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Abstract: This paper is devoted to the detection and analysis of overpressure zones in unconsolidated
seafloor sediments using an ocean-bottom seismometer. The methodological aspects of creating
a system of anomalous pore pressure zone detection in marine sediments are studied. The aim
of this study is to establish the requirements for a pore pressure monitoring system necessary to
successfully detect overpressure zones based on seismic response, and to analyze temporal changes
in pore pressure distribution. Data from a certain offshore field are used as a basis from which to
construct synthetic models of overpressure distribution in marine sediments. Synthetic models are
constructed using specially developed rock physics models for unconsolidated saturated media.
Seismic responses are calculated for these synthetic models to represent data that otherwise would
be obtained from bottom seismometers placed on the seafloor. Resultant seismic responses are
studied with respect to the detection of overpressure zones. Possibilities and limitations of bottom
seismometer data are discussed. Requirements for the frequency bands of bottom seismometers are
formulated based on the results that are obtained.

Keywords: overpressure; offshore hydrocarbon fields; seismic surveys; rock physics modeling

1. Introduction

Prediction of pore pressure is an important step during the exploration and develop-
ment of hydrocarbon reservoirs. Data on pore pressure becomes essential when considering
offshore reservoirs [1], where the strength of seafloor sediments is typically very low, as the
consolidation process is still taking place [2]. Over- or underestimation of pore pressure
can lead to various risks such as blowouts [3], submarine landslides [4], the activation of
faults [5], and mud volcanoes [6]. There are risks of geohazards caused by unpredicted
overpressure zones during the exploitation of hydrate-bearing sediments [7], as pressure
affects the conditions of hydrate stability zones [8] and potential recovery [9].

Comprehensive overviews of overpressure-formation mechanisms suggest several
scenarios [10]. According to these classifications, overpressure development can be asso-
ciated either with physical, chemical, or biological processes. Physical processes include
disequilibrium compaction, hydrate formation and sealing, degasification, buoyancy, hy-
drothermal pressuring, tectonic movement, and overpressure transfer. Depending on the
mechanism, overpressure can be characterized by various features, with corresponding
requirements for the accuracy of pressure prediction.

Current standard practice for characterizing marine sediments in near-seafloor zones
relies on extensive coring/cone penetrometer testing, and stratigraphic correlation to
seismic facies [11]. Quantitative analysis of the properties of marine sediments is generally
limited to acoustic properties [12], yet geophysical data can be potentially used for the
prediction of gas saturation [13,14]. While pore pressure prediction itself can provide
information on fluid filtration paths [15], it can also be related to unconsolidated rock
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properties [16]. It is worth mentioning that overpressure zones tend to evolve with time, as
suggested by both modeling [17] and field data [18].

Acoustic and seismic data remain an important source of information for pore pressure
prediction in marine sediments. It has been proved that acoustic data can be used to localize
overpressure zones in unconsolidated sands at low effective pressures under laboratory
conditions [19]. This served as a basis for establishing a procedure to evaluate pore pressure
in unconsolidated media using seismic data [20]. Inverse modelling and seismic data pro-
vided evidence of constraints on overpressure generation from disequilibrium compaction
and aquathermal pressuring [21]. Different techniques of dealing with seismic data were
developed to characterize marine sediments: pre-stack full-waveform inversion [22] or
post-stack impedance inversion [23] are widely used for reservoir characterization and
monitoring [24] Amplitude-versus-Offset analysis was proved to be consistent with other
studies and models which show a seismic reflection of P-wave changes due to changes in
pressure and water saturation [25]. Development of seismic data analysis and interpretation
methods led to a broadening of possibilities in dealing with pore pressure: recent studies
prove that seismic velocity modeling provides a reliable estimation of pore pressure even in
cases featuring sediments with a complicated inner structure [26]. Shallow overpressure in
consolidating submarine slopes can be successfully characterized via seismic full-waveform
inversion [27].

Rock physics (RP) models, it has been proved, can infer marine in situ pore pres-
sure [28], which results from the reported relationship between pressure and unconsol-
idated sediments” properties even in conditions of disequilibrium [16]. Our previous
study [29] compared pore pressure prediction through rock physics modeling and consoli-
dation analysis. Consolidation analysis was found to be more suitable for the localization
of tight intervals with considerable overpressure, while rock physics modeling provides
more averaged estimates. Nevertheless, rock physics modeling is of a statistical nature,
so it can be used for the construction of different models with similar effective properties.
Furthermore, different models can be used to synthesize sets of input data for seismic
analysis, including time-lapse seismic models [30]. To sum up, modern achievements in
seismic data analysis and rock physics modeling provide a solid basis for pore pressure
evaluation in unconsolidated seafloor sediments.

Furnished with these possibilities, the next natural step in the development of pore
pressure prediction techniques could be associated with planning seismic surveys. Given
our understanding of the requirements for seismic data quality and the typical scenarios
for overpressure zone generation and evolution in unconsolidated seafloor sediments, we
are capable of constructing a series of rock physics models. These rock physics models
can be used to establish synthetic seismic data sets corresponding to different scenarios
for overpressure zone formation. Subsequently, these synthetic models can be analyzed
through Amplitude-versus-Offset or full-waveform inversion to localize and evaluate
overpressure zones. The reliability of the obtained results can be clearly defined via a
comparison between the initial data on pore pressure distribution used for the rock physics
modeling and the results of seismic data analysis. This procedure provides an opportunity
to define requirements for seismic surveys. In the current paper, we carry out this procedure
based on recently published results [29].

