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Summary

The combined analysis of P- and S-waves can be used successfully to
characterize lithology and pore fluids, resolving ambiguities that would result from
the analysis of P-wave data alone. Knowledge of S-wave velocity may also contribute
to pore pressure estimation using either empirical relationships or rock physics
models. Building on previously published P-wave velocity models and using travel-
time forward modelling I have produced a two-dimensional S wave velocity model of
the deep sediments of the Eastern Black Sea Basin (EBSB) using wide-angle seismic
data collected in 2005. I model an approximately 100 km southeast-northwest transect
in the eastern part of the EBSB, where 15 ocean bottom seismometers (OBS) were
placed between the coast and the centre of the basin. Previous analysis has revealed a
widespread low-velocity zone within the basin fill at depth 5-8.5 km, which I find is
characterized by an S-wave velocity decrease from ~1.5 km/s to ~1.1 km/s. Using
Differential Effective Medium Theory (DEM), a rock physics modeling approach, |
interpret these velocities in terms of density and porosity variations within the basin
fill. Porosity decreases from ~55% at seabed to ~2% at the top of the low velocity
zone where it begins to increase and reach ~8% at the bottom of the sediments. The
corresponding densities are ~1.8, ~2.58, and ~2.5 Mg/m? respectively. These values
along with borehole measurements are used to calibrate the Eaton method, a pore
pressure estimation technique which | used to estimate pore pressure. The results
reveal a pore pressure variation from ~20 MPa at the sea floor (~2km below sea level)

to ~200 MPa at the top of the Cretaceous (~9km below sea level).



Chapter 1: Introduction

1.0 Significance and Structure

Knowledge of pore pressure generation can lead to significant insights about
tectonic mechanisms, the sedimentation rate and depositional history, diagenetic
phenomena and fluid flow in a basin. Previous work in the Eastern Black Sea Basin
(EBSB) (Scott et al.,, 2009) based porosity and density analysis on empirical
relationships and has not taken into account the aspect ratio of the sediment pores. In
this dissertation I use Differential Effective Medium Theory (DEM) to relate porosity
to seismic velocities and calibrate the exponent of the Eaton method to estimate pore
pressures.

Chapter 1 of this thesis presents a theoretical background including: the
geological setting and the timing and kinematics of the Black Sea opening, the main
pore pressure generation mechanisms, uses for converted waves, pore pressure
estimation by seismic velocities and DEM theory. The second chapter covers data
acquisition and processing, while the third chapter presents the methods and the
results of the S-wave analysis. In the fourth chapter | estimate the uncertainty of the
model parameters. In the fifth chapter | present DEM modeling and results, and in the
sixth chapter | estimate pore pressures. The seventh chapter is a discussion on the
methods and the results obtained and finally in the eighth chapter | present the

conclusions that | draw from my work.



1.1 Geological setting

The Black Sea is the world’s largest land-locked inland sea. It is situated
between 40°55 to 46° 32’ N and 27° 27° to 41° 32’ E, covers an area of
approximately 423,000 km?, and has a present maximum and average bathymetry of
2200 and 1240 m, respectively (Meredith and Egan, 2002). To the west it is connected
to the Mediterranean through the Bosporus (its only connection to the world’s
oceans), which is the narrowest strait in the world with an average width of 1.6 km,
depth of 36 m and total length of 31 km. This restricted exchange with the oceans and
the large fresh water input from major rivers such as the Dnieper and the Danube
results in below normal salinity (Ross et al., 1978, Robinson et al., 1995b). To the
north, the Black sea is connected with the Sea of Azov through the shallow Kerch
Strait, which has depth of less than 20 m. Six countries located in Europe and Asia
surround the Black sea: Bulgaria, Georgia, Romania, Russia, Turkey and Ukraine.
Ninety per cent of its water mass is anoxic (Sorokin, 1983), so it contains the world’s
largest anoxic water mass (Bakan and Buyukgungor, 2000).

The tectonic setting of the Black Sea comprises many different geological
formations (Figure 1.1). On the southern side of the Black sea there are the Pontides,
which consist of the western Pontides whose basement is similar to the Precambrian
Moesian Platform (Okay et al., 1994; Banks and Robinson, 1997; Nikishin et al.,
2003) the central Pontides, and the eastern Pontides with a Palaezoic basement (Okay
and Sahinturk, 1997). Eastern of the Pontides there is the Achara-Trialet Zone and
next to this Zone there is the Dzirula Massif whose prolongation within the Black Sea

is the Shatsky High (Nikishin et al., 2003). On the southwest side of the basin there is
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Figure 1.1: Tectonic setting of the Black Sea basin. Kar—Karkinit trough, Sh—Shtormovaya graben,
A—AIma basin, Scr—Southern Crimea Orogen, Bal—Balkanides, K—Kamchia foreland basin,
Sr—Srednogorie, St—Strandzha, WBS—West Black Sea — Saros Fault, Dz—Dzirula, G—Guriy basin,
KYM—Konka — Yaly — Molochnaya graben.(from Nikishin et al., 2003). The study area is indicated

with the red box.



the Rhodope massif which consists of Palaeozoic and/or Precambrian basement (Burg
et al.1996; Banks and Robinson, 1997, Nikishin et. al., 2002) and on the west there is
the Moesian platform consisting of Late Precambrian basement affected by Late
Variscan deformation (Okay et al, 1994; Banks, 1998). North of the Western Black
Sea and next to the Moesian Platform there is the northern Dobrogea orogen which is
consists of a former Permo-Triassic rift basin which from the time of the
Jurassic/Cretaceous boundary underwent thrusting and folding up to the Neocomian
times (Banks, 1998; Nikishin et al., 2001, 2002). On the northeast there is the Great
Caucasus Alpine orogen which was created when a former Jurassic-Eocene back-arc
basin was shortened and closed during Late Eocene to recent times (Milanovsky,
1991; Ershov et al., 1999, 2003; Nikishin et al., 1998, 2001, 2002). Northern of the
Great Caucasus there is the Scythian Platform, which consists of Late Paleozoic
basement deformed at the time of the Triassic/Jurassic boundary (Muratov, 1972;

Milanovsky et al., 1992; Nikishin et al., 2001, Nikishin, 2003).
1.2 Timing and kinematics of the Black Sea opening

The Black Sea is generally considered to be a Cretaceous to Paleogene basin,
which was formed in a back-arc extensional environment associated with the
subduction of both the Paleo- and Neo-Tethys Oceans (Zonenshain and Lepichon,
1986; Gorur, 1988; Okay et al., 1994; Robinson et al., 1996; Nikishin et al., 1998,
2001). The basin comprises the Western and Eastern Black Sea sub-basins, which are
separated by the Archangelsky and Adrusov ridges, collectively known as the Mid-
Black Sea High which run SW-NE through the centre of the Black Sea (Figure 1.1).
Although now they form one basin they have separate origins (Meredith and Egan,
2002). The older of the two basins, the Western Black Sea, rifted with dissection of
the Moesian Platform of the northern supercontinent, Laurasia (Spadini et al., 1996).

