
Abstract
Silicification is a diagenetic process commonly observed in sedimentary sections of the Aptian carbonate deposits of the Santos Basin that 
involves the replacement of carbonate minerals with silica. It is mostly associated with hydrothermal fluids percolating through faults and 
fractures. CO2 degassing favors an increase in acidity. Consequently, the fluids became subsaturated with calcite and supersaturated with 
silica. Given the increase in silica content, two distinct behaviors were identified: reduction and enhancement of permoporous properties. 
The aim of this work is to identify permoporous alteration due to silicification in the Barra Velha Formation. To accomplish this, a qualitative 
analysis was conducted correlating acoustic borehole images, nuclear magnetic resonance porosity and permeability, and elemental capture 
spectroscopy logs were performed, followed by a quantitative analysis based on crossplot evaluation. The Barra Velha Formation was divided 
into three intervals with respect to silica content. The common behavior observed is permoporosity reduction associated with silica increase, 
but locally, permoporosity enhancement associated with silica increase was also identified. Finally, we established a direct relationship be-
tween calcite dissolution and silica precipitation, a well-defined trend characterized by sonic log (DT) reduction and density increase, and an 
inverse relationship between acoustic impedance and permoporous properties. Finally, the quantitative analysis also favored improving the 
lack of reservoir qualities of the intrusive igneous interval.
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INTRODUCTION
Silicification of carbonate rocks involves the replace-

ment of carbonate by silica (SiO4-opal and quartz) as well 
as the precipitation of pore-filling silica cement (Tucker and 
Wright 1990, Flügel 2010, Butts 2014). Bustillo et al. (2002) 
and Bustillo (2010) suggest that silicification is a significant 
diagenetic phenomenon of ancient carbonate rocks that may 
illuminate diagenetic aspects of the carbonate host rock’s dia-
genetic history (Armenteros 2010, Lima and De Ros 2019, 
Menezes et al. 2019).

The task of predicting silica sources is quite challenging due 
to the variety of formation mechanisms not fully understood 
or constrained for the ancient lacustrine systems (Bustillo 
2010, Fernández-Ibánez et al. 2022). This diagenetic process 

has been widely studied recently, identifying different silica 
sources that contributed to the silicification process (Herlinger 
et al. 2017, Lima and De Ros 2019, Sartorato et al. 2020, De 
Ros 2021, Basso et al. 2022, Fernández-Ibánez et al. 2022).

Even though it is not completely understood, apparently 
there is a consensus among different authors about the major 
sources of silica in sediments.
I. Changes in lake water chemistry. Due to climatic varia-

tion, an increase in water input may reduce lake water pH, 
favoring Mg-clay destabilization and releasing SiO2 into the 
solution. Consequently, water becomes supersaturated with 
silica, leading to precipitation (Hesse 1989, Flügel 2010, 
Tosca and Wright 2018, Wright and Barnett 2020, Gomes 
et al. 2020, Sartorato et al. 2020, De Ros 2021, Fernández-
Ibánez et al. 2022);

II. Redistribution of biogenic silica due to its higher suscep-
tibility to dissolution, commonly observed as diatoms and 
cyanobacteria (Hesse 1989, Bustillo 2010, Flügel 2010, 
De Boever et al. 2017, Sartorato et al. 2020, Fernández-
Ibánez et al. 2022). Although there is no direct evidence 
of diatoms in pre-salt carbonates, cyanobacteria have been 
identified to deposit silica on extracellular polymeric sub-
stances (EPS) and may be hypothesized as a potential 
source of silica (Fernández-Ibánez et al. 2022);

III. Silica supplied in solution by hydrothermal fluids from 
magmatism is brought to the lake waters via faults and 
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fractures (Mercedes-Martín et al. 2019, Wright 2020, 
Fernández-Ibánez et al. 2022). The warmer waters with 
silica solubility and associated higher concentrations of 
silica interact with the lake waters, and silica may become 
strongly supersaturated, which favors its precipitation 
(Hesse 1989, Bustillo 2010, Pinto et al. 2017, Lima and 
De Ros 2019, Sartorato et al. 2020, Wright and Barnett 
2020, De Ros 2021, Fernández-Ibánez et al. 2022).

The heterogeneity of Aptian carbonate reservoirs from 
Brazil’s pre-salt is commonly associated with their geological 
complexity, which makes oil and gas production quite chal-
lenging (Farias et al. 2019, Gomes et al. 2020, Ferreira et al. 
2021). Therefore, understanding diagenetic processes, such as 
silicification, becomes relevant for identifying their impact on 
reservoir characterization. 

Silicification of carbonate sediments can apparently occur 
at different stages of their diagenetic evolution. The carbonate 
rocks affected by silicification and dissolution processes may 
have permeability and porosity enhanced or reduced (Moore 
1989, Ahr 2008, Flügel 2010). In general, the replacement of 
limestone by silica can actually reduce porosity due to cemen-
tation rather than enhance it. Porosity enhancement is largely 
associated with dissolution and may occur associated with 
silicification (Ahr 2008, Sartorato et al. 2020, De Ros 2021).

The dissolution of Mg-clays matrix generated an import-
ant proportion of the present porosity of pre-salt reservoirs 
(Sartorato et al. 2020, Wright and Barnett 2020, De Ros 2021, 
Wright 2020, Fernández-Ibánez et al. 2022). The circulation of 
fluids during burial was focused through levels with abundant 
secondary porosity, or preserved primary porosity, and through 
faults and fracture zones. The flow of hydrothermal fluids through 
these structures promoted significant dissolution and porosity 
enhancement in several areas but also strong porosity reduction 
in other places through the precipitation of quartz, chalcedony, 
dolomite, and pyrite (Lima and De Ros 2019, De Ros 2021).

Since there are several possibilities and uncertainties related 
to silicification processes in pre-salt reservoirs and their impacts 
on their petrophysical reservoir properties, the objective of 
this study is to identify and infer the silica volume influence to 
enhance or reduce permoporosity and characterize the silica 
volume impact on different reservoir properties for pre-salt res-
ervoirs. To perform this evaluation, we analyzed qualitatively 
and quantitatively several well logs, including image borehole 
logs, and core information from two wells located in a pre-salt 
field from the Santos Basin within the Barra Velha Formation.

