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PRESSURE PREDICTION FOR A BLOCK OF THE
JEQUITINHONHA BASIN, BRAZIL

Fernando T. B. Andrade, Lourenildo W. B. Leite, and Wildney W. S. Vieira

ABSTRACT. Pressure prediction in sedimentary basins is relevant for mapping and/or extending a productive reser-
voir characterized by a low-pressure zone, which is an important principle in hydrocarbon prospecting. A major
part of the efforts in this work was to structure a seismic-stratigraphic framework for modeling and imaging part of
the Jequitinhonha basin, that can be used to evaluate its characteristics and potential for producing oil and gas. In
practice, the main application of the method is to map a reservoir, as well as its lateral and vertical extensions. The
required information for modeling is the distributions of the seismic velocities Vp and Vg and density p. These pieces
of information can be based on velocity analysis, seismic-stratigraphic interpretations of migrated data, petrophysi-
cal data, and empirical models that can provide a relationship between velocities, density, and porosity, which can
also be incorporated. Our proposed model admits vertical gravity loading as the stress-deformation generator on
the geological formations, but it does not take into account the effects of curvatures, faulting, diagenesis, and lateral
tectonic events as loading mechanisms. The presented robust pressure prediction method was applied to a 3D inter-
polated model to map the low-pressure zones (possible reservoir) capped by a high-pressure zone, as a significant
petroleum geology application.

Keywords: pressure prediction, basin modeling, seismic velocity analysis.

RESUMO. A predi¢éo de pressado em bacias sedimentares é relevante para mapear e/ou estender um reservatorio
produtivo caracterizado por uma zona de baixa pressao, principio importante na prospecgao de hidrocarbonetos.
A maior parte dos esforgos deste trabalho foram em estruturar um quadro sismo-estratigrafico para a modelagem
e imageamento de uma parte da bacia do Jequitinhonha, que pode ser usado para avaliar suas caracteristicas e
potencial para produzir éleo e gas. Na pratica, a principal aplicagdo do método é mapear um reservatério, bem
como suas extensoes laterais e verticais. O conhecimento necessario para modelagem sao as distribuicoes de
velocidades Vp e Vg e densidade p. Estas informagdes podem ser baseadas na analise de velocidade, em inter-
pretagdes sismo-estratigraficas de dado migrado, dados petrofisicos e modelos empiricos que podem fornecer uma
relagdo entre velocidades, densidade e porosidade, os quais também podem ser incorporados. Nosso modelo ad-
mite a carga gravitacional vertical como gerador de tensdo-deformagao nas formagdes geoldgicas, mas ele nao
leva em consideragao os efeitos de curvaturas, falhamentos, diagénese e eventos tecténicos laterais como carga
forcante. O método robusto de predicdo de pressao apresentado foi aplicado a um modelo 3D interpolado, objeti-
vando mapear zonas de baixa pressao (possivel reservatoério) capeadas por uma zona de alta pressdo, como uma
significativa aplicagdo na geologia do petréleo.

Palavras-chave: predicdo de pressdo, modelagem de bacia sedimentar, analise de velocidade sismica.
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2 BASIN PRESSURE MODELING

INTRODUCTION

This paper describes a numerical experiment aimed
at basin modeling and pressure prediction, where the
main purpose is to map zones of low- and high-pressure
that act as natural pumps for fluid accumulation in sed-
imentary basins. For this purpose, we use six seismic
lines of the Jequitinhonha basin, located to the east of
the state of Bahia (Brazil), the marine side (see Fig.
1). The lines used were separated into two groups:
three lines in the NE-SW (L214-266, L214-268, L214-
270) and three lines in the NW-SE direction (L214-297,
L214-302, L214-303), to build what we call an empirical
3D model.

In principle, we need a 3D survey in order to con-
struct a consistent subsurface distribution of velocities
(Vp and Vg) and density (p). Since the surveyed lines
are independent, then we need to interpolate the re-
sults obtained for each time section to build a limited
block, but that can offer plausible geological informa-
tion. A precursor to the present paper describing the
basic and fundamental theory can be followed in Vieira
etal. (2017).

The methodology is composed of a sequence of pro-
cessing techniques starting with the CRS stack and mi-
gration (Mann , 2002; Cohen & Stockwell , 2005), inter-
pretation of reflectors (interfaces), time-depth conver-
sion, and construction of a controlled empirical model
for P- and S-wave velocities and density, necessary for
prediction of subsurface pressure; that is, to map zones
of low- and high-pressure. We classify the pressure
prediction modeling as a post-stack migration seismic
method.

In this direction, Sibiryakov et al. (2014) presented
the basic theory and Andrade FT.B. (2018) detailed
results on which the present work was based. Pres-
sure prediction, in sedimentary basin modeling for oil
and gas exploration, is certainly a very attractive subject
for giving a complex geology a complementary under-
standing of the location of a borehole for a productive
well.

Seismic interpretation of the sections consisted of
recognizing textures existing between the main reflec-
tive patterns. For this step, four basic principles were
considered: resolution (vertical), continuity (horizontal),
texture (of the intervals between dominant events), and
frequency content (low, medium, high) Payton (1977).

