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ABSTRACT. The exploration of pre-salt reservoirs in the Santos Basin, Brazilian Offshore, requires innovative 
approaches to improve the quality of reservoir seismic images below large salt bodies, helping to enhance the depth 
predictions and to improve security for drilling operations. Salt is a general term for evaporites that may present an 
enormous complexity. Outcrop and experimental data show that evaporites precipitate in a controlled and defined 
order, respecting increasing brine salinity. When analyzing the Ariri Formation (salt section) in the Santos Basin we 
recognize several evaporation salt cycles, indicating climatic and tectonic controls. In this work, we identify the salt 
cycles in wells and integrate those with the seismic data as low-frequency events to create detailed velocity models. 
Our results confirm that the incorporation of the salt cycles reduces the average mismatch of depth positioning, 
consequently, providing reliable volumetric estimations. 
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RESUMO. A exploração de reservatórios do pré-sal na Bacia de Santos, Offshore Brasileiro, requer abordagens 
inovadoras para melhorar a qualidade das imagens sísmicas dos reservatórios abaixo de grandes corpos de sal, 
ajudando a tornar as previsões de profundidade mais precisas e a aumentar a segurança das operações de 
perfuração. Sal é um termo genérico para evaporitos que podem apresentar uma enorme complexidade. Dados 
experimentais e de afloramentos mostram que os evaporitos precipitam em ordem bem controlada e definida, 
respeitando o aumento da salinidade da salmoura. Ao analisar a Formação Ariri (seção de sal) na Bacia de Santos 
reconhecemos vários ciclos de evaporação do sal, indicando controles climáticos e tectônicos. Neste trabalho, 
identificamos os ciclos de sal em poços e os integramos aos dados sísmicos como eventos de baixa frequência para 
criar modelos de velocidade detalhados. Nossos resultados confirmam que a incorporação dos ciclos de sal reduz o 
erro médio do posicionamento em profundidade e fornece, consequentemente, estimativas volumétricas mais 
confiáveis. 
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INTRODUCTION 

The Santos Basin is the largest salt basin in the 
South Atlantic Ocean and its history begins with the 
breakup of the Gondwana Supercontinent in the 
Early Cretaceous (Kukla et al., 2017). During the 
Aptian, the Santos Basin (SE Brazil) was in a 
restricted sea isolated from the open oceanic water 
circulation by the Rio Grande Rise. The restricted 
conditions stayed for nearly 9 My, allowing the 
formation of brine portions, which creates the perfect 
conditions for precipitation of evaporites: high 
evaporation rates, arid climate, and little freshwater 
inflow. These saline evaporites act as effective and 
perfect seal for the pre-salt reservoirs in the basin 
(Carminatti et al., 2008). 

Gamboa et al. (2009), analyzing seismic data in 
the Santos Basin, identify four major units that are 
formed by a sum of several minor evaporitic cycles 
in the Ariri Formation. These major units have 
distinct seismic facies and are preserved in the 
following order: (1) a thick basal layer composed 
mostly by halite; (2) a layer with anhydrite on the 
base followed by halite and bittern salts; (3) another 
thinner layer of halite; and (4) a thinner layer 
presenting the same sequence described in (2). 
Fiduk and Rowan (2012) divide the evaporitic 
section in three beam layers and three detachment 
zones. The beams are layers that present high 
amplitude and continuous trackable reflections, 
described as ‘relatively competent’, concentrating 
most of the anhydrite mineral. The detachment 
zones, the interval between beams, have low 
amplitude reflections, poor continuity, and are 
mostly composed of halite. Jackson et al. (2015) 
also divide the evaporitic section into four units from 
base to top, based on seismic patterns: A1, A2, A3 
and A4. These authors divide these units based on 
the percentage of non-halite minerals, such as 
anhydrite, carnallite, tachyhydrite, related to their 
density differences. A1 is chaotic-to-weakly stratified 
and rich in halite; A2 is a high amplitude and strong 
reflective unit with less halite than A1; A3 is poorly 
reflective, with high halite content; and A4 has very 
strong reflections, less halite and few layers of low-
density evaporites.  

