í/1-í)(óv - áPp) – áPp ...............................(4)
A major limitation was the lack of measured reservoir
pressure or production data hence the formation
pressure was predicted from model equations (4) and (5)
(Zhang, 2011) and the Tingay et al. (2009) exponential
normal compaction trendline equation (6) using sonic
transit times to derive the normal transit time, (ÄTn).
Zhang's (2011) modified Eaton's equation is given in
equation (5) (Abija et al. under review).
ÄTn = ÄTm + (ÄTml - ÄTm)e-cz ...................................(5)
Pp = óv – (óv – Phyd)(ÄTml - ÄTm)e-cz/ÄTlog)3 ...................(6)

Fig. 2: Depth structure map of a horizon indicating fault planes
(Source: Total E & P Ltd).

In the analysis, using Mohr circles to assess potential
fault instability, fault cohesion is set to zero. The
structural attitudes (strike, dip, azimuth); the normal (ä)
to the fault plane, the angles the faults normal makes
with the major principal (vertical) stress (â1),

where Pp = pore pressure, OBG = overburden gradient,
Phyd = normal or hydrostatic pressure, ÄTm =
compressional transit time in shale matrix normally =
70, ÄTml = compressional transit time at mudline
normally = 200, c is a constant that depends location and
must be calibrated, z = depth. Zhang's constant c was
calibrated for the study area using leak off tests data to
0.00048 and 0.00038 for well 05 and 10 respectively.
The Eaton (1972) method of pore pressure prediction
was also applied with sonic transit time. The method
uses vertical overburden stress as in the equations (7).
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PP = óv – (óv -Phyd)( ÄTn/ÄTlog) ...................................(7)
3.0

where Pp is pore pressure; OBG is the stress Phyd is
hydrostatic or normal pore pressure; and the subscripts n
and log refer to the normal and measured values of sonic
delta-t (ÄT) at each depth. The normal transit time (ÄTn)
in well 11was determined using the exponential
trendline equation for the normal compaction curve as
proposed by Tingay et al (2009) reported by Abija and
Tse, (2016).
...................................................(8)

óHmax angle = 0.5 tan ([Aqsin2ä)] .......................... (13)
1+ Aqcos2ä
-1

where, A = depletion induced stress change,
q=

- ÄPp
......................................................(14)
óHmax – óhmin

ä = angle between the fault strike and the maximum
principal stress.

The assumption for the deformation of a depleting
reservoir is that rock is isotropic, homogeneous, linear
elastic material with uniaxial strain boundary. The
formation pressure change due to oil/gas production is
the difference between initial reservoir pressure and
reservoir pressure at a time (t). In this study the pore
pressure change (ÄPp) was determined by calculating
the percentage formation depletion of the total pore
pressure. Hence, depletion is

The in situ stress orientation was determined using 4
arm dipmeter logs by isolating compressional shear
failures (breakouts) from other non-stress induced
wellbore enlargements in vertical wellbores (Abija and
Tse, 2016, Abija, 2019b). Fault stability is controlled by
the normal stress (eqn. 15) which acts perpendicular to
the fault plane to keep it locked and the shear stress (eqn.
16) acts along the fault under the current crustal stress
field. The shear stress must also overcome the frictional
strength of the faults for slippage down dip of the plane
to occur (Shapiro, 2015).

Pf – Pp ........................................................... (9)

óN = 0.5(ó1 + ó3) + 0.5(ó1 + ó3) cos2ä.........................(15)

Equations (10), (11) and (12) were employed in the
determination of production induced changes in the
magnitude of the horizontal stresses in a laterally
extensive reservoir (Fjaer et al. 1992; Brown, Berkins et
al. 1994; Zoback, 2007).

ô = 0.5(ó1 – ó3) sin2ä................................................(16)

0.078*Z

ÄTn = 2.771830

ÄPp =

Äóhmin = ÄóHmax = á (1 – 2í)ÄPp ..............................(10)
(1 – í)
Äó'hmin = óhmin + á (1 – 2í)ÄPp ....................................(11)
(1 – í)
Äó'Hmax = óHmax + á (1 – 2í)ÄPp ...................................(12)
(1 – í)

The fault frictional strength was predicted based on
effective stress law for fault's in situ stability under zero
cohesive strength and applying reservoir pressure
depletion under production using (eqn. 17). Fault
instability and or rupture was evaluated using Mohr
circles based on the frictional Mohr – Coulomb and the
composite Coulomb-Griffith's criteria.
ôf = So + ìf(óN – Pp) .................................................(17)
where ì = tan-(ö),
and

Zoback, (2007) noted that though depletion in laterally
extensive reservoirs would not cause stress orientations
to rotate however, it has been argued by Wright and
Connant, (1995) and Wright et al. (1994) that there are
stress orientation changes in wellbores near faults in
depleting reservoirs. Zoback et al. (2007) adduced that
the rotated orientation of the maximum horizontal stress
can be expressed as a function of the ratio of change in
pore pressure to the differential horizontal stress (q),
stress path (A), and fault orientation as expressed in
equation (13) used in this studies.

