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Abstract: The paper presents an algorithm for reconstruction of stress state parameters of rock massif
based on data on natural fractures. For one well developing an oil field, the directions of the principal
in-situ stresses, their relative magnitudes, and the strength of the rocks in the near-wellbore space
were reconstructed. Stress inversion results are in agreement with other methods of stress estimation,
in particular, with the results of the mini-hydraulic fracture test. The inverse problem of stress state
estimation is solved using the Monte Carlo method. An algorithm of applying the apparatus of
mathematical statistics — the method of moments for determining distribution parameters from the
Pearson distribution family — to quantify the ambiguity of the estimation of the directions of the
principal stresses and their relative magnitudes is presented. The proposed algorithm can be used
for independent reconstruction of stresses for carbonate rocks, provided that there is information
about the conductivity of fractures in the rocks of the near-wellbore space to further improve the
quality of one-dimensional and three-dimensional geomechanical modeling.
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Introduction

Zones of anomalous high pore pressure — or overpressure zones for short — are a well-
known factor of risks associated with development of hydrocarbon reservoirs. The risks
are especially high when dealing with offshore reservoirs, as underbalanced drilling may
result into an ecological catastrophe with corresponding consequences Dugan and Sheahan
[2012], Zhang et al. [2018]. While geophysical methods of identifying overpressure zones
from geophysical data are well-developed for deep sediments, shallow marine sediments
remain a problematic issue due to the difficulties to properly describe all processes taking
place in unconsolidated media [Lee, 2003]. A number of mechanisms for overpressure
zones formation and evolution with time have been proposed, including: disequilibrium
compaction, hydrate formation sealing, degasification, buoyancy, hydrothermal pressuring,
tectonic movement, overpressure transfer, hydrate decomposition, diagenesis, hydrocarbon
generation, microbial gas production, microbial plugging as summed up in [Li et al., 2022a].
Glacial decomposition and loading may serve as another mechanism of overpressure
build-up in certain areas [Wangen, 2021].

Overpressure transfer — fluid migration due to permeability difference that has been
witnessed at New Jersey continental slope [Dugan and Flemings, 2000]; Yinggehai basin [Yin
et al., 2002]; Baram province, Brunei [Tingay et al., 2009] — is of somewhat particular interest
among the mentioned factors, since such processes take place at characteristic times of fluid
flow. Depending on the conditions, considerable changes in anomalous pore pressure zones
overpressure coefficient or positions and sizes of overpressure zones themselves can take
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place in relatively low times — even in months and years. Upward migration of overpressure
zones and associated hydromechanical processes have been studied for various regions [Fan
etal., 2021; Liu et al., 2022]. It was shown that proper understanding of filtration properties
and overpressure coefficients is essential for prediction of overpressure zones presence and
migration. According to [Tingay et al., 2009], overpressures can be vertically transferred
if an overpressured compartment comes into hydraulic communication with another less
pressured and isolated compartment [Finkbeiner et al., 2001; Grauls and Baleix, 1994; Tingay
et al., 2007]. A mathematical description of such process can be extremely complicated for
unconsolidated sediments, where it is obligatory to use poro-elasto-plastic deformation
mechanisms, contrary to well-developed poro-elastic coupling of geomechanical and hy-
drodynamic processes [Daigle et al., 2017; Liu et al., 2022]. It is also worth mentioning that
overpressure zones in unconsolidated seafloor sediments tend to achieve hydrostatic state
within geological frames of time during sedimentation [Daigle et al., 2017].

The discussed processes may clearly lead to some problems of offshore hydrocarbon
reservoirs exploitation and development, not typical for onshore reservoirs. In fact, un-
consolidated seafloor sediments tend to show extremely low elasticity limits and almost
negligible friction coefficient, hence small changes in the pore pressure lead to development
of plastic flow. As a result, overpressure zones have an ability to evolve rapidly, especially
during exploration and development leading to the effect of geophysical data “aging”:
previously obtained data, starting from seismic surveys results can mismatch actual state
of unconsolidated sediments containing overpressure zones. Vertical transfer of these
zones, changes in their spatial scales and overpressure coefficient level evolution can take
place during the typical time scales of reservoir development. Lack of experimental data
with prolonged surveys of shallow marine sediments with overpressure zones prevents
from construction of a standard methodology of dealing with these issues, as just a few
offshore fields with such conditions were reported in corresponding literature (paper [Li
et al., 2022a] provides a comprehensive overview of these case studies). At the same time,
certain theoretical modeling [Li et al., 2022b] and field observations [Nifuku et al., 2020]
provide a basis for such methodology, yet it still lacks a standardized system of verification.
In fact, theoretical modeling provides decent data, that can be verified only if a geophysical
system of tracking changes in overpressure zones is proposed.