According to Mello et al.  (1994), the Regéncia
Petroleum System is responsible for all hydrocarbon oc-
currences in the Jequitinhonha Basin. Furthermore, we
propose that a rock is a reservoir candidate if it fulfills
the geomechanical condition of a low-pressure zone
capped by a high-pressure zone, and not only based
on pure geological criteria. This condition is what we
would like to explore in this work.

The modeling of a basin and petroleum system aim-
ing at hydrocarbon exploration involves several theo-
retical aspects related to geology, geochemistry, geo-
physics, and engineering, as described classically by

Hantschel & Kauerauf (2009). But, in this paper, we
apply a specific data-driven method based on the dis-
tributions of Vp(x), Vs(x), and p(x) as a priori knowl-
edge to map low-pressure zones in a 3D basin model-
ing, considered important to locate a successful drilling
area for oil and gas exploration.

LAT = -402° 00'00'"
LONG = -14° 00'00'"'

LAT = -402° 00'00'"
LONG = -16° 00'00"'"'

Jequitinhopiha Basin

LAT = -42° 00'00'"
LONG = -14° 00'00'"'

LAT = -422 00'00'"
LONG = -16° 00'00""'

Figure 1. Location of the six seismic lines of the Jequiti-
nhonha basin used in this work.

METHODOLOGY

The seismic data under study are presented in Figures
2 and 3, which show the interpreted zero-offset stack
sections with the common reflection surface (CRS)
technology. The macro geometrical interpretation was
based on reflections with clear lateral continuity of the
reflector and on the texture of the macro intervals,
where the sequences and structures are indicated by
letters and numbers. Interpretation outlines basement
highs, the layered sequence displaying lateral varia-
tions, and specific textures. The flat top of the figures
shows clearly the contact water/sediments with similar
behaviors of a flatter platform followed by the marine
slope.

Mechanics of Solids

The main physical parameter governing pressure pre-
diction is the measure of discontinuity in the v = “f—i ra-
tio across the geological interfaces, where Vg is the S-
wave velocity and Vp is the P-wave velocity. Sibiryakov
et al. (2015) deal with different aspects of this special
method, where it is described that, as a result of the v
ratio behavior, an anticline is not necessarily the only
structural condition for potentiating a zone to be an oil
and gas accumulator (reservoir, collector).

Braz. J. Geophys., 38(3), 2020
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The proper physical description for the geology is ac-
cording to the mechanics of solids. Then, we consider
the rock formations as a set of continuous media, lin-
ear elastic, where the stress field, o;; = o(z,y, 2),
and deformation field, ¢;; = e(z,y, 2), are related by
Hooke’s law as tensors functions of space (z,y, 2),
which are represented by nine components. Besides,
for the general anisotropic media, the tensors o;; and
€;; obey the spatial coordinate rotation by the relations
Oij = Zk,l al-jklajcl, and €ij = Zk‘,l bijkleggls where the
coefficients a;;z; and b;;1; define a new plane with re-
spect to a reference system (see Fig. 4).

The elastic linear relationship between stress and
strain is given by the generalized Hooke’s law: o;; =
Zk,l cijki€rt- In this description, the first index () in o;;
and ¢;; represents the plane direction, and the second
(y) the component direction.

z

* Ozz
32
Ozy Ozxz

Oyz
Oyx
Oyy, > | Oay

Figure 4. (Left) lllustration of the general stress tensor
relative to an infinitesimal c ube r epresenting t he point
Q. (Right) Rotation to any angle to satisfy the (geologi-
cal) structure for the normal stresses Davis & Selvadu-
rai (1996).

Stress state is represented at a point @Q by a matrix
S with elements o;; (see Fig. 4), that can be decom-
posed into three parts, S = Sg+Sp +Sn, which allow a
physical interpretation, as described by Persen (1975).
For the state So, we have So = {Prd;;}, where the
diagonal P = %(om + oyy + 0..) represents the sim-
ple average of the normal stresses (average or the first
stress invariant) which is used to define the so-called
rock (solid) pressure (similar concept to the hydrostatic
state and, therefore, taken as scalars).

For the state Sp we have that:

%(Uw:u + oya) %(U:L'z +0z2)

%(Uyz"l‘o'zy) . (1)

ozz — PR

Sp = (0ey +oye) oyy — Pr

N[= D=

(Uzz+azz) %(Uzy“l’ayz) U'zzpr

Applying the symmetry property to the above matrix (1):
Ozy = Oya, Ogz = Oz, Oyz = Oy, Sp, results in a state
represented by:

Oxx — PR Oy Oxz
Sp = Oy oyy — Pr Oyz )
Oxz Oyz Ozz — PR

what places the deviatoric state along the diagonal
(normal stresses), where the “hydrostatic” state is sub-
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tracted, remaining the non-hydrostatic state. Matrix Sp
is generally called deviatoric state because it represents
the degree to which a certain state of tension deviates
from the “hydrostatic” state.

For the state Sn;, we have that:

0 %(G’Ty—a'yq«) (0',7;2—0'239)

1
2
— 1
Sn = 5

%(Ua:y—ayx) 0 (oyz —0zy) | - (3)

%(Uwz—o'zw) %(Uyz_o'zy) 0

Similarly, by applying the symmetry property, the state
Sn is simplified to the null state, thatis Sy = [0].