2

ö = 26.5 – 37.4(1-NPHI-Vshale) + 62.1(1-NPHI-Vshale)
(Plumb,1994) ..........................................................(18)

Beeler et al. (2000) noted that field observations by
Raleigh et al. (1976), Zoback and Healy, (1984), and
Townend and Zoback, (2000) confirm the validity of
Ammonton's law. Coulomb failure stress termed
Coulomb failure function (Harris and Simpson,1992,
Harris et al. 1995) which measures the proximity to
failure is given in equation (19).
CFF = ô – So - ìf(óN – ÄPp) .......................................(19)
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The Limiting Stress Difference at depth
Zoback et al. (2003) derived equation (20) based on
Jaeger and Cook, (1979) for a normal fault stress regime
(in which ó1 = vertical stress, ó2 = maximum horizontal
stress and ó3 = minimum horizontal stress) used to
assess the limiting stress ratio and criticality of stress on
the reservoir bounding crustal faults. In the case of
production induced formation pressure dissipation, the
pore pressure change with percentage depletion was
used at each stage of production instead of the initial
reservoir pressure (Abija et al. 2021, under review).
óv – ÄPp
óhmin – ÄPp

[(ì + 1) + ì] ..................................(20)
2

0.5

2

Fault Dilation Tendency (Td)
Fault dilation upon rupture is controlled by the resolved
normal stress as a function of the vertical and tectonic
stresses; and pore pressure (Moek et al. 2009). The
dilation tendency (eqn. 21) is a measure of fault
reactivation and fluids migration (Ferrill et al. 1999;
Carlsson and Olsson, 1979). It is measured by effective
stress. Induced horizontal stress changes associated
with pore pressure depletion during production were
substituted for the principal stresses and the normal
stress acting on the fault. The dilation tendency ranges
from 0 (low risk) to 1 (high risk) (Abija et al. 2021,
under review).
Td = (ó1 – óN) ............................................................(21)
(ó1 – ó3)
Fault Slip tendency (Ts)
Fault slip tendency analysis is based on the notion that
slip on faults is controlled by the ratio of the shear and
normal stresses. Based on Amonton's law, Morris et al.
(1996), Morris and Ferril, (2009) derived (eqn. 22) for
fault slip tendency (Ts) and slip on a fault will occur and
release seismic wave energy as earthquake when the
resolved shear stress in the direction of shearing exceeds
the or equals the frictional resistance and or normal
stress acting to keep the fault plane locked. When the
slip tendency (Ts) defined in equation (20) exceeds the
coefficient of friction, the fault will slip in the direction
of the shearing. Byerlee, (1978) determined from
laboratory experiment the coefficient of friction of 0.6
for all sedimentary rocks and a fault slip tendency value
≥ 0.6. However, in situ rock's angle of friction and
coefficient of friction have been determined and result
used as a basis of assessing the slip tendency and any

135

fault with (Ts) greater than the coefficient of friction is
considered a potentially slipping fault plane. Faults with
optimal orientations for reactivation form zones of high
fracture density and enhanced structural permeability
(Ferrill et al., 1999).
Ôs = ô/(óN – Pp) ≥ìs ….……. (22)
where ìs = sliding coefficient of friction (Byerlee,
1978).
Results and Discussion
Structural and Geomechanical Characteristics
Three out of several fault planes were identified and
mapped from the depth structure map (Figure 3.0) of the
horizon at 3400m to 3700m interval each trending NE –
SW, NW – SE and ENE – WSW being the dominant
fault orientations in the Niger Delta basin. The structural
attributes depict fault plane 1 dips at 200 with a strike of
0680, fault 2 dips at 400 and strikes at 2990 while fault 3
strikes at 1730 and dips at 090. The priori geomechanical
properties showed the formation pressure on the fault
planes was 17.4mPa, 11.6mPa and 13.6mPa, the in situ
vertical stresses was 87.5mPa, 84.3 and 84.6mPa, the
maximum horizontal stress was 52.7mPa, 62.8mPa and
59.5mPa; and minimum horizontal stress of 37.2mPa,
54.8mPa and 52.3mPa and coefficient of static friction
was 0.46, 0.44. 0.43 on fault planes 1, 2 and 3;
respectively at the fault depths. The orientation of the
maximum horizontal stress was 1050, 1230 and 1230
while that of the minimum horizontal stress was 150, 330
and 330 on faults 1, 2 and 3 respectively Abija et al.
(2021 under Review).
Stress State on the Fault Planes during Production
The stress on the faults at the depth interval indicates a
constant vertical stress magnitude of 87.5mPa,
maximum and minimum horizontal stresses of 51.2mPa
and 36.1mPa respectively act depth interval of 3400 –
3980m at 10% production and reservoir pressure
depletion. The formation stress Mohr circles on the fault
planes are shown in Figures 3a, b and c. Under this state
of oil/gas production, a traction of 57.99mPa plunging
49.950 towards 0700 acts on fault 1 with a normal stress
of 41.5mPa plunging 700 towards 3380 acting to keep the
fault locked. At the same tie, a counter clockwise
directed shear stress of 15.49mPa plunging 19.180
towards 355.14 0 acts along the fault plane.
Concurrently, a traction of 58.62mPa plunging 28.140
counterclockwise towards 17.970 was developed on the
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(a)

(b)

(c)

Fig. 3: Mohr Circles depicting the crustal stress magnitude at 10% reservoir pressure depletion on (a) fault 1 (b) fault 2 (c) fault 3

