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EVAPORITIC VELOCITY MODELING UNCERTAINTIES AND VARIABILITIES:
IMPLICATIONS FOR PRE-SALT PROJECTS IN THE SANTOS BASIN, BRAZIL
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Marfa de Los Angeles Gonzalez Farias®, Josué S4 da Fonseca',
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ABSTRACT. Correct representation of the spatial distribution of physical and chemical properties of the evaporitic section is of great importance for development
of pre-salt section reservoirs. In the offshore Santos Basin, SE Brazil, an increasing amount of high quality seismic, well-logs, and production data are available. The
initial conceptual mode! of the evaporitic section, assuming inhomogeneous behaviors in terms of mineral composition, acoustic and elastic properties, had not been
well documented yet. Therefore, this interval remains considered as mainly composed by halite, being slightly modified to include a few heterogeneities when needed.
A simple way to represent those heterogeneities is by combining seismic attributes and well-log information, which are usually not available for the whole evaporitic
section. To mitigate this problem, drill cuttings description can be used. In this paper, we describe some of the uncertainties related to the analysis of 1D information
from wells, as well as a possible alternative to represent the data variability where information is missing. The proposed methodology includes generating a detailed
evaporitic section model (3D), including properties and their related uncertainties. This model can be used to improve seismic imaging, depth positioning forecast and
reservoir property values distribution.

Keywords: evaporitic section, data analysis, heterogeneities, property value, uncertainties.

RESUMO. Representar corretamente a distribuicdo espacial das propriedades fisicas e quimicas da secdo evaporitica ¢ muito importante no desenvolvimento dos
reservatérios do pré-sal. Na Bacia offshore de Santos, regido SE do Brasil, grande quantidade de dados sismicos de alta qualidade, perfis de pogo, dados de produgdo
estdo disponiveis. O modelo conceitual desta secdo, assumindo o mesmo como ndo homogéneo, em termos de mineralogia e propriedades acusticas e elasticas,
ainda ndo é bem documentado. Assim, este intervalo permanece sendo considerado como, principalmente, composto por halita e, localmente, modificado para incluir
algumas heterogeneidades, quando necessério. Um caminho simples para representar estas heterogeneidades é combinar atributos sismicos e informagdes dos perfis
de pocos que, usualmente, ndo estdo disponiveis para toda a se¢do. Para mitigar este problema, descrigdo de amostras de calhas pode ser utilizada. Neste artigo, nés
descreveremos algumas das incertezas relacionadas a esta andlise 1D, oriundas das informac@es dos pogos, assim como uma possivel alternativa para representar as
variabilidades destes dados inexistentes. A metodologia proposta inclui a geragao de um modelo (3D) detalhado da secdo evaporitica, incluindo suas propriedades e as
incertezas relacionadas. Este modelo pode ser utilizado para melhorar as imagens sismicas, com previsdes de profundidade mais acuradas, e a distribuigdo de valores
de propriedades de reservatorios.
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INTRODUCTION

Successful implementation of pre-salt projects in Brazilian
ultra-deep waters, where huge capital investments are required,
is highly dependent on the robustness and confidence of
the available reservoir models. The first discovery of these
large hydrocarbon reserves along the southeastern coast of
Brazil happened in 2006, and represented a new chapter in
global petroleum history. Since then, Petrobras has been facing
major multidisciplinary technological challenges, sponsoring
massive investments in research and development, working in
collaboration with partners, suppliers, universities, and research
centers, to economically explore these reserves in a sustainable
way.

The construction of reliable velocity models, according to
the known geology, enables the generation of seismic images
that better represent the subsurface, both in terms of structural
positioning and accurate seismic response. Jones & Davison
(2014) report the challenge of seismic imaging close to (or inside)
salt bodies, due to the high velocity contrasts observed in those
areas. Operational safety and drilling hazards are other issues
widely discussed in the literature of field development when salt
bodies are present.