In this study, as a first approach to interpretation, 
we start using the four-fold sub-division defined by 
Gamboa et al. (2008) and Jackson et al. (2015), 
before detailing the minor cycles defined by Freitas 
(2006). Each of these minor cycles, from base to top, 
is composed of anhydrite, halite, bittern salts, 
another layer of halite and another anhydrite closing 
the loop. It is essential to notice that the bittern salts 
may not always be present or preserved in the 
cycles since their precipitation and preservation 
conditions rarely occur. They tend to happen on 
central portions of brines, during an extremely arid 
climate and with little or inexistent freshwater inflow. 

The seismic velocity models of salt bodies gen-
erally present simplifications, which are frequently 

treated as almost homogeneous halite bodies. 
These simplifications affect the seismic migration 
during the process of image building, the reliability in 
reservoir depth forecast and well engineering 
projects, which may cause significant budget losses 
for the companies in the oil and gas industry. 

Recently, several approaches are considering 
details in the evaporitic section using previous 
information, such as drilled wells and seismic data, 
to create more accurate velocity models (Maul et al., 
2015; Maul et al., 2019; Maul, 2020; Maul et al., 
2021). To complement these studies, it is crucial to 
understand the salt basin depositional dynamics as 
well as their structural behavior. After recognizing 
and correlating the major salt cycles (Gamboa et al., 
2008; Fiduk and Rowan, 2012; Jackson et al., 2015, 
Rodriguez et al., 2018), the small salt cycles (Freitas, 
2006) can be inferred using well data and modeled 
using any seismic inversion strategy or any 
geostatistical approach (Pontes et al., 2018, 2019; 
Pontes, 2019; Teixeira et al., 2020; Maul, 2020; 
Maul et al., 2021). 

In this paper, we interpreted and characterized 
the four primary salt cycles and used the information 
from wells to obtain the high frequency secondary 
salt cycles. After that, we performed seismic inver-
sions considering or not the cycles to build the low 
frequency models. Finally, we used this information 
to evaluate the relevance of the incorporation of 
these approaches for seismic activities, especially 
regarding the uncertainties related to gross rock 
volume variations. 
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SANTOS BASIN: GENERAL GEOLOGY 
BACKGROUND  

The formation of Santos Basin occurred during the 
Mesozoic after the Gondwana rifting. The stratigra-
phy presents three super sequences: Rift, com-
posed mainly by lake and fluvial deposits, post-Rift, 
the evaporitic phase, which is object of this study, 
and finally the passive margin sedimentation, char-
acteristic of the Drift phase (Moreira et al., 2007). 

In this context, the Santos Basin tectonic and 
stratigraphic evolutions are closely connected with 
the South Atlantic opening, in the Lower 
Cretaceous. Non-marine sediments fill a series of 
grabens and hemigrabens (Piçarras and Itapema 
Formations), covered by shallow marine carbonate 
of Barra Velha Formation (Freitas, 2006). 
Barremian and Aptian carbonate reservoirs are 
also present in the Santos Basin, within the pre-salt 
section represented by lacustrine microbialites and 
coquinas, with marine influence (Mann and Rigg 
2012; Quirk et al. 2012). Usually, a thick salt layer, 
the Ariri Formation, covers the reservoirs, in some 
locations thicker than 2,000 m. The reservoirs 
occur between 5,000 and 6,000 m below the sea 
level. The evaporite precipitation of Ariri Formation 
happened between the sag and marine phases 
during a fast subsidence regime, forming the Aptian 
South Atlantic Salt Basin (Kukla et al., 2017). 

This Aptian South Atlantic Salt Basin was more 
than 2,000 km long, 400 km wide in its southern 
portion and around 100 km wide northward. The 
estimated average thickness of the completely 
evaporitic section was around 2,000 m before 
halokinesis occurred (Mohriak et al., 2012). 
Presently, the evaporitic section varies from few 
hundred to around 3,000 m (Gamboa et al., 2008, 
Mohriak et al., 2012). Rodriguez et al. (2018) 
estimate that the entire evaporitic section was 
deposited in about 530 Ky, with a cyclicity of fourth 
to fifth-order, low-amplitude sea-level changes, 
which are interpreted as having typical greenhouse 
characteristics. This dimension and volume of 
evaporite deposition suggest that Santos Basin 
deposits falls in the basinward evaporite 
classification as described by Warren (2006). 

