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FEW CONSIDERATIONS, WARNINGS AND BENEFITS FOR THE E&P INDUSTRY WHEN
INCORPORATING STRATIFICATIONS INSIDE SALT SECTIONS

Alexandre Rodrigo Maul™-2, Marco Antonio Cetale Santos' and Cleverson Guizan Silva'

ABSTRACT. This article presents a review of procedures and techniques describing the importance of considering the stratification within the evaporitic section,
combining seismic attributes and well information during the processes of seismic migration, in order to build seismic images closer to the geological realities. A
new nomenclature is proposed, reflecting the interval velocity and density behavior of different salt strata. The study also reviews the parameters for geomechanical
simulations of the reservoir seals, allowing better decisions in terms of production and/or injection rates, among others. The incorporation of intra-salt heterogeneities,
or stratifications, allows for a better prediction of operational aspects such as mud weight and penetration rates, which are essential information for drilling safety,
and economy. Important considerations about the lithotypes were carried, especially concerning the accumulated frequency of occurrence, the evaporites cyclicity, salt
movements, etc. The data resolution, when comparing well models versus seismic models, was another important aspect considered in this review, with emphasis on
the uncertainty analysis.
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RESUMO. Este artigo apresenta uma revisdo sobre os procedimentos e as técnicas que descrevem a importancia de considerar estratificacGes existentes dentro da
se¢do evaporitica, combinando atributos sismicos e informagOes de pogos para construir imagens sismicas 0 mais préximo possivel da realidade geoldgica, através de
processos mais robustos de migragdes sismicas. Uma nova nomenclatura é proposta refletindo o comportamento da velocidade intervalar e densidade de cada estrato.
Adicionalmente, sdo abordados os parametros para simulagdo geomecanica das rochas capeadoras dos reservatorios, permitindo melhores decisdes sobre taxas de
producdo e injegdo dos campos, entre outras. A incorporagdo das heterogeneidades, ou estratificacGes, nas secdes evaporiticas também auxilia na definicdo de aspectos
operacionais, tais como peso de fluido e taxas de penetragdo, informag0es essenciais para a seguranga e economicidade da perfuragdo. Importantes consideragdes sobre
afrequéncia de ocorréncia dos litotipos, a ciclicidade dos evaporitos, movimentagdes do sal, etc., sdo também abordadas. A resolugdo dos dados, quando comparamos
0s modelos oriundos dos pogos com 0s provenientes da sismica, foi outro importante aspecto considerado, quando da andlise de incertezas.
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INTRODUCTION

The first drilled well to reach the Santos Basin pre-salt reservoir
section, at the Brazilian southeastern contingntal margin, in
September 2005, crossed an evaporitic section of approximately
2,000 m, in order to access deep reservoirs about 5,000 meters
below sea floor. Currently more than 200 wells have been drilled
in the Santos Basin to access the pre-salt section reservoirs. The
production in this section already exceeds 1.5 million barrels
of oil equivalent per day, through several fields. One important
aspect about this evaporitic section is that it cannot be considered
homogeneous, composed only by halite, the most common
gvaporitic salt. Maul et al. (2015) emphasized the stratification
inside that section. Those stratifications and their main aspect
are the so-called enigmatic structures mentioned by Jackson
et al. (2015). Among discussions in the literature and, even
more, in the light of the drilled wells, several types of evaporites
are identified on the Santos Basin evaporitic succession, as
can be found in similar onshore salt mines around the world
(Poiate Jr, 2012). Drilling in evaporitic sections is operationally
challenging and subject to several risks since these rocks
have completely different physical behavior, resulting in drilling
column imprisonment, column collapse or over pressured brines.
A direct implication of this misguided approach that considers
a homogeneous salt is unrealistic seismic images leading to
errors during well locations aimed to achieve the reservoirs
below the evaporitic section. Robust depth seismic migration
strategies depend on more realistic velocity models in terms
of geology, therefore, better-constrained salt models become
mandatory (Gobatto et al., 2016; Fonseca et al., 2018; Maul et al.,
2018a).

From the combination of seismic images and well data,
the development of field exploitation models addresses the
geomechanical conditions to efficiently produce and determine
the injection rates to pressure maintenance within the reservoir.
As the evaporitic section is the pre-salt reservoir “seal”, the
geomechanical behavior is fundamental for the exploration and
exploitation stages (Teixeira et al., 2017, 2018). In the present
article, we propose a new nomenclature reflecting mineral groups
in terms of interval velocity and density aiming to simplify
the construction of seismic velocity models. Important aspects
to consider when working with heterogeneities in evaporitic
sections are reviewed describing the limitations as well as the
direct and indirect applications of better-constrained seismic
velocity models, in an attempt to investigate the reservoirs
below the evaporitic section. Besides, we review the influence

of different salts and salt stratification and its influence in
seismic imaging, as well as the advantages to use instantaneous
seismic attributes or the inversion results. Several published
examples are presented, covering almost the entire extension of
Santos and Campos Basins, offshore southeastern Brazil (Fig. 1,
where hydrocarbon reservoirs in pre-salt section occur, with
greater emphasis for the Santos Basin. Through the examples,
we will illustrate the improvements when applying different
methodological approaches for different E&P projects, allowing
better decisions in many disciplines.