Seismic signatures associated with pore pressure anomalies, and especially with
pore pressure temporal changes, may be small as compared with the variability of the
signal originating from the geological formation and even with seismic noise. It is known
that bottom seismometers provide better results in the seismic monitoring of reservoir
changes during hydrocarbon development, as compared with floating seismic streamers,
due to the lower noise and vector nature of the recorded data. Most of the currently
commercially available bottom seismometers are designed for hydrocarbon exploration
and reservoir monitoring, while pore pressure studies in the shallow subsurface possess
different technical requirements for the equipment they use, specifically regarding the
frequency band. One of the major goals of the current research is to evaluate the possibility



J. Mar. Sci. Eng. 2023, 11, 1803

30f22

of using modern bottom seismometers to uncover the presence of pore pressure anomalies
in shallow subsurface formations, along with their temporal changes, and to formulate the
basic requirements for the corresponding sensors and registration systems. The main focus
of the paper is unconsolidated seafloor sediments at relatively low depths not exceeding
50 m below the seafloor.

This paper is structured as follows. Section 2 provides an overview of the initial
data for analysis, a description of rock physics models used to construct synthetic sets of
seismic data corresponding to various distributions of pore pressure, and the construction
of these seismic models themselves. Section 3 contains rock physics and seismic modeling
results. These results are analyzed with respect to the planning of offshore seismic surveys
in Section 4; in particular, the sensitivity and reliability of seismic data analysis results is
discussed

2. Materials and Methods
2.1. Initial Data Overview

This study is carried out with data published in the previous paper in the series [29].
The data used for analysis is obtained from an area located in the northwestern part of
the Black Sea within the Kerch-Taman shelf. In the west, it is limited by the meridian of
the southern tip of the Crimea; in the northwest, by the Crimean, and in the east, by the
Caucasian coast of the Krasnodar Territory. A considerable tectonic feature of the area is
the Kerch-Taman trough, which includes the Taman Peninsula, the southeastern part of the
Kerch Peninsula and the adjacent Kerch-Taman shelf of the Black Sea.

A number of exploratory wells were drilled in the area following the completion
of marine seismic exploration surveys, as the area was considered to have potential for
hydrocarbon deposits [31]. Indeed, commercial hydrocarbon inflows were obtained from
Maikop deposits [32,33].

Seismic surveys were carried out in the studied area for a period of time. As of now,
2D multichannel reflection (very high resolution) seismic data are available. The frequency
range of the seismic data was from 100 to 600 Hz, with a central frequency of 250 Hz.
The range of offsets was from 50 to 250 m, which facilitated a range of incident angles of
reflected P-waves from 5 to 45° in the near-surface. The maximum propagation depth of
the seismic survey was about 400 m, and the vertical resolution of the resulting seismic
images was about 2-5 m [29]. A limited number of engineering wells were drilled at the
site, with a number of sediment samples extracted from depth intervals between 0 and
50 mbsf. Note that water depth is as low as 90 m at the site. The samples were subjected
to geomechanical studies in the laboratory, providing information on static and dynamic
elastic moduli and strength properties. Low strength and typical stress vs. strain loading
curves suggested that the studied samples were in a disequilibrium compaction state; fluid
pressure affects mechanical properties of the seafloor sediments a great deal [16].

Thus, the current study is mainly focused on analyzing local anomalies in pore pres-
sure at relatively low depths not exceeding 50 mbsf. Data on laboratory experiments, and
the results of pre-stack seismic data inversion on the available 2D reflection seismic datasets,
were combined to evaluate the mechanical properties and porosity of sediments along a
certain projected well trajectory to evaluate drilling risks [29]. Figure 1 summarizes these
data, that were subsequently used to estimate pore pressure distribution.

Data shown in Figure 1 were used in [29] to evaluate the potential profile in pore
pressure along the projected well trajectory through two methods, consolidation analysis
and rock physics modeling.
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Figure 1. Model of mechanical properties along the studied well trajectory. (a) Porosity (in fractions
of a unit); (b) Static Young’s modulus (adapted from the dynamic Young’s modulus obtained after
seismic inversion). Dots represent results of static loading tests on extracted samples. (c) Static and
dynamic Young’s moduli are considered equal to each other. The figure is adapted from [29].

Consolidation analysis mostly utilizes the porosity log [34]. Consolidation analysis
considers a specific level of preconsolidation stress as a parameter corresponding to the
deformation processes that have taken place in the sediments under consideration. This
term was proposed to describe the maximum vertical effective stress that the soil has been
subjected to during the history of its elastic and elastoplastic deformation [35]. Specific
laboratory experiments based on reconsolidation of extracted samples were developed by
various researchers [36,37].