Most halokinetic models used to reconstruct the
basin’s structural styles consider the salt section as almost
homogeneous, with predominance of halite (Demercian et al.,
1993; Ings et al., 2004; Guerra & Szatmari, 2009; Guerra &
Underhill, 2012). The concept of salt flooding is a common
approach in seismic processing, and involves the assignment of a
constant velocity to the evaporitic section prior to the tomographic
inversion process to update it (Guo & Fagin, 2002; Zdraveva
gtal., 2011). Ji et al. (2011) defend the idea that heterogeneous
salt velocity models improve the seismic imaging. Cornelius &
Castagna (2018), using well-logs and drill cuttings, confirm that
velocity variations exist, and that they must be incorporated into
the models. The same concept for the evaporitic section has been
widely mentioned in several salt stratifications studies (Maul
gt al., 2015; Amaral et al., 2015; Meneguim et al., 2015; Maul
gtal., 2018b, 2019; Teixeira & Lupinacci, 2019).

Regarding these heterogeneities, Schreiber et al. (2007)
emphasize that evaporites precipitate due to brine evaporation,
forming layers according to their solubility rates, with varying
mineral compositions. These authors also mention that
comprehension of the water supply to the brines, which breaks
the expected salt precipitation order, represents the main difficulty
when modeling this sort of mineral deposit. The mobility of

most evaporites also imposes difficulties to quantify the original
mineral occurrence from present day information, either using
wells or outcrop descriptions. Based on well data, Freitas (2006)
identified more than a dozen evaporitic cycles inthe Santos Basin,
whereas Gamboa et al. (2009) mentioned the presence of 3 or 4
major evaporitic cycles when inspecting seismic data response.

The enigmatic structures presented in Jackson et al.
(2015), which are nothing more than observations of folded
strata within the evaporitic section, are clear evidences of a
heterogeneous behavior. Costa & Poiate Jr (2009), inspecting
outcrops and salt mines, confirmed that there are many
different minerals inside the evaporitic sections: halite, anhydrite,
gypsum, carnallite, tachyhydrite, and sylvite, just to name
a few. Aiming at preventing drilling hazards, these authors
recommended a detailed identification of the sequence, their
mineral compositions, and their behavior under drilling. It is
therefore reasonable to assume that the evaporitic section must
be considered as heterogeneous instead of being represented by
the halite behavior only.

Based on well information, the studies compilation
presented by Maul et al. (2018b) proposed clustering the
gvaporitic minerals into three main groups, observing their
compressional velocity. These groups are: (i) the Low Velocity
Salts/Evaporites group (LVS), mainly composed by carnallite,
tachyhydrite, sylvite and other mobile salts; which present
compressional velocities lower than the represented by the halite
mineral (4,500 m/s); (i) the Halite group, usually abundant
and considered as the background group; represented by the
compressional velocity of about 4,500 m/s; and (iii) the High
Velocity Salts/Evaporites group (HVS), basically composed by
anhydrite and gypsum, having compressional velocities higher
than 4,500 m/s. Intrusive rocks, when found, due to the same
velocity behavior as HVS minerals, were also considered inside
this group — an approach that has been adopted in many case
studies (Meneguim et al., 2015; Gonzalez et al., 2016; Gobatto
etal., 2016; Falcdo etal., 2016; Barros etal., 2017; Fonseca et al.,
2017, 2018; Teixeiraetal., 2018; Maul etal., 2018a,b, 2019; Dias
et al., 2019). Fonseca et al. (2017) also observed carbonate and
siliciclastic occurrences within the salt section, and suggested to
group them within the Halite group, as their velocity behaviors are
more similar to this background’s group. These rocks, however,
lack representativeness.

The workflow proposed by Maul et al. (2016) and presented
in Gonzdlez et al. (2016) uses drill cuttings descriptions to fill
in gaps observed in the well-logs in the evaporitic section, and
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also to constrain the salt velocity modeling, as shown in Figure
1. Even in regions where well data are available, well-logs within
the salt section are almost always incomplete, since evaporites
are not the main target, and acquiring data in these sections
is operationally challenging. To overcome this problem, Amaral
gt al. (2015) proposed to complete the well information with the
described lithology from drill cuttings, a methodology that has
been widely reproduced since then (Gobatto et al., 2016; Barros
etal., 2017; Gonzdlez et al., 2018; Cornelius & Castagna, 2018;
Fonseca et al., 2018; Teixeira et al., 2018; Maul et al., 2018a,b,
2019; Dias et al., 2019).

