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ABSTRACT. Many uncertainty sources are linked to the reservoir modeling processes, significantly
affecting all phases of the exploration, development, and production phases of an oil & gas field.
Structural uncertainty due to velocity models are commonly considered by taking a range of equiprobable
domain conversion velocity models and evaluating the related impact on GRV distributions. In contrast,
the seismic interpretation inaccuracy is commonly neglected because of the difficulty in quantifying it.
This means that seismic mapping is frequently treated as having no variation or having the intrinsic
imprecisions arbitrarily assigned. In this work, we propose an objective approach to evaluate the horizon
picking uncertainties, which was based on the extraction of complex seismic trace attributes considering
a previously mapped reference reflector. In real seismic data, phase distortions may arise from a vast
bunch of reasons, such as dispersion, attenuation, bandwidth limitations. Thus, the instantaneous phase
attribute can be an indicator of uncertainties associated with seismic reflector interpretation.

Keywords: seismic phase distortions; complex trace; seismic attribute analysis; structural uncertainty.

INTRODUCTION

Many uncertainty sources are linked to the reservoir modeling processes, which can have significant
impact on all phases of the exploration, development, and production phases of an oil & gas field.
Macdonald et al. (2009) split them into three main groups: (i) Gross rock volume (GRV) uncertainty; (ii)
volume of hydrocarbons in place (HCIP) uncertainty; (iii) Reserve uncertainty. GRV uncertainties are
generally the most significant within reservoir modeling processes. According to Charles et al. (2001),
the GRV variations are mainly associated with the velocity models used for time-depth conversion
(seismic time migration) and with seismic interpretation (horizon picking). This concept using depth
seismic data (seismic depth migration) instead of time seismic data (seismic time migration) is discussed

in recent works (Maul et al., 2021a, 2021b; Camargo et al., 2023). Although depth positioning models
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2 Horizon Picking Uncertainty

have the greatest impact on GRV uncertainties (Samson et al., 1996), the uncertainties related to horizon
picking are also significant and mandatory to be evaluated.

Recent works (Meyer Viol and Hoetz, 2015; Paes et al., 2019; Maul et al., 2021a; 2021b) take into
account structural uncertainty due to velocity models by generating a range of equiprobable conversion
models, which are used to evaluate the impact of this uncertainty on GRV distributions in a relatively
direct way. In contrast, the impact of seismic interpretation uncertainty is commonly neglected, due to the
difficulty in quantifying it, especially when opting for a qualitative approach with a conceptual and
subjective basis, as described by Leahy and Skorstad (2013). In this type of approach, the interpreter is
the responsible for classifying areas of greater or lesser uncertainty during the seismic interpretation stage,
associating them with a higher-level geological concept. It means, for instance, that distinct structural
framework scenarios must respect the deformational style of the area as well as the regional geological
configuration. Despite the advantages of identifying uncertainties with this type of approach, it is a very
laborious and time-consuming process, especially when dealing with large areas of study. Furthermore,
because of the subjective bias, this type of study does not allow comparisons among different reservoirs
and its success depends on the experience of the interpreters.

Another approach is to carry out the uncertainty analysis after the seismic interpretation step in a
quantitative way. It is based on the fact that seismic waves are affected by several phenomena during
propagation, such as geometric spreading, energy partitioning at interfaces, tuning effects, dispersion and
attenuation (Simm and Bacon, 2014). According to these authors, these effects may be reduced but not
eliminated during seismic processing. In this case, as proposed by Pinto et al. (2017), seismic attributes
are used to identify the presence of these distortions in the data, representing the uncertainty by a vertical
seismic resolution map weighted by the quality of the seismic image.

When picking a reflector, interpreters generally make three assumptions regarding the seismic
response of a given interface: (i) known, (ii) stationary, and (iii) zero-phased. However, in real seismic
data, the zero-phase assumption is commonly violated due to a variety of reasons, and the identification
of regions where this violation occurs is the main core of this work.

We propose an approach to evaluate seismic interpretation uncertainties based on the extraction of
complex seismic trace attributes in a previously mapped reference reflector. We applied the proposed
methodology in synthetic seismic data and used the delivered information to assess the relevance of this
uncertainty in relation to the GRV variation looking at various built scenarios. Later, after applying the
methodology in real data, the obtained results showed that the horizon picking uncertainty introduced

variations of the order of 5% in the GRV.