For an isotropic linear elastic medium, the relation be-
tween stress and strain is represented by Hooke’s law

045 = )\9(5” + 2/161‘]', (4)

where X and p are the Lamé elastic parameters, and
d;; the Kronecker delta (d;; = 0, if ¢ # j and d;; = 1,
if i = 7). The non-dimensional parameter 6 represents
the cubic dilation and is given by the divergence of the
displacement vectoruas = V-u = 86“; + %y + 65? .

Non-dimensional tensor components ¢;; are defined
in terms of the displacement components w; in the fol-

lowing form: ¢;; = % (g;‘% + %). Besides that, the lin-
i i

ear shear-extensional tensor, a non-dimensional rota-

tion tensor, is also expressed as: ¢;; = % (gg — ‘37;7)
J i

We may observe that, once the displacement field is
known, the stress and deformation tensors can be cal-
culated by applying spatial derivatives.

Governing Equations

The system of differential equations that represents
static stress-state on a physical particle of the subsur-
face relates the involved forces in the following way:

004y 00z 00z,
e By 3, = pz(2,9,2),
80'1 z Oo Jo, z
00., 00, 0o,
d Tey L D222 p (2,9, 2),

Ox dy 0z

where p;(z,y, z) for j = x and j = y may represent the
horizontal tectonic (external) stress-pressure fields ap-
plied on the block forming the basin. This system must
be integrated to obtain the displacement field, from
where the stress field can be calculated. For this, it
is necessary to define a model and boundary condi-
tions. For 5 = z, we have the vertical gravity load-
ing, p. = p(2)g(z), that can be further simplified to
p. = pg constant for considered thickness column due
to small variation of the product pg with depth, z. For
the present approach, the vertical gravity load is con-
sidered the only component responsible for the basin
stress field. Therefore, the horizontal tectonic compo-
nents are null, i.e., p,(z,y,2) = 0 and p,(z,y, z) = 0.
The present model is related to the wave propagation
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in a perfect linear elastic medium, where the elastody-
namic equations of motion have on the right-hand side

the term pa;;j in Eq. (5). To recall, the underlying
phenomenon of elastic wave propagation is described
by the system of equations (dynamic state) resumed to

the form:

80”- - 82ui

é)mj =P 8t2 '

This means that the temporal-spatial stress variation

is related to the inertial forces (per unit volume), not

considering internal forces in this case. It should be

clear that we are not studying wave propagation in

pre-stressed media, but the case of static deformation,

which is analyzed based on the dynamic equation of
motion for the limit of frequency zero.

Basic seismic velocities (P and S) for elastic, homo-

geneous, isotropic media are given by Vp = ,/%
and Vg = %, where u is the shear modulus, A\ is re-

lated to the bulk and shear modulus, and p is the vol-
umetric density. From the above relations, the mod-
ules can calculated by p = VZp, X = VEp —2p =

(V2 — 2V§)p and the gamma ratio v = £ = /x5

Waves sample the elastic parameters in the subsurface
during propagation, and the parameters are considered
to vary only spatially, and not with the propagation time.

Density is usually admitted as a parameter that varies
slowly with depth, from the earth’s surface to the top
of the target interface; but, in some situations of com-
plex geology (for instance, presence of magmatic and
salt intrusions), the density discontinuity can be rela-
tively high. In the present case of vertical sections, the
density is modeled in 2D, p = p(z, z), and is integrated
into the calculation grid.

The system of differential equations to be integrated
corresponds to the description of the static problem [no
time variation, Eq. (5)]. These equations govern the
mechanics of solids under the influence of gravity only,
and they are summarized in the form %"T?j = pgds;.
This means that the sum of the horizontal stress vari-
ations is zero, and the vertical component is controlled
by the gravitational load in the subsurface expressed in
terms of force per unit area and set to p, = pg. There-
fore, the lateral tectonic stresses are not considered in
this model, besides we do not have such easy infor-
mation for the area. Also, for other specific cases the
quantities p and g may be considered as spatial func-
tions, i.e., p = p(z,y, z) and g = g(z, y, 2).

(6)

Parameter Integration

We consider the geological medium as represented by
a model formed by plane-horizontal layers along the
sampling grid in the z-axis, and heterogeneous along
the vertical z-axis for each point of the profile. Equi-
librium equation for the linear elastic medium for each
layer is 575 = pg;, that is simplified to the form %7== —

pg. This equation has an elementary solution given by:

zZ=Zz
o) =g [ ol ™
z=0

that measures the overload rock weight per unit area;
i.e., the vertical pressure due to the overload at any
depth z. Itis clear that this summation is straightforward
as a discrete form, and considers a flat model in the dis-
crete space grid. Also, for our present data, we have a
sampling Ax along the seismic line different from the
sampling in the transverse direction Ay.

For the model presentation, we simplify the nomen-
clature. Vertical stress, o..(z) is defined as due to
the overloading layer; i. e., 0., = Pz(z). On the
other hand, the horizontal stress o,.(z), considering
that o, = 0., is smaller than the vertical stress, o,
and we can demonstrate to be given by:

04:(2) = Px(2) = Pz(2)[1 = 2%(2)],  (8)
where v(z) = “253

Scalar invariant field Pr(z) was defined in the matrix
(1) as the average of the first invariant [I; = 0.+ 0y, +
0|, namely:

Pr = %(wa'f'ayy"‘o'zz)' 9)
Using Hooke’s generalized law, we can demonstrate
that Pr = (X + 2p)0, where 6(z) is the cubic dilation,
and A(z) and p(z) are Lamé’s parameters described
above. Condition of pure hydrostatic state Py is physi-
cally defined for fluids only; in the case of 0;, = 0yy =
0., then mathematically Pr = Py, but that is not the
usual case for solids under the gravity loading.