5



The limestones of the Western Pontides are aged 130-125 Ma (Middle Barremian)
(Inalte Formation) where they are unconformably overlain by Aptian to Albian synrift
sediments including shallow water sandstones, submarine slides and olistostromes
and turbidites (Spadini et al., 1996). Uncomformably overlying the syn-rift strata is a
unit of pelagic carbonates and distal tuffs of Cenomanian age that is interpreted to
mark the change from rift to drift in the Western Black Sea (Gorur et al.,1993).
Analysis of seismic reflection data on the Romanian self shows tilted extensional fault
blocks draped by chalks that can be dated as Cenomanian to Maastrichtian (Robinson
et al., 1996). All the previous constraints suggest that rifting took place over a period
of about 30 Myr with spreading occupying at most 6-7 Myr (Spadini et al., 1996).

The age of the rifting event in the Eastern Black Sea is not as well documented
because relevant stratigraphy is poorly exposed. Modelling of seafloor heat flow
measurements suggested that the basin is Jurassic in age (Golmshtok et al., 1992).
The stratigraphy of the southern slopes of the Greater Caucasus in Russia and
Georgia, where Sinemurian mudstones uncomformably overlie Hercynian
metamorphic basement, demonstrates the presence of a Jurassic marine basin on the
southern flank of the Russian platform. At least in the Middle Jurassic and late
Cretaceous, this basin lay north of major volcanic arcs exposed now in the Eastern
Pontides and can thus be considered to have formed in a back-arc setting (Robinson et
al., 1995a).

Three stratigraphic observations suggest rifting in the Eastern Black Sea in its
present form took place after the Danian.

1) The northern rift shoulder of Shatsky ridge has been drilled and it appears to
be a thick Mesozoic sequence which includes: Middle Jurassic volcanics and

volcanoclastic sediments, Upper Jurassic to Lower Cretaceous limestones, and a



complete sequence of turbidites and chalks from Upper Cretaceous to Danian. These
sediments are overlain uncomformably by Upper Eocene mudstones from (Robinson
etal., 1996).

2) The same stratigraphic relationships are observed where the conjugate
margin, the Archangelsky Ridge, outcrops at the seafloor (Rudat and MacGregor,
1993) .

3) The Upper Paleocene is missing in the Eastern Pontides (Robinson et al.,
1995a). Dating of the deepest parts of post-rift fill suggests that spreading in the
Eastern Black Sea was completed by the Middle Eocene (Robinson et al., 1996).

Beneath the Eastern Black Sea the Moho rises to about 25 km (Shillington et al.,
2009). The base of the post-rift sediments is at a depth of ~10 km in the deepest parts
of the basin and ~3.5 km at the edge of the MBSH (Scott et al., 2009). The lower
crust in the area from onshore of Samsun until the centre of the eastern Black Sea
basin has velocities which are too slow to correspond to gabbros, indicating that it is
continental (Shillington et al., 2009). On the other hand crust from the eastern part of
the basin is thicker with higher velocities that are best interpreted as either oceanic
crust or synrift gabbros (Shillington et al., 2009).

By Neogene times these two sub-basins had coalesced to from the single basin
structure present today. The Alpine-Himalayan orogenic belts that surround the Black
Sea (including the Pontides, Greater Caucasus and Crimean Mountains) demonstrate
that the evolution of the Black Sea region represents an interference of tectonic events
over geological time in that most of the subsidence took place within the basin when
the immediate surrounding regions were experiencing compressional deformation

(Meredith and Egan, 2002).



1.3 Pore pressures

In general, pore pressures higher than normal (overpressures), are caused by the
inability of pore-fluids to escape as the surrounding mineral matrix compacts under
the lithostatic pressure caused by overlying layers (Swarbrick and Osborne, 1998).
Many mechanisms have been proposed for the generation of overpressure in
sedimentary basins. They can be divided into three main categories:
1) Increase in compressive stress, which is caused by tectonic compression and
disequilibrium compaction.
2) Fluid volume change, which is caused by aquathermal expansion, mineral
diagenesis and release of hydrocarbon from kerogen.
3) Fluid movement and processes related to density differences between fluids
and gases, which are caused by hydraulic head, osmosis and buoyancy
(Osborne and Swarbrick, 1997).
1.3.1. Increase in compressive stress

When burial in a sedimentary basin is slow then normal compaction of
sediments occurs. This means that the equilibrium between overburden and reducing
pore-fluid volume is maintained (Osborne and Swarbrick, 1997). However when the
burial is rapid the increase of the overburden stress is also rapid. In order to maintain
the equilibrium the fluids should be expelled fast. Where this does not happen the
pressure of the pore fluids rises above hydrostatic values, a process that is called
disequilibrium compaction. The depth beyond which fluids start to be retained by the
sediment is called isolation depth. In theory, after this depth no fluid escapes, so the
pore pressure rises along the pressure-depth path parallel to the lithostatic gradient
(Osborne and Swarbrick, 1997). In reality, though, some fluid will continue to be

expelled because permeability cannot have a value of zero. Disequilibrium



compaction is thought to be the main cause of overpressure in rapidly subsiding
basins and it is the favored mechanism in a number of them such as the Gulf Coast
(Dickinson, 1953), the Caspian Sea (Bredehoeft et al., 1988) and the North Sea (Mann
and Mackenzie 1990; Audet and McConnell, 1992; Osborne and Swarbrick, 1997).

Disequilibrium compaction is not the only stress related mechanism that can
cause overpressuring. Lateral compression can increase pore pressure in the same way
as vertical stress (Osborne and Swarbrick, 1997). In fault zones that are susceptible to
failure the overpressure build-up is very rapid and the pressure decrease can be
equally fast if large volumes of fluid escape up the fault plane. This happens because
the ductile creep makes the fault weak by leading to compaction that increases fluid
pressure (Osborne and Swarbrick, 1997). Such a phenomenon can be avoided if the
compression is so small that the rock neither buckles nor fractures. This way
overpressure can be maintained over longer periods of time (Osborne and Swarbrick,
1997). Lateral compression is the characteristic mechanism for generating
overpressures in accretionary wedges (Osborne and Swarbrick, 1997).
1.3.2. Change in volume

Aquathermal expansion is the process by which water will expand when
heated. Aquathermal pressuring occurs in rock systems with very low permeability
but is unlikely to be a major overpressuring mechanism (Osborne and Swarbrick,
1997). Sediment diagenesis often involves the release of bound water, such as the
dehydration of smectite and gypsum to illite in clay rich mudrocks and to anhydrite
in evaporites, respectively (Burst, 1969; Freed and Peacor, 1989). Smectite is a clay
mineral that can hold a large amount of bound water. Assuming that the rock is
initially 100% smectite and compacts normally , the overall increase in volume is a

maximum of 4.0 vol% (Osborne and Swarbrick, 1997). Unless the rock is perfectly



sealed such a small increase in volume is unlikely to generate significant
overpressures. The transformation of smectite to illite, though, also releases silica
which reduces the permeability of shale and increases its ability to create a seal. So
smectite dehydration may contribute to existing overpressures as a secondary
mechanism but it is unlikely to be a primary cause of overpressure (Osborne and
Swarbrick, 1997). The transformation from gypsum to anhydrite is a reaction
controlled by temperature and the result is the loss of 39% bound water by volume.
This is thought to be an important mechanism for generating overpressures in
evaporite beds (Osborne and Swarbrick, 1997).