METHODOLOGY REVIEW

Maul et al. (2015) present a methodology for a qualitative
gvaluation of seismic amplitude response at the base of salt
(equivalent to the top of the pre-salt reservoirs in Santos Basin),
using seismic illumination studies. They applied several salt
velocity models, including constant velocities, inserting dome
geometries, interpreting stratified regions and incorporating
stratification using as constrains the amplitude response. The
referred approach was re-introduced and tested in many other
works (Jardim et al., 2015; Maul et al., 2016; Gonzélez et al.,
2016; Gobatto et al., 2016; Falcdo et al., 2016; Gonzdlez et al.,
2018; Fonseca et al., 2018).

During this first approach, the authors used only the
seismic amplitude response in order to incorporate the
existing stratification inside the evaporitic section. Despite
promising results, these early works still indicated some
classic problems, such as interface X layer response; lack
of well calibration information; seismic resolution problems;
ambiguities. Therefore, the referred authors developed several
approaches aiming to mitigate, at least in part, each of the
identified problems during project execution.

To improve seismic resolution some suggested studies
to recover the high frequencies, using an iterative seismic
deconvolution process, intending to remove part of the wavelet
lobe effect. Seismic data integration after deconvolution returned
the lithology property information as pseudo-layers, instead
as interfaces. This process is equal to a 90° phase rotation
over the de-convolved data, assuming it is a zero phase data.
This combination, although effective, generates a low frequency
enhancing effect. To minimize this effect Seifert et al. (2017)
proposed a data derivative process, resulting in little high
frequency Increase.

However, since they aimed to change from a property
interface to a pseudo-impedance, the derivative process resulted
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Figure 1 — Location of Campos and Santos Basins. The blue polygon limits the pre-salt reservoirs totaling an area of approximately
350,000 km? in water depths between 2,000 and 3,000 m. Green and gray polygons are exploration blocks and yellow polygons the
hydrocarbon fields. Black dots locate the drilled wells. Modified from https://diariodopresal.files.wordpress.com/2010/.

in a 90° phase rotation but in the opposite direction when
compared with the integrated data. This raised another approach:
to run a 180° phase rotation in order to have the same placement
of the integration process. The benefits when considering
the derivative instead the integration and how any of these
approaches enhance the signal resolution is presented in
Figure 2.

The thicknesses of evaporitic stratifications are about
meters, arising ambiguity issues with respect to the seismic
resolution. In addition, many seismic events are often built by
the seismic convolutional phenomenon or, as we can simply say,
the wavelet lateral lobes, as exemplified by Oliveira et al. (2015).
These authors applied a phase rotation (integration/derivation)
in search for the layer property, the socalled pseudo-impedance,
obtaining better resolution (deconvolution). However, this
process does not guarantee proper well and seismic calibration,
driving Meneguim et al. (2015) to suggest the use of an absolute
inversion process to circumvent this ambiguity response.

Tying well and seismic data properly is of fundamental
importance, however, for operational and economic reasons, in
the evaporitic section he vast majority of wells have no registered
logs. To fill this lack of information, Amaral et al. (2015) propose
to use rock-cutting samples to get a better lithological statistical
representation. It enabled them to estimate the average interval
velocity using average velocities for each lithotype. To establish
these values they used the information presented by Justen et al.
(2013).
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Meneguim et al. (2015), Barros et al. (2017) and Cornelius
& Castagna (2018) adopted similar approaches. This approach
allows the usage of all the wells for the seismic inversion process
even in case the estimated velocity values are not very accurate.

The uncertainty related to this methodology, when
calculating average interval velocities, was explored by
Meneguim et al. (2015), Gonzdlez et al. (2016), Yamamoto
et al. (2016), Gobatto et al. (2016), Falcdo (2017) and tested
by Gonzalez et al. (2018).

During the acoustic inversion process, three aspects are of
utmost importance. (1) the seismic data quality, regarding phase
and noise to signal ratio; (2) the interpreted seismic horizons and
faults, which will serve as boundary conditions for the inversion
study, as well as for modelling (commonly called trend-model)
and, finally (3), the availability of well log information, in
particular acoustic sonic and density. After tied to seismic data,
the logs serve as inputs for seismic properties distribution,
important step when building inversion trend models.

The thickness variation of the evaporitic section, from a few
meters to more than 2 kilometers, is another great issue for the
seismic inversion. This variation imposes difficulties to establish
a single wavelet to represent this range of thickness changes.

