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The presalt reservoirs of the Barra Velha Formation are complex and heterogeneous. Their deposition was
controlled by a mixture of physical and chemical processes, which consequently affected the distributions of
facies and variations in porosity and permeability. In this paper we present a presalt facies reconstruction of
reservoirs within the Barra Velha Formation of the Búzios Field. This was achieved through the use of an
innovative workflow that integrates geological process modeling with a truncated Gaussian simulation geo
statistical algorithm with trends. Our results show that the structural highs are dominated by carbonate buildups/mounds architecture seismic patterns which are dominated by spherulites and its intercalation with shrub
sediments culminating in spherulitites and shrubby carbonate lithologies. Reworked sediments and facies are
concentrated in regions dominated by debris seismic patterns and lake bottom seismic facies corresponding to
laminites also occur within the study area. In chronostratigraphic terms the Barra Velha is muddier at the base
transitioning to in-situ carbonates in the middle section, before becoming muddier again at the top. The western
portion of the Búzios Field is mostly composed by shrubby carbonates and reworked facies whilst spherulitities
are more abundant to the east intercalated with shrubby carbonates. Some uncertainties remain in relation to the
parameters used in the proposed methodology. Nonetheless, the proposed workflow was effective for facies
reconstruction of the presalt carbonates allowing not only a better understanding of sedimentological processes
but also accurately distributing facies throughout the study area.

1. Introduction
Geological process modeling is a technique of 4D reservoir charac
terization that allows the construction of conceptual sedimentary
models based on the simulation of physical and chemical mechanisms,
which control sedimentation and diagenesis through time (Borgomano
et al., 2020; Huang et al., 2015; Lanteaume et al., 2018; Merriam and
Davis, 2001; Tetzlaff et al., 2014). This approach has been successfully
used for carbonate sedimentary modeling of the Triassic Esino Lime
stones in the Alps (Berra et al., 2016), the Miocene limestones from the
Marion Plateau in Australia (Guerra, 2016), the Aptian carbonate plat
form in Abu Dhabi (Lanteaume et al., 2018), as well as for a number of
Cenozoic, Mesozoic and Paleozoic carbonate platforms (Whitaker and

Frazer, 2018) and the Lower Cretaceous Urgonian platform in France
(Borgomano et al., 2020). Geological process modeling has also been
applied to clastic sedimentation in deep water turbidite systems from
offshore Brazil (Acevedo et al., 2016; Høye et al., 2016; Madhoo et al.,
2016). This modeling simplifies the exploration phase and optimizes
reservoir characterization, allowing a better comprehension of sedi
mentary evolution and dynamics as it requires detailed (user) input of
tectonic and eustatic parameters as well as rates of erosion and sediment
transport.
Geostatistical methods for determining petrophysical properties and
reservoir characterization of facies are widely used, with an extensive
bibliography (Azevedo and Soares, 2017; Caers, 2005; Lantuéjoul, 2002;
Pyrcz and Deutsch, 2014; Ziegel et al., 1998). These methods have been
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Formation was first described by Moreira et al. (2007) as a shallow
lacustrine sequence characterized by intercalations of microbial car
bonates, stromatolites and laminites in its proximal portion and distal
facies of finer grained carbonates and shales. The proximal facies were
described as being commonly reworked into grainstones and packstones
containing fragments of stromatolites and associated bioclasts. Ephem
eral volcanic activity was also present leading to the intercalation of
mafic igneous rocks with these aforementioned lithologies.
The structural setting for the development of the paleoenvironment
of the Barra Velha Formation consisted of a series of distal, N–S to NESW rift fault shoulders uplifted during the Barremian which led to
shallow carbonate sedimentation due to the scarcity of siliciclastic
sediment input (Gomes et al, 2002, 2008). Mean basin subsidence was
around 600 m during the Aptian, according to Contreras et al. (2010).
Szatmari and Milani (2016) suggested that the faults acted as path
ways for hydrothermal fluids as well as for volcanic activity which
together with meteoric waters from the continent supplied the shallow
lacustrine waters with alkalis such as Ca, Mg and SiO2 (Boyd et al.,
2015). This favored the deposition of non-marine carbonate facies, such
as Mg-rich authigenic shales, travertines, stromatolites, grainstones,
spherulitic packstones and mudstones. In addition, there is evidence of
eventual subaerial exposure and erosion by wave action.
The core-based cyclothem succession proposed for the Barra Velha
Formation is inferred to be controlled by tectonics, lake water level, lake
geochemistry and erosional processes (Wright, 2012; Wright and Bar
nett, 2015; Wright and Tosca, 2016). The succession consists of an
evaporitic/shallowing upwards sequence with basal facies of predomi
nantly detrital laminated carbonate muds with the occasional presence
of spherulites and shrub fragments. These laminated carbonate grade
into shallow water spherulitic carbonates and stevensite rich lithologies
and finally shrub-like carbonate facies, all which show evidence of mi
crobial influenced precipitation (Wright, 2012; Wright and Barnett,
2015; Wright and Tosca, 2016).
Farias et al. (2019) analyzed core samples from the upper Barra
Velha Formation and proposed slightly different facies with a shallowing
upwards succession that began with freshwater flooding and, therefore a
high water table leading to the deposition of laminites over a calcite
crust from previous cycles. These facies grade into shrub-like carbonate
deposition, formed in an evaporative phase with a lowered lake water
table, followed by the deposition of spherulites and stevensite in a
desiccation phase with the water table below the surface. Stevensite can
also occur in protected and evaporative shallow lake conditions with
high Mg/Si ratio, salinity and pH forming directly from water column
(Pozo and Calvo, 2018), causing its eventual preservation in some sec
tors as demonstrated by several authors (de Castro and Lupinacci, 2019;
Herlinger et al., 2017; Saller et al., 2016).
Gomes et al. (2020) proposed a new facies classification for car
bonates of the Barra Velha Formation, as well as two facies succession
schemes with reservoir rocks, deposited on paleo highs, and
non-reservoirs rocks deposited basinward. The first facies succession
scheme is defined by an upward increase in shrub grains, similar to
Wright and Barnett (2015), suggesting a shallowing upwards cycle in a
humid to arid climate with fluctuating lake levels. In this succession, the
reservoir rocks initially contain an abundance of spherulites grains, but
they become increasingly dominated by shrubs towards the top of the
sequence, all with insignificant mud content. The non-reservoir rocks
show a similar pattern, but they are dominated by mud at the base with
increasing spherulite grains towards the middle of the succession, fol
lowed by increasing shrubs at the top of the sequence. The second
scheme, similar to Farias et al. (2019), is characterized by an upward
trend of increasing spherulite content associated with a semi-arid to arid
climate with only minor fluctuations in lake levels. Within this context
the non-reservoir rocks consist of muds with shrubs grading into
spherulite-rich muds followed by solely muds abundance at the top of
the sequence. For the reservoir rocks, the proposed succession begins
with shrub grains at the base and grades to spherulitites at the top of the