Another important physical feature is the pressure
discontinuity at the interfaces between different layers
(AP = P™ — P~, lower minus upper), at the depth
z (positive down), which exists if the velocity ratio
exhibits a discontinuity. Considering the case of a
medium formed by plane-horizontal layers, and Hooke’s
isotropic law, we show that the pressure discontinuity
AP is given by:

AP(z) = 3 (v —13) Pz(2) (10)
where ~; is the upper layer and . the lower layer pa-
rameter, across the interface positioned at the depth z,
which shows that the overload pressure can vary by
positive and negative jumps Sibiryakov et al. (2019).
This idea may seem a little strange for geological de-
scriptions, but it is a fact related to the non-elementary
behavior of stress in solids. As a partial conclusion,
interfaces should be the goals in the geological inter-
pretation of the seismic sections, whose examples are
shown in Figures 2 and 3.

The intensity of the so-called tangential stress (Pr) is
a way of measuring the mechanical instability responsi-
ble for the condition of destroying the granular structure,

Braz. J. Geophys., 38(3), 2020
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to produce fracture in the solid rock. In this direction, the
following relation is obtained:

Pr(z) = %(Uzz —022) =V (2)Pz(2). (1)

Once more, this result also depends on the ~ ratio.

Modeling Strategy

The modeling strategy for choosing the physical param-
eters of the reservoir has to consider a sequence of ge-
ological formations forming the stratigraphical units in-
terpreted in the seismic sections. For this purpose, we
follow the work of Gregory (1976) and described in de-
tail by Sibiryakov et al. (2019).

Gregory (1976)’s experiments allowed dividing rock
porosity into classes: (1st) the class where the velocity
behavior does not contradict qualitatively with Frenkel-
Biot theory, i.e., shear wave velocities decrease with
the increase of water saturation; (2nd) the class where
there is a qualitative contradiction with Frenkel-Biot the-
ory, i.e., shear wave velocities increase with the in-
crease of water saturation; (3rd) the class where the
velocity is pressure-dependent.

An important measure in the mechanics of solids re-
lated to pressure prediction and ~ ratio is Poisson’s ra-
tio v. Among several definitions present in the litera-
ture, Poisson’s ratio is simply the negative of the trans-
verse strain rate relative to axial deformation in an elas-
tic material subjected to axial stress, that is, v = —;%.
In terms of Lamé’s parameters, Poisson’s ratio can be
written as v = 2()\7)-\&-;1) with a considered usual practi-
cal range of values —1 < v < 0.5 Davis & Selvadurai
(1996). Therefore, the relations between Poisson and ~
ratios are given by:

C1(1—297) o 1=2v
Va1

plotted in Figure 5, where we observe the points of dis-
continuity and the general behavior of these two rela-
tions, that are inverse of each other. These figures in-
tend to show the general mathematical behavior of re-
lations in Egs. (12), and not laboratory or field exper-
iments. In other words, we open the possibilities that
field and laboratory measurements be different, and to
serve as physical bounds. In Figure 5 we highlight the
infinite discontinuity of the Poisson’s ratio, v(+y), around
the value 72 = 1 (it is not admitted v < 0). On the other
hand, the gamma ratio, v(v), has a complex discontinu-
ity around the value v = % and an infinite discontinuity
around v = 1; the range for % < v < 1 gives the v ratio
a complex value.

The most important Gregory (1976)’s result is the
experimental detection of abnormal high v = \‘f—f’ ratios
for high porosity rocks. If this v ratio exceeds % R
0.707, then, we have A < 0, and as a result, Poisson’s
ratio has negative value (see Fig. 5). It has long been
considered that Poisson’s ratio can only have positive

Braz. J. Geophys., 38(3), 2020

values in the range between 0 and % Negative values
of Poisson’s ratio, in particular, mean that stretching a
thin rod by its end faces does not decrease in thickness,
but on the contrary, its thickness increases.

Besides, Gregory (1976)’s result is not strange at all,
because it does not contradict the fundamentals of ther-
modynamics about the deformation of a body that de-
mands positive free energy F’; i.e., positive values cal-
culated according to the formula F' = pu(e;, — 5 0inen)*+
K2, This means that positive values should be for 4
and K = A + %u, but not for A\; hence, Poisson’s ratio
is not strictly given by positive values Sibiryakov et al.
(2019). Also, we are dealing with a dynamic measure
(wave propagation) and not a static measure (labora-
tory measurements).

Gregory (1976) found in dynamic measurements in
laboratory, and other authors in field experiments, ab-
normally high relationships of v = X—f} up to 0.77. Static
measurements give positive values for the Poisson and
gamma ratios. But, there is no complete clearness con-
cerning reasons for such a phenomenon as described
by Sibiryakov et al. (2019). For this reason, we iden-
tified the reservoir formation with the value v = 0.807
chosen arbitrarily.