second planar of weakness (F2) generating a shear stress
of magnitude 23.31mPa plunging 35.590 towards
357.310 in clockwise direction promoting slip failure on
the plane. On fault plane 3, the predicted magnitude of
the traction was 36.57mPa plunging 77.170 towards
78.150 in clockwise direction and normal stress of
36.48mPa plunging 810 towards 830 clockwise acts on
fault plane 3 (Table 2a). The stability analysis of fault
planar weakness 2 indicates that a traction of 57.99mPa
plunging 61.250 towards 343.430 acts on fault 1 at a
depth of 3480m and a normal stress magnitude of
57.27mPa plunging 19.110 counterclockwise towards
355.870 acts on the fault plane. The magnitude of the
traction acting on the fault was found to be 65.860
plunging 38.990 counterclockwise while the magnitude
of the normal stress was 64.42mPa plunging 500 towards
2090 and a shear stress of 13.7amPa plunging 35.220
towards 356.30 (Table 2b). The traction on fault 3 was
54.43mPa plunging 79.630 towards 80.540 and a normal
stress of 54.3mPa plunging 830 towards 810 keeping the
fault in place. The magnitude of the shear stress was
1.35mPa plunging 8.550 towards 64.710
counterclockwise along the planar weakness. At a depth
of 3500m on, a traction of 55.92mPa plunging 60.120
towards 344.370 acts along the fault plane with a normal
stress of 55.03mPa plunging700 towards 3380 while a
counterclockwise shear stress of magnitude 9.93mPa
0
0
plunging 18.97 towards 357.21 acts on fault 1. On fault
2, a counterclockwise traction load of 64.48mpa
plunging 37.810 towards 210 with a normal stress of
0
0
62.71mPa plunging 50 towards 209 and a shear stress
0
of 15.02mPa plunging 34.52 towards 354.10.
Similarly, on fault plane 3, a traction magnitude of
0
0
51.8mPa plunging 79.72 towards 79.99 , a normal
0
stress of 51.78mPa plunging 81 towards 830 and a shear
0
0
stress of 1.24mPa plunging 8.26 towards 59.42

counterclockwise act to achieve geomechanical
equilibrium at the depth under the current crustal stress
field (Table 2c).
Fault reactivation analysis depicts that all poles between
78.00 and 36.60 parallel to the maximum horizontal
stress would reactivate while all poles parallel to the
vertical and minimum horizontal stress will not
reactivate (Table 3). Figures 4 and 5 also show the Mohr
circles overlapping the Coulomb Mohr and composite
Griffiths envelopes which form the critical limiting and
maximum shear stresses on the fault planes. Faults 1 and
2 also plot inside the Mohr Circles indicating failure and
or instability and reactivation of the planes (Table 3).
Figure 5a also shows equal area, lower hemisphere
stereonet depicting the stability condition of the fault
planes where two planes (faults 1 and 3 in red) are
unstable and reactivating at the prevailing crustal stress
field under 10% pressure depletion. Similar stereonet
plots of faults 2 and 3 are shown in Figures 5b and 5c
where no fault planes are undergoing reactivation under
the reservoir pressure and in situ stress field. The
stresses on the faults at 50% are shown in Tables 2a, 2b
and 2c and 99% reservoir pressure depletion are shown
in Table 3a, 3b and 3c respectively while the reactivation
window presenting the optimal orientation for
reactivation at each reservoir pressure depletion is
presented in Table 4. Results shows that at 50%
production and pressure dissipation, all poles between
0
0
77.6 and 37.1 parallel to the maximum horizontal
stress on fault 1 would reactivate while reactivation ill
not occur on planes parallel to the vertical and maximum
horizontal stresses. Figures 6 indicates the Mohr circle
at 50% reservoir pressure dissipation while Figure 7
depicts the equal area lower hemisphere at 99%
production and reservoir pressure dissipation and
failure conditions and planes.
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The optimal orientation (reactivation window) when the
reservoir is nearly fully depleted would widen from the
in situ condition to 77.10 and 37.50 for all planes with
poles parallel to the maximum horizontal stress. It has
been noted that the orientation of the faults that can be
reactivated by an equal amount of differential stress
expands by any decrease in minimum horizontal stress
(Mandl, 2000) as corroborated by the results of this
studies. During depletion, reservoir stress changes
leading to reduction or decrease in the magnitude of the
minimum horizontal stress amounted to -11.167mPa at 17.18mPa reservoir depletion on fault plane 1 (Table1c)
and this is the reason for a wider optimal failure window
for fault the planes.
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Table 1a: Geomechanical properties at 10% pressure depletion
and fault instability indices

Potential for Fault Reactivation and Earthquake
Inducement by Oil/Gas Production
Reservoir pressure depletion, stress changes and
reduction in the magnitude of the tectonic stresses and
stress rotation on crustal faults due to production
currently poses a huge threat to environmental
sustainability as production is in the Niger Delta basin is
at a very advanced stage. The decrease in the minimum
horizontal and increases in the vertical differential
stresses with production indicates a widening of the
admissible and optimal reactivation window for all
planes with poles parallel to the maximum horizontal
stress to fail and undergo stick slip displacement
releasing felt seismicity if all other factors are
favourable. Time dependent reduction in the frictional
coefficient and strength of the phyllosilicate asperities is
also one of the phenomenon that may promote widening
of the optimal orientation window and risking failure
and of slip in the Niger Delta reservoir rocks due to their
weak mechanical characteristics with low cohesive and
frictional strengths. Other indices of fault reactivation
and slip such as slip tendency increased from - 0.5999 <
ì at 10% (Table 1a) to -0.571 < ì at 99% (Table 1c)
reservoir pressure dissipation.
Similarly, the limiting stress on fault 1 which constrains
the crustal stress condition, also increased from 3.52 >
2.43 at 10% (Table 1a) to 3.37 > 2.43 at 99% (Table 1c)
reservoir pressure dissipation exceeding the value of
2.43 under normal in situ stress condition. The in situ
state of geomechanical equilibrium on the fault planes is
at risk as the magnitude of the differential stress which
increases with production and reservoir depletion is
much greater than rock cohesion promoting fracturing
which coalescence will form new faults within the
optimal reactivation window with attendant risk of slide
and release of variable magnitudes of seismic waves

depending on the area, length and width of the fault
displacement and rigidity modulus of the rocks.
However, kinematic analysis has revealed that most of
the faults in the basin are kinematically infeasible for
several reasons ranging from low angle gravitational
faults, reinenforcement of the block base by rollover
anticlines and collapsed crest structures and secondary
antithetic faults. Though most of the faults are
frictionally unstable, spontaneous and abrupt sliding
along the fault planes may be inhibited by kinematic
infeasibility subjecting them to creep movement which
is characteristically aseismic.
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Fig. 5c: Equal area, lower hemisphere stereonet of fault 3 stability
showing all the faults are stable (no red) and no reactivation at 10%
formation reservoir depletion
Fig. 4: Typical Mohr circle showing frictional instability of fault 1
at 10% formation reservoir depletion under the Coulomb Mohr and
Griffith rupture criteria