GEOLOGICAL SETTINGS
The Santos Basin is a passive margin sedimentary basin 

located on the southeast margin of Brazil. It is limited to Pelotas 
Basin, in the south, bounded by Florianopolis High, and to the 
north by Campos Basin, bounded by Cabo Frio High (Fig. 1). 
The basin covers a total area of approximately 350.000 Km2 
and extends between parallels 23º and 28º South, along the 
coast of Santa Catarina, Paraná, São Paulo, and Rio de Janeiro 
Brazilian states (Moreira et al. 2007).

This basin was formed during the rupture of the super-
continent Gondwana between the Late Jurassic and Early 
Cretaceous ages. Its formation was characterized by exten-
sional tectonic efforts that subsequently developed the Atlantic 
Ocean and caused the separation of the South American and 
African continents (Moreira et al. 2007). According to the 
authors, basin tectonic evolution is divided into three sedi-
mentary super sequences: rift, post-rift, and drift. The base-
ment of Santos Basin is characterized by granites and gneisses 
from the Precambrian age and Neoproterozoic metasediments 
of the Ribeira Belt (Moreira et al. 2007).

The pre-salt interval encompasses the rift (Camboriu, 
Piçarras, Itapema, and Lower Barra Velha formations) and 
post-rift phases (Upper Barra Velha Formation). The rift phase 
is characterized by a sequence of tectonic events that gener-
ated the Gondwana supercontinent’s fragmentation through 
continental crust stretching and thinning processes during the 
Lower Cretaceous (Muniz and Bosence 2015). Mohriak et al. 
(2008) point out the space-forming mechanism for sedimen-
tary accommodation and widespread normal fault generation 
as a consequence of the mechanical subsidence process. The 
rift structures present a NE-SW orientation, following the pre-
vious basement structural behavior, represented by faults lim-
iting horsts and grabens (Szatmari and Milani 2016, Stanton 
et al. 2014). The post-rift phase comprises sedimentary depo-
sition from the Aptian, characterized by a reduction of tectonic 
activity that favored the basinal domain and conditioned a 
depositional quiescence identified as a sag phase (Moreira 
et al. 2007). Finally, a thick layer of marine evaporites from 
the Ariri Formation overlies the post-rift phase, indicating an 
arid climate during the Aptian and Albian ages of the Santos 
Basin (Moreira et al. 2007).

Lithostratigraphically, the Camboriú formation com-
prehends mafic rock intrusions and extrusions associated 
with Gondwana’s breakup. The Piçarras formation is char-
acterized by alluvial sediments and shales of talc-stevensitic 
composition (proximal and distal areas, respectively). The 
Itapema formation comprises bivalve bioclastic rudstones 
in structural highs and organic-rich shales in distal basin 
portions (Moreira et al. 2007). The Barra Velha Formation 
(BVF) is characterized by reworked and in situ limestones, of 
which the latter present controversies related to their origin. 
Some authors point to a biotic genesis (Moreira et al. 2007, 
Carminatti et al. 2009, Terra et al. 2010, Kattah 2017), while 
others indicate a more chemically controlled origin (Wright 
and Barnett 2015, 2020, Farias et al. 2019, Gomes et al. 2020, 
Wright 2020, De Ros 2021, Carvalho et al. 2022). The Ariri 
Formation capes the post-rift, and it is composed mostly of 
halite and anhydrite, but also of tachyhydrite, carnallite, and 
sylvinite (Moreira et al. 2007).

In opposition to the supersequence limits proposed by 
Moreira et al. (2007), Wright and Barnett (2015) suggested 
that the lower portion of the Barra Velha Formation (BVF) is 
partially contained in the rift phase instead of within the sag 
phase due to tectonic differences observed in the lower and 
upper portions. This updated interpretation has been accom-
panied by several authors (Buckley et al. 2015, Szatmari and 
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Milani 2016, Tosca and Wright 2018, Farias et al. 2019, Gomes 
et al. 2020, Ferreira et al. 2021). For these authors, the Intra-
Alagoas unconformity is a regional surface that subdivides the 
BVF portions (Fig. 2).

METHODOLOGY
This study presents well log data and routine core analy-

sis (RCAL) related to the Barra Velha Formation (BVF) from 
two wells drilled in a Santos Basin field, named Wells A and 
B (Fig. 1). The data were obtained from the National Agency 
of Petroleum, Natural Gas and Biofuels (ANP). The well-log 
evaluation was performed with the software Techlog™, and two 
analyses were provided. The qualitative analyses were based 
on well logs to identify different silica intervals and their rela-
tionship to permoporosity. For these analyses, the following 
well-logs were considered: gamma-ray (GR_EDTC), cali-
per (HCAL), acoustic impedance (P-impedance), elemen-
tal capture spectroscopy (ECS), acoustic BHI (dynamic and 
static), NMR effective porosity (PHIE_NMR), and perme-
ability (PERM_NMR). Porosity and permeability logs were 
correlated to laboratory measurements of side-wall cores or 
plugs from cores, where available.

Initially, the well logs were submitted to quality control to 
assure the correct depth corrections due to: 
I. acquisition occurring from different runs; 
II. removal of spikes and artifact measurements that may 

compromise the formation evaluation; 
III. merging of curves; 
IV. interpolation of short gap intervals from different log-

ging phases. 

The final part of the QC analysis was the caliper validation 
for borehole stability when logging to identify compromised 
intervals due to washout.

The ECS logs allow the estimation of rock element con-
centrations based on nuclear interactions between neutrons 
and different atoms. Every atom has its own gamma-ray energy 
capture and distribution spectrum. Then, the energy spectrum 
is decomposed into the different elements of the formation 
(spectral stripping). The elemental relative yields are the prod-
uct of spectral stripping. Finally, the dry weight of each ele-
ment is derived from the yields, and an oxide-closure model 
is used to associate each element with its corresponding oxide 
(Herron and Herron 1990, Radtke et al. 2012).