FOUNDATION

Seismic method inherent distortions

As seismic waves propagate through the subsurface, various effects attenuate the amplitudes and distort

the waveform. These effects are related to (Yilmaz, 2001; Simm and Bacon, 2014):
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(1) geometric spreading;

(2) dissipation;

(3) scattering.

Geometric spreading, also referred as wavefront divergence, occurs when the wavefront moves away

from the source since the energy initially released is spread over an increasing area. It is a natural effect

of attenuating the amplitude, proportional to 1/ r (where r is the radius of the wavefront) (Yilmaz, 2001).

Dissipation, also referred as absorption, anelastic attenuation or intrinsic attenuation, is the
exponential decay of amplitude with distance (Miiller et al., 2010) and mainly results from the
loss/transformation of propagation energy into heat, due to the internal friction between fluids that fill the
pores, and the matrix, induced by the propagation of the seismic wave. High-frequency wave components
are more attenuated than low-frequency components, resulting in pulse broadening and consequent lower
resolution. However, in the frequency range of surface seismic data, from 5 to 100 Hz, the dissipation is
relatively constant and generally small (Liner, 2012).

Scattering, also referred as dispersion, elastic attenuation, or apparent attenuation, is the variation of
propagation velocity with frequency (Miiller et al., 2010; Liner, 2012). It occurs due to the redistribution
of energy caused by medium heterogeneities (Bouchaala et al., 2019), more specifically related to the
presence of elastic interfaces (layering), when the wave field experiences phenomena such as reflection,
transmission, multiples and mode conversion. These phenomena continuously deform the signal due to
the progressive reduction of the higher frequencies and the variation in the travel velocity of each
harmonic (Rosa, 2018). Frequency dependence is complex, but high frequencies lose energy much faster
than low frequencies (Liner, 2012).

Dissipation and scattering are interrelated effects and are simply called attenuation (Wang, 2008).
Experimentally, it has been observed that attenuation has an approximately linear dependence with
frequency (Barton, 2007, as cited in Nunes et al., 2011); therefore, the constant Q attenuation model is
commonly used (Kjartansson, 1979; Kolsky, 1956, as cited in Nunes et al., 2011). This model is very
suitable as the attenuation property of the medium can be described using a single parameter, assumed
constant: the quality factor Q, defined by the ratio between the transmitted energy (E) and the lost energy
(AE) during a period equivalent to one cycle (T) of a frequency component of the wave (Yilmaz, 2001;
Nunes et al., 2011; Rosa, 2018; Wu et al., 2022):

_ 2mE
AE

which can be rewritten as a function of period T and time t, as follows (Wu et al., 2022):

_21rE
Q_Td_E
dt
dE_ ant
E TQ
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The energy attenuation can then be expressed as an exponential function:

_2mt
E = Eoe TQ .
_2nf,
E = Eoe Qv .
E = Eoe_ax .

Where E; is the energy initially transmitted, f is the frequency, and v is the wave propagation
velocity; x is the propagation distance and the term « is defined as the attenuation coefficient, which can

be used as an index of the energy attenuation. As the value of @ decreases, the energy loss also decreases:

2nf
a=—.
Qv
Equation 4 shows that attenuation is linearly dependent to frequency. The dissipation effect
attenuates more high-frequency wave components than those low-frequency ones. On the other hand, the
dispersion effect causes high-frequency wave components to travel faster than the low-frequency ones,

and the wavelet phase varies along the travel path (Wang, 2008), thus modifying the pulse shape.

Convolutional model
The propagation of seismic energy on Earth is a complex phenomenon, involving attenuation, geometric

spreading, multiples and wave conversion effects, besides noise. Ideally, most of these effects are
removed from the data during seismic processing (Simm and Bacon, 2014), allowing seismic amplitude

to be related to geology (rock property contrasts).