Fig. 5a: Equal area, lower hemisphere stereonet of fault 1 showing
plane 1 and 2 (red) have failed and reactivation at 10% formation
reservoir depletion

Fig 5b: Equal area, lower hemisphere stereonet of fault 2 stability
showing all the faults are stable (no red) have failed and reactivation at
10% formation reservoir depletion

Fig. 6: Mohr circle showing frictional instability of fault 1 at 50%
reservoir depletion

The possibility of earthquake inducement is subject to
the presence of steeply dipping faults within the optimal
orientation, activation of new faults with potential for
reactivation and slip; and neotectonics induced
reactivation of the crustal equatorial fracture zones that
extend from the South Atlantic into Nigeria through the
Gulf of Guinea and extending into the basement
complex region of Nigeria (Abija, 2019b). Neotectonics
induced subsurface crustal block movement is
evidenced by the presence of NE – SW, NW – SE and
ENE – WSW Miocene faulting in the Agbada
formation, basinwide ground uplift and subsidence; and
morphostructural features such as dominant NE – SW,
NW – SE and ENE – WSE river orientations, orientation
of present day crustal stresses (Abija, 2019b) and
seismicity in the delta (Rivers 2016 and Bayelsa 2016)
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Table 1b: Geomechanical properties at 50% pressure depletion
and fault instability indices
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Table 1c: Geomechanical properties at 99% pressure depletion
and fault instability indices

Conclusion and Recommendations

Fig. 7: Equal area, lower hemisphere stereonet of fault 1 showing
plane 1 and 2 (red) have failed and undergoing reactivation at 99%
formation reservoir depletion

(Adepelumi, 2019, Eze et al. 2011) support neotectonic
movement in the hitherto believed to aseismically
passive delta howbeit wrongly.

Studies have shown that the stress changes and
differential stress increase associated with oil/gas
production induced reservoir pressure dissipation in the
basin is significant. Therefore, steeply dipping,
critically stressed and optimally oriented faults with
poles parallel to the maximum horizontal stress and
which are within the reactivation window will slip and
produce felt seismicity, the magnitude of which will
depend on the fault length, rupture width and the
modulus of rigidity of the rock volume involved in the
displacement. Moreso, all the critically stressed faults
are currently undergoing aseismic creep and promoting
fluid leakage on the fault planes due to their enhanced
structural permeability with consequential effects of
hydrocarbon migration along the fault planes. The
current eruption and daylighting of crude oil in parts of
the basin is attributed to fault frictional failure and fluid
migration. Groundwater resources in the overlying
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Table 2a: Fault reactivation analysis at 50% Depletion on F1 at 3640m depth

Table 2b: Fault reactivation analysis at 50% Depletion on F2 at 3480m depth
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Table 2c: Fault reactivation analysis at 50% Depletion on F3 at 3500m depth

Table 3b: Fault reactivation analysis at 99% Depletion on F2 at 3480m depth
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Table 3a: Fault reactivation analysis at 99% Depletion on F1 at 3640m depth

Table 3c: Fault reactivation analysis at 99% Depletion on F2 at 3500m depth
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aquifers are currently at risk of contamination by the
migrating hydrocarbons and considering their
persistence in the environment, groundwater
contamination and or quality assessment programmes
are recommended to incorporate testing for
organochemicals in region. We also recommend that
proactive geotechnical sustainability to incorporate
liquefaction potential for earthquake geotechnical

design of resistant infrastructures.
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References
Abam, T. K. S. (2001). Regional hydrological research
perspectives in the Niger Delta. Hydrological
Science Journal. 46 (1), 13 – 25.
Abija, F. A., Abam, T. K. S., and Eze, C. L. (Under
Review). Assessing frictional instability,
reactivation tendency and kinematic feasibility of
faults in hydrocarbon reservoirs in the Niger Delta
basin, Nigeria. Bulletin of Engineering Geology
and the Environment Manuscript Draft BOEG-D21-00618R1. 31pages
Abija, F. A. (2019a). Geomechanical property evolution
and the mechanics of growth faulting in a Niger
Delta oilfield, Nigeria. Int. J. of Geology & Earth
Sci., Vol. 5, No. 2, Pp. 73 – 95.
Abija, F. A. (2019b). Paleokinematic reconstruction and
wellbore breakout analysis of in situ stress
orientation in a Niger Delta Oilfield: Implications
for tectonic reactivation in Nigeria (2019) Journal
of Earth Sciences and Environmental Studies 4(6)
p:789-805
Abija, F. A. and Tse, A.C. (2016). In situ stress magnitude
and orientation in an onshore field, Eastern Niger
Delta. Implications for directional drilling. SPE
MS 184234 published on onepetro.org.
doi:10.2118/ 184234-MS, pp. 1 - 15.
Ajakaiye, O. D., Daniyan, M. and Ojo, S. (1987). The
July 28,1984 southwestern Nigeria earthquake and
its implications for the understanding of the
tectonic structure of Nigeria," Journal of