The acoustic borehole image tool (BHI) has a transducer 
that rotates in the center of the well, performing a 360º well 
wall cover for the acquisition of acoustic amplitude and time-
travel array logs. These image logs allow the identification of 
geological features, especially structural ones, and the vari-
ation of amplitude particularly assists the determination of 
pore space aperture. Usually, low amplitude values imply an 
open pore space, while high amplitude values are interpreted 
as a closed pore space (Gaillot et al. 2007). In our study, BHI 
logs were mainly used for the identification of porosity type 
and fracturing in the qualitative analysis.

For effective porosity and permeability evaluation, we 
used the NMR logging tool, which presents the best accu-
racy for in situ estimation (Ellis and Singer 2010). The tool 
excites hydrogen atom spin in the fluid inside porous space 
around a fixed magnetic field (Coates et al. 1999). The NMR 
raw data is associated with the amplitude of the spin echoes 
as a function of time. Then, the transversal relaxation decay 

Source: De Jesus et al. (2021). 
Figure 1. Map illustrating the location of the Santos and Campos Basins. The blue polygon indicates the pre-salt province, the colored blocks 
are prospects, and the irregular polygons are production fields.
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(T2) is measured through a multi-exponential model. The vol-
ume of fluid in the pore space is proportional to the number 
of hydrogen nuclei in the formation fluid. Each T2 is related 
to pore size. Therefore, NMR total porosity can be separated 
into three parts: clay-bound water (CBW) is characterized 
by a pore throat size of less than 0.3 μm, always filled with 
water and ineffective porosity; the bulk volume of irreduc-
ible water (BVI) has a pore throat size between 0.3 and 4 μm, 
and free fluids (FF) have pore throat sizes larger than 4 μm.

It is important to highlight that the presence of igneous rock 
affects the feasibility of some tools such as NMR and, also due 
to tool configuration, NMR porosity, and permeability read-
ings may be heavily compromised by the presence of wash-
over zones. In cases where igneous rocks are present, the use 
of a sonic log offers a more reliable porosity and permeability 
evaluation. Then, for the intrusive Well A segment, the porosity 
and permeability were estimated from the sonic log instead of 
the NMR logs. After that, NMR logs from non-igneous zones 
were merged with igneous zones sonic-derived logs for poros-
ity (PHIE_MERGE) and permeability (PERM_MERGE).

Additionally, to establish a qualitative classification based on 
the quantitative values measured for porosity and permeability logs, 
five ranks of reservoir quality were created, as illustrated in Table 1.

Finally, by aiming to characterize different reservoir prop-
erties, quantitative analyses were performed through curve 
crossplots evaluation applied individually for both wells: 
calcite volume vs. silica volume; sonic slowness vs. density; 
P-impedance vs. silica volume.

RESULTS

Qualitative analysis of permoporosity in 
the Barra Velha Formation

Based on visual analysis and interpretations of well logs, 
different patterns and log signatures were identified for the 

wells used in this study (Figs. 3 and 4). In a general view, a 
homogeneous behavior was observed in the wells: 
I. low GR values and a continuous caliper; 
II. p-impedance also presents low values (between 12 and 

15 MPa.m/s), but increases upward; 
III. permoporosity decreases upward; 
IV. volumes of calcite and silica seem to present a comple-

mentary behavior. 

The silica volume shows a well-defined gradual increase 
upward, while the calcite volume decreases upward. The for-
mation was divided into three intervals according to silica vol-
ume behavior, namely, S3, S2, and S1 (from bottom to top). 
The uppermost portion of this succession is characterized by 
an intrusive igneous interval. Along the whole formation, it can 
be observed that an improvement of permoporous properties is 
associated with silica volume deterioration. The main difference 
between the wells used in the study is the presence of an intru-
sive igneous interval in the upper portion of Well A. It is import-
ant to highlight that no igneous body was observed in Well B.

Silica Interval 3
The interval is 12 m in Well A (X115/127 m) and 67.6 m 

(X125.40/X193 m) in Well B. Both wells are characterized by 
limestone. Some of the limestones are described as shrubs and 
spherulites (in Well B). The log signatures are quite similar for 
both wells: very low GR values (with some spikes in Well B), 
a slight upward increase in acoustic impedance, and the lowest 
silica content average registered for the whole formation (4.53 
and 11.49%, respectively, for Wells A and B). On the contrary, 
this interval shows a higher average for porosity (12.54 and 
13.85%, respectively, for Wells A and B) and permeability (96.86 
and 229.68 mD, respectively, for Wells A and B). In this interval, 
porosity varies from good (10–15%) to very good (15–20%), 
and sparse excellent values (20–25%) in Well B. It is important 
to observe that permeability goes along with the same variation: 

Source: after Buckley et al. (2015), Wright and Barnett (2015) and Neves et al. (2019).
Figure 2. Schematic illustration of tectono-stratigraphic evolution of the Santos Basin.
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good (10–100 mD) to very good (100–1,000 mD) and sparse 
excellent values (1,000–10,000 mD) for Well B.

When comparing porosity and permeability to silica 
content, it is possible to observe an increase of the latter and 
a reduction of the former but there is an exception, locally 
noticed in depths X157 and X148 m (Well B), which is the 
increase of silica content correlated to porosity and permea-
bility enhancement. Apparently, the proportion of silica pre-
cipitation is lower than that of calcite dissolution, favoring 
porosity, and permeability enhancement.

Table 1. Qualitative classification criteria based on porosity and 
permeability well log values.