In Figure 1 a geological sketch is represented on the left by a rock layer with acoustic impedance
(velocities and densities) smaller than the one of the host rock layer. This is converted to the time domain
using one theoretical velocity model and can be represented only by the acoustic impedance contrasts,
resulting in a reflectivity series, R. After convolving this reflectivity series to a zero-phase wavelet,
considering a normal incidence of a plane wave, and ignoring the noise effects of wave propagation, we
have the synthetic seismic trace, S. The modeled seismic trace is the initial link between geology and

geophysics during seismic interpretation.
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Figure 1: The convolutional model (SEG convention). In the impedance track, the light blue represents an increasing
of impedance and the purple represents a decreasing of impedance. In the synthetic track, the colors dark blue and
red represent positive and negative polarities, respectively.

Figure 1 illustrates the convolutional model, which is implicit in the minds of interpreters. From this
model, included within the synthetic seismogram and the seismic-well tie processes, the interpreter

obtains knowledge of the seismic response of the geological interfaces of interest.

A seismic trace can be expressed as a complex function z(t), which combines the signal itself, x(t),
and its imaginary component (or quadrature), iy(t), calculated from the Hilbert transform (Roden and

Sepulveda, 1999; Hardage, 2010):
z(t) = x(t) + iy(t).

The complex trace is represented by a vector that continuously changes its size and rotation (Souza
et al., 2017). This concept is illustrated in Figure 2 where the real seismic trace x(t), its imaginary

component y(t) and the complex seismic trace z(t) are shown in a three-dimensional space (x, y, t).

Braz. J. Geophys., 42, 1, 2024
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Figure 2: Representation of a complex seismic trace: real part x(t) and imaginary part y(t) that are added in a vector
sense, resulting in the helical spiral z(t). After Hardage (2010).

Complex trace z(t)

y(t)

Figure 3: Instantaneous seismic attributes: the instantaneous amplitude a(t) is the magnitude of the vector
perpendicular to the time axis that intersects the complex trace z(t); the instantancous phase ®(t) is the angle that
this vector makes with the real plane. The instantaneous frequency w(t) is determined by the rate of change of the
instantaneous phase. After Hardage (2010).

From the complex representation of the seismic trace, it is possible to calculate, for any coordinate
of the time axis t, the magnitude and the angle of the vector perpendicular to the time axis until it intercepts
the complex trace z(t), as shown in Figure 3. The magnitude of this vector defines the amplitude (or

envelope) of the complex trace a(t):
a(t) = yx2(0) + y*(0), (6)
and the angle that vector makes with the real plane defines the phase ®(t) of the trace:

M) . (7)

®(t) = tan™?! (x(t)
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The rate of change of the instantaneous phase is the instantaneous frequency, which can be expressed
in radians per second as angular instantaneous frequency w(t) or in hertz as ordinary instantaneous

frequency f(t), through the relationship w = 2mf (Hardage, 2010; Liner, 2012):

o(t) = %Cb(t). ()
_ado(n)
0 =5 )

These parameters are called instantaneous attributes as they can be calculated at any instant of time

().

Phase, frequency and displacement relationship
The phase of the seismic trace is expressed in terms of angles, which can be measured in degrees or

radians. As it is cyclic (360 degrees), a positive phase of 150° is equivalent to a negative phase of 210°,
so it is normally expressed from -180° to +180°. The phase shift has two effects on the seismic signals:
the change of the relative amplitudes of the wavelet peaks and troughs and the time shift of the main peak,
proportionally to the phase shift. A negative phase shift delays the main peak; a positive phase rotation
advances the time of the main peak (Simm and White, 2002). These effects are illustrated in Figure 4.

Figure 4: Phase change of a zero-phase wavelet. Simm and White (2002).

The most critical parameter for seismic reflector picking is the time of the wavelet main lobe relative
to time zero. Note in Figure 4 that the reflector representing the top of a layer (dotted line) matches with
the mappable reflector only in the case of zero-phase wavelet. If the data are not zero-phased, there will
be a difference between the time of the real reflector and the time of the mapped reflector.

Considering a band-pass analytic signal, if the instantaneous frequency of the signal is f, the time

delay of the main peak corresponding to a phase shift @ is given by (Boashash, 2016):
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)
2w f

In Figure 5 the graphs illustrate the relationships among frequency, phase, time and space. Equation
10 was used to obtain the graph in Figure Sa, illustrating the relationship between frequency and time
shift for various phase changes. It is observed that the lower relative frequencies will have higher time
shifts for the same phase shift. The relationship between time shift and depth shift for different layer
velocities is illustrated in Figure 5b. Layers with higher velocities will have greater depth shifts for the

same time shift.
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Figure 5: a) frequency and time shift relations for various phase changes; b) time shift and depth shift relations for
various phase changes.