EVAPORITES AND THE SALT CYCLES  

Warren (2006) defines evaporites as a group of 
sedimentary deposits formed largely due to 
evaporation. Large bodies of evaporites, also 
known as saline giants, as the ones found in Santos 
Basin, form in restricted bodies of water under 
specific climate conditions, especially arid climates 
and high evaporation rates. The composition and 
geometry of deposition of the minerals depend on 
the chemical composition of the water and adjacent 
rocks, as well as climatic and tectonic conditions 
(Rodriguez et al., 2018). 

Saline evaporites have high solubility and 
halokinetic properties, that make most of them 
chemically and physically very mobile, both in the 
sedimentary environment and particularly during 
burial and diagenesis. For example, as burial 
begins and temperature increases, precipitated 
gypsum dehydrates, and the original mineral 
converts into anhydrite. These characteristics 
make the interpretation of ancient evaporites 
strongly dependent on climatic and tectonic models 
(Warren, 2016). This same author states that: 
“larger examples of modern evaporites are 
dominantly supra-sea level nonmarine lacustrine 
deposits, while ancient evaporites are subsea level 
marine fed systems. Yet, the first-order latitudinal 
distribution of modern and ancient evaporite basins 
is similar. That is, the dominant world-scale control 
on evaporite distribution is climatic and largely the 
result of the presence of Hadley cells”. This 
statement is important to support our main 
understanding of the whole process of evaporite 
formation and its intrinsic cyclicity. 

According to Warren (2006), there are three 
different models for basin filling with evaporitic 
precipitation: deep basin/deep water, deep 
basin/shallow water, and shallow basin/shallow 
water. We assume that the Aptian South Atlantic 
Salt Basin is an example of a deep basin/shallow 
water setting (Fig. 1). In this setting, shallow water 
evaporites predominate, deposited as stacked 
saltern to mudflat cycles in a basin with hydrological 
level several hundreds of meters below mean sea 
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level. The tectonic and eustatic conditions required 
for the formation of widespread marine evaporites 
are not recognized in the modern world (Warren, 
2006; 2016). 
 

 
Figure 1 - Most likely setting for basinwide evaporite 
deposition in Aptian South Atlantic Salt Basin during the 
Aptian, where the Santos Basin is inserted in the context.  
(Modified from Warren, 2006). 

 

For the purpose of this research, we define a 
salt cycle as the full length of a brining upward, i.e., 
basin desiccation, and a deepening upward, i.e., 
basin filling (Freitas, 2006; Rodriguez et al., 2018; 
Pontes et al., 2019; Teixeira et al., 2020). Brining 
upward occurs when the rate of evaporation is 
higher than the rate of water influx to the system. 
As water evaporates, the density and ionic 
concentration of the brine increases, and when this 
concentration reaches a critical point, the evaporite 
precipitation begins (Fig. 2). 
 

 
Figure 2 - Evaporation pathway of modern seawater showing 
how density increases and how the proportion of various ions 
in solution changes as the brine concentration increases 
(modified from Warren, 2006). 

 

Usiglio (1849) also demonstrates this behavior 
of evaporite precipitation in its first known 
experiment of complete seawater evaporation. As 

the degree of evaporation increases, evaporites 
precipitate from the least to the most soluble 
minerals: carbonates, gypsum, halite and finally the 
bittern salts. The reference to this evaporation 
pattern is the “Usiglio Sequence”, and this concept 
is still largely used.  

It is logical to assume that when the water 
inflow into the basin is higher than the evaporation 
rate, the inverse precipitation order is observed: 
bittern salts, halite, gypsum and carbonates. This 
corresponds to the deepening upward cycle 
(brining downward). 

The Importance of Characterization of the 
Evaporitic Section 

According to Maul et al. (2019), based on the data 
acquired from about 200 drilled wells, the most 
common mineral found in the Santos Basin 
evaporitic section is halite. For this reason, the 
evaporitic section characteristics, including seismic 
velocity and density, are frequently represented by 
halite. However, a closer look to tomographic 
inversions reveals inconsistencies and velocity 
anomalies that do not conform to the stratigraphic 
configuration found in the seismic data. 

Until the early 2,000´s, the evaporitic section 
in the Santos Basin was modeled as having 
homogeneous compressional velocity – 4,500 m/s 
(similar to halite compressional velocity value). 
This is a valid assumption for PSTM (Pre-Stack 
Time Migration) algorithms, which cannot handle 
strong lateral compressional velocity variations 
(Yilmaz, 2001). 