Porosity 
Range (%)

Permeability 
Range (mD)

Qualitative 
Description

Colors Used 
in Figures

0–5 0.1–1 Low

5–10 1–10 Moderate

10–15 10–100 Good

15–20 100–1000 Very Good

20–25 1000–10000 Excellent

Figure 3. Well log analysis of the BVF in the Well A. Tracks: (1) TVDSS; (2) Silica intervals; (3) Caliper (HCAL) (orange), Gamma-ray 
(GR_EDTC) (green); (4) P-impedance (red); (5) Calcite volume (VOL_CALCITE) (blue); (6) Silica volume (VOL_SILICA) (yellow); 
(7) Merged permeability (PERM_MERGE) (orange); (8) Permeability classes; (9) Merged porosity (PHIE_MERGE) (green); (10) 
Porosity classes; and (11) Lithology. Dashed lines indicate Pre-Alagoas unconformity (red) and salt base (black).
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Silica Interval 2 
The interval displays 37.40 m in Well B (XX88/XX125.40 

m) and 51 m (XX64/X115 m) in Well A. In both wells, 
lithology is described as limestone. The log signatures are 
characterized by lower GR values, compared to the interval 
S3 and present steady behavior. The acoustic impedance 

shows spiky behavior but without high values variations. 
The silica volume presents a higher average (10.63 and 
12.96%, respectively, for Wells A and B) compared to inter-
val S3. The porosity varies in both wells from moderate 
(5–10%) to good (10–15%) and some minor very good 
(15–20%), while permeability is mostly characterized by 

Figure 4. Well log analysis of the BVF in the Well B. Tracks: (1) TVDSS; (2) Silica intervals; (3) Caliper (HCAL) (orange), Gamma-ray (GR_EDTC) 
(green); (4) P-impedance (red); (5) Calcite volume (VOL_CALCITE) (blue); (6) Silica volume (VOL_SILICA) (yellow); (7) Permeability 
from NMR (NMR_PERM) (orange); (8) Permeability classes; (9) Porosity from NMR (PHIE_NMR) (green); (10) Porosity classes; and (11) 
Lithology. Dashed lines indicate unconformities: Pre-Alagoas (red), Intra-Alagoas (green), Salt Base (black), and Lula Marker (purple).
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good (10–100 mD), very good (100–1,000 mD), and sparse 
moderate (1–10 mD).

It is worthy of notice that the porosity averages are lower 
in interval S2 for both wells (11.61 and 9.52%, respectively) 
compared to interval S3, while the permeability average is 
lower for Well B (42.55 mD) and higher (124.79 mD) for 
Well A, compared to the interval S3. Although there is a reg-
ular trend of silica content increase associated with porosity 
reduction, it is possible to observe an increase in silica and 
porosity enhancement at depth X163.4 m of Well B and depth 
XX85 m of Well A. The higher average of permeability in inter-
val S2, compared to interval S3 occurs due to dissolution that 
favors fluid flow, increasing permeability (XX67 m, XX71.60 
m, XX74 m, and XX81 m). This behavior is more clearly evi-
denced through BHI borehole image analysis.

Silica Interval 1 
The interval displays 39.9 m in Well A (X24.90/X64.80 m) 

and 66 m (X22/XX88 m) in Well B. The lithology is mostly 
described as limestone except for some shrubs and spherulites 
observed in Well A. The GR values are very low in both wells, 
while the acoustic impedance increases upward in Well A and 
shows spiky behavior but without high-value variations in 
Well B. The silica volume is evidently higher than in intervals 
S3 and S2. The value difference indicating higher silica con-
tent can be confirmed through average observation (20.14% 
in Well A and 18.21% in Well B, respectively).

The porosity varies in both wells from moderate (5–10%) 
to good (10–15%), while the permeability varies in both wells 
from moderate (1–10 mD) to good (10–100 mD), but it can 
be also observed sparse low values (0.01–1 mD). The porosity 
and permeability averages confirm quantitatively the observed 
reduction (8.03 and 8.22%, respectively, for Wells A and B) 
and (8.84 mD and 23.24 mD, respectively, for Well A and B).

In the upper portion of Well B, a particular pulsed feature is 
characterized by nine peaks in a row, known as the Lula Marker 
(Wright and Barnett 2020), between XX24 m and XX43 m; 
Fig. 4). This feature is a regional marker, indicative of a very 
shallow lake with a large extension, and it is observed in several 
logs from different fields in Santos Basin (Wright and Barnett 
2020). Apparently, due to the intrusive igneous interval that 
capes BVF in well B, this feature was not recognized.

Intrusive igneous interval
The intrusive igneous interval (XX16/XX24.90 m) in the 

upper portion of Well A shows permoporosity values close to 
zero (Fig. 3). It is important to highlight that the ~10 m car-
bonate rocks (S1) immediately below the igneous rock present 
an accentuated reduction of permoporous properties, proba-
bly due to contact metamorphism.

Calcareous framework and silica distribution
Figures 5, 6, and 7 show the relationship between acoustic 

BHI and silica volume for segments of wells A and B. The dark 
colors of dynamic and static acoustic BHI (ubi_amp_dyn and 
ubi_amp_stat) correspond to low amplitude values interpreted 
to be open pore space, while bright colors are associated with 

high amplitude, interpreted to be silicified layers (Lai et al. 
2018, Fernández-Ibánez et al. 2022).

Based on BHI interpretation, the silicified layers are char-
acterized as homogeneous, bright, massive portions with high 
amplitude and a very low roughness texture. It also observed 
a lack of internal bedding or structures and low visual poros-
ity similar to acoustic image log facies (AIF3), as defined by 
Basso et al. (2022). In interval S2 of Well B, the silica layers 
present a few discrete fractures and geometric structures with 
the same orientation, interpreted as breakouts.

Intercalated with silicified layers, another image log pattern 
was identified, which is characterized by low amplitude val-
ues, very high roughness texture, and irregular bedding, sim-
ilar to AIF2 (Basso et al. 2022). Eventually, bright patches of 
different geometries and sizes are observed (Lai et al. 2018), 
which may indicate irregular silicification or intraclast grains. 
The high roughness can be associated with open pore space, 
indicating millimetric or centimetric-size interconnected vugs. 

The observed patterns for silicified layers and pore spaces 
can be seen in all three intervals. It is worth mentioning that 
the silicified layers identified in BHI can be fairly correlated 
to the silica volume well log increase for both wells. The sil-
ica usually occurs as continuous bed layers with thicknesses 
ranging from 1 to tens of centimeters. These silica layers tend 
to occur plane-parallel and concordantly with adjacent lime-
stone bedding. According to Fernández-Ibánez et al. (2022), 
the conformity of silicified layers to adjacent limestone strata 
can be interpreted as a replacement phase (Fig. 5A).