RESULTS
Input and Calculated Parameters

Distributions Vp and +y ratio, used as input parameters,
are based on controlled empirical models with values
presented in Table 1. In a real and practical case, where
a good velocity analysis can be performed, empirical
models are less important; as a matter of fact, veloc-
ity and density estimations are the main challenges in
seismic processing.

Vp sections displayed in Figure 6 have the main lay-
ers indicated by letters and numbers in the following or-
der: S9 represents the water layer (dark blue), S4 the
layer above the reservoir (light blue), S3 the layer that
includes the reservoir (light green), S2 the layer that in-
cludes the source rock (yellow), and S1 the basement
(dark red).

In each layer, Vp was defined by the formula Vp(z) =
Vpo + kpz with a small linear gradient kp. The ~ ratio is
also defined as a linear function, y(z) = 7o + kg2, with
also a small gradient k. For the density p, we used the
classical empirical relation p(z) ~ 1.741V$-?5(z) pro-
posed by Gardner et al. (1974), which represents an
average on different types of rock, but that should attend
Birch’s law. These empirical models were applied to the
interpreted seismic-stratigraphic sections of the Figures
2 and 3, along the z-axis and in each point of the z-axis,
producing 2D maps for distributions Vp(x, z), Vs(z, 2),
p(z,z) and v(z, z).

The initial information for the pressure prediction is
the sections of the velocity Vp and ~ ratio, from where
the other parameters are calculated (see Figs. 6, 7, 8,
and 9). To obtain these sections of parameter distribu-
tions, we started from the CRS migrated and interpreted
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Figure 5. Graphs of the relationships (12) between Poisson and gamma ratios for a range of theoretical values. We
marked the reservoir (S3), the source rock (S2), and the Poisson’s solid values in both graphs. The light gray and
white areas correspond, respectively, to practical and purely theoretical values.

seismic sections, where the source and reservoir for-
mations were defined based on some prior geological
information.

It is important to mention that the data was format-
ted in a matrix form. Therefore, we can apply a simple
change of scale from time (t) to depth (z) using a con-
stant average velocity value (in this case V' = 1 m/s).
In other situations, we can use the data matrix resulting
from another process like migration.

The Vp empirical models are mixed, i.e., composed
of jumps and smooth linear trend variation as displayed
in Figure 6, where the gradient varied as 0.01 < kp <
0.075. A similar formulation was applied to the ~(z)
distribution, but with an even smoother gradient, with
kp = 0.001 (see Fig. 7). Having defined the Vp(z, 2)
and v(z, z) distributions, Vs(x,z) was calculated as
shown in Figure 8. As a consequence, the other desired
parameter distributions (p, i, A, v, K) can be automat-
ically calculated, followed by the desired pressure sec-
tions. Figure 9 shows the density distributions, p(z, z),
which also followed the mixed pattern similar to Vp; that
is, with jumps and smooth vertical gradients.

Maps and Cubes of the Pressure Predictions

Maps

The following figures show the section maps for Pz,
Px, Pr, and Pgr, where we focus our attention on the
low- and high-pressure zones. Figure 10 shows the
pressure Py (x, z) (vertical load), which presents a very
smooth behavior as expected. Figure 11 shows the
pressure Px(xz,z) (horizontal component), which ex-
hibits a very differentiated and special behavior for each
seismic section, where zones of low negative pres-

sure contrast can be seen for each layer interpreted
as the reservoir (light green range between 2000 and
4000 meters). Figure 12 shows the deviatoric pres-
sure Pr between vertical and horizontal stress com-
ponents, with a very special behavior for the low- and
high-pressure zones, and clear information that the ver-
tical pressure exceeds the horizontal pressure in gen-
eral. Besides that, it is interesting to observe that part
of the basement presents zones of intermediate pres-
sure.

Figure 13 shows the rock pressure Pr, where
it is clearly modeled the low-pressure zone (central
blue stripe), located between two high-pressure zones
(weaker above and stronger below).

Cubes

Pressure cubes were constructed by linear interpola-
tion of the six seismic lines used with the arrangement
already shown in Figure 1. The lines form two groups
(NW-SE and NE-SW), where each group is formed by
three parallel lines. Initially, the pressure maps (rock,
tangential, and horizontal) were bounded to equalize
the sizes of the lines. Then, we established an equal
spatial sampling along all six lines (Az = 25 m) and
built a cube for each group. After that, the cubes
were decimated by 20 points and then merged into a
single cube. The matrix representing the cube had
84 x84 x 120 points, and its 3D grid had the spatial sam-
pling Az = 504.8 m, Ay = 144.6 m, and Az = 58.6 m.
The cube gives the possibility to rotate it, navigate in-
side, and do different cuts, which produces a more con-
venient image for interpretation and to follow the con-
tinuation of the reservoir inside the cube. Nevertheless,
the structural analysis must consider the limitations of

Braz. J. Geophys., 38(3), 2020
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Table 1. Parameter values used in the empirical models.

Value | S9 S8 S7 S6 S5 S4 S3 S2 S1
Yo 0 0.e77 | 0.677 | 0.677 | 0.677 | 0.687 | 0.807 | 0.677 | 0.570
Vpo | 1500 | 1900 2200 2350 2500 3000 3440 4200 5200
kp 0 0.01 0.01 0.01 0.05 0.02 0.025 | 0.075 0.2
kg 0 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001

asymmetric sampling.