The top of overpressured zones often coincides with zones of hydrocarbon
generation (Spencer, 1987). The kerogen maturation effect on fluid pressures is most
pronounced when large volumes of liquid hydrocarbons are generated within a short
period of time in low-permeability rocks, and where primarily migration is difficult
(Osborne and Swarbrick, 1997). The distribution of overpressure in hydrocarbon
basins reflects the depth, temperature and location of the source rocks with the
necessary maturation levels to be producing gas (Swarbrick and Osborne, 1998). As
well as the volume expansion, the presence of oil and gas as separate phases to water
acts to reduce the permeability of fine-grained rocks, thus helping to seal
overpressures.

1.3.3. Fluid movement and buoyancy

Marine and Fritz (1981) proposed as a mechanism for overpressure, under
certain conditions, the fluid transfer across a semipermeable membrane due to
osmosis, induced by large contrast in the salinity of pore fluids. The required
conditions are that the rock must be a near perfect membrane, have no micro-fractures

and the water, fresh and brine, must be recharged to maintain the salinity contrast.
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Nevertheless often in overpressured zones the pore fluid has lower salinity than in
normal pressured zones. This would have the opposite effect and actually reduce the
pressure (Osborne and Swarbrick, 1997).

All gases that are formed through hydrocarbon maturation have a lower
density than pore water. As a gas bubble rises because of buoyancy, it will expand
because of the pressure decrease. If the system is completely sealed, the pore fluids
are incompressible and the bubble will not be able to expand, so the overpressure will
increase (Osborne and Swarbrick, 1997). This mechanism is a secondary method for
the creating of overpressure.

Potentiometric or hydraulic head form the mechanism that exerts a pressure in
the subsurface when the water table in highland areas is elevated and the aquifer or
reservoir is sealed from above. It is measured as the vertical height of the highland
water table above the level of the sea and is often called “equilibrium overpressure”
(Neuzil, 1995). The reservoir beneath the seal must be laterally continuous over long
distances in order for this mechanism to create a substantial overpressure. However
even when this happens in basins like the central United States Basin and Range
province the amount of overpressure cannot exceed the height of the elevated water
table (Osborne and Swarbrick, 1997).

1.4 Converted waves

The term “converted wave” describes a downgoing P-wave that converts on
reflection to an upcoming S-wave. This kind of seismic wave is increasingly used to
explore subsurface targets. Applications that have arisen include imaging, lithological
estimation, anisotropy analysis, subsurface fluid description and reservoir monitoring

(Stewart et al., 2003).
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1.

i)

Imaging:

“Seeing” through gas-charged sediments: P-wave energy is delayed, scattered
and attenuated when passing through a gas bearing sediment. S-waves, being
generally less sensitive to rock saturants, can be used to penetrate gas-saturated
sediments. For example Granli et al. (1999) using OBS with three component
geophones planted on the ocean bottom were able to image through a gas
chimney at the Tommeliten Alpha field. Li et al. (2001) analyzed a four-
component data set from Valhall field, Norway. They noted focused and
continuous reflectors by using prestack versus poststack P-S migrations and
they concluded that the images taken from this method are better than with P-P
methods.

Structural imaging: Resolution of steeply dipping features can be improved
using converted waves in certain circumstances. Purnell (1992) presented
examples where high dip anomalies were more visible on migrated P-S data

than P-P.

2. Near-surface imaging: P-S sections provide more highly resolved reflectors in the

near-surface than P-P sections. This is the result of several factors, including
greater relative changes in S versus P velocity, a greater impact of density changes
on the P-S reflectivity than on P-P or even a shorter S wavelength.

Lithology Estimation :

S-wave measurements provide constraints on the rock properties, especially on

density and rigidity contrasts. Much P-S analysis is targeted at finding an S-wave
velocity or determining a Vy/Vs value (or Poisson’s ratio) because both can be

good indicators of rock type.
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4. Anisotropy Analysis :
Evaluating and accounting for elastic anisotropy can improve seismic imaging of
the subsurface through more accurate velocity analysis. Understanding the
influence of elastic anisotropy is particularly important in the P-S processes
because shear polarizations are generally more strongly affected than
compressional polarizations (Haacke and Westbrook, 2006).

5. Fluid Description
Berryman et al. (2002) were able to estimate fluid saturation magnitudes and
spatial distribution as well as porosity using only P and P-S velocities. The key
idea was that the density and the Lame elastic parameter A are the only two
parameters determining seismic velocities that also contain information about
fluid saturation. At low frequencies, Gassman’s equations show that shear
modulus is independent of the fluid saturation level. They used these insights to
construct saturation-proxy and data sorting plots from seismic velocity data.

6. Reservoir Monitoring
There are variations in the reservoir rock properties associated with temperature
and saturation changes. These, in return, are associated with changes in the

seismic character of both P-P and P-S sections (Stewart et al., 2003).
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1.5 Predicting abnormal pressures using seismic velocities
1.5.1 Pressure concepts

Pore pressure Ps is defined as the in situ pressure of the fluids in the pore
spaces of a sedimentary rock. The hydrostatic pressure Py is the pressure exerted by
the weight of a static column of seawater and is equal to:

Pni(2) = pw9z 1)
where z is the height of the fluid column and p,, is the fluid density. When the pore
fluids only support the weight of the overlying pore fluids, the pore pressure and
hydrostatic pressure are equal. The lithostatic or confining pressure or total pressure
in the vertical direction o, is due to the weight of the overlying sediments, including

the pore fluids. Therefore confining stress is equal to:

oy =g Jy pz)dz’ )
where p is the wet bulk density, including seawater above the seafloor, g is the
gravitational acceleration and z is depth. In the absence of any state of stress in rock,
the pore pressure attains hydrostatic pressure and the fluids support all the weight.
However, fractures appear perpendicular to the direction of the minimum compressive
stress when pore pressures reach 70-90% of the confining pressure. In this case, the
fluid escapes from the pores and pore pressure decreases. A rock is said to be
overpressured when its pore pressure is significantly greater than hydrostatic pressure.
The difference between confining pressure and pore pressure is called differential
pressure. For the evaluation of the degree of overpressure in comparison to the
hydrostatic effective pressure (the difference between confining pressure and

hydrostatic pore pressure) the normalized pore pressure ratio A" is defined:

A= 3)

oy—Ppf
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1.5.2 Pressure-velocity regimes

Hydrocarbon reservoirs are generally overpressured. This situation can, in
principle, be characterized by seismic waves. To do this, the dependence of the P-
wave and S-wave velocities on effective stress plays an important role (Carcione and
Helle, 2002). Many previous studies of overpressure prediction from seismic interval
velocities have relied on empirical relationships (e.g., Han and Nur, 1986; Eberhart-
Phillips, 1989; Eaton, 1976; Dutta, 2002; Han, 1986). Pore pressure estimation is
easily done if the sedimentary sequence is stratified and many boreholes penetrate it,
by comparing an abnormal compaction trend with a normal compaction trend
assuming a compaction disequilibrium regime (e.g. Hubbert and Rubey, 1959; Eaton,
1972). However in some cases, such as this study, it is difficult to define appropriate
compaction trends. Then there is a need to predict pore pressure using an estimated
relationship between velocity and effective stress. Alternatively one could predict
effective stress and pore fluid pressure by applying rock physics theory to observed
seismic interval velocities (Tsuji et al., 2008).