There exist three approaches for the time-lapse seismic monitoring at sea shelf that are
different in the acquisition systems used. First and the most conventional is the time-lapse
surveys with the towed seismic streamer. It is fast and cheap as compared with the use of
the bottom registration systems but also has important disadvantages: only one-component
(pressure) registration is possible (therefore only P-wave may be used), the noise level
is high and the positioning of the receivers are subject to the significant errors. These
shortcomings are especially important for the monitoring of the minor changes associated
with the overpressure zones evolution. The second approach is associated with the use of
the autonomous bottom seismic seismometers (OBS) for the registration. In this case the
3C or 4C (three velocity or acceleration components and pressure) registration is possible
and the noise level is significantly lower as compared with the towed streamer. The major
disadvantage is the necessity to re-deploy the OBS at each cycle of the time-lapse survey,
which is expensive and leads to differences in OBS coordinates between cycles because of
the installation errors. The third approach is to use the permanent bottom seismic streamer
(BSS), which is installed once before the start of the time-lapse survey and stay in place at
the sea bottom for all monitoring period. The data transfer and power supply are provided
by bottom cables from coast, ship or drilling platform. The disadvantages of this approach
associated with the high price of such systems and their possible damage from ice (at
shallow depth’s), ship anchors, etc. But the latter possibility also allows for the passive
seismic monitoring of the oil field, including the possibility of hydrofracturing monitoring.

The major goal of the current study is to discover the possibility to monitor the
overpressure zones evolution with the time-lapse seismic and to compare the OBS and BSS
systems with respect to their ability to recover the expected changes in the wavefields.
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Materials and Methods

The basic model for the current research was discussed in [Tikhotskiy et al., 2023] and
[Dubinya et al., 2022]. According to [Dubinya et al., 2022], initial data for construction of
models of seafloor sediments were obtained from surveys performed at an area located in
the northwestern part of the Black Sea. Several 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 [Bagriy et al., 2019].

A prediction of pore pressure was performed using two different approaches. Firstly,
the consolidation analysis was performed using a limited set of laboratory experimental
data on seafloor sediments samples subjected to external loading. Preconsolidation stress
that can be evaluated based on the nonlinearity of stress vs strain curve of unconsolidated
geological medium subjected to external stress [Dugan and Germaine, 2008; Saffer et al.,
2000]. This parameter can be subsequently used to evaluate the pore pressure in the
medium in its current state based on its current porosity [Schneider et al., 2009]. Porosity
logs were established for a number of exploratory wells with enough logging data using
conventional techniques. The resultant pore pressure evaluation is [Bagriy et al., 2019]:

Ppor(z) = Sy(z) — 107700V Ce, (1)

where e stands for the void ratio, ¢ is the void ratio at a vertical effective stress of unity
(1 MPa), C, is the specific compression index describing deformation along the yield surface,
and Sy is the total vertical stress.

The second approach described in [Dubinya et al., 2022] is based on rock physics
modeling using soft-sand model of Mavko et al. [2020] combined with the Gassmann fluid
substitution [Gassmann, 1951]. A specific effective medium model was introduced with
a number of specific parameters determining the dynamic elastic moduli. These parameters
include: the pore pressure, elastic moduli of solid grains, porosity, average number of
grain-grain contacts, and critical porosity. These parameters are varied in a way to provide
the best match between the calculated and observed spatial distributions of dynamic elastic
moduli. An independent evaluation of pore pressure at a certain depth obtained from
direct observations of drilling process was used to limit the domain of equivalent solutions
of the inverse problem for rock physics modeling. As a result, a stochastic solution of rock
physics model parameters was obtained providing an opportunity to reconstruct a spatial
variations of pore pressure.

Two described methods of pore pressure reconstruction in unconsolidated seafloor
sediments were implemented independently. As discussed in [Bagriy et al., 2019], the
complete agreement between these methods is impossible due to the difference in the
characteristic spatial scales: the unconsolidation analysis is more suitable for detection of
small zones (with size of approximately several meters), while the rock physics modeling is
dependent on averaging and may be considered as a tool to evaluate the mean anomaly of
pore pressure in the studied interval. The resultant estimations of pore pressure changes
with depth are shown in Figure 1: black line represents anomaly index of pore pressure
(ratio of estimated pore pressure to hydrostatic pressure) for the estimation from rock
physics modeling, while gray line is for consolidation analysis obtained from Equation 1.

Based on consequent rock physics modeling, several general zones of considerable
overpressure were suggested in [Tikhotskiy et al., 2023]. Corresponding depth intervals
are: 6-9 mbsf (zone 1), 13-29 mbsf (zone 2), and 37-43 mbsf (zone 3). The previous
study [Tikhotskiy et al., 2023] was mainly focused on the issue of detectability of the lower
overpressure zones in presence of the upper zones, namely, is it possible to use seismometer
data to find zone 3 from the raw data in presence of anomalies in waveforms caused by
presence of zones 1 and 3. The suggested methodology was a construction of synthetic
models of elastic properties after two steps: 1) merging of neighboring overpressure zones;
2) manual creation of models where some of these zones are not present (“shutdown” of
particular zones meaning an obligatory specification of hydrostatic pore pressure in these
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Figure 1. Pore pressure anomaly index from two approaches.

zones). Given an established rock physics model — mathematical relationships providing
an expected change of elastic moduli of effective medium with changes in pore pressure —
synthetic spatial distributions of elastic moduli for these cases can be constructed. It is
necessary to mention that only one-dimensional models of properties are studied here
given the low number of exploratory wells drilled at site. Therefore, the vertical size of
overpressure zone is a crucial factor for subsequent modeling, yet two-dimensional models
of overpressure in shallow marine sediments can still be developed in the future to analyze
the horizontal scale of anomalous zones.