In general, the following dependency for pore pressure Py, can be found [29,34]:

Pyor(z) = Sy(z) — 10~ €@—¢)/C 1)

where ¢ is void ratio at a vertical effective stress of unity (1 MPa), e(z) is void ratio
profile (which can be easily recalculated from porosity log), C, is specific compression
index describing deformation along the yield surface, Sy is total stress (measured in MPa
to constrain consistency in units that emerges from the assumption that void ratio is
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proportional to the log of effective stress [34]), z is depth below seafloor. If the sea depth is
known alongside the density profile, the total stress can be obtained as:

Sv(2) = Pugho + [ p(2)gdz, @
0

where, py, is water density, h;, is sea depth, and p(z) is estimated density profile. Generally,
two independent measurements of pore pressure are necessary for successful application
of Equation (1) for pore pressure prediction, as ¢y and C. can be considered as two fitting
parameters in a case when no specific experiments can be performed to find their values.
It should be kept in mind that these parameters can be obtained from consolidation tests
as discussed in some studies [34,37]. One of these measurements was completed during
engineering drilling at the site: drilling was characterized by an intensive gas leak visible
at sea surface level when a specific depth interval was drilled. Given the known depth of
drilling, the sea depth at the drilling site and the intensity of the leak, an evaluation of pore
pressure at the layer was completed: pore pressure in the gas-saturated zone at a depth of
20 mbsf was proved to be 1.2 MPa. The second fitting point was hydrostatic evaluation of
pore pressure at seafloor. Parameters Cc and ey were evaluated for the considered site as
0.18 and 0.88 respectively [29]. The analogous values for the Gulf of Mexico were reported
to be C. = 0.54 and ¢y = 0.47 [34].

Rock physics modeling can deal with pore pressure evaluation procedure in a different
way. The well-known soft-sand model of Mavko et al. [38], combined with Gassmann’s
fluid substitution [39], was used to evaluate pore pressure. The pore pressure enters the
soft-sand model formulas as a parameter along with the elastic moduli of solid grains,
porosity, number of grain—grain contacts, and so-called critical porosity (a more detailed
description of the model parameters is given in the next section). Some of the model
parameters, including the pore pressure, were unknown. The unknown parameters were
estimated with the help of an N-dimensional mesh method (N is the number of unknown
parameters in the model). According to this method, first, for each parameter a range of its
possible variations is specified. Then, all ranges are divided into intervals. The division
points serve as nodes for the so-called N-dimensional mesh. Each node contains a set
of parameters. The forward problem is solved for each node. Then, the parameters of
the nodes which provide an acceptable agreement between theoretical and experimental
elastic wave velocities experimental data are selected as solutions. Many sets of the model
parameters can be obtained for a single pair of P- and S-wave velocities. Among many
solutions, we choose a solution with the pore pressure value close to a reference one at
a certain depth. Unfortunately, only one reference depth was available where the pore
pressure was experimentally measured. Then, we fixed all the unknown parameters, setting
them to those found at the reference depth. Then, we again applied the N-dimensional
mesh method to find a distribution of only a single unknown parameter along the studied
well: namely, the pore pressure.

Both approaches were used to construct a one-dimensional model of pore pressure
along the studied well. Figure 2 summarizes the pore pressure prediction procedures
described in [29]. The solid black line stands for the results of rock physics modeling and the
black dotted line reveals the consolidation analysis approach. The figure also contains total
vertical stress calculated via Equation (2) as a dashed black line and hydrostatic pressure
as a dotted grey line. Discussion of these results can be summarized as follows: generally,
rock physics presents a more conservative approach, revealing a general overpressure
tendency along the trajectory with indistinct local peaks. By contrast, consolidation analysis
highlights the local peaks in pore pressure, so it is mostly aimed at the localization of distinct
overpressure zones rather than on providing a general evaluation of overpressure.
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Figure 2. Results of pore pressure prediction profiles for the projected well. Adapted from [29].

Overpressure in marine sediments studied in the current research can be quite low
if compared to hydrostatic pressure in absolute values. Nevertheless, the ratio between
overpressure and hydrostatic is worthy of note, as pore pressure in several zones becomes
almost twice that of hydrostatic pressure. Thus, we consider any zone with a pore pressure
to hydrostatic ratio higher than one as an overpressure zone.

These data were used in the current research to create a series of synthetic models for
pore pressure distribution. Figure 2 provides a general understanding of the type and level
of anomalies in pore pressure in the area of interest. The rock physics approach provides
an opportunity to construct synthetic data on properties of the seafloor sediments in the
studied depth interval with respect to slight modifications of pore pressure, such as changes
in number of anomalous zones, depth intervals with anomalous zones, and degrees of
overpressure.

2.2. Modeling of Effective Elastic Properties in Unconsolidated Sediments

As was mentioned above, a goal of this study is the planning of seismic surveys
aimed at localizing zones with increased pore pressure. In order to solve this problem,
a knowledge of the effects of pore pressure effect on elastic wave velocities is necessary.
This can be provided by rock physics modeling. Among RP methods, a group of methods
suitable for granular media makes this approach possible. The majority of these methods are
based on the classical Hertz-Mindlin (HM) approach that relates the effective elastic moduli
of a dry random pack of identical spherical grains with the porosity, elastic moduli of grains;
number of contacts for a grain with other grains; and pressure applied to the granular
medium [40]. The formulas for this method are presented in Appendix A. As related
to unconsolidated marine rocks, the pressure entering the HM approach formulas is the
effective pressure equal to the difference between the total vertical stress and pore pressure.
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In geophysical practice, in order to produce a better coincidence with the experimental
data, different modifications of the HM approach based on combinations with Hashin—
Shtrikman (HS) bounds [41] are used [42]. In these modifications, a notion of critical
porosity . is introduced. The critical porosity is the porosity above which a rock becomes
unconsolidated. The critical porosity of different rocks depends on their inner structure
(grain and pore shape) and varies in a wide range from 5 to 90% [38]. Commonly, for
modeling, the critical porosity value is chosen to be 30—40%. However, sometimes greater
values of the critical porosity (e.g., 76%) allow one to obtain a good agreement with
experimental data [29]. If the rock porosity is smaller than the critical value, the following
model is considered [43]. The granular medium of porosity ¢, plays a role of host medium
for spherical particles of a mineral polycrystal (nonporous). This model is called the soft-
sand model. If the rock porosity ¢ is greater than the critical value, spherical voids are
placed in the granular host matrix. In both cases, the effective elastic moduli are calculated
as the respective HS bounds (lower or upper) of two-component medium consisting of
the host granular medium and inclusions (solid nonporous spheres for ¢ < @ and voids
for @ > @¢). In such a model, first, the elastic moduli are calculated for the dry case. Then,
Gassmann’s fluid substitution is applied [39]. Knowing the effective elastic moduli and
density of the saturated rock, the compressional and shear elastic wave velocities (Vp and
Vs) can be calculated. Formulas for calculating the HS bounds and elastic wave velocities
are presented in Appendix A along with the Gassmann’s method formulas.