The silica layer boundaries are observed as irregular (X109.40 
m; Fig. 6C) or sharp contacts (XX85 m; Fig. 5C) with lime-
stone adjacent strata. Several silica intraclasts are observed 
above and sometimes below the silica layers (Fig. 5C). In 
interval S2 of both wells, there is a well-defined intercalation 
of silica layers and limestones with vuggy porosity. Although 
vugs are observed in several parts of all three intervals, along 
the whole formation, interval S1 of Well A exemplifies a high 
centimetric-size vug density, which reaches moderate poros-
ity (5–10%) and moderate (1–10 mD) to good (10–100 mD) 
permeability values (XX56.30/XX58.50; Fig. 5B). It is import-
ant to highlight that vugs are the product of dissolution, which 
favors porosity enhancement, while silica intraclasts may be 
a product of irregular silicification or rework processes. Also, 
the anomalous permoporosity enhancement behavior asso-
ciated with silica volume increase can be observed at XX85 
m (Fig. 5C).

Figures 6 and 7 show two different segments in Well B 
that illustrate two different permoporosity behaviors associ-
ated with silica volume increase: 
I. the silica volume increase is associated with permoporous 

reduction (Fig. 6); 
II. the silica volume increase is associated with permoporos-

ity enhancement (Fig. 7). 

In both segments, a series of well-defined intercalations 
of permoporosity reduction and enhancement are observed.

The segments displayed in Figs. 5B, 5C and 7 illustrate the 
anomalous permoporosity enhancement behavior related to the 
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silica volume increase presented in both wells. The interpreta-
tion of the BHI allowed the identification of silica layers with 
fracture and dissolution features, which were not observed in 
the segment with the opposite behavior. The action of fractur-
ing and dissolution processes in the same strata, as a product 
of silicification, apparently favored permoporosity enhance-
ment at depths X153 and X156.5 m (Fig. 7A). To highlight 
different features from the BHI, a 4-m interval was zoomed 
in the lower portion of the interval S3, between X160.9 and 
X164.1 m (Fig. 7B). It is noteworthy that well-defined interca-
lation of decimeters of plane bedding from X164 up to X162.6 

m occurs (Fig. 7B). Then, it changes to intercalation of lami-
nations up to X161 m. At depth X163.20 m, the dissolution 
effect to enhance pores is illustrated, as is their interconnec-
tion to favor permeability.

Finally, for a better understanding and data comparison, 
Table 2 summarizes the arithmetic mean and median values 
of the main well logs used in this work for the silica intervals 
in both wells. The table favors the identification of silica and 
permoporous property variations. Again, it is important to 
highlight that both wells present a general trend of decreas-
ing permoporosity properties upwards, and consequently the 

Figure 5. (A) Segment of the BVF in the Well A. Tracks: (1) TVDSS; (2) Silica Zonation; (3) Caliper (HCAL) (orange), Gamma-ray 
(GR_EDTC) (green); (4) Acoustic dynamic image (UBI_AMP_DYN); (5) Acoustic static image (UBI_AMP_STAT); (6) Silica intervals 
(VOL_SILICA) (yellow); and (7) Merged permeability (PERM_MERGE); 8-Merged porosity. (B) Intervals XX56.30/XX58.50 m. (C) 
XX83.75/XX85.50 m are detailed to favor features identification. White arrows indicate vugs, red arrows indicate silica layers, blue arrows 
indicate silica intraclasts, and green arrow indicates open fracture.

8/17

Braz. J. Geol. (2023), 53(2): e20220086



quality of reservoir properties is correlated with silica increase 
and calcite reduction.

Quantitative evaluation of permoporosity 
in the Barra Velha Formation

The quantitative analysis of the studied carbonate res-
ervoir was built using crossplots according to petrophysical 
parameters estimated and available from well logs. Crossplot 
use favors the characterization of reservoir property varia-
tions due to silicification impact and other diagenetic pro-
cesses. In this study, we use the following crossplots (Figs. 
8, 9, and 10): 

I. calcite volume vs. silica volume; 
II. sonic slowness vs. density; 
III. P-impedance vs. silica volume.

Calcite volume vs. silica volume
The calcite volume vs. silica volume crossplot performed 

for Well A indicates that when silica volume increases, calcite 
volume decreases (Figs. 8A, 8B, and 8C). From intervals S3 
to S1, the silica content gradually increases upward, allowing 
the separation of these intervals in different zones in the sil-
ica/calcite crossplot (Fig. 8A). The intrusive igneous interval 
is characterized by low calcite and high silica values (Fig. 8A). 

Figure 6. (A) Segment of the BVF in the Well B exhibiting levels with high-silica content and permoporosity reduction. Tracks: (1) TVDSS; 
(2) Silica intervals; (3) Caliper (HCAL) (orange), Gamma-ray (GR_EDTC) (green); (4) Acoustic dynamic image (UBI_AMP_DYN); 
(5) Acoustic static image (UBI_AMP_STAT); (6) Silica volume (VOL_SILICA) (yellow); (7) Porosity from NMR (PHIE_NMR); and 
(8) Permeability from NMR (NMR_PERM). (B) Intervals XX94.70/XX97.10m. (C) X108.10/X110.10 m are zoomed to favor features 
identification. Red rectangles indicate breakouts, blue arrows indicate silica layers, and green arrows indicate centimetric vugs.
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The porosity and permeability behavior presents an opposite 
trend of silicification (Figs. 8B and 8C): interval S3 is mostly 
characterized by good to very good porosity and permeability; 
interval S2 has good porosity and permeability; and interval 
S1 presents low to moderate porosity and permeability, with 

minor very good values. It is noteworthy that intrusive igne-
ous presents tightened permoporosity behavior characterized 
by low values. 