SElSmiE l Geological Velocity

Uncertainty

Analysis hogel
(3D) (3D)
Log Analysis:
sonic/cutting
samples
(1D)

Seismic Facies
Classification

(3D) ‘ l

Figure 1 — Proposed workflow to generate a more realistic geological seismic
velocity model (adapted from Maul et al., 2016 in Gonzalez et al., 2016).

Seismic Inversion
(3D)

This methodology, albeit effective, should be considered
as a semi-quantitative approach, mainly due to inexact sample
positioning, potential rock collapse during drilling, and
inaccuracies in sample descriptions. These factors impose
ambiguities in the estimations of rock properties. The distinction
between lack of data, inaccuracy in their measurements,
uncertainty associated with interpretation, and data variability
are in complete agreement with the classic article presented by
Begg et al. (2014).

Maul et al. (2018b) demonstrated the wide applications
of a reliable geological evaporitic section model, when
simultaneously combining seismic attributes and well-logs,
such as better seismic imaging, uncertainty analysis,
seismic illumination for acquisition design, etc. The authors
demonstrated, using several projects, that stratifications insertion
inside the evaporitic section is a key aspect to consider for any
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seismic purpose. Gobatto et al. (2016), Falcdo (2017), Fonseca
et al. (2018), Maul et al. (2018a), Dias et al. (2019) and Maul
etal. (2019) compared the results obtained by using the proposed
methodology for evaporitic velocity model building, in opposed
to the ones from conventional velocity models, confirming the
benefits of the stratification insertion for seismic imaging in
several development and production pre-salt projects.

STUDY AREA AND AVAILABLE DATA

The study area is inserted in the pre-salt province in the Santos
and Campos Basins (Fig. 2). A pre-stack depth-migrated (PSDM)
volume covering an area of approximately 200 km? is available,
together with 14 wells with a broad suite of logs. The Agéncia
Nacional do Petrdleo, Gés Natural e Biocombustiveis (ANP) has
provided the data we used in this research. In this study, the
wells were labeled with capital letters from A to N, and the official
names can be found in Table 1. Maul et al. (2018a,c) showed,
using almost 182 wells through 9 projects/fields in the Santos
Basin, that the evaporitic section of these studied fields has
many features in common, such as mineral percentages, mineral
percentages x thickness, velocity ranges per mineral groups, etc.

Table 1 — Correspondence between the well designation used in this study and
the official names from ANP.

This Study ANP
A 3-BRSA-788-SPS
9-BRSA-1037-SPS
8-SPH-23-SPS
8-SPH-13-SPS
7-SPH-14D-SPS
7-SPH-8-SPS
7-SPH-4D-SPS
9-BRSA-928-SPS
| 7-SPH-5-SPS
J 9-BRSA-1043-SPS
1-BRSA-594-SPS
7-SPH-1-SPS
7-SPH-2D-SPS
3-BRSA-923A-SPS

T | O | M| m|O| O | @

=Z= | Z | | x
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Figure 2 — Location of study area (regional) and details of the available data. Blue shading is the area with hydrocarbon occurrences in the pre-salt
province in the Santos and Campos Basins, totaling an area of approximately 350,000 km2. Water column ranges 2,000 to 3,000 m. Adapted from:
https://diariodopresal.files.wordpress.com/2010.