In this work, we follow the idea described above and apply another RP model com-
pared to a version of the soft-sand model used in [29]. We choose a critical porosity value
equal to 60% instead of 76%; apart from Dvorkin’s model, if ¢ > @, voids are supposed to
be filled with the suspension instead of pure fluid. The elastic moduli of the suspension
are calculated as the low HS bound. In the case of ¢ < ¢, spherical particles of consoli-
dated porous material (instead of particles of nonporous polycrystal in Dvorkin’s soft-sand
model) are inserted in the granular host matrix. For calculation of the effective moduli
of the consolidated porous material, we use Berryman'’s self-consistent method [44]. In
the modeling, we introduce a coefficient for the porosity increase in suspension, or its
decrease in consolidated porous material, as compared to the total porosity. We call it
the “porosity correction coefficient”. We also use the term “additions” for the suspension
and consolidated porous material. We control the volume concentration of porous addi-
tions (suspension or consolidated porous material) in the granular host matrix by the total
porosity value. Below, we call this model the new RP model.

As follows from the results presented in [45], a dependence exists between the porosity
of granular medium and coordination number 7 entering Formula (A1). This dependence
can be presented in the form n = 22.984-exp (—2.554-¢) (the porosity is in fractions of a
unit). For porosity varying from 27 to 67% (see Figure 1), the coordination number drops
from 11 to 4, averaging 6. For porosity of 37% (critical porosity), the coordination number is
9. However, if the grains are not well sorted and have an irregular shape, the coordination
number can be greater. The considered marine sediments are clayey and contain organic
impurities. The clay particles are highly non-isometric, as are some kinds of organic
particles. Therefore, in our model, we chose an increased coordination number: namely, 18.
In this case the theoretical velocities Vp are in a good correspondence with experimental
ones [29] that vary from 1.5 to 2.0 km/s. Note that in real rocks such parameters like critical
porosity and coordination number can be considered as adjustable (fitting) parameters due
to the reasons mentioned above. This situation is similar to the RP modeling of consolidated
rocks based on Eshelby’s solution, when the shape of mineral grains, voids, and other
inclusions is represented by ellipsoids of revolution (of course, they are not ellipsoids in
reality) whose shape is parametrized by an aspect ratio.

To analyze the effect of pore pressure on the elastic moduli, we vary its value between
hydrostatic pressure and total vertical stress using the formula

Ppor = Phydr + diff_p x A, (©)]
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where diff p is the difference between the total vertical stress and hydrostatic pressure
and A is a factor ranging from 0 to 1. If A = 0, the pore pressure is equal to hydrostatic
(no anomalies in the pore pressure). In the other limiting case (A = 1), the pore pressure
approaches the total vertical stress and the situation becomes dangerous.

2.3. Synthetic Seismic Data
We apply the conventional convolution seismic trace model, specifically:

s(t) = f(t) * r(b), (4)

where s(t) is the seismic trace, f(f) is the seismic source signature, and r(t) is the reflectivity
that is computed from seismic velocities and density using the Aki-Richards approximation
of the Zoeppritz equation [46].

3. Results
3.1. Effective Properties Modeling

Initial data for the RP modeling were taken from our previous work [29]. These data
are the density distribution along a wellbore and grain density that is equal to 2.71 g/cm?
for the studied well. As in our previous work [29], the bulk and shear moduli of solid
grains are 52 and 32 GPa, respectively.

To analyze how the model is sensitive to the pore pressure, we vary factor A in
Formula (3) and analyze a difference in the velocities. Note that of importance is the
compressional velocity, since this type of velocity is commonly reliably measured in seismic
surveys. We set the porosity correction coefficient (coeff) equal to 1.3 and 1.5. This means
that, if the coefficient is 1.5 and the total porosity is 40%, the porosity of suspension is 60%
and the porosity of consolidated solid material is around 27%. It is obvious that in reality
this is not a necessary correspondence between the increase and decrease in porosity for
these cases (¢ > @. and ¢ < @). It is assumed just for simplicity. The maximum porosity
of suspension is assumed to be 99.5% (close to pure fluid). We consider three values of
parameter A in Formula (3): A = 0 (the pore pressure is equal to hydrostatic), A = 0.5, and
A =0.99 (the pore pressure is close to total vertical stress, and the situation is critical).