As described earlier the seismic acoustic inversion, taking
all the described precautions, provides the best response in terms
of stratification resolution and positioning, generating the best
answers in terms of impedance, density and interval velocity.
Additionally, Meneguim et al. (2015) also propose a Bayesian
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Figure 2 — Comparison of the integration (A) and derivative (B) processes to enhance the seismic resolution over the amplitude data. A - amplitude and phase spectrum
behavior when applying the integration process, note the decrease of the amplitude spectrum and the 7r/2 phase rotation; B - amplitude and phase spectrum behavior
when applying the derivative process, note the increase of the amplitude spectrum and the - 7/2 phase rotation. In this example, a 180° phase rotation is needed to
place the response at the same location as the integration process; C - original amplitude response; D - derivative process + phase rotation response emphasizing the

benefits when considering this combined approach. Adapted from Falcdo (2017).

classification to complement the acoustic inversion studies.
This process brings the possibility to generate probabilistic
scenarios for the occurrence of each lithological type inside the
gvaporitic section, enhancing the resolution. To emphasize the
benefits of using the inversion results, Gobatto et al. (2016)
present a comparison between the amplitude and the impedance
interpretation of the salt heterogeneities (Fig. 3).

EVAPORITES REVIEW

Evaporites by definition are rocks formed in sedimentary
environments with very low terrigenous supply, subjected to
high evaporation rates, in arid climate conditions, providing the
formation of brines. According to Kendall (1988), a sequential
chemical precipitation of carbonates, sulphates and chlorides
reflect a vertical succession as well as its lateral positioning, as
gstablished by the Walther's Law, with carbonates and sulfates

near the entrance to the sea, and more soluble salts in the central
and distal areas of the basin. Karner & Gamboa (2007) advocate
that evaporites are the final stage of aregional mega-transgressive
sequence. However, other researchers argue that the formation
of the “salt ponds” were formed as part of the fast break-up
during the rift phase causing subsidence and influx of seawater
in “restricted lakes”.

Characteristically, the total evaporite precipitation occurs
in a very short time, even in very large areas, causing few
benthic biozones (Schreiber et al., 2007). In the Santos Basin,
Dias et al. (1994) and Davison (2007) apud Karner & Gamboa
(2007) indicate a maximum age of deposition of about 113Ma.
This estimate is in agreement with the pre-salt and post-salt
sediments at the proximal portion of the basin, dating somewhere
between 120Ma and 110Ma (Freitas, 2006). All authors, however,
call the attention for the poor accuracy of the ages. Even with
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Figure 3 — Possible interpretations of salt heterogeneities. A - Amplitude response — the main input for the study; B - Salt heterogeneities interpretation based
on amplitude response only. Some anhydrite layers are confirmed, but few doubts on the interpretation still remain; C - Salt heterogeneities interpretation based on
impedance response. Observe the better interpretation in terms of both, resolution and lithotypes, honoring the well information. Adapted from Gobatto et al. (2016).

this relatively short deposition interval, the evaporitic thickness
in the basin depocenter is over 2,000 m, confirming the high
depositional rates. The salt movement mechanism, specifically
for the halite, results in various structures such as salt pillows,
domes, walls, rafts, growth faults, etc. The vertical movement is
attributed to the Rayleigh-Taylor (R-T) instability, as described
by Lachmann (1910) and Arrhenius (1913) both referenced in
Dooley et al. (2015). Ge et al. (1997) discuss the effect of
the sedimentary overload over an evaporitic section above an
irregular basement. According to these authors, the sediment
weight forces the salt to come up on pillows or anticlinegs. With
the overload continuity, these structures were transformed into
domes and salt walls. Guerra & Underhill (2012) defend the
hypothesis where the gravity force and pressure differences move
all the evaporites together from high pressure to lower pressure
areas in the Santos Basin.

The seismic interpretation and numerical models provide
better understanding of the halokinectic effects present in the
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Santos Basin. Several authors advocate the division of Santos
Basin into “Halokinectic Provinces” (Demercian et al., 1993;
Cobbold et al., 1995; Demercian, 1996; Szatmari et al., 1996; Ge
gtal., 1997; Gemmer et al., 2004; Ings et al., 2004; Mohriak et al.,
2008; Guerra & Szatmari, 2009; Davison et al., 2012; Jackson
et al., 2014). Gamboa et al. (2009) mention the existing of four
major saline cycles within the Aptian Section in Santos Basin:
(1) a basal thick package of halite; (2) a composite package of
anhydrite at the base followed by halite and other salt compounds;
(3) a slender halite package and finally (4) thinner package
of the same salts described in (2). Freitas (2006) describes
more than a dozen smaller cycles composing the larger cycles
previously described. Each individual cycles being composed by
a succession of anhydrite, halite, complex salts, halite and finally
anhydrite. The complex soluble salts may not be represented in
every described cycles.