Geodynamics, vol. 7, pp. 205-214, 1987
Anderson, E.M., (1951). The dynamics of faulting.
Transactions Edinburgh Geological Society 8, 387
- 402
Atkinson, G., Assatourians, K., Cheadle, B. and Greig,
W. (2015). Ground Motions from Three Recent
Earthquakes in Western Alberta and Northeastern
British Columbia and Their Implications for
Induced Seismicity Hazard in Eastern Regions,
Seismological Research Letters, 86, 3, 1-10
Barton, C. A., Zoback, M. D. and Moos, D. (1995). Fluid
flow along potentially active faults in crystalline
rock. Geology, 23, 683–686.
Beeler, N.M., Simpson, R.W., Hickman, S. H. and
Lockner, D.A. (2000). Pore fluid pressure,
apparent friction, and Coulomb failure. Journal of
Geophysical Research, Vol. 105, No. Bll, pages
25,533-25,542,
Bertoni, W., Brighenti, G., Gambolati, G., Ricceri, G.,
and Vuillermin, F. (1995). Land subsidence due to
gas production in the on and offshore natural gas
fields of the Ravena area, Italy. Proceedings of the
fifth International symposium on land subsidence.
The Hague, IAHS Pub. No. 234. Pp. 13 - 20
Brace, W. F. (1961). Mohr construction in the analysis of
large geological strain Geolological Society of
America Bulletin. 1961; 72(7): 1059-79. doi:
10.1130/0016-7606

Journal of Mining and Geology Vol. 58(1) 2022.

Buijze, L., van den Bogert, P. A.J., Wassing, B. B.T.,
Orlic, B. and ten Veen, J. (2017). Fault reactivation
mechanisms and dynamic rupture modelling of
depletion-induced seismic events in a Rotliegend
gas reservoir. Netherlands J. of Geosciences, 96
(5): 131–148
Byerlee, J. D. (1978). "Friction of rock." Pure & Applied
Geophysics, 116, 615–626.
Coulomb, C.A. (1773). "Sur une application des regles
de maximums et minimums a quelques problem es
destatistiquere latifsal architesture, Acad. Roy. Sci.
Mem. Mech. Min. Sci. ,7,343–382.
Burke, K. (1976). The Chad basin:an active
intracontinental basin. In Bott, M. P. H. (Ed).
Sedimentary basins of the continental margins and
cratons. Tectonophysics, 36, 197 – 206.
Burke K, Desauvaygie, T.F.G. and Whiteman, A.J.
(1971). The opening of the Gulf of Guinea and the
geological history of the Benue depression and
Niger Delta. Nature Physical Sciences, 233, 51 55
California Department of Water Resources (1967).
Carlsson, A., and Olsson, T., (1979). Hydraulic
conductivity and its stress dependence. , 249-259
Cook, N.G.W., et al. (1965). J. South Afr. Inst. Mining
Met. 66, 435-528.
Dahlen, F.A. (1977). The balance of energy in earthquake
faulting. Geophys. J. R. Astron. Soc. Vol. 48, 239 –
261.
Day, R.W. (2002). Geotechnical Earthquake Engineering
Handbook. N. Y.: McGraw Hill Company.
616pages.
Delaney, P.T., Pollard, D.D., Zioney, J.I., MacKee, E.H.
(1986) Field relations between dikes and joints:
Emplacement processes and paleostress analysis.
Journal of Geophysical Research. 1986; 91: 492038.
de Pater, H and Baisch, S. (2011). Goemechanical study
of Bowland shale seismicity. Synthesis report.
DOE, (2012). United States Department of Energy
Report.
Doglioni, C., Carminati, E., Petricca, E., and Riguzzi, F.
(2019). Graviquakes or normal fault earthquakes.
Scientific Reports, Vol. 5, 12110. Pp. 1 – 12.
Doglioni, C., Baba, S., Carminati, E., Petricca, E., and
Riguzzi, F. (2015). Faults on-off vs strain rate and
earthquakes energy. Geosciences Frontiers, Vol. 6;
Pp. 265 – 276.
Doser, D.I., Baker, M.R. & Mason, D.B., (1991).
Seismicity in the War-Wink gas field,
Delaware Basin, West Texas, and its relationship to
petroleum production. Bulletin of the

143

Seismological Society of America 81(3):
971–986.
Eaton, B.A. (1972). Graphical method predicts
geopressure worldwide. World Oil, Vol. 182, Pp 51
– 56.
Eaton, B. A. 1969. Fracture gradient prediction and its
application in oilfield operations. Journal of
Petroleum Technology, 246, Pp 1353 - 1360.
Engelder, T. (1993). Stress regimes in the lithosphere.
Princeton: Princeton Univ. Press, Pp 457.
Eze, C.L., Sunday, V.N Ugwu, S.A Uko, E.D and Ngah,
S.A (2011) "Mechanical Model for Nigerian Inter p l a t e
e a r t h
T r e m o r s . "
http://www.earthzine.org/2011/05/17/mechanical
-model-for-nigerian-intraplate-earth-tremors. Pp.
1 – 6.
Fjaer, E., Holt, R. M. and Hosrud, P. (1992). Petroleum
st
Rock mechanics. 1 edn. Elsevier Publishing
Ferrill, D.A., Winterle, J., Wittmeyer, G., Sims, D.,
Colton, S., Armstrong, A. (1999). Stressed Rock
Strains Groundwater at Yucca Mountain, Nevada.
GSA Today 9, 1-8.
Gibowicz, S.J. and A. Kijko (1994). "An Introduction to
Mining Seismology," Academic Press.
Grasso, J. R. (1992). Mechanics of seismic instabilities
induced the recovery of hydrocarbons. Pure &
Applied Geophysics, 139, 507–534.
Grasso, J.R. & Wittlinger, G., (1990). Ten years of
seismic monitoring over a gas field. Bulletin of the
Seismological Society of America 80(2):
450–473.
Harris, R. A., and Simpson, R. W. (1992). Changes in
static stress on southern California faults after the
1992 Landers earth- quake, Nature, 360, 313-318.
Harris, R. A., Simpson, R. W. and Reasenberg, P. A.
(1992). Influence of static stress changes on
earthquake locations in southern California,
Nature, 375, 221-224, 1995.
Hauksson, E. (1991). Seismotectonics. Reviews of
Geophysics, supplement. Pp. 721 – 733.
Hillis, R. R., (1998). Mechanisms of dynamic seal failure
in the Timor Sea and central North
Sea, in P. G. Purcell and R. R. Purcell, eds., The
sedimentary basins of Western Australia: 2.
Proceedings of Petroleum Exploration Society of
Australia Symposium, Perth, Western Australia, p.
313–324.
Holland, A. (2013). Earthquakes triggered by hydraulic
fracturing in South-Central Oklahoma, Bull.
Seismol. Soc. Am., 103, 3, 1784-1792.
Hanks, T.C., and Kanamori, H., (1979) A moment
magnitude scale, J. Geophys. Res. 84, 2348–2350.