Fig. 1. Location of the Búzios field within the Santos basin.

successfully applied to the characterization of both post salt (Ferreira
and Lupinacci, 2018) and presalt (Peçanha et al., 2019) Brazilian car
bonate reservoirs.
Aptian presalt reservoirs of Brazil’s marginal basins are amongst the
most challenging for oil and gas production due to their geological
complexity related to the heterogeneity of their lacustrine carbonate
facies (Farias et al., 2019; Gomes et al., 2020; Pereira et al., 2013;
Szatmari and Milani, 2016). For their characterization, a good under
standing of sedimentological, depositional and post-depositional pro
cesses needs to be coupled with advanced 3D reservoir characterization
techniques leading to accurate positioning of wells (Bruhn et al., 2017).
The majority of published and successful advanced characterization
workflows applied to Brazilian presalt carbonates involve either the
classification of seismic facies by neural networks based on seismic at
tributes (Ferreira et al., 2019a, 2019b; Jesus et al., 2019) or the use
seismic inversion methods for petrophysical inference (Dias et al., 2019;
Figueiredo et al., 2019; Penna et al., 2019). However, these approaches
are very dependent on seismic data and lack a connection with sedi
mentological dynamics which limits their capacity for accurate facies
modeling due to the similar seismic responses obtained for several
presalt carbonate lithologies. Geological process modeling addresses
these limitations as this technique can be integrated with geostatistical
modeling and takes into account sedimentological mechanisms and is
not overly dependent on seismic data.
The Búzios Field within the Santos Basin (Fig. 1) is a supergiant
presalt field and is currently the second largest producing field in Brazil,
accounting for 26% of total presalt productivity and approximately 17%
of total national production (ANP, 2020). It has a total area of 852.2 km2
and contains an estimated 29 Bbo of reserves, producing light oil with 28
gAPI (ANP, 2016). For the first time, this study presents a facies
reconstruction for the Barra Velha Formation within the Búzios Field. An
innovative workflow was used that involved the construction of a con
ceptual sedimentary model with the aid of geological process modeling.
This conceptual model was then used as a secondary input for geo
statistical facies modeling. Our objective was to characterize the facio
logical distribution of the Barra Velha Formation across the study area
by taking into account a conceptual geological model for the sedimen
tary dynamics that govern presalt lacustrine deposition and not relying
solely on sparse well data and seismic information.
2. Geological setting
The Barra Velha Formation represents the end of the rift and sag
phases of the Santos Basin, which formed during the opening of the
South Atlantic ocean during the Aptian (Wright and Barnett, 2015). This
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Fig. 3. Simplified chronostratigraphic chart for the Santos Basin. The Base of
Salt and Pre-Alagoas unconformities respectively define the top and base of the
studied interval, the Barra Velha Formation. Modified from Wright and Barnett
(2015) after Moreira et al. (2007).