Jackson et al. (2015) emphasize the existence of enigmatic
structures within the evaporitic section in Santos Basin, probably
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generated by vertical compressive forces (Dooley et al., 2015).
The great salt lithotypes variability in the evaporitic section,
suggests that each one has different a behavior. Some are
classically mobile, other more plastic and other more ruptile.
Poiate Jr (2012) consulting several authors mentioned the main
gvaporites deposits in sedimentary basins according to their
chemical composition (Table 1).

Table 1 — Chemical composition of major evaporitic minerals and their
separation in specific groups according to Poiate Jr (2012).

Group Mineral Composition
Calcite CaC03
Carbonates Magnesite MgCO5
Dolomite CaMg(C03),
Trona Na3H(C03),- 2(H,0)
Gypsum CaS04-2(H,0)
Anhydrite CaS04
Sulfates Kieserite MgS04-H,0
Langbeinite KaMg2(S04)3
Polyhalite | K;Ca,Mg(S04)4-6(H>0)
Halite NaCl
Sylvite KCl
Chlorides Kainite MgS04- KCI - 3(H,0)
Bischofite MgCl,-6(H,0)
Carnallite KMgCl3-6(H,0)
Tachyhydrite CaMg,Cls- 12(H,0)

Maul et al. (2018b) based on the methodology proposed by
Amaral et al. (2015), compiled the information from more than
200 wells in Santos Basin, showing the halite predominance,
over 80% of occurrence. The other 20% are anyhydrite, gypsum,
tachyhydrite, carnallite, and sylvite. Other studies considered
halite the background mineral in this section representing
75-90% of occurrences (Yamamoto et al., 2016; Gobatto et al.,
2016). Based on this work, Maul et al. (2018b) organized the
salt types into three specific groups: Low Velocity Salts (LVS),
composed by sylvite, carnallite and tachyhydrite, representing
something between 5-10% of occurrence; halite (background),
representing nearly 80%, and; High Velocity Salts (HVS)
represented basically by anhydrite and few gypsum occurrences,
corresponding to 10-20% of mineral occurrences.

These percentages are important when considering average
interval velocity and density calculations as well as any
other derived elastic property for the evaporitic section. These
percentages are in accordance to the literature results (Fiduk &
Rowan, 2012; Jackson et al., 2014, 2015). Table 2 presents the
saltmineral groups, and respective density and interval velocities,
comparing the values published by Jones & Davison (2014) with
the average values compiled by Maul et al. (2018b) for more than
200 wells in Santos Basin.

Jones & Davison (2014) described the seismic reflectivity
response of salt sections and indicated a specific domain
nominated "Complex Appearance within Body Salt”, in domed
regions, where intense salt deformation result in non-reflective
evaporites. According to Jackson et al. (2015), it is possible to
distinguish four seismic facies inside the salt section as described
in Table 3.

Table 2 — Mineral groups and respective properties. Comparison of density and interval velocity values reported by Jones & Davison (2014), with
the average values compiled by Maul et al. (2018b) covering more than 200 well in Santos Basin. Low Velocity Salts (LVS), Halite (Background)

and High Velocity Salts (HVS).

Group —— Composition Adapted Jones & Davison (2014) Adapted Maul et al. (2018hb)
Density (g/cm3) | Interval velocity (m/s) | Density (g/cm3) | Interval velocity (m/s)

Tachyhydrite | CaMg,Cls-12(H,0) 1.66 3500 1.57 3300
LVS Carnallite KMgCl3-6(H.0) 1.60 3900 1.66 3910
Sylvite KCl 1.99 4110 1.86 3910
Background Halite NaCl 2.20 4500 2.10 4550
Hs Gypsum (aS04-2(H,0) 230 5700 235 5810
Anhydrite CaS04 2.90 6500 2.98 6100
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Table 3 — Seismic facies in relation to the halite content within the salt sections according to

Jackson et al. (2015).

Code Characteristics Halite-Percentage
A1 Chaotic to weakly stratified, poorly reflective, halite rich 77-98
A2 Strongly reflective, high amplitude, less halite 67-86
A3 Poorly reflective, more halite 69-94
A4 Strongly reflective, less halite, containing carnallite 31-94

PROPOSED CLASSIFICATION OF THE STRATIFIED SALT
DOMAINS

From the combination of these two approaches (Jones & Davison,
2014; Jackson et al., 2015) it is possible to propose a new
classification based on seismic facies and salt composition as
follows:

Without Stratification Domain (WSD)

This domain is characterized by the absence of seismic reflections
(which can be understood as absent stratification or a mixture of
gvaporites). In this domain, the halite predominates with a mixture
of small amounts of mobile salts including sylvite, carnallite,
tachyhydrite and other less common salts. The halite content
exceeds 95%, and the mobile salts account for less than 5%.