Figure 14 shows an important 3D cube constructed
for the rock pressure, Pr(z,y, z). This cube highlights
the zone interpreted as a reservoir (dark blue in the
middle of the cube), which corresponds to the lowest
pressure zone. This image helps us to extend three-
dimensionally the zone containing the possible produc-
tive reservoir.

Figure 15 shows the 3D cube constructed for the
horizontal pressure Px(z,y, z), where we can notice
the spatial distribution of the low-pressure zones across
the intermediate part of the cube. Figure 16 shows
the 3D cube constructed for the tangential pressure
Pr(x,y, z), where the highest deformations that can
take place are located along the orange-red zones.

CONCLUSIONS

Our purpose in this work was sedimentary basin model-
ing through methods of pressure prediction to map low-
and high-pressure zones that act as natural pumps for
fluid accumulation, and more specifically for oil and gas
exploration. Low-pressure zones mapped in the subsur-
face should serve as targets for the location of important
drilling as an aid to geological decisions.

The seismic data were processed using the CRS
technology because it showed to be more effective for
the geometrical delineation of interfaces (reflectors).
Stacked and migrated sections resulting from the CRS
processing were used to build empirical models of ve-
locity and density. Besides, the work is a demonstration
that it is possible to map low- and high-pressures zones
using the seismic information of velocities Vpand Vg,
and density p.

Braz. J. Geophys., 38(3), 2020

It is interesting that the imaging process for mapping
low-pressure zones, corresponding to a proposed (or
productive) reservoir, can have a spatial extension that
can be updated with further seismic, stratigraphic, and
structural information of the sedimentary basin. This
means that pressure prediction is a systematic inter-
active process in basin modeling so here defined, be-
cause a real knowledge of Vp, Vg, and p is the greatest
want of all seismic research.

Rock “hydrostatic” pressure, defined as an average of
the normal stresses, corresponds to a convenient def-
inition based on the first invariant for the stress-strain
state of solids. Therefore, although it does not have
real physical meaning, it represents a powerful concept
and has strong mathematical reasoning.

Furthermore, we showed that the concept of a seal-
ing cap rock does not need to be associated with litho-
logical and structural considerations, but mainly with the
condition of low- and high-pressure zones related to
the present geological environment. Namely, a reser-
voir tends to be a low-pressure zone and the cap-rock
a high-pressure zone. This fundamental conclusion is
a reality of the physics of solids, but that can sound
strange to geologists as we found from our experience
during oral presentations.

In conclusion, a further continuation of this method
requires combined data from 3D seismic surveys with
borehole, geochemical, geological information, to com-
pose a more realistic 3D model for pressure prediction
and, therefore, show a possible new reservoir or to ex-
tend a productive reservoir.
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Figure 6. P-wave velocity distributions Vp(z, z).
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Figure 8. S-wave velocity distributions Vg(z, 2).
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Figure 11. Maps of horizontal pressure Px (z, z).



16 BASIN PRESSURE MODELING

104
0 X
] 15
2
= 10§
= ®
= =
24 2
2 <4
n5 5 o
6
7 i i i °
0 5 10 15 20 25 30 35
Distance (km)
(a) Line L214-266.
x104
15
= =
E 10 &
= e
£ 7
g 8
5 5 o
6
7 ! ! ! ! ! ! ! °
0 5 10 15 20 25 30 35

Distance (km)

(c) Line L214-270.

£ g
= e
= 3
B 3
g 8

5 5 o

6

7 . . . . . . 0

0 10 20 30 40 50 60

Distance (km)

(e) Line L214-302.

Depth (km)

(4]

Depth (km)

[ |
[3,] - -
o (3]

Pressure (Pa)

Depth (km)

o

W

IS

(2]

IS

(-]

~

10

20 30 40
Distance (km)

(b) Line L214-268.

o
Pressure (Pa)

20 30 40 50
Distance (km)

(d) Line L214-297.

o ©
Pressure (Pa)

S

N

20 30 40
Distance (km)

(f) Line L214-303.

Figure 12. Maps of deviatoric pressure Pr(z, z).

Braz. J. Geophys., 38(3), 2020



ANDRADE FTB, LEITE LWB & VIEIRA WWS 17

o x104 o x104
6 6
1 5 1 5
2 2
4 4
£ g € g
Es 3 < S8 3%
= 5 = 5
24 2 3 24 2 §
a 2 a 2
5 1o 5 . =
0
6 0
7 -1
0 5 10 15 20 25 30 35 0 10 20 30 40
Distance (km) Distance (km)
(a) Line L214-266. (b) Line L214-268.
x104 x104
0 0 o
5 5
2 2 ‘
- 4 = — = 45
. ‘ ‘g . e
= 2 = 32
£ : 5 S < 5
gt > g 8! 2
Qg 1 & Qg 2 &
6 ° 6 1
-1
7 7 0
0 5 10 15 20 25 30 35 0 10 20 30 40 50
Distance (km) Distance (km)
(c) Line L214-270. (d) Line L214-297.
o x104 x104
6 6
1
5 5
2 4
—_ = —_ 4=
E3 3 & € g
= ® = ®
=9 2 3 = 35
g g g :
a, 1 £ a 2 &
6 ° 1
-1
7 0
0 10 20 30 40 50 60 0 10 20
Distance (km) Distance (km)
(e) Line L214-302. (f) Line L214-303.