Saller et al. (2016) observed that shrubby boundstones and spheru
litic grainstones with intraclasts are the most common lithologies within
the presalt sequence of the Kwanza Basin occurring as carbonate plat
forms and fault-aligned carbonate build-ups. Isolated carbonate
build-ups are dominated by microbial boundstones whilst deep-water
lacustrine facies consist of mudstones with or without the presence of
spherulites. Liechoscki de Paula Faria et al. (2017) proposed conceptual
sedimentological process models for the late sag interval of the Barra
Velha Formation for an exploration area within the Santos Basin. The
most successful model was obtained by using a constant tectonic sub
sidence of 0.05 mm/y, a carbonate depositional rate of 0.08 mm/y, and
a maximum oscillation of around 100 m in the lake level over a period of
2.4 My. This model predicted the precipitation of lacustrine carbonate
facies laminites, grainstones, shrubs/stromatolites, spherulitites and the
deposition of mudstones. They concluded that for the study area and
simulated time, a 100-m interval of sediments were deposited within the
context of an arid climate with carbonate precipitation, and that the
creation of accommodation was mostly controlled by fluctuations in the
water level of the lake.

Fig. 2. Structural map of the Base of Salt of the Búzios Field. The arbitrary
sections presented in this study are shown as red lines, black circles represent
the well locations and the stippled blue line represents extent of the seismic
volume. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

sequence with little or no mud.
As shown by Gomes et al. (2020), Muniz and Bosence (2015) and
Neves et al. (2019), the basal part of the Barra Velha Formation is
dominated by finer-grained facies with increasing in-situ carbonate
grains towards the top. Generally muddier rocks are found at the top of
the formation and they represent the Lula marker (Neves et al., 2019;
Wright and Barnett, 2017). These muddier facies were encountered in
some of the wells drilled across the Búzios Field (de Castro and Lupi
nacci, 2019).
A number of different authors (Farias et al., 2019; Gomes et al., 2020;
Muniz and Bosence, 2015; Pereira et al., 2013; Rezende and Pope, 2015;
Saller et al., 2016; Terra et al., 2010; Wright and Barnett, 2015) have
made observations about the variation in grain size between different
facies of the Barra Velha Formation. The average grain size of shrub
grains is 2–5 mm but they can also reach up to 20 mm in size. Spherulite
grains are commonly less than 2 mm in size but can also grow to 15 mm.
Carbonate muds and stevensite usually have grain sizes of less than 125
μm. Dorobek et al. (2012) suggested that carbonate deposition rates
could have varied from 200 μm to 5 mm per year for the Barra Velha
Formation.
At a regional scale, the seismic facies associated with the lacustrine
Barra Velha Formation carbonates or their African analogs are: (1)
carbonate platforms located on the flexural margins of faulted blocks
and on structural highs with parallel to sub-parallel reflectors; (2)
mound/build-up shaped reflectors located along the borders of these
structural highs or on isolated highs; (3) debris or reworked seismic
facies with lobate geometries located within structural lows adjacent to
border faults and (4) deep-water, distal, lacustrine facies within struc
tural lows which display parallel to sub-parallel or absent reflectors
(Buckley et al., 2015; Ferreira et al., 2019a; Jesus et al., 2019; Kattah
and Balabekov, 2015; Neves et al., 2019; Saller et al., 2016; Zalán et al.,
2019). Some of these seismic facies were previously identified in the
Búzios Field by Ferreira et al. (2019b).

3. Method
The dataset used in this study consisted of 1036 km2 of 3D post-stack
depth migrated seismic (PSDM), in addition to well data and lithological
logs from 6 wells located within the Búzios Field. The well locations and
the seismic lines represented in this study are shown in Fig. 2, as well as
the structural contour of the Base of Salt which represents the top of the
Barra Velha Formation.
Carbonate geological process modeling is a methodology that con
sists of an iterative loop where the inputs are: (1) the simulated time
interval, (2) an initial and final paleotopography that dictates tectonic
activity during deposition, (3) a base level curve during sedimentation
that coupled with the paleotopographic evolution, controls the creation
of accommodation during the simulation, (4) a carbonate growth rate
per year for each simulated sediment type which is controlled by lake
depth and position and (5) modeled sediment properties such as grain
size and diameter. The results of the simulation are then compared with
observed seismic facies (patterns) within the modeled interval and the
inputs are modified until there is reasonable match between them
(Lanteaume et al., 2018). The algorithm used for geological process
modeling (GPM) is available in the Petrel software from Schlumberger
and was first developed by Tetzlaff (1987) with later modifications by
Hill et al. (2009), Tetzlaff and Priddy (2001) and Tetzlaff et al. (2014).
A time interval of 12 My was used in the simulation, which corre
sponds approximately to the interval over which the Barra Velha For
mation was deposited according to Wright and Barnett (2015) after
Moreira et al. (2007) (Fig. 3). Initial and final paleotopography and lake
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Fig. 4. Lithological and Compressional Slowness (DTCO) logs for selected wells from the Búzios Field.