With the increase in processing power and the 
development of new migration algorithms, PSDM 
(Pre-Stack Depth Migration) became the industry 
standard, and the representation of existing lateral 
variations for velocity inputs is necessary for the crea-
tion of more reliable seismic images (Ji et al., 2011). 

Huang et al. (2010) consider the presence of 
layered evaporites in the Santos Basin and publish 
results for velocity correction using tomographic 
inversion. Tomography based intrasalt travel times 
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yield good results because layered evaporites 
create strong reflections, ensuring the correct 
update. Without a proper initial model, even 
tomographic inversions are not able to correctly 
represent and update the velocities, due to the 
complex nature of the environment that may have 
steep dips and sharp contrasts. Some authors have 
explored the use of inhomogeneous/heterogeneous 
evaporitic sections for enhancing migration output 
(Maul et al., 2015; Gobatto et al., 2016; Fonseca et 
al., 2017; Fonseca et al., 2018; Maul et al., 2018a; 
2018b; Maul et al., 2019; Maul, 2020).  

Tarantola (1984) and Zhang and Wang 
(2009), among other authors, strongly indicate 
FWI and intrasalt tomography to update salt 
velocity models. Still, both methods need a good 
starting velocity model that, at least, fairly 
represents the local geology (Maul, 2020). 

Study Area and Available Data 

The study area is inserted in the pre-salt province 
of Santos and Campos Basins (Fig. 3). A PSDM 
volume covering an area of approximately 100 
km² and 8 wells with a basic suite of logs are 
available (Table 1). To simplify the official names 
of the wells, we are using capital letters (A to H) 
and Table 1 brings the correspondence between 
the official names Agência Nacional do Petróleo, 
Gás Natural e Biocombustíveis (ANP) and our 
nomenclature. ANP provides all data we use in 
this research. 

METHODOLOGY 

The adopted methodology follows the work of 
Pontes (2019) and consists in identifying the major 
salt cycles inside the Ariri Formation using well 
logs, and extrapolating these cycles to the seismic 
data to create low-frequency models for seismic 
inversion. The resulting models considered the top 

and base of salt besides three horizons reflecting 
the cycle separations. The obtained impedance 
response was transformed to compressional 
velocity taking an empirical relation (Maul et al., 
2019), allowing the depth positioning of seismic 
events we are interested in. The top of the Barra 
Velha Formation reservoir is the well-marker used 
for comparison among different velocity models: 1) 
constant salt velocity, 2) salt tomographic 
inversion, 3) the standard seismic inversion 
model, described by Maul el al. (2009), and 4) the 
cycles seismic inversion model developed in the 
present work. The result analysis considers the 
mismatch between the well-marker of the top of 
Barra Velha Formation and the depth positioning 
for the correspondent seismic event for each 
velocity model at the well location.  The applied 
methodology involved the following main steps: 

a) Interpretation of brining upward/deepening 
upward salt cycles based on the well logs; 

b) 1D seismic signal modeling for each well in 
order to understand any seismic signature of 
the salt cycles (majors and minors), evaluating 
the possibility to track these cycles through the 
seismic data; 

c) Mapping of the interpreted/inferred salt cycles 
on the seismic data; 

d) Use of mapped cycle surfaces as guides to 
create low-frequency models for seismic 
inversion; 

e) Execution of a seismic inversion that 
reproduces the stratification observed in the 
well data using a low-frequency model driven 
by the interpreted cycles; 

f) Transformation of the impedance values to 
velocity using an empirical relationship 

Comparison of the mismatch between a reference 
surface and its correspondent well marker and GRV 
(Gross Rock Volume) among the different models.
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Figure 3 - Location map of the Bauna and Piracaba Fields (BM-S-40), Santos Basin. The blue dashed line outlines the used 
3D seismic survey. Wells are represented by letters and points in BM-S-40. 

 
Table 1 - The official names used in this study, after the 
ANP (National Agency of Petroleum - Brazil) authorization. 