Many theoretical models have been proposed that attempt to establish a link
between formation parameters and seismic velocities (e.g., Mavko et al., 1998). The
relationship between effective stress and seismic velocity depends on pore volume,
pore shape, mineral texture and mineral composition (Schon, 1996). Total porosity
(pore volume) is one of the most important parameters of those that determine
velocities (e.g., Hyndman and Spence, 1992). However, pore shape (crack or void)
also significantly influences seismic velocity, independent of total porosity. Because
thin cracks with small pore volume can significantly decrease velocities (Kuster and

Toksoz, 1974), pore features need to be taken into consideration as well as total
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porosity. To construct velocity-stress relationships that can be used to predict pore
pressures therefore | consider pore geometries (e.g., aspect ratio) (Figure 1.2).

For unconsolidated shallow sedimentary sequences close to the seafloor,
seismic velocities increase with effective stress as a result of the strengthening of
grain contacts as effective stress increases (Mindlin, 1949, Dvorkin and Nur, 1996).
In consolidated rocks, closure of cracks in the rock in response to increasing effective
stress is the main influence on velocity (e.g. Kuster and Toksoz, 1974; Carcione et al.,

2003; Tsuji et al., 2008).

Aspect ratio

Figure 1.2: Aspect ratio description of ellipsoidal pores. It is easy to understand from aspect ratio’s definition that
when a approaches 1 the pores will be spheres and when it approaches 0 they will be thin cracks.

1.5.3 The Eaton method
The Eaton method, as described by den Boer et al. (2006) directly relates
effective stress to the ratio of the observed seismic velocities (V) to the velocity in
normally pressurized sediments (Vnom), Where pore pressure (Pp) is equal to the
hydrostatic pressure (Pns). The method is described by the following equation:
Pp=Lp-(Lp-Pur)(Vobs/Vnorm)" (4)
where the exponent n is used to control the sensitivity of seismic velocity to changes
in effective stress and L, is the lithostatic pressure. The equations implies that if Vqps=
Viorm the rock is normally compacted and Pp= Pnr. Conversely, if the measured

velocity is smaller than the normal velocity i.e. Vobs < Viorm, Pp>Pns and the rock is
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overpressured. The limitations of the Eaton method are that it is applicable to
overpressure due to undercompaction of shale, which occurs during monotonic
overburden stress increase due to burial and the fact that the exponent n of equation 4

is highly site specific and requires thorough calibration (Mavko et al., 2003).

1.6 Differential effective medium theory

Differential effective medium theory, or DEM, was developed by Bruggeman
(1935) and Roscoe (1952) for classical percolation and conduction problems. In DEM
theory a physical parameter is estimated by successively computing the change in the
effective constants after infinitesimal amounts of the inclusion phase are added to a
homogeneous material whose effective constants are the same as those computed for
the composite up to the current volume fraction (Berryman, 1992). DEM is
necessarily asymmetric because the medium used to start the imbedding process
(called host) is always continuous (Yonezawa and Cohen, 1983, Berryman, 1992).
McLaughlin (1977) showed that the DEM satisfies the Hashin-Shtrikman bounds,
which are for the bulk and shear modulus:

f2

(K, —K)™ + f; (K1 + %lﬁ)

KHSi = Kl + 1

HS+ f2

P =t 4
(uz — )™+ 2f1(Ky + 2u1) /[5m (K1 + §.“1)]

()

Where K; and K; are the bulk moduli of individual phases;u; and p, are the shear
moduli of individual phases; and f; and f, are the volume fractions of individual

phases. Upper and lower bounds are computed by interchanging which material is
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termed 1 and which is termed 2. The expressions yield the upper bound when the
stiffest material is termed 1 and the lower bound when the softest material is termed 2
(Mavko et al., 2003). Many authors (Milton, 1985, Norris et al., 1985, Norris, 1985,
Avellaneda, 1987), have shown that the DEM is also a realizable model (Berryman,
1992).

The coupled differential equations for the effective bulk and shear moduli K*
and p*, respectively, are (Berryman, 1992, Berryman and Berge, 1993, Berge et al.,

1993, Mukerji et al., 1995):
d * * (*2)
(l—y)d—y[K M]=(K, =K )P (y)

=)L 0= (s — )0 ()
dy (6)

with initial conditions K*(0)=K; and p*(0)=p;, where K; and p; are the bulk and
shear moduli of the pure initial host material (phase 1), K, and p, are the moduli of
the other end member (the incrementally added inclusion phase, phase 2), and y is the
concentration of phase 2. For fluid inclusions and voids, y=¢, the porosity. The
factors P*? and Q™2 depend on the shape of the inclusions (i.e., ellipsoid aspect ratio
a), and are functions of the effective moduli and the moduli of phase 2.

In the usual DEM model, starting from a solid initial host, a porous material
stays intact at all porosities and only falls apart at the very end when y=1 (100 percent
porosity). This is because the solid host remains connected and therefore load bearing.
From the equations for K* and pu* we see that as — 1, the left hand side goes to zero;
to satisfy the equation, on the right hand side,K* — K, and u* — u, . (For dry porous
materials p,=0 andK, = 0). The point (K5, u,) is sometimes called the attractor. From
any initial (Ky, pp) at y=0, the solution always tends to (Ky, uz) asy = 1 (Mukerji et

al., 1995).
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1.6.1 Assumptions and limitations of DEM theory

DEM theory assumes that the rock is isotropic, linear and elastic. It also assumes
idealized ellipsoidal inclusion shapes. Cracks are assumed to be isolated with respect
to fluid flow. Pore pressures are unequilibrated and adiabatic. The process of
incrementally adding inclusions to the matrix is a thought experiment and should not
be taken to provide an accurate description of the true evolution of rock porosity in

nature (Mavko et al., 1998).