Fig. 5. Absolute lake level curve a) and relative lake level b) for the Barra Velha Formation paleoenvironment constructed using the compressional slowness log from
the ANP-1 well.

set at 0 m since our modeling considers the beginning of deposition of
the Barra Velha Formation as a reference for younger ages. The DTCO
log was chosen due to its good correlation with lithological variations
and consequently with the paleoenvironmental tendencies of the Barra
Velha Formation. Higher slowness values were observed in the basal and
uppermost portions of the formation which correlates with the preva
lence of finer sediments, whilst lower values in the middle of the for
mation can be correlated with dominantly in-situ sedimentation (Fig. 4).
The high frequency variations in slowness values reflect high-order
fluctuations in lake levels.
Seismic interpretation was undertaken of the 3D seismic volume with
mapping of principal faults and of the top and bottom of the Barra Velha

base level curve were constructed by applying the iterative loop meth
odology and respecting the Barra Velha Formation lithological trend
(Fig. 4). The basal lithologies are indicative of a flooded lake phase that
evolved into a shallower phase towards the middle of the formation,
followed by another flooding phase at the top of the formation (de
Castro and Lupinacci, 2019; Gomes et al., 2020; Muniz and Bosence,
2015; Neves et al., 2019).
The lake base level curve (Fig. 5a) was created by a normalization
followed by multiplication by tectonic operator of compressional slow
ness (DTCO) log from the ANP-1 well. This operator guaranteed a fall in
the lake level of 0.05 mm/y in accordance with the subsidence rate
proposed by Contreras et al. (2010). The initial base level of the lake was
4
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Fig. 6. a) Initial lake topography. b) Final lake topography. c) Tectonic subsidence rate used for the Barra Velha Formation geological process modeling in the Búzios
Field area.

Formation represented by the Base of Salt and Pre-Alagoas un
conformities, respectively. Initial and final lake paleotopographies were
constructed to represent the geomorphology changes during deposition
of the Barra Velha Formation. This was achieved by using concomitantly
the lake base level curve and through normalization of the two mapped
seismic horizons. The Base of Salt unconformity was adjusted by be
tween − 210 and − 930 m (Fig. 6a), for creation of initial topography,
and the Pre-Alagoas (Fig. 6b) unconformity was shifted of +5140 m, for
creation of final topography, to resemble actual lake bottom bathymetry
variations during the Aptian. This was undertaken in accordance with a
proposed tectonic subsidence rate of between 0 and 0.06 mm/y for the
Búzios Field (Fig. 6c). A relative lake level curve was then (or can be)
estimated (Fig. 5b) which demonstrated that the relative lake level
varied from between − 250 and 250 m. Higher lake levels occurred at the
beginning and end of the modeled interval of 12 My whilst the lake was
lower for intermediate ages.

Four sediment types were simulated during the geological process
modeling in accordance with the carbonate facies succession proposed
by Wright and Barnett (2015). Stevensite precipitation in shallow waters
was also taken into consideration as proposed by Pozo and Calvo (2018).
As such, the proposed succession moving from shallower to deeper lake
waters: Mg-rich clays (stevensite), shrubs, spherulites and fine-grained
carbonate muds (Fig. 7a). The first three sediments occur in up to 20
m deep water whilst in the deeper/distal portions of the lake only
fine-grained carbonate mud sedimentation would take place. The pro
posed sediment growth multipliers, depend on the relative lake level,
used for modeling are shown in Fig. 7b and Table 1, and display the
maximum sediment growth rates of millimeters per year.
We also used an areal carbonate sediment growth scaling for the
shrubs, due to their inferred dominance in areas where both the Base of
Salt and Pre-Alagoas unconformities present steeper dips. This variation
in the dip of the seismic horizons occurs in the vicinity of faults and
5

D.J.A. Ferreira et al.

Marine and Petroleum Geology 124 (2021) 104828

Fig. 7. a) Schematic sediment succession for the Barra Velha Formation used in this study and b) proposed growth depth multiplier per simulated sediment
depending on relative lake level.

Table 1
Maximum sediment growth rate per millimeter per year used for the geological
process modeling.
Maximum sediment growth rates (mm/y)
Shrubs
Spherulites
Fine-grained carbonate muds
Mg-clays