Generally, the same approach is used in the current study to analyze possible evolution
of overpressure zones and opportunities to detect these changes. Since three overpressure
zones can be detected on real data, six potentially interesting scenarios of overpressure
zones migration upwards and downwards can be suggested for analysis. These scenarios
are discussed in Table 1.

Table 1. Scenarios for overpressure zones migration

Pore pressure

Pore pressure

Scenario Zone before after
migration migration
1. Non-blocked downwards migration at 1 Overpressure  Hydrostatic
shallow depth. Overpressure zone 1 migrates 2 Hydrostatic ~ Overpressure
downwards, to position of zone 2. 3 Hydrostatic Hydrostatic
2. Non-blocked upwards migration at shallow 1 Hydrostatic ~ Overpressure
depth. Overpressure zone 2 migrates upwards, 2 Overpressure ~ Hydrostatic
to position of zone 1. 3 Hydrostatic ~ Hydrostatic
3. Non-blocked downwards migration at high 1 Hydrostatic Hydrostatic
depth. Overpressure zone 2 migrates 2 Overpressure  Hydrostatic
downwards, to position of zone 3. 3 Hydrostatic Overpressure
4. Non-blocked upwards migration at high 1 Hydrostatic Hydrostatic
depth. Overpressure zone 3 migrates upwards, 2 Hydrostatic ~ Overpressure
to position of zone 2. 3 Overpressure  Hydrostatic
5. Blocked downwards migration at high depth. 1 Overpressure ~ Overpressure
Overpressure zone 2 migrates downwards, to 2 Overpressure  Hydrostatic
position of zone 3 with overpressured zone 1. 3 Hydrostatic Overpressure
6. Blocked upwards migration at high depth. 1 Overpressure  Overpressure
Overpressure zone 3 migrates upwards, to 2 Hydrostatic ~ Overpressure
position of zone 2 with overpressured zone 1. 3 Overpressure Hydrostatic
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There are three general pairs of scenarios. The first pair of scenarios considers the
movement of overpressure zone between positions of zones 1 and 2 (downwards migration
for scenario 1, and upwards migration for scenario 2). Both cases should have the most
notable effect on seismic surveys given the low distance between receiver and anomalous
zone. The second pair of scenarios is the same, but the depth is increased (interchanges
between positions of zones 2 and 3 are studied here). Independent analysis of this case pro-
vides an opportunity to check, whether the depth plays an important role on overpressure
zones migration monitoring. Finally, the last pair of scenarios is generally the same as the
second pair, but overpressure zone 1 is under consideration. Such analysis provides an
opportunity to analyze the “shadowing” effect of overpressure zones previously reported
in [Tikhotskiy et al., 2023]: presence of overpressure zones at shallow depths were proven to
considerably influence the resultant seismic waveforms receivable by seismometers, which
leads to an increased uncertainty in overpressure zones detection. The main idea of the
following research lies in comparison of waveforms obtainable before and after the changes
in overpressure zone structure and its analysis with regard to typical noise level of seismic
data for shallow marine sediments. It is also worth mentioning that the mean level of
pore pressure anomaly level in each overpressure zone was taken from Figure 1 without
adjustments.

The discussed scenarios are visualized alongside with depth dependencies of the
elastic wave velocities, yet it is necessary to provide some information on acquisition of
these velocity models obtained from rock physics modeling with manual “shutdown” of
certain zones before and after studied dynamic process.

This covers the general workflow used in the current study. It is necessary to generate
petroelastic models with reconstructed compressional and shear waves velocities for the
discussed scenarios in order to evaluate the overpressure zones migration effect on seismic
response of the studied media. Note that for estimation the elastic wave velocities the
density provided by log data is used alongside with calculated effective moduli.

The rock-physics model used in [Dubinya et al., 2022] (soft-sand model) was modified
in [Tikhotskiy et al., 2023] as follows. Again, a concept of critical porosity was used, which
follows from the basic Hertz-Mindlin (HM) model [Mavko et al., 2020]. An unconsolidated
rock is considered as a granular medium (dense pack of solid particles) having a critical
porosity with so-called “additions”. The critical porosity indicates the porosity limit above
which a rock becomes unconsolidated. This value was set constant for all depths. The
“additions” are inclusions either of suspension or of porous consolidated rock depending on
the total porosity. If the total porosity exceeds a critical value at a certain depth, inclusions
in the form of a suspension are added to the granular medium. If the total porosity is
smaller than the critical value, particles of porous consolidated rock are added in the
granular medium. This model differs from a similar model of Dvorkin et al. [1999]. Thus,
in Dvorkin’s model [Dvorkin et al., 1999], in the first case, inclusions of pure fluid (without
rock particles) are added to the granular medium instead of suspension inclusions. In
the second case, pieces of nonporous mineral material are embedded in the granular
medium. As shown in [Tikhotskiy et al., 2023] the modified model is more sensitive to the
pore pressure changes compared to the original Dvorkin’s model [Dvorkin et al., 1999].
In the model presented in [Tikhotskiy et al., 2023], the porosity values in suspension and
consolidated solid material are controlled by so-called “porosity correction coefficient” that
is also an unknown model parameter. A sensitivity study of results to this parameter is
presented in [Tikhotskiy et al., 2023].