PROPOSED METHODOLOGY Table 2 — Percentage of registered log in the evaporitic section per well (14).
Only a single well (K) has the entire evaporitic section logged.
The main goals of this work are twofold: (1) identifying and

characterizing the inherent uncertainties when dealing with the WELL NAME | REGISTERED | MISSING
gvaporitic section; and (2) assessing the property values from LOG (%) LOG (%)
acquired logs, in order to build a 3D velocity model for the A 91.90 8.10
gvaporitic interval. B 87.60 12.40
Drill cuttings and well-logs were used to classify the entire c 9110 8.90
gvaporitic section into the three proposed groups: LVS, Halite
and HVS. Almost every well which cross the evaporitic section D 87.30 12.70
presents a lack in the log-data. Each percentage per well is shown E 7790 2210
in Table 2. o _ F 87.20 12.80
Instead of using a simple standard velocity values, such
as the halite velocity where the data were not acquired, the G 92.00 8.00
missing information (the rock/mineral/group) was stablished H 91.80 8.20
using the described lithologies from drilling cuttings, and a | 91 40 8.60
single velocity was imposed for each salt group, obtained
from the variability/dispersion for each class and the velocity J %.00 400
x salt thickness correlation. Therefore, the calculated velocity K 100.00 0.00
considering all of these assumptions seems to be more reliable. L 95.60 4.40
M 94.30 5.70
RESULTS, ANALYSIS AND DISCUSSIONS N 94.00 6.00
After combining well-logs and drill cuttings, we obtain a complete AVG 91.30 8.70

lithology log for the evaporitic section, for all 14 wells (Fig.
3, for wells | to N). Figure 4 and Table 3 show the percentage
distribution for each mineral.

AVG = Average

Brazilian Journal of Geophysics, 37(2), 2019
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Figure 3 — A piece of a “N-S” stratigraphic cross-section crossing wells from | to N, showing sonic logs (blue lines — left tracks) and lithology group interpretation
(right tracks) for the evaporitic section.

Table 3 — Fraction of mineral groups in the evaporitic section, considering registered logs and gap-filling from drill cuttings.

WELL NAME | LVS LOG LITHOTYPE (%) | HALITE LOG LITHOTYPE (%) | HVS LOG LITHOTYPE (%)
A 545 86.20 8.35
B 0.50 98.90 0.60
C 6.90 82.70 10.40
D 0.00 91.60 8.40
E 0.30 95.40 430
F 1.45 95.40 315
G 4.80 92.90 2.30
H 1.20 98.10 0.70
| 1.10 88.80 10.10
J 510 83.80 11.10
K 212 93.10 478
L 3.60 87.20 9.20
M 410 89.80 6.10
N 4.60 83.20 12.20

AVG 2.94 90.51 6.55

AVG = Average

Brazilian Journal of Geophysics, 37(2), 2019
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Figure 4 — Fraction of mineral groups
in the evaporitic section, considering
registered logs and gap-filling from
drill cuttings, considering the mineral
grouping suggested by Maul et al.
(2018b): LVS, Halite and HVS.

As expected, Halite is the dominant group in the evaporitic
section, averaging over 90%, whereas HVS and LVS are much
less frequent, with a higher content of HVS, as already described
in literature (e.g., Jackson et al., 2015). We highlight that the
HVS group percentage increases almost 50% when considering
the gap-filled lithology (Fig. 5). This is the effect of a sampling
bias: for safety reasons, changing of drill stages is preceded by
placement of a casing shoe. This is commonly done on top and
base of the evaporitic section, and blocks proper well-logging.
As the top and base of the evaporitic section are classically
characterized by anhydrite, this operational constraint leads to
under sampling of anhydrite in the entire evaporitic layer.

Velocity distribution for each evaporitic group was also
investigated. Figure 6A illustrates the distribution of velocity
values for well L, which is the well in our sample that crosses
the thinnest evaporitic section (1,280 m). Figure 6B shows the
same, but for well B, which crossed the thickest evaporitic section
(2,370 m) containing the three classes of salt grouping (LVS,
Halite and HVS — the well D, which would be thickest well in this
project, has no the LVS occurrence). Notice that well L presents
a small dispersion of values, and Halite can be easily separated

DT logs, only A
92.70%
2.70% 4.60%
— —
LvS Halite HVS
DT logs + Lithotypes Description B
90.51%
2.94% 555
— |
LvVS Halite HVS

Figure 5 — Distribution of group mineral occurrences for all
wells. 5A: Registered sonic logs only. 5B: After gap-filling with
drill cuttings.

from the LVS group. Well B shows a wider range of velocities
for halite, which overlaps with the LVS group, rising ambiguous
interpretations. The HVS group in well B has a significantly lower
interval velocity, also overlapping with halite. Justen et al. (2013)
mentioned that thicker evaporitic sections might have resulted
from salt mobilization, which promotes mineral mixing. This is
particularly stronger for the LVS.