Evident Stratification Domain (ESD)

This domain is represented by the strongest stratification, with
presence of all kinds of evaporites. The halite is broadly present,
however, other evaporitic groups (HVS and LVS) have important
occurrence. In this domain, the salt thickness is the smallest
depending on the overload (commonly carbonates on Santos
Basin). The overload promotes expulsion of the most mobile salts
such as halite, sylvite, carnallite and tachyhydrite, increasing the
HVS proportion in these regions, while the halite decreases to
about 70%.

Random Stratification Domain (RSD)

A relatively well identified domain shows erratic stratification
originated under deformation mobile salt movements. The salt
proportions are erratic. The folded salt layers could even be
present many times within the same evaporitic level. However,
in wells the halite proportion reaches more than 85%.
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Hidden Stratification Domain (HSD)

In the HSD domain, the seismic response is “hidden”, due to
seismic resolution, incidence angle and/or mixing of minerals.
Salt groups from the “WSD” domain could also be present within
the HSD.

Although the WSD, ESD and RSD domains are challenging
for any E&P activity, they are relatively simple to identify
on seismic images, especially those coming from optimized
parametrization of acquisitions followed by appropriate seismic
processing techniques. Contrarily the seismic interpretation is
unclear and difficult in the HSD domain. Figure 4 illustrates
the distribution of the proposed domains on seismic data,
considering the presence or absence of stratification within the
salt section.

SALT INFLUENCE OVER SEISMIC MODELS - SHORT
REVIEW

The quality of seismic images depends on the acquisition
parametrization as well as the processing strategy, especially
in terms of the applied migration process (Yilmaz, 2001). This
same author has emphasized that considering the structural
complexity when building the seismic image has a tremendous
influence in reproducing a model faithfully. According to Ritter
(2011), the main seismic migration goals are the correct
positioning of seismic reflectors (vertical and horizontal) and
mainly the correspondence between the reflection amplitudes
and the reflection coefficient by themselves. The author also
comments that the migration process requires strong knowledge
of the velocity field, which is often estimated from seismic data
by itself Jones & Davison (2013, 2014) cite various difficulties
for imaging over evaporitic bodies such as the flanks, the layer
interfaces and the overlying layer. However, they do not mention
inan explicit way existing stratifications inherent issues, on which
we have our considerations.
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Figure 4 — Examples of seismic interpretation: "A” without salt domains:”B” including the salt domains; WSD — Without Stratification Domain;
ESD — Evident Stratification Domain; RSD — Random Stratification Domain; HSD — “Hidden” Stratification Domain.

Therefore, to improve the seismic image quality over salt
layers, sophisticated seismic data processing algorithms are
required, especially with regard to the migration method (Fonseca
et al., 2018, Maul et al., 2018a). Falcdo (2017) illustrates,
using a theoretical model, how a plan and horizontal target
below the base of the salt is influenced by the salt stratification
during the migration process. The results demonstrated that
only a stratified salt velocity model, applied during the seismic
migration, reproduced the initial target. In areas of complex
geology, under the evaporitic section, the application of Reverse
Time Migration (RTM) is increasing. This algorithm uses the full
wave equation without any asymptotic approximation, therefore
not showing limitations due to the structural complexity (dipping
layers, lateral velocity variations). Regardless of the correct
velocity model applied to the evaporitic section, the contrast
between lithology types eventually generates stratifications or
similar seismic interfaces due to the convolutional process.

Meneguim et al. (2015) illustrate that robust depth
scenarios is also possible when using the stratification
information inside the salt section. Gobatto et al. (2016) followed

by Fonseca et al. (2018) and Maul et al. (2018a) applied
interval velocity models for the evaporitic section, considering
the existing stratification, resulting in better gathers alignment
during move-out correction. It provides smaller computational
efforts when updating velocity models through tomography, as
well as assisting Full-Waveform Inversion (FWI) before updating
the final velocity model to perform the RTM process.

STRATIFIED SALT MODEL APPLICATIONS

The obtained results under the stratification insertion
methodologies serve as inputs for different disciplines, such
as seismic studies as well as geomechanical simulation and
operational safety when drilling new wells. We present and
discuss some application examples.

Seismic lllumination

The objective of seismic illumination studies is to illustrate a
seismic wave response in a given target. In the exploration
and production oil industry regarding seismic studies, several
solutions and some examples illustrate the results from ray
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tracing as well as from simulated amplitude (Laurain et al.,
2004a,b). The illumination studies are always models. For that
reason, they only generate simplified results. It is an output
depending on impedance, interval velocity and density as inputs.
The ray tracing has a strong impact on the response, since this
technique considers the smoothed interfaces (Pratt et al., 1996).
This is not the case for the evaporitic section of Santos Basin,
where stratifications are present and some of them are deformed.