In the model proposed in [Tikhotskiy et al., 2023}, for calculating the elastic moduli
of a dense pack of rock particles (granular medium), the classical HM model is used. The
elastic moduli of suspension are estimated as the lower Hashin-Shtrikman (HS) bound
[Hashin and Shtrikman, 1963]. For evaluation of the elastic moduli of particles of porous
consolidated rock the Berryman’s self-consistent method [Berryman, 1980] is applied.
Having the elastic properties of the granular medium and the “additions”, finally, the
effective properties of the studied dry rock are obtained. If the suspension inclusions
are added (the case when porosity is greater than the critical one) the resulting moduli
are calculated as the upper HS bound, since the suspension moduli are lower than the
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moduli of dense pack. If the porous pieces of consolidated rock are added in the granular
medium (porosity is smaller than the critical), the effective moduli are calculated as the
lower HS bound since the porous consolidated rock has lower elastic moduli compared
to the granular medium. After the effective elastic moduli of dry rock are calculated as
described above, the Gassman’s fluid substitution [Gassmann, 1951] is applied. Then, the
elastic wave velocities V, and V; are estimated using the calculated effective elastic moduli
and density provided by log data.

For the modeling we use the same model parameters as in [Tikhotskiy et al., 2023].
Namely, the bulk and shear moduli of solid grains are 52 and 32 GPa, respectively. The
critical porosity is 60%, coordination number is 18 (average number of contacts of a grain
with surrounding grains). The porosity correction coefficient is set to be 1.5. This means
that the porosity of suspension is 1.5 times greater than the total porosity and the porosity
of consolidated rock is 1.5 times smaller than this value.

Based on consequent rock physics modeling, a distribution of velocities V, and V;
along the wellbore was obtained for the case of the absence of pore pressure anomalies
(Figure 2a) and for cases when the pore pressure anomalies occur in the depth intervals
corresponding to zones 1-3 mentioned above (Figure 2b, 2c, 2d). We calculate the pore
pressure according to the formula

Ppor(2) = Phyar + diff, x A, (2)

where diff, 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
one (no anomaly in the pore pressure). If A = 1, the pore pressure approaches the total
vertical stress. Therefore, the greater A, the more pronounced is the pore pressure anomaly.
For the models shown in Figure 2 we use a fairly high value of the factor A, namely,
A =0.99. Figure 2 provides a clear view of the overpressure zones effect on elastic waves
velocities. High pore pressure considerably decreases the velocities of both P- and S-waves.
The absolute magnitudes of this decrease are roughly the same for both velocities, but,
given the low shear wave velocity absolute magnitude for the considered non-consolidated
sediments, the relative change in S-wave velocity is more considerable compared to P-wave
velocity.

(a) (b) (c) (d)
Figure 2. Distribution of velocities V), and Vs along the wellbore. (a) No anomaly in the pore pressure,
(b) pore pressure anomaly in zone 1, (c) pore pressure anomaly in zone 2, (d) pore pressure anomaly
in zone 3.
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The data presented in Figure 2 are subsequently used for seismic modeling to analyze
the expected response of the receiver system and its changes associated with transitions
of anomalous pressure zones discussed in the previous chapter. For example, the first
scenario described in Table 1 can be considered as the transition of velocities distribution
shown in Figure 2b to the state depicted in Figure 2c. It is clear that the seismic responses
will differ for these two cases, but the magnitude of this difference and its relation with
noise cannot be analyzed without direct seismic modeling.

We aim to model the seismic monitoring of the overpressure zones evolution with
the bottom seismic registration system that can be represented either by the autonomous
bottom seismometers (OBS) or by the bottom seismic streamer (BSS). The both systems may
provide the 4C registration, i.e., 3-component velocity (or acceleration) registration and
pressure. For the modeling purposes we use the laterally homogeneous 2D elastic media
model constructed on the basis of the 1D velocity (V,, Vi) and density profiles obtained for
the studied scenarios. We suppose the 40-meter water depth and the depth of the seismic
source is set to 2 meters below the sea surface. The acquisition system is represented by the
13 bottom 4C receivers separated by 4 meters. The position of the first receiver is below the
seismic source thus the maximum source-to-receiver horizontal distance is 48 meters. The
described acquisition geometry allows to analyze the behavior of the seismic reflections at
different offsets, including the P-S converted phases.

The open source SOFI2D software package [Bollen, 2002] is used for the finite-
difference modeling of the seismic waves propagation in the above described models.
Due to the 2D nature of models only two velocity components (uy, uy) of the sea bottom
and water pressure P, as recorded by bottom hydrophones, are used for the analysis. The
Riecker impulse is used for the modeling with the central frequency of 500 Hz, which is rea-
sonable for the high-resolution marine seismic surveys with the “sparker” source [Pirogova
et al., 2019]. With the given central frequency and the lowest velocity of the S-waves in
model being 200 m/s the smallest wavelength is approximately 0.2 m. The spatial model
discretization of 0.02 m (i.e., 10 points per wavelength) is adopted to avoid the numerical
dispersion and time step of 5 x 10 % s is used to satisfy the Kramers-Kroening conditions
for the simulation stability. The perfect matching layer (PML) conditions are applied to
avoid the reverberations.