Figure 13. Maps of rock pressure Pr(z, 2).

Braz. J. Geophys., 38(3), 2020

30

40



18 BASIN PRESSURE MODELING

(ed) jeosed

-] © < N

T

il
IIII)I

I
LTI
T

T
i

i
T

|
UHIL A
I ll"lllllllllh‘! 111
T
I mmmmm I
M [
il HIm

W
WA
l ilIHIHHIHIMI]HIHH'
I IUlllllllll
\IHIHIIHIHIHII I !HIIIHI” (T
I (I
Il Hlllllll'lﬂlﬂlll | ‘HIHHIHIHIIHIIH

i
ummlmmm

T
W
IHHHlllllllmllllllllllll!l1‘1

T |

il mlllIIHHIHIHIIHIIIIIl(‘i” Il

I, Hlllll

T,

il MU lH
‘UHINIHH W
.'immmn lHllﬂHHIIHIHIHIIIIHIIH
A
HHHIHHH A
!IHHMHV 4IIIHIHU il III lllllﬂ Il

(TR

T

Il XIHIIHIHI:HIIHIHIIHIIIHIH
wm' T HHIHIHHIIIIH

I
IlIHIHIIHIllllllllllll""llﬂl”l
I
I

(w>y) yadag

Distance y (km)

35 40

30

Distance x (km)

Figure 14. Cube of rock pressure Pg(z,y, z).

Braz. J. Geophys., 38(3), 2020



ANDRADE FTB, LEITE LWB & VIEIRA WWS 19

(ed) |eosed
n

n
o L L (o]
1 [

S

I JTTTITT
I I
(T

LT

x10°

Distance y (km)

R,
I IlIlMIIHIHHIIIHHlllllllllllllllllllllIlllllllllﬂlllllllllll

Ty
11ll!l(llll(l(llll(!llllll(lllllllll(llllll(ll(llll(lllllllll(llﬂ

i T
i
T

l l
NN ERRO
AR
Il IllllIllllllllllllllllllll'llllIHIHIIHIHIHIIIllllll Il llllll

I I I Il
(llllllllll i
I
T T iy
‘!lllllllllllllllglllllilllll'lll,llHIHHIl'lIH'HIl'lllllllllllllllllllllll

35

IllllllllllmlIlllmlllIllllﬂIHIMHlllllllllllllllllllllllll
iy
|HllllllllIIIHHIHIIHIHIHHIHlllllllllll"lllllll"lllll
OO

30

Distance x (km)

llllllllllllllllllllllIHIMIIHIHllllllllﬂllllllllllllll il
Ty
llHIllllHIllllllllllllHIHlHHIHI"llllll"lllllllllllIllll
T
!"lHIlllllllIlllllllHIllllIIIHMIHIHIHHIHIIHIHIIIHII
Wty
iIHHHIlllllllllllllllﬂIHlHllHlll"IHIHIIHIHIHHIIH
TR RR RGO
i ﬂll"lll!lllllllIllllllllll""llll'lll,lll,l

lIHIIMIIHIllllllllllllllIlIIHIIHIMHIHI'HMIIlllmllll
‘Hlllllllllllll T
1 l l lllllllllllmllll HHHIHIMHIHIM T

Ty
lﬂIIHlllll,lIIIIlllllllllllllllmlII'IHIIIHIHHHi !IMHIHIH"H

Figure 15. Cube of horizontal pressure Px (z,y, z).

il 11
Hl"l IIIHIHIIllllllIHIIHHIIHHIHIHII HHIIHIIHIHIH
il l'lll Illlllllllll'llllllllllllllllllllllllI Hlll'lllll'llllll

I
UHIH HIHll"lHIIIIHHIHHHIHIHHHI NHIHIIHIHIH
Il )llllllllllllllllllllllll,l’l'l'lHIHIHHHII Hllllllllll'lllllll

i
“1"‘ U MIMIHIHIHHII
i

Il i
lIll"llIlllllllIHIHHHIHIIH
lllllIHllﬂlllllllll!ll"llm

LA AL

(w>) z yadag

Braz. J. Geophys., 38(3), 2020



20 BASIN PRESSURE MODELING

(ed) essed

1n
—

i W
I
(mmm

i T
'nluummlmmnummm3
T

o

il i
i
i

W T
AT
I il

A
i

(w>) z yadag

AT llllllllllllllllllll"

Il I
‘”IllHlIHllllllllllllllllllllllllllIHIHIIHII
RNV
TR
I’MHIﬂlmlllllllmlllllllllIIIIMIIHIHHI\
T