This Study ANP 

A 3-BRSA-923A-SPS 

B 7-SPH-1-SPS 

C 1-BRSA-594-SPS 

D 9-BRSA-1043-SPS 

E 7-SPH-5-SPS 

F 9-BRSA-928-SPS 

G 7-SPH-8-SPS 

H 8-SPH-23-SPS 

RESULTS 

After the integrated analysis of the seismic and well 
data, we recognized the same four major units 
previously described by Gamboa et al. (2008) and 
Jackson et al. (2015). In Figure 4 we show the 
extracted seismic data along well A, and the 
correlation with the synthetic data calculated from 
the reflectivity coefficient log, derived from acoustic 
impedance, convolved with a Ricker wavelet of 25 
Hz. The units are correspondent to the major salt 
cycles, determined from the analysis of well 
geophysical logs and lithology. Each major cycle 
corresponds to a brining-upward (precipitation 

series of anhydrite, halite and bittern salts) followed 
by a deepening-upward (precipitation series of 
bittern salts, halite and anhydrite) succession. Each 
cycle limit correlates with prominent seismic 
reflections, delimiting different seismic facies 
correspondent to the units described in literature and 
summarized in Table 2. 

Figure 5 is a composite section along the wells 
showing the interpretation with the recognized units, 
integrating seismic and well data: 

Unit 1: It presents a mostly transparent, 
chaotic seismic facies with locally stronger 
reflections and large thickness variations. 
This unit has a high halite proportion (~ 92%) 
as confirmed by the wells. The lower 
boundary is a strong positive reflection 
(increasing impedance) related to the basal 
anhydrite/carbonate lithological contact; the 
upper boundary is a positive reflection related 
to a relatively thick anhydrite layer. 

Unit 2: It is a highly stratified unit, with strong 
reflections, less halite (~ 83%) and more 
anhydrite/halite/bittern salt intercalation. The 
upper boundary, similar to the previous unit, 
is a positive reflection related to a relatively 
thick anhydrite layer.
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Figure 4 - Well section showing the extracted seismic data along the wells and the correlation with synthetic data calculated 
from the reflectivity coefficient log, derived from acoustic impedance, convolved with a Ricker wavelet of 25 Hz. From this 
section, it is possible to observe that there is a change in the reflection characteristics of the units as described in literature 
(e.g. Jackson et al., 2015). The expanded seismic section on the right shows a closer look to the cycle stratifications and 
structural complexity. 

 

Table 1 - The official names used in this study, after the ANP (National Agency of Petroleum - Brazil) authorization. 

This Study Gamboa et al. (2008) Fiduk and Rowan (2012) Jackson et al. (2015) 

Unit 4 Thinner Interbedded unit B1 A4 

Unit 3 Thinner Halite-rich unit D1 A3 

Unit 2 Interbedded unit B2 A2 

Unit 1 Halite-rich unit 

D2 

A1 B3 

D3 
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Figure 5 - Composite seismic section along the wells. Upper figure: seismic section in depth. Lower figure: Interpreted 
units used for this study.  For section spatial location, see Figure 3. 

 
Unit 3: It shares the same characteristics of Unit 
1, although less chaotic, presenting more trans-
parent seismic facies, with a few continuous 
reflections. As Unit 1, the halite proportion is 
around 92%. Unit 3 is thinner than Unit 1 and 
does not present dramatic thickness variations; 
the upper boundary is a positive reflection. 

Unit 4: It has less halite than the other units (~ 
43%) and a high proportion of anhydrite (47%) 
and bittern salts (10%). Unit 4 has the strongest 
reflections observed on the evaporitic section, 
and it is highly stratified and the thinnest unit. 
The upper boundary is a strong positive reflec-
tion associated with the top of the evaporitic 

section, which is an anhydrite layer. The mineral 
percentage occurrences of each mineral are in 
accordance with previous works (Amaral et al., 
2015; Maul et al., 2019; Maul, 2020). 

After performing the inversion studies and having the 
acoustic impedance deliveries, we converted this 
property (Ip – P impedance) to P-velocity (compres-
sional velocity) that can be used for several seismic 
processes. Here, we decided to use the same em-
pirical equation used in Maul et al. (2019) and 
illustrated in Figure 6 to convert the Ip into Vp. The 
authors grouped the salt mineral established by 
Maul et al. (2018c): LSV (Low Velocity Salts), which 
is a family of salts that has the compressional  
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Figure 6 - Vp x IP for different salt groups based on their P-wave velocities. The black line is the 
polynomial regression that generates the Equation 1, and we used this equation to convert 
impedance values to velocity values. Adapted from Maul et al. (2019). 

