
107107

Revista do Instituto de Geociências - USP
Geol. USP, Sér. cient., São Paulo, v. 21, n. 2, p. ﻿10-120, Junho 2021

Disponível on-line no endereço www.igc.usp.br/geologiausp - 107 -

Abstract
Permeability models are very relevant for the characterization of oil systems. However, limitations related to the resolution 
of seismic data make it difficult to identify subseismic, sedimentary, and tectonic structures, which can significantly impact 
the flow pattern. This study analyzed the spatial variability of permeability according to stratigraphic and structural geol-
ogy control to propose a useful model for poorly consolidated, fractured, and faulted siliciclastic reservoirs. In an outcrop 
analogue to this type of reservoir, air permeability was measured in 3 orthogonal directions at 24 points, spaced 2 m apart. 
The models were obtained by sequential Gaussian simulation (SGS) after statistical data treatment. The models were vali-
dated to ensure the consistency of the generated scenarios. Permeability values showed a positive asymmetric distribution 
and reduced medians toward tectonic structures. The fitted semivariogram model was exponential, with higher spatial con-
tinuity in the horizontal flow direction and lower in the vertical one. The permeability models emphasized the importance 
of considering subseismic structures in the flow analysis of reservoirs since they have proven to play a significant role in 
the permeability distribution in the outcrop assessed.

Keywords: Permeability; Geostatistical simulation; Litho-structural control.

Resumo
Modelos de permeabilidade têm grande relevância na caracterização de sistemas petrolíferos. Contudo, limitações rela-
cionadas à resolução dos dados sísmicos adquiridos tornam difícil a identificação de estruturas subsísmicas, sedimentares 
e tectônicas, que podem ter grande impacto no padrão de fluxo. Neste trabalho, foi analisada a variabilidade espacial da 
permeabilidade segundo o controle da estratigrafia e da geologia estrutural, tendo como finalidade propor um modelo que 
possa ser empregado em reservatórios siliciclásticos pouco consolidados, fraturados e falhados. Em um afloramento aná-
logo a esse tipo de reservatório foram realizadas leituras de permeabilidade ao ar em três direções ortogonais de 24 pontos 
espaçados de 2 m. Os modelos foram obtidos a partir da simulação sequencial gaussiana (SSG), após o tratamento estatísti-
co dos dados. A validação dos modelos foi realizada para assegurar a consistência dos cenários gerados. As permeabilidades 
apresentaram distribuição assimétrica positiva e diminuição das medianas em direção às estruturas tectônicas. O modelo de 
ajuste dos semivariogramas foi o exponencial, sendo a continuidade espacial maior na direção de fluxo horizontal e menor 
na direção de fluxo vertical. Os modelos de permeabilidade ressaltaram a importância de considerar estruturas subsísmicas 
na análise de fluxo em reservatórios, uma vez que essas mostraram desempenhar papel relevante na distribuição da permea-
bilidade no afloramento análogo analisado.

Palavras-chave: Permeabilidade; Simulação geoestatística; Controle litoestrutural.
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INTRODUCTION

Understanding the spatial distribution of permeability is 
very relevant for the characterization of oil systems, as well 
as for evaluating the feasibility of exploiting reservoirs and 
determining the strategy for the development and manage-
ment of field production. Data acquisition for the analysis 
of this distribution in reservoirs has some limitations, either 
due to the restricted number of samples that can be tested by 
observation or to the low resolution of seismic data, making 
it difficult to identify subseismic structures that can influ-
ence flow patterns (Slatt, 2006). 

Different authors address the use of outcrop analogues 
as a tool to characterize real reservoirs (Souza, 2013; 
Pyrcz and Deutsch, 2014; Maciel et al., 2017; Belila et al., 
2018; Galvão et al., 2018). They argue that this procedure 
enables more detailed analyses of the influence of lithological 
variations, sedimentary facies, and smaller tectonic struc-
tures on the mechanical and hydraulic properties of rocks. 
Geostatistics has been widely used to predict permeability 
values, considering both rocks and structures (e.g., faults), 
and thus construct models that characterize different res-
ervoirs (Pyrcz and Deutsch, 2014). Many techniques have 
been applied in the development of permeability models, 
including ordinary kriging (Wilson et al., 2011), kriging 
with external drift (Camargo and Jensen, 2012), co-simu-
lation using permeability and porosity (Fegh et al., 2012; 
Cao et al., 2014), simple cokriging, ordinary cokriging 
(Zhao et al., 2014), and sequential Gaussian simulation — 
SGS (Hosseini et al., 2019; Ren et al., 2019). The results 
generated by these models have been improved by geo-
statistical methods, bypassing the issue of discontinuous 
sampling. Among these methods, geostatistical simulations 
are often used due to their capacity to better characterize 
heterogeneity in higher-detail scales (Ren et al., 2019) 
and quantify uncertainty by producing different scenarios 
(Hosseini et al., 2019).

This article aimed to analyze the influence of lithologi-
cal and structural framework on the spatial distribution of 
permeability to propose a permeability model for poorly 
consolidated and fractured siliciclastic reservoirs. 