Phase as an attribute associated with uncertainty

When interpreting a seismic reflector, interpreters generally make three assumptions: that the seismic
response of a given interface is (i) known, (ii) stationary, and (iii) zero-phase. Knowledge comes from the
generation of a synthetic seismogram and the seismic-well tie processes. Synthetic seismograms relate
physical changes in geology to a modeled seismic response; stationarity comes from the assumption that
the seismic response identified in the wells represents the same geological interface even when the
interpretation moves away from the wells; and zero-phase considers that the seismic processing was
effective in converting the seismic pulse from mixed phase to zero-phase.

But in real seismic data, despite best efforts to control the phase of a wavelet during the acquisition
and processing steps, the zero-phase assumption is commonly violated (van der Baan, 2008). Phase
distortions arise due to a variety of reasons, such as dispersion, attenuation and bandwidth limitations
(Levy and Oldenburg, 1987).

Phase is an attribute normally used as an indicator of continuity because it is independent of
amplitude. It has greater sensitivity to faults, fractures, dislocations and other structural and stratigraphic
seismic features. Although some of the geology-induced phase changes can be easily identified, such as

spatial discontinuities associated with faults and incised channels, phase changes of condensed sections

Braz. J. Geophys., 42, 1, 2024
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and erosive unconformities can be quite subtle (Matos et al., 2010).

The presence of phase distortions may not be directly related to geology, being the result, for
example, of seismic processing residues (Roden and Septlveda, 1999). Furthermore, interpolation and/or
smoothing processes of the picked horizons can eventually shift the horizon in time, not measuring
correctly the expected instantaneous phase of the seismic data. We understand that all these factors place
the instantaneous phase attribute as an adequate indicator of uncertainties associated with seismic reflector

interpretation.

METHODOLOGY

The proposed methodology is illustrated in Figure 6 and it consists on identifying and mapping a reference
interface, whose seismic response is known, preferably with high amplitude and good lateral continuity,
according to Roden and Sepulveda (1999). The instantaneous phase and frequency attributes are
calculated and extracted on the mapped reference surface. Then, equation 10 is applied, generating a map
of time shifts corresponding to the phase shifts, with positive and negative values. The module of this
map is taken as the uncertainty indicator in the time domain, being referred as “two-way time uncertainty
map”. Finally, this map is converted from the time domain to the depth domain by multiplying by the

compressional velocity map.

Seismic amplitude

volume

Mapping Hilbert transform
Two-way time Instantaneous Instantaneous
reference surface frequency volume phase volume

Map e xtraction 4—/

A 4

N
J

Seismic velocity Instantaneous Instantaneous
volume frequency map phase map

R/_/
Equation 10
(absolute)

Vs

h

Two-way time
uncertainty map

|

Domain conversion

]

Depth uncertainty
map

|

Figure 6: Designed workflow to access the horizon picking uncertainties.
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RESULTS AND DISCUSSION

Application to synthetic data

In the evaporitic section of the Campos and Santos Basins there are regional basal layers of anhydrite.
This mineral has higher compressional velocity and density values than the superimposed halite does,
characterizing, therefore, an interface with high acoustic impedance contrast (Figure 7). On the other
hand, the interface with the lower layer, composed of carbonates from the Pre-Salt section, generally does
not represent a relevant impedance contrast, since the average impedances of the carbonate layers are

close to the anhydrite impedance, as also illustrated in Figure 7.

SSTVD|LITHO Vel Densi Aeouwcln'pod.nel Reﬂectw Synthetic 2
3&00 3 (
3850 -
3900 -
4

ET ._f‘,

Figure 7: Logs: lithology, compressional velocity, density, acoustic impedance, reflectivity and synthetic
seismogram. Built from average values of velocity and density from Campos Basin, Brazil. Ricker wavelet, 15 Hz.