Chapter 2: Data acquisition and processing

2.1 Wide-angle data collection

The wide-angle seismic data were acquired as part of the research project “Integrated
seismic and subsidence study of conjugate margin systems in the eastern Black Sea
Basin”. The project was funded through the UK Ocean Margins LINK Program, by
the UK Natural Environment Research Council (NERC), BP Turkey and TPAO
(Turkish state oil company). The experiment took place during February and March
of 2005, onboard the RV Iskatel. Four profiles were acquired, located near-coincident
to existing normal-incidence multichannel seismic (MCS) lines. The first profile (Line
1) is margin-parallel, orientated southeast-northwest constraining some of the thinnest
crust within the basin. The other three profiles (Lines 2, 3 and 4) are orientated
southwest-northeast, and constrain the extension of the rift from the coast to the
centre of the basin. The layout of the survey, and positions relative to the existing

MCS profiles is shown in Figure 2.1.
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Figure 2.1: Plot of the wide angle seismic profiles acquired in the EBS with existing MCS profiles.
Black dots represent OBS locations, black triangle represent land stations, the red lines indicate the
location of near-coincident, normal incidence MCS reflection profiles that are used in combination
with the wide-angle data to produce seismic velocity models. The three OBS that were lost or failed to
with. (Scott, 2008).

The seismic source consisted of nine Bolt Long Life airguns towed at a depth of 9 m.
The airguns were clustered so that their bubbles coalesced, and the total source
volume was 3140 cu.in, rich in low frequencies. The array consisted of 3 x 500 cu.in,
4 x 310 cu. in and 2 x 200 cu. in guns. Shots were triggered every 60 s or 90 s from a
stable clock that was accurate to within under 1 ms and was synchronised with
onboard Global Positioning System (GPS). The layout of the airguns and relationship

to the GPS systems is shown in Fig. 2.2.
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Figure 2.2: A schematic drawing showing the layout of the airgun source array, with respect to GPS
receivers located on board (Scott, 2008).

Air-gun shots were recorded on ocean bottom seismometers (OBS) and land
seismometers, which extended each profile onshore (Figure 2.1). GeoPro GmbH
provided the OBS, which are housed in a 17” Benthos glass sphere, attached to an
anchor for deployment and released by radio transmission for recovery. Each unit
contains a data logger operating at a 4 ms sample rate, a Benthos hydrophone and a
three-component 4.5 Hz seismometer, housed at the base of the sphere. The OBS
were deployed and recovered by GeoPro GmbH crew. Of the 78 instruments that
were deployed, two instruments were lost. This dissertation focuses on Line 2 which
is ~100km long with a total of 15 Ocean Bottom Seismometer (OBS) instruments
spaced ~7km which crossed the most south-easterly section of the basin in a North-
East — South-West orientation. Line 2 was shot from offshore Giresun (41°N 39°E) to
the centre of the Eastern Black Sea Basin, crossing the most easterly part of the basin,
parallel to Line 3. Conditions during the shooting of Line 2 were good, and data

quality along this line is excellent (Figure 2.3) (Scott, 2008).
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2.2 Travel-time modelling

The models that we describe in the following chapter were generated using the
forward/inverse modelling code rayinvr of Zelt and Smith (1992). RAYINVR is a
popular code that uses a layer-stripping approach, modelling from the top down. The
model is defined as a series of depth and velocity nodes that can have irregular
spacing, and any or all model parameters may be inverted at any time. Ray tracing is
performed by numerically solving the ray trace equations for 2D media using a
Runge-Kutta method, and all seismic arrival types can be modelled (Zelt and Smith,
1992). The source and receiver locations are set as input parameters, and traveltimes
are calculated by numerical intergration along the ray paths. Using an initial 2D
model RAYINVR traces rays from each source though the model. Ray take-off angles
are automatically determined for ray groups that are specified by the user. The
program then calculates a y? error value that has the form

. 2
7 =if[iJ )
N T\ O
where r; is the element of the traveltime residual vector r corresponding to the jth
traveltime datum, and o; is the picking error associated with that traveltime. It
represents the difference between calculated traveltimes and the observed data picks
weighted by their assigned error. A y* of 1 describes a model that fits exactly to the
assigned uncertainties while y>>>1 describes a poor fit to the data and y°<1 suggests
that the model has been over-fit to the data. A normalized misfit of x’<1.05 was

achieved for the vast majority of the models presented here.
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Chapter 3: Methods and results

Many publications that use OBS data to estimate P-S wave velocity and
Poisson’s ratios (o) (e.g. Bunz et al., 2005; Wang and Pan, 2001) rely on a fine-tuned
P-wave velocity-depth model, which includes P-wave reflections. Typically either all
or the majority of the P-wave reflections are used for the P-S wave model as well and
the P-wave velocity (up) is kept fixed so that only o is perturbed to model S-wave
velocities. In our case the P-wave velocity-depth model presented by Scott et al.
(2009) includes only three reflections above basement (and two refractions that will
not be used) (Figure 3.1), a number that is not enough to draw conclusions for the

changes in o or the estimation of porosities and pore pressures.
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Figure 3.1: (Top picture) P-wave velocity-depth model of Line 2 (Scott et al., 2009). The red dots
show the positions of the OBS and the red lines are the reflections used. From top to bottom we can see
the sea bed, the first reflection which is a shallow sendimentary reflection and the top of the acoustic
basement.(Lower left picture) P-wave reflection and refractions picked to produce the above velocity
model shown in OBS 12. F1 and F3 are the reflections and S1 and S3 the refractions.(Lower right
picture). Data from the radial componet of the same OBS flattened at the direct arrival (D.a.) showing
the S-wave reflections corresponding to F.1 and F.3 that | used to produce the S-wave velocity model
of Figure 3.2.

The first reflection modelled is the reflection of the seabed; the second is a shallow
reflection at ~3.5 km depth corresponding to a change in the apparent velocity
gradient between the two refracted phases. The third reflection is the acoustic
basement and the base of my velocity model. It was relatively easy to produce a P-S
wave velocity-depth model using these reflections. The descending P-wave is

reflected and part of it converts to an ascending S-wave at these reflections. | picked
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traveltimes at the exact zero crossing point using the radial component of each OBS. |
set up an 1-D P-wave velocity-depth model for each OBS using Scott et al.’s, (2009)
model so the only value | had to perturb was . Then | picked traveltimesfrom many
horizons and tried to see which is the one that fits the model the best. Many of these
horizons were within the margin of error but the events having the least residual were
picked. The model showed that the first layer, between the seabed and shallow
reflection, has a value of ¢ with the best fit to the model o =0.438 and the second

layer has 6 =0.372. The corresponding S wave model is presented in Figure 3.2.
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Figure 3.2: S wave velocity-depth model of Line 2 using only reflections from Scott et al. (2009) and
interpolation of 1D models. The red diamonds are the OBS, the black line is the middle is the shallow
sedimentary reflection F.1, and the white part represents the acoustic basement.

In order to implement a non-empirical method to estimate pore pressures a more
detailed model is needed than the one in Figure 3.2. That meant that | had to model

more sedimentary reflections. To do so | systematically identified reflections which
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could be found on all OBS. A typical RAYINVR plot of the reflections and the
residuals of each reflection can be seen in Figure 3.3. | found 4 reflections that were
strong on every OBS and these, with the direct arrival and the acoustic basement, are
marked on the record section of OBS 8 in Figure 3.4.