0.35
0.25
0.05
0.04

where carbonate build-ups architecture seismic facies are more present,
which may be associated with hydrothermal activity (Fig. 8).
Sediment growth for each simulated time step is a function of the
depth dependent growth multiplier, areal scaling in the case of shrubs
sediment, and maximum sediment growth rate. Therefore, each cell
from the geological process modeling grid will have a mixture of all
sediments that could have been deposited simultaneously (Hill et al.,
2009). Consequently, one of these modeled sediment types would pre
vail for each lithology encountered in the wells from the Búzios Field.
That is, laminites contain the highest quantities of Mg-rich clays or
fine-grained carbonate muds, shrubs are the dominant sediment in
shrubby carbonates, and spherulite grains are at their most abundant in
spherulitites.
Geomorphological evolution is controlled by erosion and downslope
sediment transport. These processes were modeled as diffusion pro
cesses as proposed by Tetzlaff and Schafmeister (2007) and are depen
dent on a global diffusion coefficient for the paleoenvironment,
sediment grain diameter and a diffusion multiplier that is a function of
local depth at the time of deposition. The global diffusion coefficient
used for the simulation was 0.005 m2/y. The grain diameter for each
sediment type is given in Table 2, whilst Fig. 9 illustrates the diffusion
multiplier by relative lake base level. The highest values for the diffusion
multiplier are located close to the lake relative base level of 0 m, where it
can be inferred that wave-action erosion and transport take place.

Fig. 8. Shrubs sediment lake area growth scaling.

However, high values also occur below the relative lake level possibly
representing the activity of deep water currents, whilst higher values
above 0 m represent the action of weathering and wind. When diffusion
affects the shrubs or spherulite sediments, they become a fifth type of
sediment referred to as “reworked sediments” in the simulation.
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grid with a cell size of 100 × 100 × 5 m (x, y, z) constructed between the
Base of Salt and Pre-Alagoas surfaces. A unique experimental Gaussian
semi-variogram in the N–S direction was created with 8000 and 3000 m
as the major and minor horizontal ranges, and a vertical range of 10 m.
Sediment proportion volume cubes were inserted as secondary variables
for each facies and geostatistical modeling was performed.
The sediment proportion volumes used as trends for geostatistics
contribute in the following manner; a global facies probability of
occurrence for each modeled facies at each grid cell is calculated by
multiplying the values of sediment proportion used for that specific
facies with the global facies fraction estimated from the upscaled lith
ological well logs, and then dividing this value by the mean value of the
sediment proportion volume related to that facies.
Well 944A was excluded from the modeling process so that it could
be used as quality control for the facies reconstruction results. The
proposed workflow for the geological process modeling and facies
reconstruction modeling is illustrated in Fig. 11.

Table 2
Grain diameter used for the diffusion process for each simulated sediment.
Sediment grain diameter (mm)
Shrubs
Spherulites
Fine-grained carbonate muds
Mg-clays

2
1
0.002
0.001

4. Results
Seismic sections were used to make comparisons between the
observed seismic patterns, the results of the carbonate geological
modeling process and the results of the facies reconstruction using
geostatistics (Figs. 12–14). Fig. 12 presents a N–S oriented seismic sec
tion which is sub-parallel to the principal direction of syn-rift faulting of
the Santos Basin. An E-W orientated seismic section, perpendicular to
faulting, is presented in Figs. 13, and Fig. 14 shows a NW-SE orientated
seismic section, also sub-parallel to faulting. Fig. 15 shows a 3D view of
the results of the geological process modeling for four-time steps taken
from the modeled 12 My time interval.
The carbonate geological process modeling in the sections (Figs. 12b,
13b and 14b) and 3D view (Fig. 15) show the predominance of finegrained carbonate mud sediments, both in both the basal and upper
most portions of the Barra Velha Formation. In contrast the middle of the
formation is dominated by in-situ carbonate sedimentation, with shrubs
and spherulites. This corroborates with the high relative lake levels at
the top and bottom of the simulated depositional interval, and the lower
lake levels in the middle of the interval. This suggests that the creation of
accommodation and style of sedimentation were mostly governed by the
fluctuations in lake level rather than by tectonic subsidence.
The seismic patterns observed in the seismic sections (Figs. 12a, 13a
and 14a) indicate that aggradational or progradational carbonate plat
forms are common on the flat or gently-dipping ramps of the structural
highs. The most abundant sediments in these areas are either spherulites
or intercalations of spherulites and shrubs. Spherulite and shrub sedi
ments are also observed on the edges of the structural highs or in local
highs, where domed-shape carbonate build-ups architectures are com
mon or where the presence of clinoforms indicates the progradation of
carbonate platforms. A greater proportion of shrubs sediments are

Fig. 9. Diffusion multiplier by relative lake base level.

After sedimentary geological process modeling, a comparison was
made with the four main seismic facies patterns identified within the
interval spanning the Barra Velha Formation: carbonate build-ups ar
chitecture seismic facies, debris flow seismic facies, aggradational or
progradational carbonate platforms and lake bottom seismic facies
(Fig. 10). The conceptual sediment distribution model was then adjusted
to its current depth range and thickness, using a depth-depth conversion
model to fit it to the depth interval between the Base of Salt and PreAlagoas unconformities.
Facies reconstruction modeling was undertaken using the geo
statistical method of truncated Gaussian simulation (Beucher and
Renard, 2016; Ferreira and Lupinacci, 2018; Peçanha et al., 2019; Pyrcz
and Deutsch, 2014). Sediment proportion volume cubes were estimated
from the results of the geological process modeling and applied as trends
for each facies described in the wells. It is important to highlight that
sediment proportion volumes for the finer simulated sediments were
merged since they are represented in the lithological logs by the same
rock type, laminites.
The first step in this process was the upscale of lithological logs to a

Fig. 10. Seismic (patterns) facies identified in the Búzios Field area: a) Carbonate Build-ups architecture; b) Debris flow seismic facies; c) Aggradational or pro
gadational carbonate platforms seismic facies; d) Lake bottom facies.
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Fig. 11. Integrated workflow for the geological process and facies reconstruction modeling.