In Well B (Figs. 8D, 8E, and 8F), a behavior similar to Well 
A is observed; calcite volume decreases when silica volume 

Figure 7. (A) Segment of the BVF in the Well B exhibiting levels with high-silica content and permoporosity enhancement. Tracks: (1) 
TVDSS; (2) Silica intervals; (3) Caliper (HCAL) (orange), Gamma-ray (GR_EDTC) (green); (4) Acoustic dynamic image (UBI_AMP_
DYN); (5) Acoustic static image (UBI_AMP_STAT); (6) Silica volume (VOL_SILICA) (yellow); (7) Porosity from NMR (PHIE_NMR); 
and (8) Permeability from NMR (NMR_PERM). (B) Interval X160.9/X164.1 is zoomed to favor features identification. Yellow squares 
indicate silicified fracture layer, green squares indicate centimetric-size interconnected vugs interval, and blue squares indicate silica fractured 
laminations interval.

Table 2. Table with arithmetic mean and median of the main well-logs used for this work.

Well Interval
Phie (V/V) Perm (mD) GR (gAPI)

Acoustic 
Impedance 
(MPa.s/m)

Silica Calcite

Average 
(%)

Median 
(%) Average Median Average Median Average 

(%)
Median 

(%)
Average 

(%)
Median 

(%)
Average 

(%)
Median 

(%)

A

S1 8.03 8.14 8.84 4.45 20.37 20.52 13.00 12.90 20.14 18.13 53.35 53.22

S2 11.61 11.41 124.79 41.25 19.94 19.66 12.42 12.26 10.63 9.39 65.54 65.84

S3 12.54 12.70 96.86 62.76 29.52 28.62 11.87 11.96 4.53 3.57 74.46 72.56

B

S1 8.22 7.60 23.24 2.06 21.91 19.68 14.70 14.21 18.21 16.45 70.79 72.61

S2 9.52 9.48 42.55 15.39 12.53 11.90 13.50 13.55 12.96 9.79 74.62 70.97

S3 13.85 14.19 229.68 126.50 16.77 13.30 11.91 11.80 11.49 8.75 76.63 79.73
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increases. Although there is an overlap of the data from the three 
intervals, interval S3 concentrates lower silica volumes while 
interval S1 reaches higher silica values, corroborating the upward 
silica increase observed in qualitative well log analysis (Fig. 4). 
The porosity and permeability indicate an inverse trend to sil-
ica volume, such as in Well A (Figs. 8E and 8F): the interval S3 
shows good to very good porosity and permeability and sparse 
excellent values; the interval S2 varies from good to very good 
porosity, but it can also be noticed an increase of low and mod-
erate values, while permeability varies mostly from moderate to 

good values. Finally, interval S1 predominantly shows moderate 
porosity and low-to-moderate permeability values.

The crossplot clarifies the opposite solubility relationship 
between calcite dissolution and silica precipitation (Bustillo 2010, 
Wright and Barnett 2020). In both wells, it is possible to identify 
a trend toward improving this direct relationship. The crossplot 
also corroborates that the volume of silica increases upward. 
Quantitatively, the silica volume is higher in interval S1 than 
in interval S3. Based on that, it is possible to infer that there is a 
higher accumulation of silica volume in the upper portions of BVF.

Figure 8. Crossplot of silica volume (VOL_SILICA) vs. calcite volume (VOL_CALCITE) for Wells A and B. (A) Silica and intrusive igneous 
intervals in Well A. (B) Relationship between the silica intervals, silica volume, calcite volume, and porosity characterization for Well A. (C) 
Relationship between the silica intervals, silica volume, calcite volume, and permeability characterization for Well A. (D) Silica and intrusive 
igneous intervals in Well B. (E) Relationship between the silica intervals, silica volume, calcite volume, and porosity characterization for Well 
B. (F) Relationship between the silica intervals, silica volume, calcite volume, and permeability characterization for Well B.
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Sonic slowness vs. density
The sonic slowness vs. density crossplot presents a well-de-

fined trend characterized by DT reduction and density increase 
(Figs. 9A, 9B, and 9C). The silica intervals in Well A present 
a slightly vertical separation according to density enhance-
ment (Fig. 9A). The intrusive igneous interval presents higher 
density and lower DT values compared to silicified carbonate 
intervals (Fig. 8A). Interval S3 presents the best permoporos-
ity quality, characterized by good to very good values, rarely 
presenting moderate values (Figs. 9B and 9C). In the S2 inter-
val, an increase of moderate values is observed but still prevails 

good to very good values of porosity and permeability (Figs. 
9B and 9C). The interval S1 is characterized by moderately 
porosity values, but permeability seems more compromised 
than intervals S2 and S3. Finally, the intrusive igneous inter-
val is characterized by low permeability and porosity values 
(Figs. 9B and 9C).

In Well B, a well-defined overlap of the silica intervals is 
registered (Figs. 9D, 9E, and 9F), but the interval S3 is repre-
sented by the lowest RHOB and highest DT values, and the 
interval S1 by the lowest DT and highest RHOB values (Fig. 
9D). The interval S2 has an intermediate behavior (Fig. 9D). 

Figure 9. Crossplot of sonic slowness (DTCO) vs. density (RHOB) for Wells A and B. (A) Silica and intrusive igneous intervals in Well A. 
(B) Relationship between the silica intervals, DTCO, RHOB, and porosity characterization for Well A. (C) Relationship between the silica 
intervals, DTCO, RHOB, and permeability characterization for Well A. (D) Silica and intrusive igneous intervals in Well B. (E) Relationship 
between the silica intervals, DTCO, RHOB, and porosity characterization for Well B. (F) Relationship between the silica intervals, DTCO, 
RHOB and permeability characterization for Well B.
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The best permoporosity values (very good to excellent) mostly 
occur in the interval S3 zone, while interval S1 presents pre-
dominantly low to moderate values (Figs. 9E and 9F). The 
interval S2 is characterized by intermediate permoporosity 
values (moderate to good) that also include the lower interval 
S3 values and the higher interval S1 values (Figs. 9E and 9F). 
It is also important to highlight that permoporosity displays 
well-defined boundaries from low to excellent values, favoring 
its separation (Figs. 8E and 9F).