Distance (km)
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10 Distance (km)
Figure 3.3: S-wave velocity model of OBS 8 and the residuals of each reflection. We used 576 data
points for this model and the RMS traveltime residuals is 10 ms. In the picture on the left we can see
the P-waves descending (solid lines) and converting into ascending S-waves(dashed lines). As we can
see from the plot on the right the model fits the data very well.
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Traveltime (s)

Figure 3.4: OBS 8 radial component flattened on the direct arrival with the S wave reflections that
produced the model marked on it. D.a. denotes the direct arrival and R.1,2,3...5 denote the first
,second...fifth P-S transforming reflection. D.a. and R.5 were the reflections used by Scott et al.(2009).
R.4 coincides with the top of the low velocity zone and R.5 is the top of the acoustic basement.

28



The errors assigned were 10 ms for the direct arrival and 15 ms for all the other
reflections. The residuals of the entire best-fitting model were ~13 ms for the majority
of the OBS. After having modelled every OBS | created a 2-D model for Line 2
combining all the individual models of each OBS with just small modifications
needed. This model has the direct arrival and five reflections: two shallow
sedimentary reflections at ~250 m, ~ 1km, below the seabed, two deeper sedimentary
reflections at ~2.5 km and 3.5 km below the seabed and the reflection of the acoustic

basement. The best-fitting value of o varies between 0.378 and 0.485 (Table 1).

Layer Poisson’s Depth (km) RMS residual Number of

Ratio o (ms) picks
~100

1 0.485 ~0.25 10
~90

2 0.406 ~1 15
~80

3 0.386 ~2.5 15
~80

4 0.378 ~3.5 15
~70

5 0.417 ~8.5 13

Table 1: Values of 6, approximate depth below seabed and RMS residuals of every layer of the model.

In the following figures we present the results of the model. o in the first four
layers decreases as the depth increases, as expected since the deeper a sediment is the
more consolidated it is and the higher the velocity becomes. In the fifth layer, though,
there is an increase in ¢ from 0.376 to 0.417. The last layer was expected to present an
increase in o since it coincides with the Maikop formation as identified from the work
that Scott et al.,2009 has done, where the P-wave velocity decreases and the

sediments are generally overpressured (Scott et al., 2009)(Figures 3.5 and 3.7).
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Figure 3.5: RAYINVR plot of layer 2 (top) of the 2-D model and its residuals (bottom). The zoom in
part of the bottom picture shows as how well the data (blue spots) fit the model (purple line).
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Figure 3.6: Modeled reflections plotted over coincident MCS data provided by TPAO. o values are
written at the right of the figure. The red diamonds represent the positions of the OBS and the black
lines the modelled reflectors.
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Figure 3.7: Best-fitting P- and S-wave velocities and Poisson’s ratio at OBS 8 vs. depth. The black
thick line represents the P-wave velocity, the green line the S-wave velocity and the red line represents
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Figure 3.8: S wave velocity-depth model of Line 2. The red diamonds are the OBS, the black line is
R.5, the reflection that represents the acoustic basement.

Chapter 4: Uncertainties of the model parameters

Our model includes three parameters, P-wave velocity, layer thickness and o. To
estimate the error of each parameter | kept one parameter fixed and perturbed the
other two until the rms traveltime residuals exceeded the pick uncertainty. In Table 2 |

present the resulting estimates.

Layer Error Poisson’s | Error v, (km/s) | Error vs (km/s) Layer
Ratio o Thickness
(km)
1 +0.002 +0.15 +0.11 +0.01
2 +0.013 +0.19 +0.13 +0.01
3 +0.021 +0.31 +0.22 +0.01
4 +0.032 +0.56 +0.39 +0.02
5 +0.022 +0.45 +0.31 +0.03

Table 2: The first column indicates the number of each layer and the following four columns show the
o, P-wave velocity, S-wave velocity and layer thickness errors, respectively, of those layers.
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Figure 4.1: All the acceptable values of P-wave velocity, for the fifth layer, are plotted against x. We
can see that the value with the smallest 5 value is the one in our final model. The depth has also been

perturbed and the line marks the lowest x* for each value of P-wave velocity.
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Figure 4.2: Contours of 5* as a function of two parameters as the third is kept fixed. In the top panel
the thickness of the layer is kept fixed. In the bottom left panel the P-wave velocity is kept fixed and in
thg bottom right panel Poisson’s ratio is kept fixed. The dark red regions are considered acceptable fits
(x°<1.05).
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Chapter 5: Rock physics modelling

Using the values of V,, Vs and o derived from forward modelling | estimate
porosities, densities and aspect ratios using DEM theory. To estimate the matrix
values | used the Voigt-Reuss-Hill average (equations 8).

1 1

K =—[1-O)K +CK
2[( O, +C C+(l—C)/Kq+C/Kc]
1 1
——[(1—- C
Ps=(1-C) pq + Cpc (8)

The equations here are given for a quartz/clay mixture. Ks and ps are bulk and shear
moduli of all the constituents of the solid phase, respectively; ps is the density of the
solid phase; C is the volume fraction of clay content in the solid phase; the subscripts
“q” and “c” refer to quartz and clay, respectively. To estimate the clay content of the
solid phase | used the velocity gradients of the top 2-3 km of sediments. The velocity
of P-waves steadily increases with depth, with a vertical gradient of ~0.7 s*(Scott et
al., 2009). For a shale lithology one would expect a velocity gradient in the upper
sediments of ~0.55 s™, while for a sand lithology the gradient would be ~1-1.15 s™
(Japsen et al., 2007). The above velocity gradients suggest that | should use a matrix
composition of 60% shale and 40% sand. In Shillington et al. (2008) there is a
suggested lithology of the centre of Eastern Black Sea basin estimated from onshore
geological mapping, existing well controlled and seismic reflection data that suggests
a matrix composition of ~85% shale and 15% sand but since it is not exactly on the
location of Line 2 | chose to work with the composition that was suggested by the
velocity gradients. The starting medium is of zero porosity and | then add brine
inclusions using DEM. The values of the moduli of each constituent are presented in
Table 3.
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Component Bulk Mod. (GPa) | Shear Mod. (GPa) | Density (g/cm®)
Clay 21 7 26
Quartz 36.6 45 2.65
Brine 2.29 0 1.025

Table 3: The first column shows the components used in the calculations. The first two were used as
matrix components and brine as inclusions. The other three columns show the Bulk and Shear modulus
and the density of each component respectively taken by Mavko et.al, (1998).

The original P-wave velocity model had values every 250 m in depth and every 1 km
in distance. | have assigned to each velocity value a porosity, density and aspect ratio
value from DEM modeling as presented in table 3.