Results

A sensitivity analysis is given here to evaluate the typical changes in elastic waves
velocities and other characteristics with alteration of pore pressure. Besides, we also analyze
how the pore pressure anomalies can be detected in crossplots of seismic attributes. The
reflection coefficients for P-wave and converted P-to-S wave (R, and Ry, respectively) for
the top and bottom of a zone with anomalous pore pressure is analyzed.

An important question is related to the lowest level of pore pressure change that
can be registered by seismic receiver data. To analyze how a change in pore pressure can
affect the elastic characteristics of unconsolidated rocks we perform a sensitivity study of
our rock-physics model to a parameter characterizing a degree of pore pressure anomaly.
We vary the pore pressure according to Equation 2. It is worth mentioning that, only
within sensitivity analysis, for the purpose of sensitivity study, parameter A is set for the
whole model modeling a uniform increase in pore pressure for the whole depth interval,
regardless of overpressure zones discussed earlier. We use this approach to numerically
evaluate the general sensitivity of the model to changes in pore pressure for the future
analysis of the certain overpressure evolution cases.

As it was mentioned and particularly highlighted in Figure 2, overpressure appears to
have a strong effect on P- and S-waves velocities: overpressure zones can be easily seen on
anomalies of Vy and V;. Moreover, the ratio of elastic waves velocities Vp/ Vs along with
the Poisson ratio are also good indicators of overpressure. As it was shown in Figure 2,
an increase in the pore pressure results into a simultaneous decrease in compressional
and shear waves velocities. As far as the absolute values of velocities drop are comparably
same for both P- and S-waves, and the absolute values of shear waves velocities are much
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(a)

lower than compressional waves velocities, especially for unconsolidated sediments, it is
natural to expect that velocities ratio V,,/V; and, respectively, the Poisson ratio are good
indicator of pore pressure presence which is in line with Figure 2. As seen from Figure 2
the dependencies of the elastic characteristics on the pore pressure change are nonlinear.
The characteristics become more sensitive to the anomaly as the anomaly increases. One
can say that the S-wave velocity exhibits more sensitivity to the pore pressure change. Thus,
at depth 40 m, the change in V; velocity approaches 16% for A = 0.4 whereas the respective
change in V), velocity at the depth is around 3%. Since V; drops more rapidly with the
pore pressure anomaly, the V,,/V increases. For the largest anomaly in the pore pressure
(A =0.99) the V,/V; increases almost twice compared to the case when the anomaly is
absent (Figure 3c). The Poisson ratio also increases with the pore pressure anomaly and
may attain rather high values, namely, 0.45-0.48 (Figure 3b).

(b) (c)
Figure 3. Dependencies of elastic properties on factor A characterizing a degree of pore pressure

anomaly. (a) Elastic wave velocities V), and Vs, (b) Poisson ratio, (c) V},/ V.

Figure 4 shows the crossplots of seismic attributes allowing to identify specific shifts of
dependencies caused by anomalous pore pressure in the depth interval 13-29 m (A = 0.99).
The elastic impedance (Ap) versus shear impedance (A;), elastic impedance versus V,/V;,
and shear impedance versus V,/V; are shown. Orange circles within gray triangles are
points corresponding to depths outside the depth interval 13-29 m (without pore pressure
anomaly). Orange circles without surrounding triangles correspond to the depth interval
with anomalous pore pressure (13-29 meters). Black triangles show the points in the
same depth interval (13-29 meters) but for pore pressure without anomaly. Green arrows
indicate how the points without pore pressure anomaly shift when the anomaly occurs. As
seen this shift is dramatic.

Figure 5 shows the reflection coefficients R, and R, for the top and bottom of a zone
having anomalous pore pressure at the depths from 37 to 43 m (for A = 0.99). Plots (a)
and (b) show the R, and R for the top of interval with the enhanced pore pressure, and
plots (c) and (d) show R,, and Ry for the bottom of the interval. Red curves are the exact
values provided by the Zéeppritz equation (real parts of the coefficients), and blue curves
are the Ruiger approximation. As seen, the reflection coefficients are rather high and the
both boundaries of this anomaly pressure layer can be clearly seen in seismic experiment.
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(a)

(c)
Figure 4. Crossplots of seismic attributes for the depth interval 13-29 m. (a) Shear impedance (Ajy)
vs elastic impedance (Ay), (b) elastic impedance vs V},/V, (c) shear impedance vs V),/V;. Green
arrows indicate how the points without pore pressure anomaly shift when the anomaly occurs.

Here we provide the obtained results and offer some discussion. The modeling results
are presented in Figure 6 below. The open-source Seismic Unix software package [Cohen
and Stockwell, Jr., 2002] used for the seismograms visualization. The gain correction
(multiplication by time) has been applied to all seismograms expect of rot u to correct for
the geometrical distortion of the wavefields. An example of modeling results is shown in
Figure 6 for scenario 1. The figures are organized as follows: each scenario is characterized
by 12 figures: four parameters (pressure P, 1st row; vertical velocity component uy, 2nd
row; horizontal velocity component uy, 3rd row; velocity curl rot u, 4th row) are provided
for initial state of scenario (1st column) and final state of scenario (2nd column); absolute
difference is given in the 3rd column for every parameter. Each figure corresponds to its
own scenario.
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(a) (b)

(c) (d)
Figure 5. Reflection coefficients of the PP and PS waves (Rp, and Rp;) for the top and bottom of
zone having anomalous pore pressure at the depths from 37 to 43 m. (a) Ry, and (b) Rps for the
top of interval with the enhanced pore pressure; (c) Rpp and (d) Rps for the bottom of the interval.
Red curves are exact values (the Zoeppritz equations are solved), and blue curves are the Riiger
approximation.