To perform the analyses, we built a two-dimensional model, considering the halite, anhydrite, and
carbonate lithologies (Figure 8). The acoustic impedance (Al) values considered for each of the three
layers are:

() Post-Salt section: Al =12,000 (x 1000 kg-m/s?);

(II) Halite layer: AI = 10,350 (x 1000 kg-m/s?);

(III) Anhydrite layer: AI = 14,850 (x 1000 kg-m/s?);

(IV) Carbonate section: Al = 12,000 (x 1000 kg-m/s?);

The impedance model was transformed into a reflectivity series, which was then convolved with a

15 Hz, zero-phase Ricker wavelet, generating the synthetic seismic section shown in Figure 9.

Braz. J. Geophys., 42, 1, 2024
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Figure 8: Bidimensional model.
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Figure 9: Synthetic seismic section, using zero-phase Ricker wavelet.

Next, three more synthetic seismic sections were created, reducing the wavelet phase by 20° each
round (Figure 10). The positive peak of the reflector representing the top of the anhydrite layer was picked
in the four generated synthetic seismic sections, as can be seen in detail in Figure 11b. It is possible to
observe, especially in the synthetic seismic sections of Figure 10, that even phase rotations of 60° do not
really change the aspect of the seismic reflector. This means that, considering the simulated conditions,
from the interpreter's point of view, the presence of phase (up to 60°) in the data is practically

imperceptible.

Braz. J. Geophys., 42, 1, 2024
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Figure 10: Synthetic seismic sections generated using wavelets with different phases. The red square represents the
detailed area shown in Figure 11b.
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Figure 11: a) Wavelets used to generate synthetic seismic sections. b) Zero-phase seismic section in wiggle format
and horizons picked in different phase rotation scenarios.

Then, the time shifts corresponding to the three scenarios with phase shifts were obtained and
transformed to depth by a constant speed of 5,500 m/s.

The maximum impact of depth uncertainty over the GRV was estimated for hypothetical scenarios
of reservoir isopach assuming 90, 180 and 270 meters, equivalent to 1x, 2x and 3x vertical seismic
resolution of a 15 Hz Ricker wavelet (according to the Rayleigh resolution criterion [Kallweit and Wood,
1982], considering a compressional velocity of 5,500 m/s). The results are summarized in the table below,
where the mapping uncertainty can have different levels of impact on the GRV, depending on the reservoir
thickness and the phase present in the data, considering a reference (oil-water contact). It is important to
notice that when doing a seismic processing it is not feasible to consider there is a huge problem regarding
phase rotation. Therefore, even considering small phase distortions/rotations (e.g., 10°, 20°- maximum —

near to real cases) and the depth predictions variation, all the GRV uncertainties arise in the range (3% to

Braz. J. Geophys., 42, 1, 2024
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17%) presented by taking different approaches such as salt heterogeneities, signal quality and velocity

simulation scenarios (Meyer Viol and Hoetz, 2015; Paes et al., 2019; Maul et al., 2021a, 2021b). We are

not advocating for advantages or disadvantages of the previous methods or this suggested one. The main

idea is only to deliver one more option to perform GRV uncertainty analysis.

Scenario

10° phase
20° phase
30° phase
40° phase
50° phase
60° phase
70° phase

Table 1: Time shift and depth shift values measured in the synthetic model.

Time Depth
uncertainty uncertainty

(ms) (m)

1.39 7.64
2.85 15.66
4.23 23.27
5.59 30.77
7.09 38.98
8.51 46.80
9.87 54.31

Application to real data
The location of the study area is in the northern part of the Campos Basin, 60 km off the east coast of

GRY uncertainty
impact (%)
90 m layer
8%
17%
26%
34%
43%
52%
60%

GRY uncertainty GRYV uncertainty

impact (%) impact (%)

180 m layer 270 m layer
4% 3%
9% 6%
13% 9%
17% 11%
22% 14%
26% 17%
30% 20%

Brazil (Figure 12). Its stratigraphy includes Late Cretaceous to early sediments (Figure 13). The

methodology was applied to the seismic horizon that represents the top of the carbonate reservoir of

Aptian age in the area.

1000 km
—

Vitéria

Anchieta
L]

Espirito Santo Basin

60 km \\

Campos Basin

20 km
I

Figure 12: a) location map of the Campos Basin; b) location of the study area (3D seismic survey) highlighted by
the black filled polygon.
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EPOCH

Figure 13: Stratigraphic and tectonic framework of the Campos Basin in the study area. Lithostratigraphy, ages and

Precambrian Basement

tectonics are based on Winter et al. (2007).