Fig. 12. Results represented across arbitrary section line AB1 (location shown in Fig. 2) for a) interpreted seismic section, b) carbonate geological process modeling
and c) facies reconstruction using truncated Gaussian simulation with sediment proportion volumes as trends and lithology logs from wells (RWD – reworked
sediments, SHR – shrubs, SPH – spherulites and FGM – fine-grained muds).
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Fig. 13. Results represented across arbitrary section AB2 (location shown in Fig. 2) for a) interpreted seismic amplitude volume, b) carbonate geological process
modeling and c) facies reconstruction using truncated Gaussian simulation with sediment proportion volumes as trends and lithology logs from wells (RWD –
reworked sediments, SHR – shrubs, SPH – spherulites and FGM – fine-grained muds).

present in the western portion of the Búzios Field. Reworked sediments,
the product of diffusion, are also common especially in the structural
lows near the fault borders where they are probably the result of the
collapse of carbonate platforms and build-ups or wave erosion. The
volume of reworked sediments was underestimated by the geological
process modeling especially when considering their common occurrence
in wells such as well 1184 (Fig. 4).
Muddier sedimentation, especially in the uppermost part of the for
mation, could be related to the deposition of Mg-rich clays in isolated
structural lows within the main structural high of the study area. On the
other hand, the muddier sediments found in the connected structural
lows, where lake bottom seismic facies are also observed, were pre
dominantly fine-grained carbonate muds. The carbonate geological
process modeling indicates that the sediments at the well the locations
are mostly spherulites with, less abundant intercalations of shrub sedi
ments; a result that correlates well with the lithological logs shown in
Fig. 4.
The results of the truncated Gaussian simulation for facies recon
struction are presented in sections (Figs. 12c, 13c and 14c) as a pro
jection over the Base of Salt unconformity (Fig. 16) and in a sliced 3D
view (Fig. 17). We used the sediment proportion volumes obtained from
the carbonate geological process modeling as trends for facies recon
struction modeling. It is important to note that the upscaled lithological
log from well 994A which was used as quality control, had a good
Spearman correlation of 74% with the results of facies reconstruction
along the well’s trajectory.
Spherulitites are the dominant lithology at structural highs and in
places are intercalated with shrubby carbonates, especially in the
western part of the study area. This corroborates with the conceptual
sedimentary modeling and, consequently with the expected rock types

for each seismic pattern observed in the study area. Also, in accordance
with the geological process modeling, laminites are dominant in the
basal portion of the formation in both the structural highs and lows.
However, the muddier sediments present in the upper section are not as
thick in the facies reconstruction, except in isolated lows within the
structural highs which are possibly related to the deposition of Mg-rich
clays.
The facies reconstruction shows high volumes of reworked sediments
within structural lows near faults especially in western portion of the
study area. This is possibly due to the use of the lithological logs from
wells 1184 and 1195 as inputs for the geostatistics. However, in general
the presence of reworked sediments was underestimated in the results of
the geological process modeling. It is important to mention that the
majority of the wells were sited in structural highs and both the litho
logical logs and the results facies reconstruction indicate that at those
locations spherulitites intercalated with shrubby carbonates predomi
nate, except for well 1184 which was drilled in a fault border where
reworked facies. The Barra Velha Formation facies succession is very
well represented throughout the whole study area by the facies recon
struction results which show a shallowing upwards cycle from laminites
at the base, transitioning to spherulitites followed by shrubby carbon
ates and culminating with laminites again.
5. Discussion
As stated by Della Porta (2015), there is still a lack of knowledge
regarding the sedimentary processes that govern non-marine carbonate
precipitation. Since they occur as a variety of types which are intrinsi
cally related to the environment in which they form, they usually have
specific geomorphological, geochemical and hydrologic characteristics.
9

D.J.A. Ferreira et al.

Marine and Petroleum Geology 124 (2021) 104828

Fig. 14. Results represented across arbitrary section AB3 (location shown in Fig. 2) for a) interpreted seismic amplitude volume, b) carbonate geological process
modeling and c) facies reconstruction using truncated Gaussian simulation with sediment proportion volumes as trends and lithology logs from wells (RWD –
reworked sediments, SHR – shrubs, SPH – spherulites and FGM – fine-grained muds).