As an example for seismic acquisition, we present the
instantaneous amplitude map computed over the target of interest
to compare with the illumination outputs. After this, taking the
available processing velocity model we suggested a ray tracing
illumination study. To complement the analysis an amplitude
simulation study was performed considering the recovered
amplitude energy at any point. In order to evaluate the results a
new model (incorporating salt stratification using the amplitude
response to generate the stratification inside the salt section)
was generated, using the same previous acquisition parameters.
Figure 5 presents the results.

We observe in Figure 5 that the amplitude responses
observed in "A” are not present in the simulated amplitude
responses in “B”. This happened because the processing velocity
model does not reproduce the existing geology above the target
(i.e.: the existing salt stratifications). On Figure 5 ”C”, using the
stratified velocity model, most of the amplitude features observed
in “A” are present. The details observed in "A” missing in "C”
result from the simplifications required for the ray trace solution.

Maul et al. (2015) suggest a methodology to control the
target amplitude response for reservoir properties extrapolation.
Knowing the energy at any given point from the migrated seismic
data, the authors verified how confident was the amplitude
response to use as external drift for well property extrapolation.
The authors demonstrate how to generate uncertainty illumination
maps (hit-count maps) despite not knowing the real salt velocity
model. They also discuss how the overburden model could
influence the amplitude responses in a given target. Jardim et al.
(2015), Falcdo et al. (2016) and Gonzdlez et al. (2018) later
supported these results. Figure 6 illustrates the obtained results
in a particular project in Santos Basin.

A greater qualitative correlation between the real extracted
amplitude’s map on the target of interest “A” with the salt stratified
model “D” is observed figure 6. The results are comparable to
that presented in figure 5. Subsequently, a quantitative uncertainty
analysis regarding the amplitude response, assuming various
salt velocity models was performed (Maul et al., 2015). Different

Brazilian Journal of Geophysics, Vol. 36(4), 2018

models return similar responses in terms of hit-counts where the
overburden do not influence the results.

Figure 7 illustrates the combination of each two maps
in order to get maps of accumulated variations between them.
The energy responses inside the black ellipse in fig 7A have
more similarity, in other words, less variation when comparing
any two given models. This approach was performed using
any two-velocity models and the cumulative difference map
is presented (Fig. 7B). The values represent the response
confidence degree. The normalized values represent how
velocity-model dependent is the response. This information is
useful for a property distribution trend variable analysis.

Seismic Processing

The best seismic images are obtained after a combination of
proper acquisition parameters; appropriate seismic processing
strategies, particularly regarding migration, and the best possible
velocity model for any data. As widely discussed, the evaporitic
section should not be considered simple or homogeneous.

Improvements have been observed when considering
stratification regardless of the seismic migration method, such as
RTM. Even lighter computational methodologies (e.g. Kirchhoff)
also get benefits when considering the stratifications applying
a prior smooth model velocity (Falcdo, 2017). The background
velocity, when considering the salt stratification as primary
information, has shown to be very efficient when searching
for better “gathers alignments” during the Normal Move-Out
(NMO) or Dip Move-Out (DMQ) processing operations. DMO is
commonly applied for environments that are more complex. As
a direct consequence, this result in lesser computational effort
(Gobatto et al., 2016; Fonseca et al., 2017, 2018; Maul et al.,
2018a,b). Figure 8 illustrates the gather alignment using a salt
stratified velocity model.

Adequate initial velocity models also provide better
tomographic model update assisting in the gathers aligning
process and consequently better seismic images (Pombo et al.,
2017). On this aspect, the salt stratification serves at least as a
boundary condition for tomographic updating providing better
convergences and minimizing the computational effort. Guo &
Fagin (2002) emphasize the need to incorporate reasonable
geological knowledge into any velocity modelling workflow. The
method presented by Maul et al. (2015) brings the geological
features to velocity model in the evaporitic section, calibrating
it using the well information. Figure 9 shows the overlap of the
velocity models and seismic image, exemplifying the coincidence
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Figure 5 — lllumination study results based on the ray trace, showing the
amplitude response simulation for different salt models. A - Instantaneous
amplitude response extracted from the migrated data over the horizon of interest;
B - Simulated amplitude response computed after a ray trace illumination study
considering the existing processing velocity model as input, over the same
horizon of interest; C - Simulated amplitude response computed after a ray trace
illumination study considering the stratified velocity model as input over the
same horizon of interest. Images kindly provided by the Geophysicists Rejhane
Santos, Roberto Dias & Rodrigo Link (2014).

of velocity variations guided by the amplitude response in the
stratified model (Fig. 9C).

The velocity model update applying the FWI technique has
become quite usual even for processing data not containing
enough far offset information. One of the major pre-requisites
for the FWI application is to provide an almost precise initial
velocity model compatible with the final velocity model in terms
of geology. Once again, in this case, the generation of geological
velocity model considering seismic attributes as guide shows
very efficiency results.