We used 3D high-resolution time-domain seismic survey data to map the reference surface

corresponding to the base of the evaporitic section (Figures 14 and 15) and to generate the seismic

attributes of the complex trace (Figures 15b, ¢ and d).

Figure 14: NW-SE seismic section and mapped reference surface (in red). Figure 15a shows the position of this

section.
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Elevation
time (ms)

Surface
attribute

5,400

Surface
attribute

24

Surface
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map, generating the depth uncertainty map (Figure 16).

Figure 15: a) Reference surface in two-way time; b) compressional velocity; ¢) instantaneous phase; d) instantaneous

By applying the proposed methodology (Figure 6), the time uncertainty map was calculated using

equation 10 and converted from the time to depth domain by multiplying by the compressional velocity

Braz. J. Geophys., 42, 1, 2024
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Elevation
depth (m)
180

Figure 16: Depth uncertainty map calculated from the proposed methodology.

Uncertainty quantification — GRYV simulations
To estimate the impact of the horizon picking uncertainty by the proposed methodology, we used a

stochastic approach as described by Meyer Viol and Hoetz (2015), where multiple realizations of the top
surface are made and a GRV expectation curve is generated, considering the oil-water contact, of known
depth, as lower limit. Each realization is constructed from the mapped surface using Sequential Gaussian
Simulation (SGS) (Figure 17).

The base case considered (Zp.) is the surface corresponding to the top of the carbonate reservoir,
originally mapped in time and converted to depth by the velocity model. Each realization is defined as

(Meyer Viol and Hoetz, 2015):
Zrein = Zpc t Zerrm (11)
where
Zerrm = DZ " Zrann
where AZ is the depth uncertainty map and Z,,, , is a map generated by the SGS algorithm to
randomly assign a value between -1 and 1 to each location of the study area. The variogram used has an

alignment of 45° and dimensions of 4 km x 2 km to better represent the preferred structural direction,

which can be observed in the map at Figure 17a.
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Figure 17: a) depth reference surface map; b) depth uncertainty map; c) random map generated by the SGS
algorithm; d) one surface Z,,; realization.

Once each realization of the reservoir top is created, the GRV can be calculated considering the

oil-water contact. After this process was done for each realization (100 realizations were made) (Figure

18), the GRV was calculated from all realizations and plotted on an expectation curve (Figure 19).

Braz. J. Geophys., 42, 1, 2024
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Figure 18: Seismic section with 100 surface realizations (yellow). The dashed blue line represents the considered
oil-water contact.

For the deterministic case (Zp¢), the estimated GRV between the top of the reservoir and the
considered oil-water contact is 72.5 MM m?. Hundred possible structural tops were generated by SGS
considering a variogram whose the largest dimension is aligned at 45°, with dimensions 4 km x 2 km. The
GRYV from all realizations was calculated and plotted on an expectation curve (Figure 19). The volume
P10 and P90 are, respectively, 69 MM m?* and 78 MM m?3, or 0.95 and 1.07 times the deterministic case
volume. This represents a variation of near 5%, up or down from the base case volume. Once again, this
range of variation is totally in accordance with previous studies done in the Campos and Santos basins,
considering GRV variations (Paes et al., 2019; Maul et al., 2021a, 2021b). The synthetic case was
performed to understand the mathematical limits of the methodology. However, we only consider the

mathematical cases near to real cases, i.e., up to 20°- maximum of phase distortions/rotations.
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Figure 19: GRV expectation curve from 100 realizations.
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CONCLUSION

The seismic mapping uncertainties were translated into uncertainty about a parameter of economic
interest: gross rock volume (GRV). Applying the methodology to synthetic seismic data, we measured
the potential relevance of this uncertainty in relation to the variation of the GRV for different scenarios,
and it was possible to conclude that the impact of this uncertainty is dependent on the thickness of the
layer considered. Applied to real data, the methodology showed that the mapping uncertainty introduced
uncertainties of the order of 5% in the gross volume of rock, totally in accordance with the ranges observed
in other studies, following distinct methodologies.

These results highlight the importance of taking mapping uncertainty into account when estimating
reserves and other economic parameters, and the proposed methodology is an objective way of evaluating

and quantifying this type of uncertainty in real data.
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The seismic dataset used and/or analyzed during the current study are not publicly available due to
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