These unique genetic characteristics make them very different from
marine carbonates in terms of origin and sedimentary dynamics (Alon
so-Zarza and Tanner, 2010).
Consequently, it would not be productive to compare our results to
forward stratigraphic modeling studies of marine carbonates such as the
ones developed by Berra et al. (2016), Guerra (2016) and Lanteaume
et al. (2018). One of the main reasons for this is the use of global sea
level curves, such as Haq (2014), as the base level curve for these
studies. Global sea level curves cannot be used for lacustrine environ
ments since their base level is mostly influenced by variations in rainfall,
surface flow and groundwater levels rather than sea level changes
(Gierlowski-Kordesch, 2010).
Therefore, we can only compare our results with the work of Lie
choscki de Paula Faria et al. (2017), which presented sedimentary
models constructed for the upper section of the Barra Velha Formation at
another presalt field in Santos Basin. It should be highlighted that any
stratigraphic forward model is a simplification of the real geological
environment, so no model can be regarding as a definitive statement on
the dynamics of a depositional system (Burgess, 2006). The first point of
comparison is methodological since Liechoscki de Paula Faria et al.
(2017) did not integrate forward stratigraphic modeling with geo
statistics for facies reconstruction of the pre-salt carbonates, as was
undertaken in our study. Liechoscki de Paula Faria et al. (2017) used
sedimentary 4D modeling solely and specified a constant subsidence rate
for tectonic control across the whole area, as well as a single maximum
growth rate of for all of the modeled carbonate facies with a growth

multiplier per depth for the in-situ carbonate facies down to a depth of
80 m. The methodology presented in this study increases the level of
complexity for the application of forward stratigraphic modeling to
presalt carbonates since it is integrated with geostatistics permitting
greater correlation with well lithological data. The forward stratigraphic
modeling undertaken in this study is more complex in a number of as
pects as parameters were introduced that take into consideration vari
ations in tectonic activity across the Búzios Field, different maximum
growth rates for carbonate deposition for each of the modeled sediments
as well as the addition of an areal growth scaling map as input for shrub
precipitation to address its occurrence in the vicinity of faulting where
hydrothermal activity is higher.
For the schematic sediment succession, we also considered that insitu carbonate sediment precipitation is limited to shallower depths
down to only 18 m. Our lake base level curve was derived from the
DTCO well log for well ANP-1, whereas in the work of Liechoscki de
Paula Faria et al. (2017) the lake level oscillation curves were derived
from the carbonate lithological succession described in the wells.
The results obtained in this study can be compared with the best-fit
model for their study area as selected by Liechoscki de Paula Faria et al.
(2017). Their model and our proposed model are similar for the upper
section of the Barra Velha Formation with both indicating the domi
nance of shrubby carbonates, presented as a stromatolite facies in their
work. These carbonates mostly occur along the edge of structural highs
associated with reworked sediments, which were presented as grain
stones in their work. Fine grained laminite facies are dominant at the top
10
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Fig. 15. Geological process modeling results at a) 125 Ma, b) 121 Ma, c) 117 Ma and d) 113 Ma. Mean model (sediment) thicknesses for each time-step are: b) 104 m,
c) 108 m and d) 258 m.

A number of these aforementioned authors (e.g., Wright and Barnett,
2015; 2020; Szatmari and Milani, 2016), proposed that water
geochemical dynamics played an important role in carbonate sediment
precipitation in the presalt lacustrine paleoenvironment. However, this
type of modeling was still not available in the algorithm used in this
study for forward sedimentary modeling and consequently has not been
considered in our modeling results. Nonetheless it is again worth noted
that the areal scaling of shrub precipitation was included in the
modeling process to account for differences in salinity or temperature
caused by the interaction of hydrothermal fluids with the lake waters.
In addition, we acknowledge that there are some uncertainties
related to the parameters used in the geological process modeling,
especially for the lake base level curve and diffusion. It is difficult to
calculate the real range and behavior of the lake base level curve and as
such it could only be inferred after several simulation trials. This is also
the case for the diffusion parameters which relates to the erosion and
transport of sediments. Intuitively, this parameter should be higher at
the water-air interface but not as high for deep lake currents and windy
layers, however the depths of occurrence of these latter processes are
difficult to estimate. For that reason, they were randomly placed as high
value peaks in the diffusion multiplier both above and below and water
surface (0 m).
Regarding the results of facies reconstruction, it was only possible to
infer where laminites are composed mainly of deep water, fine-grained
carbonate muds or of shallow water Mg-rich clays. This was because
there is no differentiation between deep water and shallow water lam
inites in the lithological logs. Finally, we can infer from our results that
greater wave action and hydrothermal activity in the western portion of
the Búzios Field can be correlated with greater quantities of reworked
facies in the structural lows and shrubby carbonate facies near faulted
borders, respectively.