As it can be seen (Figure 6) the behavior of the vertical velocity component uy and
pressure P fields are similar. It is reasonable due to the boundary conditions at the sea
bottom interface. At small offsets (low reflection angles that do not exceed 35 degrees)
these fields are dominated by the P-wave energy. As an opposite the horizontal velocity
component field uy at small offsets is dominated by the S-wave energy. The increase of the
amplitude of the uy seismograms with offset arise due to two factors: (i) the increase of
the P-S reflection coefficient with the increase of the reflection angle and (ii) the increase
of the horizontal component of the P-waves because of the increasing incidence angle
of the reflected wave at sea bottom. But the first factor is dominating as it is supported
by the similarity of the uy and rot u seismograms. The rot  seismograms are the direct
indicators of the S-wave field as they corresponds to the shape deformation. Therefore,
the uy seismograms recorded by bottom seismometers may be considered as the S-wave
reflections, including both S-S and P-S converted phases. As the S-wave velocity V; is
approximately twice lower as compared to the P-wave velocity V), in bottom sediments
the arrival times of the S-wave reflections are higher as compared to that of the P-wave
reflections, the wavelength of the S-wave is also approximately half of that for the P-
wave and these two factors significantly increase the resolution capabilities of the up
seismograms as compared to that of uy and P seismograms as it can be seen in Figure 6a—6i.
Moreover, the relative change of the V; with increasing pore pressure is larger as compared
to changes in V). This factor also contributes to the more prominent demonstration of
overpressure zones and their evolution in uy seismograms. Let us analyze in more detail
the scenario 1 (Figure 6). In the starting model the overpressure zone is 3 meters thick
with its top at 6 m and bottom at 9 m. At the uy seismogram (Figure 6g) it is seen from
the S-S reflection from top (phase starting at 0.05 s at x = 4 m) and from bottom (phase
starting at 0,065 s at x = 4 m). The intermediate reflected phase starting at 0.58 sat x =4 m
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Figure 6. Reflection coefficients of the PP and PS waves (Rp, and Rp;) for the top and bottom of
zone having anomalous pore pressure at the depths from 37 to 43 m. (a) Rpp and (b) Rps for the
top of interval with the enhanced pore pressure; (c) Rpp and (d) Ry for the bottom of the interval.
Red curves are exact values (the Zoeppritz equations are solved), and blue curves are the Riiger

approximation.
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corresponds to the P-S converted phase reflected from zone bottom. Below reflections
are less prominent because of the absence of the strong reflectors in the model below the
overpressure zone (Figure 6g). In the final model the overpressure zone moves downward,
becomes 16 meters thick and has its top at 13 m and bottom at 29 m. The pattern of the
uy (Figure 6h) clearly changes and reflects the new overpressure zone configuration. The
zone top is seen from the strong S-S reflection phase starting at 0.06 s at x = 4 m, the zone
bottom is seen from the P-S converted reflection phase starting at 0.11 s at x =4 m and
S-S reflection phase starting at 0.145 s at x = 8 m (the difference of the minimum offset
that allows to see the phase is due to the decrease of the reflection angle with the increasing
reflector depth). All mentioned changes in the uy reflection pattern leads to the sharp
picture at the wavefields difference seismogram (please note the perfect compensation of
the direct arrival phase).

At the P and uy seismograms (Figure 6a—6f) the corresponding changes can be also
seen. Specifically, in the seismogram that corresponds to the final model the wave reflected
from the overpressure zone bottom at 29 m arises at 0.06 s. But it appears to be difficult
to resolve the model structure and its evolution in the upper part of the model. This is
partially because of the larger wavelength of the P-wave: for the mean velocity of 2000 m/s
the central wavelength at 500 Hz is 4 m which is comparable to the thickness of the
overpressure zone in the starting model and the difference between the zone bottom (9
m) in the starting model and its top (13 m) in the final model. Therefore, it is difficult
to resolve these features and their changes in the P-wave field. The difference P-wave
field (Figure 6f) possesses complex pattern without the clear separated phases due to the
interference of the longer waves separated by smaller intervals, as compared to S-wave
field (Figure 6i).

Analysis of the seismograms associated with other 5 scenarios (Figures A1-A5) leads to
the same conclusions. The structure and evolution of the overpressure zones in the shallow
submarine sedimentary layers are much more visible in the horizontal velocity component
upy wavefield as compared to the pressure P and vertical velocity uy seismograms. This
emphasizes the preference of the 4C bottom registration systems over conventional 1C
(typically hydrophone pressure) registration.