 
 
velocities lower than halite, and is mainly 
composed by carnallite, tachyhydrite and sylvite. 
The HSV (High Velocity Salts) are salts 
presenting compressional velocities higher than 
halite, such as anhydrite and gypsum. The halite 
is the background mineral once it represents 
about 80% of occurrence in most of the analyzed 
studies. 

One of the most straightforward ways to 
assess the impact of a velocity model in a 
hydrocarbon reservoir is by the time x depth 
conversion analysis. Therefore, in this work we 
built four different scenarios to convert the 
seismic surface relative to the base of salt (top of 
reservoir) from time to depth. Figure 7 presents 
the velocity models using the same composite 
section presented in Figure 5. 

Using the velocities from the four different 
models, we generated the depth positioning of 
our reference level. In this case, we assume that 
the base of salt corresponds to the top of the pre-
salt reservoir (Fig. 8). 

We assume that the mismatch between the 
well marker and each one of the depth surfaces 
is a good indication of the adequacy of the 
velocity models for depth forecasting purposes 
(Fig. 8). Figure 9 presents the calculated modulus 
differences for the depth surfaces using the four 
salt velocity models in comparison to each well 
marker depth. The modulus values were chosen 
to represent the real magnitudes of the mismatch, 
since positive and negative values may cancel 
each other (Maul et al., 2021). 

DISCUSSION 
In this small portion of the Santos Basin where 
we conducted this study, there are many 
locations with evaporitic stratifications. They 
appear as undisturbed to highly folded, when 
looking at the seismic data. Even though, the 
stratifications are showing clear signs of 
movement, and the seismic facies are easily 
distinguishable among each other, allowing their 
interpretation.
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Figure 7 - Velocity model comparison. Capital letters A to H refer to the wells used in this study. a) Constant Velocity Model. This 
model represents the evaporitic section as a homogeneous salt body, with constant properties and salt velocity of 4,550 m/s; b) 
Tomographic Model following the standard seismic processing workflow; c) Standard Seismic Inversion Model using the 
methodology described in Maul et al. (2009) having the top and base of salt as boundaries for the low frequency model. d) Salt 
Cycles Seismic Inversion Model. This new inversion considers, besides the top and base of salt, three other internal salt horizons, 
attempting to represent the cycle separation, to build the low frequency model for the model-based seismic inversion. The velocity 
conversion from the Ip (models “c” and “d”) uses the same equation presented in Figure 6, based on Maul et al. (2019). 

 

 
Figure 8 - Section crossing the base of salt surfaces considering the 
different velocity models. The well markers of the base of salt in each well 
are the black circles. The vertical scale is magnified by 30 times to 
emphasize the differences. 

 

 
Figure 9 - Modulus values of the mismatch (in meters) between well marker 
per well and the base of salt (BOS) surfaces for each velocity models. 
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Rodriguez et al. (2018) suggest that the 
compositional differences among units (A1-A4) 
occur due to changes in salinity, possibly driven by 
variations in the frequency of marine incursions 
(deepening upward) and near-desiccation (brining 
upward) episodes. The authors establish the unit 
boundaries observing high seismic amplitude 
contrasts in association with well information. These 
units were equally recognized in the present study 
(Units 1 to 4) in well and seismic data corresponding 
to anhydrite layers thick enough to be solved by the 
seismic method, appearing as a strong positive 
seismic reflector (Figs. 4 and 5). 

However, the units do not always correspond to 
the same stage of the interpreted low-frequency 
cycles. We interpret Unit 1/Unit 2 and Unit 2/Unit 3 
boundaries as the end of a deepening upward and 
the beginning of a brining upward cycle, registered 
as thick anhydrite layers (Fig. 4). Unit 3/Unit 4 
boundary corresponds to a thick carnallite layer, 
which we interpret as part of a brining upward cycle, 
corresponding to a strong negative seismic reflector 
(Fig. 4).This separation is in accordance with 
Teixeira et al. (2020) and Maul et al. (2021). 