The modeling results are shown in Figures 3 and 4 for Vp and Vs, respectively. For
comparison, the results obtained with the help of Dvorkin et al.’s [43] model are shown.
In the Dvorkin’s model, we use the same critical porosity and coordination number as in
the new RP model (60% and 18, respectively). As seen in our results, the new RP model
provides higher velocities. In addition, the velocities at different pore pressures differ in a
more pronounced way compared to the Dvorkin’s model. The velocities decrease as the
suspension becomes more porous. This can be due to the contrast in the elastic moduli of
“inclusions” and the granular medium increases. Note that “dry suspension” (obtained
before Gassmann'’s fluid substitution) has zero elastic moduli irrespective of the suspension
porosity.

As seen from Figures 3 and 4, the difference in the velocities provided by the new
RP model and Dvorkin’s model decrease as the pore pressure increases. Furthermore, the
dependence of the velocities on the pore pressure is nonlinear. The velocities drop faster as
the pore pressure tends to the total vertical stress. Meanwhile, we can see that the drop
in Vp may attain 27-28% (depths are 20.8 and 35.2 mbsf, model with coeff = 1.3) as the
pore pressure is close to critical levels. This gives us a chance to detect the zones of critical
pressure in seismic experiments. Note that the drop in Vs is even higher (around 70%)
at these depths. However, shear wave velocities are determined with higher uncertainty
in seismic experiments as compared to compressional waves. Note that the models for
coeff = 1.3 and coeff = 1.5 differ insignificantly. However, compared to the limiting case
(Dvorkin’s model), the difference is well pronounced.



J. Mar. Sci. Eng. 2023, 11, 1803 9of22

New model: coeff=1.3

Vp, km/s
1 1.5 2 2.5 3
0
10
« 20
"
E
=30 Dvorkin et al. model
a
Q
2 40 Vp, km/s
1 1.5 2 2.5 3
50 0
60 10
—Vp_eff 0 ——Vp_eff_05
o 20
—Vp_eff_099 2
£
(a) < 30
i3
New model: coeff=1.5 a
40
Vp, km/s
1 1.5 2 2.5 3 50
0
60
10
—Vp_eff 0 ——Vp_eff 05
« 20 ——Vp_eff_099
3
£
= 30
a
()]
S 40
50
60
——Vp_eff 0 ——Vp_eff_05
—Vp_eff_099
(b) (c)

Figure 3. Results of Vp modeling for initial data of the projected well obtained with the new RP model
presented in this paper (left, (a,b)) and with Dvorkin et al.’s [43] model (right, (c)). Abbreviation coeff
is the “porosity correction coefficient”. Digits in legends are related to A = 0, 0.5, 0.99.
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Figure 4. Results of Vs modeling for initial data of the projected well obtained with the new RP model
presented in this paper (left, (a,b) and with Dvorkin et al.’s [43] model (right, (c)). Abbreviation and
legends are as for Figure 3.

Using the new RP model, we can prepare several synthetic logs for Vp and Vs velocities
for the future development of optimal seismic surveys for detecting zones with critical pore
pressure (A = 0.99). For the modeling, we take a porosity correction coefficient equal to 1.5.
Based on the results of consolidation analysis presented in [29] (also see Figure 2), we can
consider several variants of critical pore pressure distribution. These variants are listed
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in Table 1. The synthetic logs of Vp and Vs corresponding to the six intervals are shown
in Figure 5.

Table 1. Variants of critical pressure distribution along the projected well.

Number of Variant Depth Intervals of Critical Pore Pressure (mbsf)

1 6-9 (1 interval)
13-29 (1 interval)
37-43 (1 interval)
6-9, 37-43 (2 intervals)
6-9, 13-29, 37-43 (3 intervals)
13-15, 16-17, 18-20, 23-24.5, 28-30 (5 intervals)

N U= W

As seen from Figure 5, the synthetic logs of elastic wave velocities of the six variants
differ considerably. Recall that the difference is only due to different intervals of critical
pore pressure.

We also upscale these velocities for the seismic scale using the Backus method [47] for
the frequency 250 Hz (the central frequency of the seismic experiment [29]). The formulas
of the Backus method are shown in Appendix A. The upscaled velocities for all six variants
listed in Table 1 are shown in Figure 6. The analysis of the velocities obtained at different
directions suggests that the anisotropy is too small and can be neglected.

Figure 6 demonstrates that, again, as for synthetic logs shown in Figure 5, the upscaled
velocities exhibit various distributions along the depth depending on the location of critical
pore pressure zones.

Variant 1: Vp, Vs, km/s Variant 2: Vp, Vs, km/s Variant 3: Vp, Vs, km/s
0 1 2 3 0 1 2 3 0 1 2 3
0 0 0
10 10 10
- 20 20 20
o
£
= 30 30 30
-
o
a
40 40 40
50 50 50
—Vp ——Vs —Vp ——Vs —Vp ——Vs
(@) (b) (0)

Figure 5. Cont.
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Variant 4: Vp, Vs, km/s Variant 5: Vp, Vs, km/s Variant 6: Vp, Vs, km/s
0 1 2 3 0 1 2 3 0 1 2 3
0 0 0
10 10 10
20 20 20
b7
o
£
<= 30 30 30
s
]
o
40 40 40
50 50 50
60 60 60
—Vp —Vs —Vp —Vs —Vp —Vs
(d) (e) (f)
Figure 5. Synthetic Vp and Vs logs constructed with the use of new RP model for critical pore pressure
intervals shown in Table 1 (plots (a—f)).
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Figure 6. Elastic wave velocities Vp and Vs upscaled for 250 Hz (plots (a—f)).