144

Hough, S.E. and Page, M., (2016). Potentially induced
earthquakes during the early twentieth century in
the Los Angeles Basin. Bulletin of the
Seismological Society of America 106(6):
2419–2435.
IAEA (2015). The contribution of palaeoseismology to
seismic hazard assessment in site evaluation for
nuclear installations. IAEA-TECDOC-1767.
International Atomic Energy Agency, Viena,
212pages.
Jaeger, J. C. and Cook, N. G. W. (1979). Fundamentals of
Rock Mechanics 3rd edn. New York: Chapman
and Hall 515pages.
Jolly, R. J. H., Sanderson, D. J. (1997). A Mohr circle
construction for the opening of a pre-existing
fracture. J Structural Geology. 1997; 19(6): 887892.
King, G.C.P., Stein, R.S., and Lin, J. (1994). Static Stress
changes and the triggering of earthquakes.
Bulletin of the Seismological Society of America
84: 935–953.
Kouznetsov, O., Sidorov, V., Katz, S. & Chilingarian, G.,
(1995). Interrelationships among seismic and
short-term tectonic activity, oil and gas
production, and gas migration to the surface.
Journal of Petroleum Science and Engineering
13(1): 57–63.
Kovach, R.L., (1974). Source mechanisms for
Wilmington Oil Field, California, subsidence
earthquakes. Bulletin of the Seismological Society
of America 64: 699– 711.
Kulke, H., 1995, Nigeria, in, Kulke, H., ed. Regional
Petroleum Geology of the World. Part II: Africa,
America, Australia and Antarctica: Berlin,
Gebrüder Borntraeger, Pp. 143-172.
Lehner, P., and De Ruiter, P.A.C. 1977. Structural history
of Atlantic Margin of Africa: American
Association of Petroleum Geologists Bulletin, Vol.
61, Pp. 961-981.
Mandl, G. (2000). Chapter 4 - The coulomb theory of
faulting. In: Faulting in brittle rocks. Berlin,
Heidelber: Springer. 435pages.
Majer, E. L., Baria R, Stark M, Oates S., Bommer J.,
Smith B. and Asanuma H. (2007). Induced
seismicity associated with Enhanced Geothermal
Systems, Geothermics, 36, 3, 185-222
Majer, E. (2011). Induced Seismicity Associated with
Energy Applications Issues, Status, Challenges,
Needs. Lawrence Berkeley National Laboratory.
Workshop presentation. 56pages.
McGarr, A., Simpson, D., and Seeber, L (2002). Case
Histories of Induced and Triggered Seismicity.

Journal of Mining and Geology Vol. 58(1) 2022.

International handbook of earthquakes and
Engineering seismology, Volume8 1a. pp. 647 –
661.
McKeagney, C. J., Boulter, C. A., Jolly, R. J. H. and
Foster R. P. (2004). 3-D Mohr circle analysis of
vein opening, Indarama lode-gold deposit,
Zimbabwe: implications for exploration. Journal
of Structural Geology 26: 1275–1291.
McNutt, S. R. and Roman, D. C. (2015). Volcanic
Seismicity, in H. Sigurdsson (Ed.), The
Encyclopedia of Volcanoes (2nd Ed.), Academic
Press, p. 1011-1034
Moeck, I., Kwiatek, G., Zimmermann, G. (2009): Slip
tendency analysis, fault reactivation potential and
induced seismicity in a deep geothermal reservoir.
- Journal of Structural Geology, 31, 10, pp.11741182. DOI: 10.1016/j.jsg.2009.06.012
th
Montgomery, C. W. (2006). Environmental Geology, 8
edn. New York: McGraw Hill Companies Inc.
556pages.
Morris, A. P. and Ferill, D. A. (2009). The importance of
the effective intermediate principal stress (ó2) to
fault slip patters. Journal of Structural geology,
Vol. 31, No. 9. Pp. 950 – 959.
Morris, A.P., Ferrill, D.A., Henderson, D.B., (1996).
Slip-tendency analysis and fault reactivation.
Geology 24, 275-278
Mount, V. S. and Suppe, J. (1987). State of stress near the
San Andreas fault: implications for wrench
tectonics. Geology, Vol 15, pp. 1143 – 1146.
Muller, J. R., Aydin, A. and Wright, T.J. (2006). Using an
elastic dislocation model to investigate static
Coulomb stress change scenarios for earthquake
ruptures in the eastern Marmara Sea region,
Turkey. Geological Society, London, Special
Publications 253: 397–414.
NRC, 2012), United States of America National
Research Council Repot.
Ogata, Y. (2013). A prospect of earthquake prediction
research. Statistical Science, Vol. 28, No. 4. Pp.
521 – 541.
Olade MA (1975) Evolution of Nigeria's Benue Trough
(Aulacogen): A tectonic model. Geol. Mag. 12,
575 - 583. 31.
Olade MA (1976) On the genesis of lead zinc deposits in
Nigeria's Benue rift (Aulacogen): A
reinterpretation. J. of Mining and Geol. 13, 20 - 27
32.
Peng, S. and Zhang, J. (2007). Engineering Geology for
underground rocks. Berlin:Springer Verlag.
363pages

Journal of Mining and Geology Vol. 58(1) 2022.