The velocity models we created have increasing 
complexity, such as presented by Maul et al. (2021). 
The high-frequency cycles illustrated in Figure 4, 
especially those inside Unit 2 and Unit 3, were 
considered when building the Salt Cycles Seismic 
Inversion Model. This assumption provides a more 
adequate geological velocity model (Fig. 7) when 
looking at Figure 5 in comparison with the models 
presented in Figure 7. The average modulus mismatch 
progressively reduces with the adoption of geologically 
complex models, as we show on Table 3. 
 

Table 3 - The official names used in this study, after the 
ANP (National Agency of Petroleum - Brazil) authorization. 

MODEL AVG. MISMATCH (m) 

Constant Velocity Model 37.51 

Tomographic Model 35.90 

Standard Seismic 
Inversion Model 

31.47 

Salt Cycles Seismic 
Inversion Model 

22.91 

 

Once the Salt Cycles Seismic Inversion Model 
provides the minimum modulus average mismatch, 
we assume this as the appropriate model to consider 
as a reference for comparison. An important 
information obtained from the depth variability 
analysis is the calculation of GRV – Gross Rock 
Volume. In this study, GRV means the volume of 
rocks that are above a reference level such as a 
hypothetical hydrocarbon/water contact. Table 4 
shows a GRV calculation with a hypothetical 
hydrocarbon/water contact at -5,357 m TVDSS. 
 

Table 4 - Gross Rock Volumes calculated using a 
hypothetical hydrocarbon/water contact at -5,357m. 

MODEL GRV (× 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝒎𝒎𝟑𝟑) 

Constant Velocity Model 6.72 

Tomographic Model 6.53 

Standard Seismic 
Inversion Model 

6.49 

Salt Cycles Seismic 
Inversion Model 

6.15 

 
The GRV reduction from Constant Velocity 

Model to Salt Cycles Model is approximately 8%. 
Comparing the industry standard Tomography 
Model with the Cycles Model, we have a reduction 
of about 6%. Finally, when we compare the 
Inversion Model, we observe a reduction of 5%. 
Maul et al. (2021), applying the same methodology 
for a larger area, which includes ours in Santos 
Basin, show a variation of about 14% among the 
models. In another study, Meneguim et al. (2015) 
observe 3% GRV variation between two models: (i) 
inversion tomographic salt model and (ii) salt 
standard model-based seismic inversion. These 
differences emphasize the need to consider different 
velocity scenarios for depth positioning of target 
surfaces, especially in complex areas, such as those 
below salt sections. 

We also evaluated the GRV spatial variation 
between our reference model and the others. The 
difference maps (Fig. 10) show that the major 
observed GRV differences are located mainly in the 
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Figure 10 - GRV difference maps comparing the Salt Cycles Seismic Inversion Model and the other models. a) GRV 
difference between Salt Cycles Seismic Inversion Model and Constant Velocity Model; b) GRV difference between Salt 
Cycles Seismic Inversion Model and Tomographic Model; and c) GRV difference between Salt Cycles Seismic Inversion 
Model and Standard Seismic Inversion Model. Note the largest GRV variation to SW, due to the difficulty of the models to 
represent correctly the geologically complex areas (e.g., the salt heterogeneity). 

 
SW portion of the study area, where a thicker halite 
over a stratified salt layer occurs, suggesting that this 
is not captured by the inversion tomography 
updating algorithms during the seismic processing 
phase. This is in accordance with the conclusions 
presented by Pontes et al. (2019). 

CONCLUSION 

Our results confirm that the salt section in the 
Santos Basin is not a homogeneous section 
presenting heterogeneities that result from the salt 
evaporative cycles. Non-homogeneous, stratified 
salt bodies usually are not solved due to the 
intrinsic absence of seismic resolution. 

The incorporation of stratification, with 
appropriate velocities for different stratified 
lithologies when building velocity models, using 
seismic inversion, especially including the seismic 
tractable units, brings strong improvements to 
depth positioning, by reducing the mismatch 
between reference well markers and seismic 
events. 

Different salt velocity models provide different 
Gross Rock Volumes (GRV) for the pre-salt 

reservoir. In the present study, the Salt Cycles 
Seismic Inversion Model resulted in the smallest 
average mismatch in relation to the well-marker 
information. We proved that the industry standard 
Inversion Tomographic Model approach gives a 
GRV 6% higher than the Salt Cycles Seismic 
Inversion Model, which is a relevant volumetric 
difference impacting the whole production concept 
of a hydrocarbon field. 
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