3.2. Synthetic Seismic Data

We calculate the zero-offset seismic response (i.e., the CDP sum after kinematic cor-
rections were applied) of the 1D velocity and density profiles corresponding to the rock
physics models discussed above (see Table 1 and Figures 5 and 6). There are three typical
frequency intervals used in marine engineering seismic surveys to search for the pore
pressure anomalies [48,49]: high resolution seismic (200-250 Hz central frequency), very
high resolution seismic (400-600 Hz) and ultra-high resolution seismic (700-1500 Hz). They
differ in penetration depth as well as in frequency (see [49]). These three modifications
correspond to the different seismic sources used: a small air-gun or sparker may be utilized
for the high resolution surveys, a multi-electrode sparker or the very high resolution seismic
and a boomer (i.e., piezoelectric source) for the ultra-high resolution. It is worth mentioning
that these sources have different signal signatures, but we use for the modeling the same
Ricker source function to make the results comparable. The central frequencies of 250 Hz,
500 Hz and 750 Hz are used. It is important to note that only wide-band seismic receivers
are suitable for the multi-frequency studies that cover all frequency bands mentioned.

The seismic source is supposed to be near the water surface at the optimum depth of
No/4 =V /4f, where Ay is the central wavelength, f is central impulse frequency, and
Vw is water acoustic velocity. The vertical geophones are placed at the sea bottom. The
results are shown in Figures 7 and 8. Figure 7 corresponds to the time scale, while Figure 8
corresponds to the depth scale, i.e., to the depth-migrated section.

It can be seen that, at all frequencies, there exist notable difference in seismic response
(see Figures 7b,d,f and 8b,d,f). Nevertheless, at a central frequency of 250 Hz, it is diffi-
cult to mention these changes at the original traces (Figures 7e and 8e), while at 500 Hz
(Figures 7c and 8c) and 750 Hz (Figures 7a and 8a) the signature clearly changes at the
intervals that correspond to the anomalous pore pressure.
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Figure 7. Synthetic zero-offset seismic response of the rock physics models described above (traces
indices correspond to the model number in Table 1. Trace 0 corresponds to the section without the
anomalous pore pressure). The central frequencies of the seismic source are: (a,b) 750 Hz (ultrahigh
resolution seismic, boomer source); (c,d) 500 Hz (very high resolution seismic, sparker source);
(e,f) 250 Hz (high resolution seismic, air gun source); (a,c,d) are synthetic seismic traces. (b,d,f) are
differences of the synthetic traces with respect to the trace 0 (no pressure anomalies).
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Figure 8. Synthetic depth-migrated, zero-offset seismic response of the rock physics models described
above. Figures (a—f) show the same as in Figure 7 but versus depth.

4. Discussion

Figures 7 and 8 contain the main results of the current study: modeled seismic re-
sponses of various possible pore pressure anomalies distributions. A description of these
models is given in Table 1; to recap, models 1 through 3 are characterized by a single
anomalous zone, model 4 contains two anomalous zones, model 5 has three anomalous
intervals, and model 6 contains the largest number of depth intervals with critical pore
pressure.

First of all, it is clear that, if pore pressure needs to be predicted from a seismic
response, it is necessary to process raw seismic data. Seismic responses to various models
do not differ between each other at first glance: local anomalies in pore pressure are not
high enough to distinguish corresponding anomalies in seismic response. It is especially
clear for relatively low frequencies (Figures 7e and 8e), as the seismic responses seem
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similar. While differences between the seismic response for the studied models and a
model without pore pressure anomalies (track 1 in Figures 7 and 8) makes it possible to
detect anomalies, two problems occur. First, it is complicated to detect depth intervals with
anomalous pore pressure from Figure 8f: while the upper boundary of anomalous interval
can be identified with relative ease, the deeper boundary remains questionable as changes
in the seismic response occur not only in the interval with the anomaly (e.g., 69 mbsf for
model 1), but for deeper depths as well. The other problem is more general: differential
seismic responses shown in Figures 7b,d,f and 8b,d,f) suggest that there is a basic model
(track 0) without any anomalies in pore pressure. It is clear that real field conditions do not
allow for constructing this basic model, since the presence of anomalies in the pore pressure
remains questionable in itself. Thus, while sets of Figures 7b,d,f and 8b,d,f provide a much
more clear representation of anomalies in seismic responses compared to their counterparts
shown in Figures 7a,c,e and 8a,c,e), acquisition of such data is technically very complicated.
Nevertheless, these differences can be used for the monitoring of temporal changes in the
pore pressure distribution. It has been already mentioned above that several studies [17,18]
reveal the potential temporal evolution of pore pressure distributions in seafloor sediments.
As a result, one can consider a series of bottom seismometer data with respect to initial
measurements as an undisturbed state similar to trace 0 in Figures 7 and 8. The pore
pressure can be considered as one of the factors that are easily altered due to external
actions, at least, compared to sediment’s mechanical properties and composition. Thus,
bottom seismometers can be used as a monitoring tool of changes in pore pressure induced
by external factors which is essential at early stages of offshore hydrocarbon exploration
and development. If seismic data are obtained regularly via the same system, the early
appearance of anomalies associated with pore pressure redistribution and evolution can be
detected, which potentially mitigates corresponding geological risks.