Based on the crossplot interpretation, it is possible to 
infer that the upward increase in silica content may directly 
impact density, which increases the same trend of silica vol-
ume. Consequently, it may slightly reduce sonic slowness 
in the opposite trend. Therefore, it apparently corroborates 
porosity and permeability reduction upwards. It is important 
to highlight that the crossplot confirms the intrusive igneous 
interval’s higher density and lower sonicity compared to the 
calcareous framework (Ellis and Singer 2010).

P-impedance vs. silica volume
The P-impedance vs. silica volume crossplot is a relatively 

good tool for the characterization of intrusive igneous and silica 
intervals, presenting a general trend of P-impedance enhance-
ment and silica volume reduction (Figs. 10A, 10B, and 10C). 
Although the three intervals apparently present a P-impedance 
overlap, it is possible to observe that interval S3 presents slightly 
lower values, while interval S1 shows discretely higher values 
(Fig. 10A). The interval S3 presents a lower silica volume, over 
12%, while the interval S2 shows an increase in silica that reaches 
20%. Differently, the interval S3 presents a wider spread, which 
achieves almost 50% of the silica volume. The intrusive interval 
presents higher P-impedance values and silica content compared 
to silicified carbonate intervals (Fig. 10A). There is a well-estab-
lished relationship between P-impedance and permoporosity 
properties; the lower the P-impedance, the higher the porosity 
and permeability. Therefore, the intrusive igneous interval is char-
acterized by low permeability and porosity values (Figs. 10B and 
10C), and the interval S3 presents the best permoporosity qual-
ity, characterized by good to very good values, rarely presenting 
moderate values. In interval S2, an increase of moderate values is 
observed, but still good to very good values of porosity and per-
meability prevail (Figs. 10B and 10C). The interval S1 encom-
passes mostly moderate porosity values, but permeability seems 
more compromised than intervals S2 and S3 (Figs. 10B and 10C).

In Well B, a defined trend characterized by P-impedance 
can be observed through silica intervals (Figs. 10D, 10E, and 
10F). From intervals S3 to S1, the P-impedance gradually 
increases upward, allowing the separation of these intervals 
in different zones (Fig. 10D). The permoporosity properties 
appear to display an upward stratification based on their value. 
The interval S3 presents the best permoporosity values charac-
terized by good to excellent values, rarely presenting moderate 
values (Figs. 10E and 10F). In the interval S2, an increase of 
moderate values prevails. In the interval S1, low to moderate 
values prevail and in less proportion good values (Figs. 10E and 
10F). The interval S2 is characterized by intermediate permo-
porosity values (moderate to good) that also include the lower 

interval S3 values and the higher interval S1 values (Figs. 10E 
and 10F). It is important to highlight that in interval S3, it is 
possible to identify high silica values that reach over 40% and 
simultaneously have excellent porosity and very good perme-
ability values (Figs. 10E and 10F).

The use of the crossplot confirms the silica volume increases 
upward. The increase in P-impedance may be related to the 
trend of density increase upward once density is used to esti-
mate P-impedance (Penna et al. 2019, Castro and Lupinacci 
2022). The increase in silica associated with the enhancement 
of permoporosity in interval S3 for Well B may occur due to 
the intense dissolution and lack of silica filling locally. This is 
related to a lower accumulation of silica volume in the lower 
portion of BVF (Sartorato et al. 2020).

DISCUSSION
The intrusion that occurs at Well A is one of the main 

differences between the studied wells (Figs. 3 and 4). The 
intrusive bodies observed in the BVF are dated from the 
Santonian-Campanian age, Upper Cretaceous (Szatmari 
and Milani 2016, Penna et al. 2019, Zhao et al. 2019). Chang 
et al. (2008) identified a series of NE-SW rift faults during 
the Barremian that were reactivated in the Aptian (Lower 
Cretaceous). For Szatmari and Milani (2016), the faults 
may have triggered a pathway for hydrothermal fluids during 
the sedimentation of the Barra Velha Formation. Pinto et al. 
(2017) proposed that hydrothermal fluids were possibly com-
pounded by mantle-derived elements (e.g., Si, Mg, and Ca). 
These fluids also present CO2-rich concentrations related 
to mantle origin through magmatism (Szatmari and Milani 
2016, Lima and De Ros 2019, Farias et al. 2019, Gamboa 
et al. 2019, Pietzsch et al. 2020, Wright 2020). Consequently, 
the CO2 degassing by magmatic activity has contributed 
to increased acidity, favoring carbonate dissolution (Lima 
and De Ros 2019, Wright and Barnett 2020, De Ros 2021, 
Carvalho et al. 2022). Although Well B is not crossed by any 
intrusion, it is possible to infer that a nearby one has con-
tributed to hydrothermal fluids, favoring the silicification 
processes. The well-defined gradual increase of silica has 
apparently been favored by the intrusion in Well A, and the 
same process can be correlated for Well B (Figs. 3 and 4). 

The best permoporosity values identified in the studied 
sections are associated with Well B, which presents lower sil-
ica volume content and lower GR values. Different authors 
have pointed out that these characteristics are excellent for 
carbonate reservoirs, while silica volume increases negatively 
impact permoporosity (Moore 1989, Ahr 2008, Flügel 2010). 
Although we observed a decrease in permoporosity properties 
upwards associated with silica volume increase, some portions 
of the studied area present a different behavior characterized 
by silica volume increase and permoporosity enhancement. 
The different patterns of silica volume content and its impact 
on other reservoir properties allowed the segmentation of the 
BVF into three intervals (S3, S2, and S1), and the crossplot 
analysis led to an understanding of the similarity of intervals 
between both wells.
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It can be inferred that the permoporosity enhancement 
associated with silica volume increase could be a product 
of dissolution and/or fracturing, as observed through BHI 
analysis (Figs. 5, 6, and 7). The hydrothermal fluids probably 
became subsaturated with calcite and supersaturated with sil-
ica (Bustillo 2010, James and Jones 2016, Lima et al. 2020). 
The calcite subsaturation favored dissolution, followed by 
silica filling. The dissolution occurred in a higher proportion 
than silica precipitation, generating porosity enhancement. 
Sometimes, silicified bedding is fractured, releasing silica 
intraclasts (Fernández-Ibánez et al. 2022) (Fig. 5C). Packard 

et al. (2001) built a diagenetic model for the Parkland gas 
field in Canada in which the hydrothermal CO₂-rich fluids 
promoted permoporosity enhancement. This dissolution/
filling relation is corroborated in the calcite volume vs. silica 
volume crossplot (Fig. 8).