I ‘IlHIHllIIllllllllllllllllllllllllﬂIHIIHIH!
{
o

‘ul!lIHllllllllllllllllllllllllllllllHIHIHI“:;
T T
jIg'lIHl"l|llllllllllllllllllllllllllllllllllll!j

lHlllllllllllllllllllllllﬂlllllIHHHIHIHl'
lIlHlllll"lIllllllllllllﬂllllllmlIHHIH!
I

lllllllllllllllllllllllllIIIHHIIIHHIHH
llHlﬂlﬂllllllllllllllllmlHIMIIIHIIM
i i

IR
W
rll llllllIlllllllllllllmllIll“llllllllll\
T
] lIHllllllllllllllllllllllIllllllllllllllill
T
-'lIHIHIlllllllllllllllllllllllllIIIIIHIHH
I
llllllIIllllllllllllllllllllllllllllmll
AT )

Il T T
T
0111
T AT
g!lllllllllllllllllllllllllllllllllII'IIIIIIHHIH>

illlmlIHIlllllllllllllllllllllllllllllllllll
AR
ll Il lllllllllllllllllllIHIMHIHHHJ

i (e
1IIHIHIIHIHllllllIlllllllllllllllllllll"IIMHHHIHA
I
!lHHHIHI"HIllllIlllllllllllllllllllllllﬂlIllllll”li.\
TR TR OO O
A
Il llHIIIHHIHIHIllllllllllll:lllllllllIIIIIIIII'IIHIIIHIHIH

I I
I llllIlllmllllllllllllllllllllllllllllll"lllil
Ui
JlIIllHHIHIHIIHIIIHIHIlllllllllllllllllllllllllll”l\
W T
R
AT DD

m < N

Distance y (km)

40

35

30

Distance x (km)

Figure 16. Cube of deviatoric pressure Pr(x,y, 2).

Braz. J. Geophys., 38(3), 2020



ANDRADE FTB, LEITE LWB & VIEIRA WWS 21

ACKNOWLEDGEMENTS

The authors would like first to thank the reviewers for
their patience and positive contributions. The authors
would like to thank the Brazilian institutions UFPA (Uni-
versidade Federal do Para), the project National Insti-
tute of Science and Technology (/nstituto Nacional de
Ciéncia e Tecnologia, INCT-GB, of MCT/CNPq/FINEP),
and CENPES/PETROBRAS for the research support
aiming at oil and gas exploration.

REFERENCES

ANDRADE FET.B. 2018. Modelo 3D da Predicao de
Presséo para um Bloco da Bacia do Jequitinhonha.
Master Dissertation on Geophysics, Instituto de Geo-
ciéncias, Universidade Federal do Para, PA, Brazil.
180 pp.

COHEN J.K. & STOCKWELL J.J.W. 2005. CWP/SU:
Seismic Unix release 39 — a free package for seismic
research and processing. Center for Wave Phenom-
ena, Colorado School of Mines.

DAVIS R.O. & SELVADURAI A.P.S. 1996. Elasticity and
Geomechanics. Cambridge, United Kingdom: Cam-
bridge University Press. 217 pp.

GARDNER G.H.F,, GARDNER L.W. & GREGORY A.R.
1974. Formation velocity and density - the diagnostic
basics for stratigraphic traps. Geophysics, 39: 770-
780.

GREGORY A.R. 1976. Fluid saturation effect on dy-
namic elastic properties of sedimentary rocks. Geo-
physics, 41(5): 895-921.

HANTSCHEL T. & KAUERAUF A.l. 2009. Fundamen-
tals of basin and petroleum systems modeling. Berlin,
Springer-Verlag. 476 pp.

Recebido em 17 de julho de 2019. / Aceito em 27 de abril de 2021.
Received on July 17, 2019/ Accepted em April 27, 2021.

Braz. J. Geophys., 38(3), 2020

MANN J. 2002. Extensions and applications of the com-
mon reflection surface stack method. PhD Thesis,
Karlsruhe University, Karlsruhe. Germany. 165 pp.

MELLO M.R., GONGALVES FT.T. & NETTO AS.T.
1994. A successful application of the petroleum sys-
tem concept in the Camamu Basin offshore Brazil. In:
First Point AAPG/AMPG Research Conference “Ge-
ological aspects of Petroleum Systems”, Mexico City,
Mexico.

PAYTON C.E. 1977. Seismic Stratigraphy - Applications
to Hydrocarbon Exploration. Tulsa, OK: American As-
sociation of Petroleum Geologists. 516 pp.

PERSEN L.N. 1975. Rock Dynamics and Geophysical
Exploration. Amsterdam, Holland: Elsevier Scientific
Publishing Company. 270 pp.

SIBIRYAKOV B.P, LEITE LW.B. & VIEIRA W.W.S.
2014. Model of the structured continuum, and the
relation between specific surface area, porosity and
permeability. Brazilian Journal of Geophysics, 31(4):
559-568.

SIBIRYAKOV B.P, LEITE LW.B. & VIEIRA W.W.S.
2015. Behavior of stresses and hydrodynamics from
multicomponent seismic data. Brazilian Journal of
Geophysics, 33(1): 57-70.

SIBIRYAKQV B.P, SIBIRYAKOV E.P. & LEITE L.W.B.
2019. Dynamics of underground rocks containing
fluids - Application to exploration geophysics with
emphasis on oil and gas. |G, Geosciences Library,
UFPA, PA, Brazil. 320 pp.

VIEIRA WW.S., LEITE L.W.B. & SIBIRYAKOV B.P.
2017. Modeling and pressure prediction of a block
of the Jequitinhonha basin. Revista Brasileira de
Geofisica, 35(3): 173-186.