As it clearly follows from Figures 7 and 8, the pore pressure anomalies appear at
seismic responses for different frequencies, but not in a similar way. While relatively low
frequencies provide responses resembling each other, higher frequencies give more detailed
responses. Detailed analysis of these responses makes it possible not only to find the
upper boundary of the highest anomalous zone, but also to distinguish different anomalies.
Natural noise is not high enough to overshadow the effect of anomalous pore pressure
zones and one can even evaluate the lower limit in depth of an overpressure zone—yet
uncertainty remains relatively high. Simultaneous analysis of seismic responses on a set of
frequencies provides the widest understanding of anomalous zone locations.

The obtained results show that bottom seismometers are suitable for detecting the
seismic response of high pore pressure zones in submarine sediments. To achieve this goal,
the frequency range of the seismometers must cover all the above-mentioned frequency
bands, including very high and ultra-high resolution seismic. This means that the upper
frequency for the seismic receiver must be at least as high as 1000 Hz. The digitizing
frequency of the registration system must satisfy the Nyquist criterion for the ultra-high
band, i.e., a time step of 0.5 ms must be available in the system.

Technical realization of such a seismic survey is worth additional discussion. One
point is that the central frequency of the seismic sources is not altered with ease. The given
example suggests using different sources: 750 Hz is related to a boomer source; 500 Hz
can be achieved through using a sparker source, and an air-gun source can be used to
achieve a frequency of 250 Hz. Thus, a seismic monitoring system for the detection of
overpressure zones in submarine sediments should be a combination of different sources.
Recent advances in marine seismic devices provide examples of such multi-frequency
shooting [48,49].

The main challenge is to construct the bottom seismic acquisition systems useful
for the problem considered here. In order to be capable of seismic monitoring of pore
pressure changes, such equipment must satisfy two criteria: being suitable for permanent
installation on the sea floor for the time range of the monitoring (up to years); and providing
the wide frequency range of 1-1000 Hz as discussed below. Therefore, it is clear that bottom
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cable systems (OBC) have the advantage over autonomous bottom stations (OBS) for the
purpose of monitoring, because they do not require reinstallation and may provide real-time
information during the time span of the monitoring. The reinstallation of the autonomous
stations almost necessarily leads to the change of their position from one survey series to
another. The corresponding changes in seismic records may mask the changes arising due to
pore pressure change. The wide frequency band may be obtained through the combination
of low-frequency geophones or hydrophones, such as molecular-electronic transducers
that may cover the 0.02-200 Hz frequency range [50], and piezoelectric hydrophones that
provide a usable frequency range up to 10 kHz and more. Another possibility is provided
by modern fiber-optic vector hydrophones that exhibit a very high responsivity in the
frequency range of 10-1000 Hz [51]. Thus, recent advances in acoustic sensing provide the
means to construct bottom seismic stations useful for the investigation and monitoring of
pore pressure in the shallow subsurface.

To quantify the pore pressure anomalies and invert for such important parameters
as pore pressure, a rock physics-based inversion can be applied. That means that the
observed seismic field should be approximated by a synthetic analogue computed on
the basis of a suitable rock physics model, specifically that described above. To use the
full-waveform inversion, one also need the low-frequency information to constrain the
velocity model. Therefore, the frequency band of the seismometers should cover the range
from 1 to 1000 Hz.

Meanwhile, the results of a rock physics-based inversion for the model parameters
are not unique. To narrow the domain of possible solutions, some “reference values” for
unknown parameter(s) should be known. Specifically, it is valuable to have experimental
values of the “measurable” parameters (such as pore pressure) at some depths in order to
evaluate the other model parameters that could not be measured (such as critical porosity
and coordination number). As shown in our previous work [29], the possibility of having
data on pore pressure at some depths allowed us to fix the other “nonmeasurable” model
parameters and obtain the pore pressure distribution in a good agreement with the results
of consolidation analysis.

In the presence of methane hydrates, another RP model should be constructed. The
model should take into account how the methane hydrate is distributed in the rock. It could
be in the form of cement around the other solid particles or in the form of inclusions inside
the granular material. Under a certain pressure and temperature, the methane hydrates
become unstable and methane start to release. It enhances the pore pressure so that can
become greater than the total vertical stress, which leads to wellbore collapse.

5. Conclusions

Detection and analysis of overpressure zones in unconsolidated seafloor sediments is
one of the important tasks for offshore reservoir exploration and development. It is not
enough to detect overpressure zones once, before the start of exploitation, as pore pressure
spatial distributions happen to evolve over time, so zones that could be identified as normal
before exploitation may become overpressured due to fluid filtration affected by external
factors. Thus, it is necessary to develop monitoring systems to identify the pore pressure in
unconsolidated sediments and control its temporal variations.

Floating seismic streamers can be potentially used for seismic monitoring, but less
noise and the nature of the recorded data make bottom seismometers a more reliable source
of information on subtle changes in sediment structure and properties. While bottom
seismometers can be potentially used for pore pressure detection and monitoring, it is
necessary to understand the requirements for their specifications.

This current paper presents synthetic data on pore pressure distributions in unconsoli-
dated marine sediments. We use real field data to create sets of models that can represent
real conditions on the one hand, and, on the other, give variations on pore pressure distri-
butions to study differences between potential seismic responses that could be obtained
via a bottom seismometer. A special rock physics model has been developed for this
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purpose to properly incorporate the pore pressure in unconsolidated media into its seis-
mic response. This model is based on a combination of the Hertz-Mindlin method and
Hashin-Shtrikman bounds with a further Gassmann’s fluid substitution. The model is
a modification of Dvorkin et al.’s [43] model incorporating so-called “porous additions”
that are a suspension in the case when the porosity is greater than the critical one, and a
consolidated porous material in the opposite case.