Analysis of all wells together (Fig. 6C) shows a strong
velocity overlap for all groups. This is why sometimes a single
value is used to represent the whole section - which is clear
inaccurate, as it does not capture heterogeneities.

Velocity variability with thickness is usually low for LVS
and Halite groups, and higher for HVS (Fig. 7). This is in
accordance with the statement presented by Maul et al. (2019).
To better understand this variability, the wells are sorted from
thinner (left) to thicker (right) evaporitic section. The anhydrite
in the HVS group shows a more brittle behavior than Halite
and LVS. Therefore, it is reasonable to infer that brittle high
velocity evaporites, which are less mobile, better support the
compaction effect in the same location, leading to an increase
in velocity. The other groups are ductile/plastic and mobile, and

Brazilian Journal of Geophysics, 37(2), 2019
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Figure 6 — Standard statistical box-plot representation of interval velocity variability, obtained from available sonic logs. 6A: Well L, where the evaporitic section
thickness is around 1,280 m. 6B: Well B, where the evaporitic section thickness is over 2,370 m. 6C: All 14 wells, with an average evaporitic thickness of 1,900 m. Blue
lines are the compressional velocity of reference (4,500 m/s), commonly used in the “salt flooding” for seismic migration purposes. White dots within the box-plots are
the average value for the mineral group, and black lines are the median. Black bars spam = one standard deviation.

probably move under lithostatic pressure, suggesting that the
compaction effect is weaker. The weight of the overburden (water
+ sediments above evaporites + evaporites) above the “salt” base
was also considered but, due to its small variation (from 4,950m
to 5,130m), it was assumed as negligible.

In order to avoid spurious values from well-log
measurement, the lower and higher 5% values were excluded
from the analysis. See Figure 7a, for example: a measurement in
well C has Vp over 6,000 m/s, which would correspond to HVS
and not to LVS values. The LVS velocity without those anomalous
values is almost constant, even considering the evaporitic section
thickness variation. This reinforces the hypothesis that this group
does not suffer the compaction effect, as observed by the linear
regression (thin green line). The Halite group (Fig. 7b) has
the same behavior. On the other hand, HVS (Fig. 7c) shows
greater variability, and an inverse correlation with evaporitic
thickness. An explanation for this inverse correlation would be
the compaction effect on anhydrites.

Brazilian Journal of Geophysics, 37(2), 2019

The compaction effects seem to be negligible for LVS and
Halite, though noticeable for HVS. Our decision for this work
was to consider the average values for gap-filling in each group.
This is to be decided on a case-by-case basis, after investigation
of a large number of wells and grouping them in representative
classes, such as section thickness and burial depth. As shown in
Table 2, about 8.70% of the well-logs are missing. Representing
these missing values as constant artificially reduces the variability
of our dataset, as we are replacing several values by a single one.

The next step is to estimate the velocity variations inside the
evaporitic section. Lithology identification by itself is not enough;
we need to populate a 3D model, segregated by facies, with the
appropriate values. This is done with help of acoustic inversion.
Discussions about the most suitable type of inversion for the
gvaporitic section are not the objective of this article, and the
reader may refer to Barros et al. (2017), Fonseca et al. (2018),
Teixeiraetal. (2018) and Maul et al. (2018b) for further details on
this particular subject.
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The resulting acoustic impedance (Z,) from the acoustic
inversion process is cross-plotted with the compressional wave
velocity (V,) and, from this cross-plot, a bestfit curve is
calculated (Eq. 1). The resulting curve fit is applied to the
whole 3D volume, generating a 3D velocity volume (Fig.
8). Curve-fitting choice is of course also another source of
uncertainties.