Another important question is the effect of the errors in bottom seismometers posi-
tioning on the overall quality of the overpressure zones monitoring. This question is highly
important in the context of the comparison between the possibilities of the autonomous
bottom seismometers (OBS) and the bottom seismic streamer (BSS) registration systems.
With the OBS one needs to deploy them before the seismic survey and then remove the
installation in order to read data and charge batteries. In the case of time-lapse seismic
monitoring this leads to the necessity for the OBS deployment before each survey cycle.
There is no such problem with the BSS system: once deployed it will be in place for all
cycles. Currently the typical accuracy of the OBS installation with respect to survey plan
is 10% of the water depth. We simulate this situation by shifting the receiver position for
the final models (i.e., simulated second cycle of the time-lapse survey) of the overpressure
evolution scenarios by random value in the range of +3 meters (less than 10% of the 40 m
water depth) as compared to their position at the initial state. The modeling results are
presented in Figure 7 for scenario 1. It is clear that errors in OBS positioning lead to the
changes in seismograms that mask the changes associated with the overpressure zones
evolution. This is especially visible in the difference seismograms, where the phase corre-
lations are destroyed because of the destructive interference that appears due to the OBS
shift. This effect is more drastical in the pressure differential seismograms (Figure 7c). The
same effects can be observed for the other studied scenarios.

Results of the seismic modeling leads to some important conclusions. First, the time-
lapse seismic is capable to monitor the evolution of the overpressure zones in shallow
submarine sediments. Typical “sparker” seismic source with the 500 Hz mean frequency
that is widely used in high-resolution marine surveys and provides the possibility to image
the upper 100-200 meters under the sea bottom [Pirogova et al., 2019] may be used for
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Figure 7. Wavefields, adjusted positions: (a) pressure before transition; (b) pressure after transition;
(c) pressure difference; (d) vertical velocity before transition; (e) vertical velocity after transition;
(f) vertical velocity difference; (g) horizontal velocity before transition; (h) horizontal velocity after
transition; (i) horizontal velocity difference; (j) velocity curl before transition; (k) velocity curl after
transition; (1) velocity curl difference.
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this purpose. Second, the horizontal component of the wavefield is the most informative
and provides the best resolution because it is dominated by the S-wave with the lower
velocity and wavelength. The most conventional hydrophone measured pressure wavefield
is less informative especially for the thin overpressure zones and minor changes in their
position. Therefore, the 3C or 4C registration at the sea bottom is highly preferable for
the overpressure zones study and monitoring. Third, the bottom seismic streamer (BSS)
registration system that is once deployed at the sea bottom and used in all cycles of
the time-lapse seismic has the clear preference at the autonomous bottom seismometers
(OBS) that must be re-installed before each survey cycle. The reason is the unreliable
differences between the actual OBS installation coordinates at different cycles that lead to
the destruction of the reflection phase in the difference wavefield.

Discussion

The obtained results provide an opportunity to analyze the possibilities of geophysical
monitoring systems to track migrations of overpressure zones in shallow marine sediments.
The plotted seismograms highlight the relative changes in the data that will be received
by monitoring systems before and after migration of overpressure zones according to
each of studied scenarios. Visual comparison of two sets of seismograms — for adjusted
and non-adjusted receiver positions shown in Figures 6 and 7 — is important from the
practical point of view. It was shown that a small adjustment of receiver positions alters
the registered seismic response comparably with the alterations caused by migration. This
effect is especially considerable when there is a static overpressure zone located in the
upper part of the studied region: it “overshadows” the migration of overpressure zones
in the bottom layers, increasing the demands on the quality of receiver data. As a result,
wrong positioning of seismometers for a repeated survey can lead to false conclusions on
stationary overpressure zones when they are in fact migrating.

Comparison of Figures 6 and Al reveals a significant effect of migration direction
on observed data. It appears that upwards migration is associated with more significant
changes in the wavefield compared to downwards migration The same is true for Figures
A2 and A3 yet the effect is not that considerable due to increase in distance between the
overpressure zones and receiver positions. Moreover, as it follows from Figures A4 and A5,
presence of static overpressure zones above the changing zone decreases the chances to
reveal the migration process. The size of the overpressure zone itself plays an important
role in detection possibilities, given that it is seemingly easier to detect overpressure zone
transition for scenarios 1 and 4 compared to scenarios 2 and 3 (for the first pair the final
state contains a large overpressure zone 2, and for the second pair this zone is only present
in the initial state). Although it was discussed above that horizontal velocity is the most
prominent parameter to deal with overpressure zones evolution detection, some cases allow
vertical velocity to provide valuable information as well. As Figures 6, A1, and A3d, A3e,
A3f suggest, the cases with the most notable changes in wavefields (scenarios 1, 2, and 3)
provide enough information to guess overpressure zone transition direction for the least
from vertical velocity. Nevertheless, this factor is way less distinct compared to horizontal
velocity.