The constructed models of dynamic mechanical properties can be consequently used
to simulate seismic response by varying the pore pressure distributions.

Obtained results suggest that it is possible to develop and apply bottom marine
seismic registration systems suitable for detecting the presence and temporal evolution
of pore pressure anomalies in the shallow subsurface sediments. Rock physics-based full-
waveform inversion may be applied to detect and quantify these anomalies. To achieve
these goals, the registration system should have a frequency range as wide as 0.1-1000 Hz
and a corresponding digitizing frequency.

Satisfaction of these requirements is expected for pore pressure monitoring systems to
become capable of detecting zones of anomalous pore pressure in unconsolidated seafloor
sediments. Usage of such systems can potentially mitigate geological risks that occur at
early stages of offshore hydrocarbon reservoir exploration and development.
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Appendix A
Appendix A.1. Formulas of Hertz—Mindlin Method [38,40]

The Hertz-Mindlin method is applied for calculating the effective elastic moduli of a
dry granular medium represented by a random pack of spheres having the same size. The
effective elastic bulk (Kxp) and shear (pgp) moduli are found by the formulas

D(P) 5-4v [3

K= [P0 = 22 o] ey = oMU

m(l—v)

where P is the effective pressure equal to the difference of the total vertical stress and
pore pressure; i and v are the shear modulus and Poisson ratio of grain material; ¢ is
the porosity (here and below the porosity is given in fractions of a unit); n is the average
number of contacts per grain (so-called coordination number).

Appendix A.2. Formulas of Hashin—-Shtrikman Bounds [41]

The Hasin—Shtrikman formulas provide the upper and lower bounds for the bulk and
shear moduli of heterogeneous media. If the stiffest material plays the role of a matrix
containing isolated particles of other materials this model corresponds to the upper HS
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bound. If the matrix is the softest material, this corresponds to the lower HS bound. The
inclusions are of arbitrary shape.

The bounds for bulk and shear moduli of the two-component composite can be
calculated by the formulas

Ki, =K =
HS 1t 1/(Ky—Ky) 401/ (Ky+31q)”
2

o — 1) +201 (K +2p1) / [511 (K +3 1) |7

(A2)

+ _

Hygs = M + 1/(
where signs “+” and “—" are related to the upper and lower HS bounds, respectively.
Indices “1” and “2” are, respectively, related to the stiff and soft components. To obtain the
lower bound, the soft and stiff components should be replaced by each other. Variables v,
and vy are the volume concentrations of the soft and stiff components.

Appendix A.3. Formulas of Berryman’s Self-Consistent Method [44]

The way of derivation of self-consistent method formulas assumes that each inclusion
of ellipsoidal shape is placed in a medium with effective properties. Thereby, implicitly,
a connection of inclusions is allowed. In particular, at great porosity (40-60%) the elastic
moduli exhibit rather small values which is in correspondence with the statement.

The formulas for calculating the effective elastic moduli of two-component medium
can be written in the form

K _ 01Ky F1K+02K2F2K
Berr 01 FR+o, X 7
—_ U1 H1F1H+UZIJ-2F2H (AS)
HBerr o F B 7

where for spherical inclusions we have

Ers — o OKvt8py)
witEym 7 "M T (Kt 2im) (A4)

! Ki+juy "1

K — Km+3ium pu _ py+Ey

where index i takes values 1 or 2 depending on the inclusions’s type.

Equations (A3) and (A4) are solved by iterations. The variables with index M change
from iteration to iteration. Usually, 5-6 iterations are necessary to obtain a solution for
effective elastic moduli for spherical inclusions.

Appendix A.4. Formulas for Gassmann’s Fluid Substitution [39]

If a fluid fills the voids in a dry porous medium, the elastic moduli of the fluid-
saturated medium should obey the following equation:

Ksat _ Kdry i Kfluid (A5)

Kmineml — Ksat Kmineml - Kdry 0] (Kmineml — Kfluid)

where K¢, Kypinera, and Kdry are, respectively, the bulk moduli of saturated medium, solid
matrix, and dry medium; ¢ is the porosity. The fluid does not affect the shear modulus.
Gassmann’s fluid-substitution is applied if the pressure is equalized in the pore space.

Appendix A.5. Formulas for Calculating the Elastic Wave Velocities in Isotropic Medium

If a medium is isotropic, the Vp and Vs velocities are calculated by the formulas:

K+ 4
V= S vs = \/E (A6)

where p is the density.
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Appendix A.6. Formulas of Backus Method [47]

The Backus method gives the possibility of obtaining the effective elastic properties of
a medium composed of thin isotropic horizontal layers that are randomly distributed over
the volume. The resulting medium is anisotropic of VTI symmetry. The stiffness matrix of
such a medium has the form

, M= _-(A—B), (A7)

cocooMmMwW>
cooMmMhw
coo ™™™
oo o oo
ogJoocoo
Socoocoocco

A= <%;F)>+NQ2' B = <7\2i\2uu>+NQ2, C=N, F=NQ,

N={(xb) Q= (x2m) . @)
-1
D=(L) M= (w.

In these formulas A is the Lamé parameter that can be found from the bulk and shear
moduli as follows: A = K — %u.

To find the velocities in any arbitrary direction, the Green—Christoffel equation should
be applied. Specifically, the Vp velocities in the vertical and horizontal directions can be

foul d as fOllOWS:
IC [A
vlzj;ert = *p , [/lélort = T) . (A9)
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