V,=ax’ +bxX’+cx+d 1

Where:

vV, = Compressional velocity; [V,] = m/s

x =11 :ﬁ*%

I, = Acoustic Impedance

a=1.426;b=—51.59;c=753.4,d =847

A correlation between the evaporitic section thickness
and the average V, is also calculated (Fig. 9). Thinner salt
sections show higher velocities, as expected by the Halite

displacement mechanism. The displacement is attributed to the
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Figure 7 — Sonic velocity, ordered by crescent salt thickness, 7a is LVS, 7b
is Halite, and 7c is HVS). Central curves indicate average values, over which
is plotted a trend line. Qutliers L5% and U5% were excluded from calculation.
Average Vp is 4,176 m/s for LVS, 4,530 m/s for Halite, and 5,258 m/s for HVS.
Notice low Vp variability for LVS and Halite, and an inverse relation of HVS Vp
versus the section thickness.

vertical movement of halite and other mobile salts (LVS group),
which is in accordance with the Rayleigh-Taylor instability: Halite
and LVS present a plastic, fluid-like behavior, and do not resist the
overburden stresses, being hence displaced and leaving behind
thinner sections with a higher proportions of HSV (Lachmann,
1910; Arrhenius, 1913 both referred in Dooley et al., 2015).
Evaporitic thickness and its average interval velocity are inversely
proportional. This inverse correlation is in agreement with the
ideas presented by Oliveira et al. (2015), who mentioned that, in
their project, when the evaporitic section increases in thickness,
the average velocity for the entire section decreases.

CONCLUSIONS

Modeling of heterogeneous evaporitic properties is a complex
subject, and a clear understanding of the uncertainties and
limitations of the available data is crucial to ensure a useful final
product.
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Figure 8 - Transformation from Acoustic Impedance (Ip) to Compressional Wave Velocity (Vp). 8A: Result of model-based acoustic inversion. 8B: Well-log cross-plot
(Vp versus Ip). Colors are mineral groups (Green — LVS; Light Blue — Halite and Purple — HVS), as in Figure 7, and black line is the chosen polynomial fit in this work
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Figure 9 — Correlation between Vp and evaporitic section thickness. 9a: Inverse correlation between average interval velocity and evaporitic thickness. Each dot
represents a well. 9b: Average Vp map for evaporitic section, calculated using Equation 1. 9c: Thickness map for evaporitic section.
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In the Santos Basin, the evaporitic section is dominated
by halite (about 80% in average — Maul et al. (2018a) — and
90% in the dataset used here). This can lead one to assume
a homogeneous compressional velocity (V,) of 4,500 m/s for
the entire section — the high occurrence of halite dominates the
cross-plot, dwindling the influence of other evaporitic minerals.

Velocity variability is nevertheless observed within the
gvaporitic section, especially in the HVS group, which could
be related to the higher compaction effects in anhydrites. The
variability is less pronounced in thicker evaporitic section. This
behavior seems to be more related to the mixed mineralogy
observed in these thicker sections, and less to the individual
mineral variability by itself. We defend the idea that, in these
thicker sections, mineral mixing leads us to analyze the halite
influence (more stable) over other minerals.

The methodology presented in this work results in an
improved initial velocity model for seismic tomography, lowering
the computational efforts when compared to the conventional
approach (“salt flooding” + inversion tomographic updates), as
cited by Gobatto et al. (2016), Falcdo (2017), Fonseca et al.
(2018), Maul et al. (2018a), Dias et al. (2019) and Maul et al.
(2019).

The workflow is easy to implement, and not costly. Besides,
the improved velocity can be used to assist other reservoir
characterization processes, such as properties distribution
studies, depth positioning forecast, uncertainty estimation,
geomechanical studies, and drilling in safer conditions.

The inverse relation between salt thicknesses and average
interval velocities suggests that mobile salts (LVS and Halite) are
expelled by the overburden weight, such as the carbonate rafts,
leading to higher HVS fractions in thinner sections.
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