The intrusion compromises reservoir properties, approx-
imately ten meters below the intrusion in Well A (XX24/
XX34 m; Fig. 3), due to metamorphism contact aureoles 
(Anjos and Guimarães 2008, Oliveira et al. 2019, Ren et al. 
2019, Zhao et al. 2019). The intrusive rocks have generated 
a contact metamorphic aureole in surrounding limestones, 

Figure 10. Crossplot of acoustic impedance (P-impedance) vs. silica volume (VOL_SILICA) for Wells A and B. (A) Silica and intrusive igneous 
intervals in Well A. (B) Relationship between the silica intervals, P-IMPEDANCE, VOL_SILICA, and porosity characterization for Well A. (C) 
Relationship between the silica intervals, P-IMPEDANCE, VOL_SILICA, and permeability characterization for Well A. (D) Silica and intrusive 
igneous intervals in Well B. (E) Relationship between the silica intervals, P-IMPEDANCE, VOL_SILICA, and porosity characterization for Well 
B (F) Relationship between the silica intervals, P-IMPEDANCE, VOL_SILICA, and permeability characterization for Well B.
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characterized by a significant change in the limestone min-
eral size, rock color, and reservoir pore after marbleiza-
tion (Ren et al. 2019). The reservoir’s physical properties 
decrease after thermal baking.

Herlinger et al. (2020) suggested the use of DT vs. RHOB 
crossplot for Mg-clays identification based on the presence of 
two distinct trends, which indicate different behavior observed 
in radioactive element-rich clays. In both wells analyses, only 
one trend was identified (Figs. 9A and 9D). It is possible that 
the CO2 increase led to a pH reduction and, consequently, the 
destabilization of magnesian clays (Farias et al. 2019, Wright 
2020, Wright and Barnett 2020, De Ros 2021, Carvalho et al. 
2022). Zones where GR decrease could be associated with 
nuclear magnetic resonance (NMR) microporosity increase, 
as were usual in magnesian clays intervals, were not observed. 

The P-impedance is important data used in reservoir char-
acterization due to its behavior as a layer property instead of an 
interface property (Herron and Herron 2000, Sancevero et al. 
2006). The usage of P-impedance to establish standards even with 
pre-salt heterogeneity has been demonstrated in different studies 
(Teixeira et al. 2017, Castro and Lupinacci 2019, Dias et al. 2021, 
Ferreira et al. 2021, Penna and Lupinacci 2021). Therefore, the 
P-impedance vs. silica volume favors the distinction between the 
carbonate reservoir and igneous interval and also allows a charac-
terization upwards of the three silica intervals used in this work.

In both wells, an increase in silica volume accumulation was 
observed. Apparently, due to the lower density of hydrothermal 
fluids at elevated temperatures (Lima and De Ros 2019, Penna 
et al. 2019, Wright and Barnett 2020), they tend to ascend to the 
upper portions of the BVF through faults and fractures (Chang 
et al. 2008, Szatmari and Milani 2016, Gamboa et al. 2019, Ren 
et al. 2019, De Ros 2021). However, the BVF formation is capped 
by a thick evaporite layer, the Ariri Formation (Moreira et al. 2007, 
Chang et al. 2008). This evaporite layer is characterized by plastic 
deformation and high thermal conductivity (Mohriak et al. 2008). 
It is possible to infer that the evaporite layer acted as a barrier that 
favored the hydrothermal fluid’s silica-rich accumulation in upper 
portions of BVF and also contributed to its cooling.

Finally, silicification is an important diagenetic process that 
played an important role in BVF development. Based on silica 
accumulation, it was possible to divide the BVF into three seg-
ments upward (S3, S2, and S1). It was also possible to estab-
lish an opposite trend in permoporosity properties. Interval S3 
presents less silica content compared to the other two inter-
vals and the best permoporosity values observed, while inter-
val S1 presents higher silica volume and lower permoporosity 
properties. The crossplot analysis favors the characterization 

of reservoir property variations due to silicification impact, 
allowing different reservoir properties to be quantified.

CONCLUSION
In the studied wells, it is possible to perceive an increase 

in silica volume from base to top of the Barra Velha Formation 
associated with a reduction, in a general trend, of porosity and 
permeability. The laboratory measurements present a very 
good to excellent correlation to well-log data, corroborating 
the silica impact on permoporous properties.

The use of acoustic BHI allowed the identification of the 
alternation of silicified layers and open pore space. The silici-
fied layers showed a good correlation to the high silica volumes 
obtained through ECS logs. The acoustic BHI, together with 
ECS, favored the identification of dissolution features that 
highlighted an anomalous porosity enhancement associated 
with silica increase. Also, an inversely proportional relation-
ship between silica and calcite volumes was observed both in 
qualitative and quantitative analyses. 

The crossplots related to Well A showed that different 
reservoir properties allowed good visualization of intrusive 
igneous intervals and silicified limestones. Moreover, this 
well-marked characterization of the three silica intervals indi-
cates an increase from bottom to top. Although Well B does 
not present an igneous interval, the silica content displays the 
same trend of increase observed in Well A. Probably due to an 
igneous body being located closer to the well position, favor-
ing the silicification process.

P-impedance vs. silica volume crossplot played an important 
role in reservoir characterization, which allowed us to identify 
silica increases associated with permoporosity enhancement 
associated with interval S3. Another advantage observed is 
the effective characterization of intrusive intervals and cal-
careous frameworks.
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