Pennington, W.D., Davis, S.D., Carlson, S.M., DuPree, J.
and Ewing, T.E., (1986). The evolution of seismic
barriers and asperities caused by the depressuring
of fault planes in oil and gas fields of South Texas.
Bulletin of the Seismological Society of America
76(4): 939–948.
Pratt, W.E. & Johnson, D.W. (1926). Local subsidence of
the Goose Creek Oil Field. The Journal of Geology
34(7, part 1): 577–590.
Plumb, R.A. 1994. Influence of composition and texture
on the failure properties of clastic rocks.
SPE/ISRM 28022, presented at the Eurock Rock
Mechanics in Petroleum Engineering Conference,
Delft Netherlands, 27–31 August 1994
Raleigh, C. B., Healy, J. H. and Bredehoeft, J. D. (1976).
An experiment in earthquake control at Rangely,
Colorado, Science, 191, 1230-1237.
Ramsay, J. G. (1967). Folding and Fracturing of Rocks.
McGraw-Hill, New York 1967.
Rutqvist, J., Birkholzer, J. Cappa, F., Oldenburg, C., and
Tsang, C. (2006). Shear-slip analysis in multiphase
fluid-flow reservoir engineering applications
using tough-flac. PROCEEDINGS, TOUGH
Symposium, pp. 1 – 9.
Rutledge, J. T., Phillips, W. S. and Mayerhoferetal, M. J.
(2004). Faulting induced by forced ? uid injection
and ? uid ? ow forced by faulting: An interpretation
of hydraulic-fracture microseismicity, Carthage
CottenValley Gas Field, Texas. Bulletin of the
Seismological Society of America, 94(5),
1817–1830.
Rymer, H. (2015). Volcanic Hazards: In: Sigurdsson, H.
Encyclopedia of volcanoes, 2nd edn. Pp. 895 – 896.
Scholz, C. H. (2011). The mechanics of earthquakes and
faulting. New York: Cambridge University Press.
439pages
Scholz, C. H. (1990). The Mechanics of Earthquakes and
Faulting. Cambridge University Press, New York.
Segall, P., 1989. Earthquakes triggered by fluid
extraction. Geology 17(10): 942– 946.
Segall, P. (1985). Stress and subsidence resulting from
subsurface fluid withdrawal in the epicentral
region of the 1983 Coalinga Earthquake. Journal
of Geophysical Research: Solid Earth 90(B8):
6801–6816.
Segall P., and Fitzgerald, S. D. (1998). A note on induced
stress changes in hydrocarbon and geothermal
reservoirs. Tectonophysics 289, pp. 117–128.
Segall, P., Grasso, J.R. & Mossop, A., (1994). Poroelastic
stressing and induced seismicity near the Lacq gas
field, southwestern France. Journal of
Geophysical Research 99(B8): 15,423–15,438.

145

Shapiro, S. A. (2015). Fluid induced seismicity. United
Kingdom: Cambridge University Press. 229pages.
Sibson (1996). Structural permeability of fluid driven
fault fractures meshes. J. of Structural Geology,
18, 1031 – 1042.
Sibson, (2017). The edge of failure: critical stress
overpressure states in different tectonic regimes.
Sibson, R. H. (2000). Fluid involvement in normal
faulting. Journal of geodynamics. Journal of
Geodynamics, Vol. 29, Pp. 469 – 499
Sibson, R. H., (1992). Implications of fault-valve
behaviour for rupture nucleation and occurrence:
Tectonophysics, v. 211, p. 283–293.
Sibson, R. H., (1994). Crustal stress, faulting and fluid
flow, in J. Parnell, ed., Geofluids: Origin,
migration and evolution of fluids in sedimentary
basins: Geological Society (London) Special
Publication 78, p. 69–84.
Sibson, R. H., (1998). Conditions for rapid large-volume
flow, in G. B. Arehart and J. R. Hulston, eds., Water
rock interaction: Proceedings of the 9th
International Symposium-WRI-9, Taupo, New
Zealand, March– April 1998: Rotterdam,
Balkema, p. 35–38.
Sibson, R.H. (1985). A note on fault reactivation. Journal
of Structural Geology 7: 751–754.
Sibson, R. H. (1989). High angle reverse faulting in
Northern New Brunswick, Canada and its
implications for fluid pressure levels. J. of
Structural Geology, Vol. 11, pp. 873 – 877.
Streit, J. E. and Hillis, R. R. (2002). Estimating fluid
pressures that can induce reservoir failure during
hydrocarbon depletion. In: Rock mechanics
conference. Texas: Irving, Paper SPE 78226.
Streit, J. E. and Hillis, R. R. (2002). Estimating fault
stability and sustainable fluid pressures for
underground storage of CO2 in porous rocks.
Energy, Vol. 29, pp. 1445 – 1456.
Tingay, M.R.P., Hillis, R. R., Swarbrick, R. E., Morley,
C. K., and Damit, A.R. (2009). Origin of
overpressure and pore pressure prediction in the
Baram province, Brunei. AAPG Bull. 93(1), 51 –
74.
Tong, H., Koyi, H. and Ramberg H. (2017). Applying
Reactivation Tendency Analysis and Mohr space
to Evaluate Shear Strength Decrease and
Anisotropy with Pre-existing Weakness(es) under
Uniform Stress State. Int. J. Petrochem Res. 2017;
1(1): 31-39.
Townend, J., and Zoback, M.D. (2000). How faulting
keeps the crust strong, Geology,2 8, 399-402.