Seismometer positioning appears to play a crucial role in the problem of monitoring
the state of overpressure zones in shallow marine sediments. Difficult conditions at offshore
reservoirs are a source of various obstacles preventing repeated seismic surveys to be
performed with receivers at exactly same positions as for the initial surveys. Nevertheless,
this obstacle can be overcome with an installation of permanent seismic monitoring system.
Such system considerably decreases the possible positioning errors providing enhanced
possibilities to track subtle changes in overpressure zones migration. In addition to
decreased uncertainty in receiver positions, such system may provide even more detailed
analysis of hydromechanical processes taking place in shallow marine sediments. Namely,
permanent monitoring system can provide way more data than the two cases (before
and after migration of overpressure zines) considered in the current study. Early signs of
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overpressure zone migration can be detected using such systems. This opportunity becomes
even more important for upwards migration of overpressure zones, especially near seafloor,
which is one of the most preferable scenarios from the anomaly migration tracking point
of view. The discussed case may be important with respect to prevention of ecologically
undesirable processes of gas migration to sea water due to the effects associated with
offshore hydrocarbon reservoirs exploitation. Installment of permanent seismic monitoring
system can reduce ecological risks due to the given opportunity of early detection and
prediction of overpressure zones upwards migration. Nevertheless, methodical studies
similar to the reported one should be preliminarily performed at certain sites to design
the monitoring systems in accordance with specifics of the considered regions, starting
from mechanical properties of seafloor sediments, their consolidation level, and severity of
overpressure near seafloor.

Conclusions

The reported study is devoted to various aspects of seismic monitoring of the overpres-
sure zones evolution in shallow marine sediments. Such sediments are often characterized
by low level of sedimentation which implies extra difficulties on the problem of pore
pressure prediction from geophysical data — an important problem for safe and efficient
exploitation and development of offshore hydrocarbon reservoirs.

Rock physics modeling was proved as a decent tool for utilizing geophysical data for
prediction of overpressure zones in seafloor sediments at shallow depths (up to several
dozens of meters below seafloor), yet considerable changes are to be introduced to the
modeling process, since the studied sediments are unconsolidated, and complicated models
should be used contrary to the models frequently used for pore pressure prediction in
consolidated rock masses. Rock physics modeling could also answer the question “What
if...?”. In this particular study this question was clarified: “What if estimated overpressure
zones start migrating?”. The answer to this question is generally clear: observable geophys-
ical fields — starting from seismic response of the medium — can change if pore pressure is
redistributed within seafloor sediments due to natural or external reasons. The changes in
compressional and shear waves velocities considered within the sensitivity study analysis
prove to be considerable. The ratio V,/V; appears to be an extremely sensitive parameter
that can be addressed as one of the most reliable seismic indicator of overpressure zones.

The basic model of mechanical properties of seafloor sediments with overpressure
zones has been established in the previous studies. This model was used as a basis for
introducing several scenarios of overpressure zones evolution, namely their upwards and
downwards migration. These changes were analyzed from the perspective of seismic
response of the medium. The obtained results support the idea that the multi-component
seismic registration at sea bottom is needed to better identify and monitor the evolution of
pore pressure zones, because the horizontal component of the wavefield is more informative
for this purpose. Bottom seismometers have been already proposed as a tool for detection
of overpressure zones in the previous study, but seismometers themselves cannot provide
enough information track changes in pore pressure spatial redistribution. It appears that
repetitive seismic surveys at the same sites can be performed, but the errors in seismic
responses implied by technical uncertainties in receiver positioning are of the same level as
changes in seismic surveys caused by overpressure zones evolution. As a result, it is difficult
to distinguish apparent changes in seismic response caused by technical procedures, from
changes caused by natural reasons.

Introduction of permanent seismic monitoring systems installment to seafloor may
be a decent solution of the mentioned problem due to a number of reasons discussed in
the discussion section of the paper. Usage of such systems can decrease geological and
ecological risks of offshore hydrocarbon reservoirs exploitation and development with
corresponding increase in economic efficiency.
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Appendix A

We would like to put the majority of the seismic modeling results here, as the obtained
figures are generally similar. In a same way as for Figure 6 we present seismic modeling re-
sults in a form of seismograms for scenarios 2—6 from Table 1 (Figures A1-A5 respectively).
The figures are organized similarly to Figure 6 as well: each scenario results contain initial
(left column), final (middle column) states and difference (right column) four parameters:
pressure (1st row), vertical velocity (2nd row), horizontal velocity (3rd row), and velocity
curls (4th row). Figures A6—A10 depict the same parameters for the adjusted positions of
the receivers similarly to Figure 7.
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Figure A1l. Wavefields for scenario 2: (a) pressure before transition; (b) pressure after transition;
(c) pressure difference; (d) vertical velocity before transition; (e) vertical velocity after transition;
(f) vertical velocity difference; (g) horizontal velocity before transition; (h) horizontal velocity after
transition; (i) horizontal velocity difference; (j) velocity curl before transition; (k) velocity curl after
transition; (1) velocity curl difference.
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Figure A2. Wavefields for scenario 3. Legend is the same as for Figure Al.
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Figure A3. Wavefields for scenario 4. Legend is the same as for Figure Al.
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Figure A4. Wavefields for scenario 5. Legend is the same as for Figure Al.
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Figure A5. Wavefields for scenario 6. Legend is the same as for Figure Al.
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Figure A6. Wavefields for scenario 2 with adjusted positions. Legend is the same as for Figure A1.
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Figure A7. Wavefields for scenario 3 with adjusted positions. Legend is the same as for Figure A1.
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Figure A8. Wavefields for scenario 4 with adjusted positions. Legend is the same as for Figure A1.
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Figure A10. Wavefields for scenario 5 with adjusted positions. Legend is the same as for Figure A1.
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