In order to quantify how good the model is, | used least squares to estimate the
residuals between V; and V, values calculated by forward modeling (Vpobs, Vsobs) and

the Vs and V,, values calculated by DEM theory (Vpaic, Vscaic). The formula that 1 used

is:
\% -V 2 A% -V 2
rms = \/11( IJCal;2 pobs) + AZ( sca\l‘(/:2 sobs) (9)
pobs sobs
where ﬁ B Error(VPobS)% 5

Figure 5.1 shows contour plots of the rms of the second point of the first layer along
with lines of equal porosity and equal aspect ratio. The green dot has the values of o
and V), Vs at 250 meters depth at OBS 8. The black dots are produced by DEM model
and are considered them to be model points with specific values of o, V,, Vs, aspect
ratio and porosity. The best modelled layer has porosity of 58%, aspect ratio of the
brine inclusions of 0.05, giving residuals between the calculated velocities by forward
modeling and the velocities calculated by DEM of rms=1,70 10°°. In table 3 I present
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the aspect ratios, porosities and densities of all the layers of OBS 5. Figure 5.2 shows

the variation of porosity in line 2 and Figures 5.3 and 5.4 the variation of density and

aspect ratio, respectively.

Table 4: In the first column there is the depth below sea bed to which each value corresponds. The

Depth (km) | Aspect ratio o | Porosity ¢ % | Density (g/cm?®)

0 0.04 55 1.7427
0.25 0.06 43 1.9342
0.5 0.02 36 2.0458
0.75 0.035 28 2.1734

1 0.035 24 2.2372
1.25 0.025 17 2.3488
15 0.02 12 2.4286
1.75 0.0085 5 2.5402

2 0.007 4 2.5562
2.25 0.0055 3 2.5721
2.5 0.006 3 2.5721
2.75 0.004 2 2.5881

3 0.045 2 2.5881
3.25 0.0045 2 2.5881
3.5 0.0045 2 2.5881
3.75 0.003 2 2.5881

4 0.003 2 2.5881
4.25 0.003 2 2.5881
4.5 0.0045 3 2.5721
4.75 0.004 3 2.5721

5 0.0055 4 2.5562
5.25 0.0065 5 2.5402
5.5 0.008 6 2.5243
5.75 0.0075 6 2.5243

6 0.009 7 2.5084
6.25 0.0085 7 2.5084
6.5 0.01 8 2.4924
6.75 0.01 8 2.4924

7 0.01 8 2.4924
7.25 0.0085 7 2.5084

second column has the aspect ratio of the brine inclusions and the third layer the porosity that was the
best fit. The fourth column shows the density. The values correspond to 148" km on the line or to the

5" OBS.
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Figure 5.1: Contour plot of the residuals between the velocity values of OBS 8 calculated by forward
modelling and by DEM at 250 meters depth. The green dot represents the second point of our forward
model, at 250 meters depth below seabed, having the model’s velocities and . Each black dot
corresponds to values of velocities, density and aspect ratio calculated by DEM theory. The lateral
lines indicate the porosity of those layers and the vertical lines the aspect ratio of the inclusions in that
layer. The uncertainties of the velocities for this layer are £0.15 km/s for the P-wave and £0.11 km/s
for the S-wave velocity. We can see that many models calculated from DEM fit the layer within its
uncertainties but we pick the one with the smallest RMS.
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Figure 5.2: Porosity values in Line 2.Within the low velocity zone the porosity increases instead of
decreasing with depth. The red diamonds represent the OBS and the thick black lines the seabed and
acoustic basement. Porosity is a dimensionless quantity.
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Figure 5.3: Density change in Line 2. With increasing load the density of the sediments should
increase with depth. In the low velocity zone the density decreases with depth.
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Figure 5.4: Aspect ratio change in Line 2.Much like the previous figures aspect ratio begins to increase
in the low velocity zone, while it is expected to decrease. Aspect ratio is a dimensionless quantity.

Chapter 6: Pore pressure estimation

6.1 Calibration of Athy’s law

In the Eaton method, as described above, it is easy to understand that the key point to
its implementation is the calculation of Vnom. TO do that one is required to make
assumptions about the structure of sediments with a normal compaction history and
hydrostatic pore pressures since there are no borehole data for the deeper layers in the
Black Sea. My assumption is to take an Athy compaction curve for porosity (Athy,
1930) as the porosity structure for normal pressurised sediments and calibrate it using
my porosity structure for the first 3 kilometres of sediments. The Athy formula for
porosity is:

©=@oe™ (11)
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where @o is the surface porosity and o is the compaction factor which we will
calibrate using my porosities.
In Figure 6.1 we see our porosity structure of OBS 11 and porosity structures for

different values of a.

Porosity
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|
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[eYoYoRoRoFoXel
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3.0
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Depth (km)

4.0 1

a5/

5-0 “u T T T T T

Figure 6.1: The thick black line and the black circles represent the porosity structure of OBS 11. Each
other symbol represents a different value of o

In order to understand better which value of a produces the best fit | use equation 12

to estimate the residuals of every a value.

rms = \/21'131((pcalc - @bor)lz (12)
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where i shows the depth that each value of porosity corresponds to.The value with the

lowest residuals is the chosen one. In Figure 6.2 we see that this value is a =1.18.

Value of a

2.2 1 1 1 1 1 1 !

2.1
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1.5 1 -

1.2 1
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1.0 1 I
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0.5 05
0.4 1 o
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0.1 -

0.0

— T T T — T T T T T T T T 0.0
03 04 05 06 0.7 0.8 09 1.0 11 1.2 1.3 14 15 16 1.7 1.8 1.9 20

Figure 6.2: The values presented in this graph are:
a =0.39, 0.59, 0.79, 0.99, 1.05, 1.10, 1.15, 1.16, 1.17, 1.18, 1.19, 1.20, 1.29, 1.99 and the one with the

minimum residuals is 1.18.

After having calculated the porosity structure for the normal pressurized sediments |
calculate the Vo using the Raymer equation (Mavko et al., 2003) for shale lithology
which is as follows:

Viorm=(1-0)*Vo+ Vi (13)
where V, is the mineral velocity set to 4.750 km/s (average sale velocity (Schon,

1996)) and Vs is the fluid velocity set to 1.465 km/s (EBS sea-water velocity).
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6.2. Calibration of the Eaton method

The calibration of the Eaton method (eq.4) relies on the calibration of the exponent n.
Unfortunately the only suitable borehole data in the area are in the western part of the
EBS, far away from line 2. Since they are the only borehole measurements that we
have we use them to calibrate the exponent n (Figure 6.3).

In order to be certain which value of n gives the best fit we used equation 14 to
estimate the rms of each n value, where i corresponds to the pore pressure values at a
certain depth. The value of n that corresponds to the lowest sum is the optimal fit

(Figure 6.4).

rms = \/Z?=1(Pcalc - Pbor)iz (14)

Pore Pressure (MPa)
30 40 50 60 70 Bp

® Borehole data

3.25 1

3.50

3.75 4

4.00

Depth (km)

4.25

4.50

Figure 6.3: Calibration of the exponent n. The black dots represent the borehole data and the colored
ones pore pressures calculated with Eaton method with different n.
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Figure 6.4: The rms of the previous values of n show clearly that the best fit is provided by n=7.

Having calibrated the exponent of equation 4 we calculate pore pressures for line 2

(Figure 6.5).
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Figure 6.5: Change of pore pressure in Line 2.