The anisotropy consideration when building velocity
models in order to generate more realistic seismic images have

Figure 6 — Hit-map studies obtained from seismic acquisition simulations
considering different velocity models. The more hits at any given point (x.y)
the more reliable is the original amplitude response. A - Instantaneous seismic
amplitude response extracted on the horizon of interest; B - Point count map
(hit-count) in specific targets (x,y) using the seismic processing model as input;
C - Point count map (hit-count) in specific targets (x,y) using a constant velocity
model for the salt (4,500 m/s) as input; D - Point count map (hit-count) in specific
targets (x,y) using the stratified salt velocity model. Adapted from Maul et al.
(2015).

become increasingly obvious (Cogan et al., 2011; Zdraveva
et al.,, 2011; Cooke et al., 2012). Anisotropic aspects involved
in velocity model building depart from well information when
comparing expected and observed results. Raymer et al. (1999)
and Raymer et al. (2000) indicated that the anisotropy in salt
bodies observed in wells could be over than 7% in the preferred
direction (parallel to the depositional axis, if there is one). The
anisotropic aspect is not predominant in halite and other mobile
salts but it exists. The rigidity character of ruptile salts, such
as anhydrite, becomes more important, especially following the
preferred directions imposed by the stratifications. Thus, the
heterogeneous and consistent velocity model presenting salt
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Figure 7 — Amplitude response uncertainty analysis as a similarity response function considering velocity salt model variation calculated on the horizon of interest.
A - Cross-Plot between any two models. The central area (black ellipse) represents greater similarity when comparing two different models; B - Sum of the differences
between any two maps. The blue shades represent the greater similarity, independent of the used model; the other colors represent the decreasing similarities and
consequently the lower confidence levels; C - The same similarity map “B” overlapping the target extracted amplitude response, filtering out the dark blue where

response confidence is higher. Adapted from Maul et al. (2015).
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Figure 8 — Seismic section illustrating the position of gather panels (left). The re}lectors in the deformed strata in panel "B” (green ellipse) are perfectly aligned after

application of stratified velocity model. Adapted from Gobatto et al. (2016).

stratifications, even without good resolution, is an important
input to the anisotropy analysis. At least, the stratifications help
controlling the anisotropy extrapolation of information observed
in wells.

The previously described aspects (velocity model update
by FWI and anisotropy, tomographic update and gathers
alignment) aim to the final goal: the seismic migration and its
deliverable images. Considering the feasibility and computational
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effort, the RTM migration is considered the most suitable for
complex geology projects, such are the salt bodies, regarding
seismic migrations for the pre-salt occurrences. RTM requires
a refined velocity model, seeking to reflect the existing media
heterogeneities. In this way velocity models incorporating
stratification, anisotropy, FWI, tomographic inversion and, RTM
with upper frequency bounds (up to 45 Hz), are the best
approaches to consider.



472 FEW CONSIDERATIONS, WARNINGS AND BENEFITS FOR THE E&P INDUSTRY WHEN INCORPORATING STRATIFICATIONS INSIDE SALT SECTIONS
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Figure 9 — Salt interval seismic section with different overlapped velocity
models. A- Constant velocity model (4,500 m/s); B - Tomographic velocity model
updated over the constant velocity model; C - Stratified velocity model adopting
the methodology described in this work. Note the notable coincidence between
velocity variations guided by the amplitude response in the model "C”, while this
does not occur in the models “A” and "B”. The average interval values in both “B”
and “C”, for each x and y position, are similar however, only in “C” the velocities
follow the geological features. Adapted from Maul et al. (2015).

Uncertainty Analysis in Vertical Positioning

An obvious consequence of the stratification modeling is the
vertical positioning variation of the target. Even considering
simplified velocity models (almost constant) in stratified
intervals, tomographic adapted, anisotropic criteria and FWI,
always require well information for calibration. To extrapolate the
information far from the well position, several works suggest
a combination of wells (1D) with spatial information (2D or
3D) from interpreted horizons and velocity analysis, all together
(Dubrule, 2003; Robein, 2003; Leron et al., 2003; Sandjivy et al.,
2003; Bulhoes et al., 2014; Ferreira et al., 2017; Pombo et al.,
2017). Meneguim et al. (2015) created a routine, considering
the stratification position, classifying the lithological type and
assuming the average velocity valug for each class. Additionally,

Tachyhydrite

3,850m/s
Carnallite

Probability

3750m/s
Anhydrite

g
g:\
|

Halite

Carnallite  Tachyhydrite
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Figure 10 — Depth positioning uncertainty analysis. A - Velocity variation for
each mineral type emphasizing the average values and two standard deviations
above and below (TQD-Tachyhydrite; CRN-Carnallite; AND-Anhydrite;
HAL-Halite); B - Section illustrating the probability of occurrence of each
mineral type at any position (x,y,z), in a time-section; C - Sections illustrating
the horizons converted by the velocity models considering the probability
velocity cube shown in ”B” and the mineral velocity values as described in "A”.
The green horizon shows the base scenario, the orange represents the lower
velocities scenario and the blue represents the highest velocities scenario.
Adapted from Meneguim et al. (2015).

the authors applied two standard deviations generating three
horizon scenarios for reference (Fig. 10). The base scenario
considered the average velocity, the deeper position considers
two standard deviations above the average velocity and the
shallower position considered two standard deviations below the
average velocity. With this approach, the authors reported a 3%
displacement gross variation, regarding rock volume, above the
oil-water contact, compared to the base case.