146

Tutle, M. L. W., Charpentier, R. R. and Brownfield, M. E.
(1999). Chapter A. The Niger delta Petroleum
system; Niger Delta province, Nigeria, Cameroon
and Equatorial Guinea, Africa. US Department of
Interior, USGS open file report No. 99 - 50-H View
Article
Tribune, (2021). Panic as crude oil mysteriously erupts
from the ground. www.tribuneonlineng.com.
van Thienen-Visser, K. and Breunese, J.N. (2015).
Induced seismicity of the Groningen gas field:
History and recent developments. Leading Edge:
Special Section: Injection induced seismicity, 664
– 671.
Wallace, R.E. (1977). Profiles and ages of young
fault scarps, north-central Nevada. Bulletin
Wang, Q., Yao, Y., Xia, J., Zhu, W. and Wang, D., Li, J.,
Zhang, L. (2008). Study on methods of reservoir
induced seismicity prediction of the three gorges
reservoir. The 14 th World Conference on
Earthquake Engineering October 12-17, 2008,
Beijing, China.1 – 8.
Wetmiller, R.J. (1986), Earthquakes near Rocky
Mountain House, Alberta and their relationship to
gas production. Can. J. Earth Sci., 3, 172-181.
Wright C. A. and Conant, R. A. (1995). Hydraulic
fracture reorientation in primary and
secondary recovery from low permeability reservoirs,
SPE 30484. 1995 SPe Technical Conference and
Exhibition, Dallas, TX, Society of Petroleum
Engineers
Wright, C.A., Stewart, D.W. et. al. (1994). Reorientation
of propped refracture treatments in the Lost Hills
? eld, SPE 27896. 1994 SPE Western Regional
Meeting, Long Beach, California
Wiprut, D. and Zoback, M. D. (2000). Fault reactivation
and fluid flow along a previously dormant normal
fault in the Northern Sea. Geology, Vol. 28, No. 7.
Pp. 595 – 598.
Wiprut, D., and M. D. Zoback, (2002). Fault reactivation,
leakage potential, and hydrocarbon column
heights in the northern North Sea, in A. G. Koestler
and R. Hunsdale, eds., Hydrocarbon seal
quantification: Norwegian Petroleum Society
Special Publication 11, p. 17–35.
Xu, S. S., Nieto-Samaniego, A. F. and Alaniz-Álvarez, S.
A. (2010). 3D Mohr diagram to explain
reactivation of pre-existing planes due to changes
in applied stresses. Rock Stress and Earthquakes –
Xie (ed.). Taylor & Francis Group, London, 739 745

Journal of Mining and Geology Vol. 58(1) 2022.

Yerkes, R.F. & Castle, R.O. (1976). Seismicity and
faulting attributable to fluid extraction.
Engineering Geology 10(2–4): 151–167.
Yin, Z. M. and Ranalli, G. (1992). Critical stress
difference, fault orientation and slip direction in
anisotropic rocks under non-Andersonian stress
systems. Journal of Structural Geology 14:
237–244.
Zhang, J. (2011). Pore pressure prediction from well
logs: methods, modifications and new approaches:
Earth Science Reviews, 108, 50 – 63.
Zoback, M. D., Zoback, M. L., Mount, V. S., Suppe, J.,
Eaton, J. P., Healy, J. H., Oppenheimer, D.,
Reasenberg, P., Jones, L., Raleigh, C. B., Wong, I.
G., Scotti, O. and Wentworth, C. (1987). New
evidences on the state of stress of the San Andreas
fault system. Science, Vol. 238, pp. 1105 - 1111
Townend, J., and Zoback, M.D. (2000). How faulting
keeps the crust strong, Geology,2 8, 399-402.
Zoback, M.D., and Healy, J. H. (1984). Friction faulting
and in-situ stress, Ann. Geophys.,2, 689-698.
Zoback, M.D. and Townend, J. (2001). Implications of
hydrostatic pore pressures and High crustal
strength for the deformation of intraplate
lithosphere. Tectonophysics, 336, 19–30.
Zoback, M. D. and Zinke, J. C. (2002). Production
induced normal faulting in the Valhall and Eko? sk
oil ? elds. Pure & Applied Geophysics, 159,
403–420.
Zoback, M. D. and Zoback, M. L. (2002). Stress in the
earths lithosphere. Encyclopedia of physical
Sciences and Technology, 3rd edn. Vol. 16, pp. 144
– 154.
Zoback, M. D., Townend, J. et al. (2002). Steady-state
failure equilibrium and deformation of intraplate
lithosphere. International Geology Review, 44,
383–401.
Zoback, M.D, Barton, C. A., Budy, M., Castillo, D. A.,
Finkbeinerr, T., Grollimund, B. R., Moos, D. B.,
Peska, P., ward, C. D and Wiprut, D. J (2003).
Determination of stress orientation and magnitude
in deep wells. International Journal of Rock
Mechanics and Mining Sciences, 40, 1049 – 1076.
Zoback. M. D. (2007). Reservoir Geomechanics. New
York. Cambridge University Press. 505pages.