of the formation, possibly related to occurrence of the Lula marker
(Neves et al., 2019; Wright and Barnett, 2017).
Our study is the first to forward model the entire Barra Velha For
mation, which allowed us to analyze the paleoenvironmental evolution
across the entire depositional interval. We observed that muddier facies
dominate the lower section of the formation whilst the middle section is
mainly dominated by in-situ carbonate rocks. Another contrast with
Liechoscki de Paula Faria et al. (2017) is the occurrence in their model of
spherulitic carbonates as deeper and low energy facies. This result re
flects that in their study it was considered that the spherulites precipitate
in the range from 25 to 80 m deep. In our results, laminites predominate
in the deeper regions since we considered spherulite precipitation to
only occur in shallower conditions ranging from 7 to 20 m.
Other advanced 3D reservoir characterization workflows have pre
viously been applied to the Barra Velha Formation with evaluation
based mostly on seismic attribute data and machine learning approaches
such as those presented by Ferreira et al. (2019a), Ferreira et al. (2019b)
and Jesus et al. (2019). These studies were successful in discriminating
presalt seismic facies such as carbonate build-ups/mounds, carbonate
platforms and debris seismic facies. However, they could only infer the
relationship of these seismic facies with lithological facies. This limita
tion is addressed in our modeling as we were able to not only correlate
seismic facies with lithological facies but also with the dominant sedi
ment types. Other limiting factors for these previous studies are the
inherent difficulties in differentiating seismic facies associated with
muddier lithological facies, as well as the poor resolution since seismic
based methodologies are restricted by seismic resolution.
All modeling processes are attempts to reproduce the factual geology
and as such they are always uncertain to some extent. In our geological
process modeling results, it is inferred that sediment production was
mainly controlled by water depth with only minor tectonic influence.
This was the case for all sediment types except for shrub grains, for
which an areal growth scaling map was also used as input for the
simulation. This addressed the possible influence of hydrothermal ac
tivity in the vicinity on the production of shrub grains as suggested by
Wright (2012), Wright and Barnett (2015), Wright and Tosca (2016),
Saller et al. (2016) and Szatmari and Milani (2016).

6. Conclusions
The application of an innovative integrated workflow of geological
process modeling combined with geostatistical facies reconstruction by
using a truncated Gaussian simulation to characterize the presalt
11
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Fig. 16. Results for facies reconstruction modeling in map view over the Base of Salt surface in the Búzios Field. White circles represent the well locations.

Fig. 17. Results for facies reconstruction in 3D sliced view for the Búzios Field. Black lines represent the well traces.
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carbonates of the Barra Velha Formation in the Búzios Field proved to be
very effective. We achieved a better understanding of the sedimento
logical processes that govern the distribution of lithological facies within
the Barra Velha Formation.
The correlation of seismic data with the integrated analysis of the
geological process modeling and the results of the facies reconstruction
successfully explained: 1) the seismic pattern of carbonate build-ups
architecture, which occur at structural highs near fault borders or on
isolated highs and are composed by in-situ carbonate grain sediments
namely spherulites and shrubs leading to the intercalation of spher
ulitites and shrubby carbonate lithofacies; 2) the aggradational/pro
gradational carbonate platform seismic pattern, which is observed on
flat or gently dipping ramps of the structural highs and for which the
dominant sediment type is spherulites as well as intercalation of those
with shrubs in parts; 3) the debris facies seismic pattern, which occurs at
the structural lows near fault borders and is dominated by reworked
sediments and facies and 4) the lake bottom seismic facies which occurs
within both connected and isolated structural lows associated with
dominantly fine-grained carbonate muds or Mg-rich clays forming
laminite deposits.
The Barra Velha Formation chronostratigraphic lithological trend
consists of a muddier basal succession that develops into a middle suc
cession with the predominance of in-situ carbonates that becomes
muddier towards the top of the formation. The results of the geological
process modeling also suggest that oscillation of the lake base level
curve had a greater influence than tectonic activity on sedimentation
within the Barra Velha Formation. The western portion of the Búzios
field presents greater quantities of shrubby carbonates on the structural
highs, with reworked facies in the structural lows near fault borders. In
contrast, the eastern portion is dominated by spherulitites often inter
calated with shrubby carbonates.
The geological process modeling underestimated the impact of
diffusion on the transport and reworking of sediments. However, this
limitation was resolved during facies reconstruction through the use of
lithological data from well logs. Facies reconstruction could only infer
whether laminites facies were associated with Mg-rich clays or finegrained carbonate muds as these sediment types were not differenti
ated in the lithological logs. Spherulitites, shrubby carbonates and
reworked sediments were the most common lithologies encountered in
wells and the facies reconstruction was able to satisfactorily represent
the lithologies encountered in the quality control well 944A. Finally, we
acknowledge the limitations of the proposed approach with a number of
uncertainties identified in relation to modeling of water geochemical
dynamics in addition to the estimation of the lake base level curve and
diffusion parameters.

for providing Petrel Software, and Emerson for providing Paradigm
Software. Also, we would like to thank the technical reviewer’s, Cyprien
Lanteaume and Daniel M. Teztlaff, contributions and the English
reviewer, Michael McMaster, contributions for the enhancement of this
paper.
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