To evaluate the degree of overpressure in comparison to the hydrostatic effective
stress (the difference between confining stress and hydrostatic pore pressure) in deep
water environment, we used the normalized pore pressure ratio A* (Screaton et al.,
2002) defined as :

_Pf_th

A* =
Lp _Hp

(15)

Our results give A* values around 0.9 across the greatest part of line 2 (Figure 6.6). A
value of A*2>1 would mean that the pore pressure is great enough to fracture the
overburden, allowing pore contents to escape to the surface. Although the Eaton
method cannot produce results that would give A* =1 there is no sign of fracturing of
the overburden in Line 2 and this supports our calculation that A* values are high but

do not reach 1.

45



Distance (km)
70 80 90 100 110 120 130 140 150 160 170 180
1 1 L L | 1 1 !

Depth (km)

1 0 T 1 ! ! 1 13 1
i u — i EREERE ]
] T 1

0.40 0.50 0.60 0.70 0.80 0.90 1.00

Figure 6.6: A* variation in Line 2. From the 3rd until approximately the 5th km there is a decrease of
A* which means that above the low velocity zone the overpressure decreases. In the low velocity zone
A* values increase again and reach the value of 0.97. A* is a dimensionless quantity.
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Chapter 7: Discussion

| have presented a P-S converted wave velocity model based on the P-wave
velocity depth model of Scott et al. (2009). The S-wave model includes five layers;
three more than the starting P-wave model. To achieve this | had to examine as many
models for each reflection as possible to see which has the best fit (the lowest
residuals). The transforming boundaries were found across the entire Line 2 and were
visible from all OBS used, although in some the reflection was stronger than in
others. The picking uncertainty that | had assigned 15 ms, which is considered to be a
low value but the data fulfilled this condition. The errors for each parameter of the
model were calculated using Katzman’s et al. (1994) method and were shown to be
quite low. | used DEM theory to calculate the physical properties of the sediments and
estimated pore pressures by using the Eaton method which | calibrated with these
values and borehole data. The physical properties that were given from DEM were
constrained by both P and S- wave velocities. DEM gave results regarding the aspect
ratio, porosity and density across the Line.

One of the most interesting result produced is the variation of aspect ratio with
depth. Aspect ratio of the water inclusions inside the sediments is expected to reduce
with depth due to the gravitational force that becomes bigger. This is the case in the
study area until approximately 4 km below sea bottom where aspect ratio begins to
increase. At this depth is the beginning of the low velocity zone. The interesting part
is that, according to theories why overpressures occur (Osborne and Swarbrick,
1997), if there is a depth beyond which fluids start to be retained by the sediments,
something that would lead to increase in aspect ratio of the inclusions, then the over

pressures are due to increase of compressive stress. This result is in agreement with
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other works from the same study area (Marin-Moreno et al., 2013a; Marin-Moreno et
al., 2013h).

The pore pressure results that | have estimated are quite similar to those of
Scott al. (2009). In a way this was something expected due to the fact that we both
used the same borehole data to calibrate the model. The lack of boreholes close to my
study area was a great limitation for this study. The one that helped me calibrate the
data in not on Line 2 and it gave pressures for 1.25 km, from 3.25km to 4.50km below
sea level. Because of this limitation I had to take under consideration for the lithology
components of the matrix the P-wave velocity vertical gradient given in Scott et al
(2009), although my model was much more detailed. The calibration of Athy’s law
gave a value of the compactions factor o=1.18. Scott et al. (2009) estimated a
compaction factor of 0=0.48 or 0.58 for the easternmost part of the basin. The main
difference in these results is that ours were calibrated by the porositites produced by
DEM while Scott et al. (2009) calibrated it using P-wave velocities. Calibration of
Eaton method gave an n value of 7 while Scott et al., (2009) used a value of 8 so the
difference is not that great.

Another difference between the method presented here and that of Scott et al.
(2009) work is in the A* estimation. Scott et al. (2009) used a single density value for
the entire line (pm=2700 kg/m* which is an average shale value (Schon, 1996)) a value
greater than all of the values that DEM produced for the given matrix composition.
This difference led, in our case, to smaller values of lithostatic pressure and given the
similarity of the pore pressure results, to greater A* values (Equation 15). This means
that in our study Line 2 in much more overpressured than in Scott et al., (2009) who
gave values of A* close to 0.4 ~5km below sea level and 0.9 ~9km below sea level

while in our study A* values increase to 0.9 from ~2.5 km below sea level. This high
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value of A* could be because of the fact that pore pressures are affected by processes
other than disequilibrium compaction, e.g. the current compressional tectonics
affecting the margins of the EBSB. In a sedimentary basin, it is normally assumed that
the vertical effective stress is the maximum principal effective stress and the
minimum effective stress is horizontal (e.g. Daigle & Dugan, 2010). In this context,
the ratio of horizontal to vertical effective stress Kq is usually 0.6 (Karig & Hou,
1992). Hydraulic fracturing will occur with pore pressures greater than the minimum
horizontal effective stress, and so with values of A* > 0.6. However, in our case, we
can neither assume that the minimum principal effective stress is horizontal or that Ky
is equal to 0.6 due to the compressional tectonics affecting the margins of the EBSB.
The presence of mud volcanoes near the east coast of the EBSB (Kruglyakova et al.,
2004), where essentially is Line 2, indicates the presence of hydraulic fracturing and

SO pore pressures greater than the minimum principal effective stress.
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Chapter 8: Conclusions

1.

10.

The Eastern Black Sea Basin sediments have a maximum thickness of ~ 9.2 km
along our survey line.

S-wave velocity varies from ~0.22 km/s at the seabed to ~1.55 km/s at ~4.5km
depth.

A widespread low velocity zone spans from 5.5 km depth to the top of the
acoustic basement, indicated by a velocity decrease from ~3.30 to ~2.80 km/s
for the P-wave velocity and from ~1.5 to ~1.1 km/s for the S-wave velocity.
Poisson’s ratio varies from 0.485 at the seabed to 0.378 in the 4" layer
(approximately from 4.5 to 5.5 km below sea level).

Poisson’s ratio increases inside the low velocity zone, which means that the S-
wave velocity decreases along with the P-wave velocity.

Porosity decreases from ~58% at the top of the first layer to ~1% at the bottom
of the 4™ and at the top of the last layer. In the low velocity zone porosity
increases to ~7% at the bottom

Aspect ratio decreases with depth until the low velocity zone from ~0.070 to
~0.004 and then increases again to ~0.008 at the acoustic basement.

The density of the sediments varies from ~1.8 g/cm® at the sea floor to ~2.58
g/lcm® at the top of the low velocity zone. In the low velocity zone there is a
decrease of density to ~2.5 g/cm? at the top of the acoustic basement.

Pore pressure varies from ~20MPa at sea floor to ~200MPa at the top of
Cretaceous, at average depth 8.5km below sea level..

The values of A* vary from ~0.4 at the sea floor to ~0.97 at the bottom of the

sediments.
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