Operational Safety and Geomechanical Simulation
Studies

Classically evaporites are low-viscosity, ductile and plastic
minerals/rocks. They also present fluidity when subject to high
tensions. Because of that, the deposits easily move and may
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generate large domes and important folds, representing one
of the major challenges for drilling. Especially regarding drill
imprisonment or even casing collapses, eventually resulting in
complete well loss.

Well 1 Well 4
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Figure 11 — Example of property extraction from cross plots applied for the
evaluation of operational safety when drilling well. A - Cube of most probable
facies generated from Bayesian’s classification performed over the salt acoustic
impedance cube. LVS — Low Velocity Salts; HALITE — Halite; HVS — High Velocity
Salts; B - Cross-plot illustrating how to generate one property from another
using well information; C - Example of imprisonments events during drilling and
its effective correspondence with the seismic facies predictions. Adapted from
Teixeira et al. (2017).

These aspects are more important for halite and mobile salts
(sylvite, carnallite, tachyhydrite) and less critical for anhydrite,
since it presents greater stability (Costa & Poiate Jr, 2009).
For geomechanical simulation studies, the sealing rocks require
special attention. In the pre-salt reservoirs, evaporites are the
seals. The first geomechanical simulations for these reservoirs
considered the evaporitic seal a homogeneous layer, composed
by halite. In some cases, the studies also considered a thin
layer (around 15 meters) of anhydrite at the base of this
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"homogeneous” section. In the current methodology, we used the
stratified models and, imposed laboratory property values over
the established lithotypes: density, elasticity modulus, Poisson
ratio, stiffness, friction angle, etc. creating a better ggomechanical
model in terms of cape rock. Toribio et al. (2017) confirmed the
utility in be considering this methodology in order to generate
geomechanical properties. Complementing, cross-plot analysis
and the related equations generated compatible property values
required to these models. Teixeira et al. (2017) and Teixeira
et al. (2018) illustrated how acoustic inversion in salt section
plus Bayesian facies classification, combined with properties
correlation using well logs, allowed more robust models in terms
of elastic properties (Fig. 11).

CONCLUSION

The results presented in this review indicate that considering the
stratification inside evaporitic sections is mandatory for diverse
E&P applications. It increases safety during drilling and can
enhance geomechanical models of cape rocks, better predicting
the production and injection rates.

Using the seismic amplitude or any instantaneous attributes
to incorporate stratification inside evaporitic sections is an
effective methodology even where the seismic data resolution is
not enough or the seismic information has lower quality.

Stratified seismic models based on inversion data help to
solve false amplitude interpretations due to the convolutional
effect. It helps effective well information calibration. In the
absence of inversion data, at least deconvolution, followed by a
derivative and phase rotation is recommended.

As expected, these processes combined enhance the
frequency, increasing the resolution of layers during the inversion
process, even without well calibration.

The seismic facies study complements the acoustic
inversion. It offers the possibility to create probabilistic scenarios
for the occurrence of each lithotype at any single point, helping
to increase the resolution.

In Santos Basin, after compiling information for more than
200 wells, we conclude that around 80% of lithotypes are,
basically, halite, 10-20% high velocity salts-HVS (anhydrite and
gypsum) and 5-10% low velocity salts-LVS (sylvite, carnallite
and tachyhydrite). The seismic response of the “mineral groups”
halite, LVS and HVS is effective and adequate, considering the
seismic frequencies in Santos and Campos Basins, giving a
thickness resolution about 30-50 m. The thickest salt regions
have greater prevalence of halite and low velocity salts. In thinner
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salt regions, the presence of high velocity salts is predominant.
The overload above the salt drives the expulsion of the more
mobile material (halite, sylvite, carnallitt and tachyhydrite)
increasing the proportion of high velocity salts (anhydrite and
gypsum).

The proposed classification in terms of stratification pattern
(WSD, ESD, RSD and HSD) is also another approach to minimize
the risk when trying to solve seismic image problems. Stratified
velocity models provide better illumination studies for both:
seismic acquisition design and to evaluate amplitude quality
response. During seismic processing, they provide the means to
greatly improve tomographic studies, FWI updating, and gather
alignments resulting in better seismic images. The methodology
can also be used to evaluate depth-positioning uncertainties.
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