REGIONAL GEOLOGICAL CONTEXT  
AND THE OUTCROP ANALOGUE

The Volta Redonda Basin is located in the central segment of 
the Continental Rift of Southeastern Brazil (Rift Continental 
do Sudeste do Brasil — RCSB), in the Ribeira Belt domain, 
and is predominantly seated on metasedimentary succes-
sions of the Paraíba do Sul Complex (Riccomini et al., 
2004; Sanson et al., 2006). The Casa de Pedra Graben is an 
elongated tectonic depression in the ENE-WSW direction 

covering 13 km2 and has the best-preserved Cenozoic sedi-
mentary deposits of the Volta Redonda Basin (Riccomini 
et al., 2004; Sanson et al., 2006). 

The Resende Formation, of Eocene age, corresponds to 
the main sedimentary stage of the basin and is characterized 
by the alternation of grano-decreasing cycles of stratified 
feldspar sandstone and thin layers of fine conglomerates, 
with possible layers of solid greenish mudstone and poorly 
selected rudites (Sanson et al., 2006; Negrão et al., 2015). 
Incomplete sedimentary cycles marked by erosive contacts 
are common at the base of conglomerate and sandstone lay-
ers (Maciel et al., 2017).

The movement of the main basin fault allowed the devel-
opment of small alluvial fans and a river system with pre-
dominantly SE paleoflow. This unit is interpreted as associ-
ated with alluvial fans interfingered with axial fluvial sys-
tems with braided patterns (Sanson et al., 2006).

The outcrop selected for this study, regarded as geoma-
terial analogue to poorly consolidated and fractured silici-
clastic reservoirs (Maciel et al., 2017), is located near the 
southern edge of the Casa de Pedra Graben, in a private field 
close to the Contorno Highway, in Rio de Janeiro (Figure 1). 
It is divided into three blocks separated by two main nor-
mal faults, F1 and F2, of ENE-WSW orientation and oppo-
site dips (Maciel et al., 2017) (Figure 2A). This paper ana-
lyzed the horst in relation to the F1 fault (H-F1). This horst 
is located in the southern part of the outcrop (Figure 2B), 
whose approximate dimension is 18 m wide and 10 m high. 
This block was selected for its variety in structural features 
(deformation band clusters and fault) and layers with sedi-
mentary characteristics (granulometry, texture, and facies), 
making it of interest when evaluating whether the geosta-
tistical simulation is capable of capturing the diverse geo-
logical features that affect the outcrop permeability model.

METHOD

The characterization steps were based on field, laboratory, 
and exploratory data analysis procedures. 

The characterization of the spatial distribution of air per-
meability was performed in situ with the mini-permeameter 
TinyPerm3, handheld equipment manufactured by the New 
England Research (NER). When the mobile piston filled 
with air is pressed against the sample surface, the equipment 
monitors the transient flow and the air volume variation, 
providing the air permeability value of the tested medium. 
The manufacturer of TinyPerm3 recommends taking per-
meability measurements at the factory calibration interval 
— 1 mD to 10 D (Brown and Smith, 2013). Balsamo et al. 
(2013), working with highly permeable sediments from the 
Barreiras Formation, detected values greater than 10 D, as 
was the case in this work (“Results” section). These authors 
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reported a new calibration performed by the manufacturer, 
demonstrating that the calibration equation is preserved for 
values up to 5,000 D, although individual measurements are 
slightly more uncertain. The maximum air permeability values 

in this study are around 100 D, guaranteeing the precision 
and accuracy of the data presented in this paper.

Before measuring the permeability, the surfaces were 
prepared to minimize the influence of superficial weathering, 

Source: Negrão et al. (2015); modified by Fiuza et al. (2020).

Figure 1. (A) Geological map of the Volta Redonda Basin region; (B) schematic geological section, whose location is 
presented in (A); (C) lithostratigraphic column and tectonic phases identified in the Volta Redonda Basin. 
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avoid air escape during the test (Souza, 2013), and have 
all measurements in the same coordinate axis (Figure 3). 
Thus, with the aid of a compass and a scraper, three orthog-
onal flat surfaces were prepared at each test point. 

The acquisition of permeability data and the sample 
removal followed two types of deterministic sampling: 
total and restricted. According to Cressie (1991), systematic 
sampling assumes that the first position is randomly chosen; 
when this does not occur, sampling is called deterministic 
or regular non-random. The total deterministic sampling 
integrated permeability readings in the center of each grid 
cell of the outcrop section (Fiuza, 2019; Fiuza et al., 2020). 
For all points, approximately ten permeability measurements 
were taken in each of the three orthogonal flow directions 
assessed: horizontal perpendicular to the fault, horizontal 
parallel to the fault, and vertical.

The restricted deterministic sampling consisted of obtain-
ing fault permeability readings with repetitions of five mea-
surements per point. The irregularity and difficult preparation 
of the fault surface — due to its low thickness and rigid-
ity caused by oxidation by iron oxide (Figure 4) — made 

Figure 2. (A) Image of the outcrop (Maciel et al., 2017) and (B) geological section at a 1:50 scale, produced by Fiuza 
(2019). The white polygon in (B) highlights the block analyzed in the present study.

Figure 3. (A) Surfaces prepared for measurements and (B) 
air permeameter TinyPerm3.

Figure 4. Fault surface.
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it challenging to read its permeability. Therefore, the mea-
surements were obtained perpendicular to the fault plane, 
and the rock in the fault plane was interpreted as isotropic 
regarding permeability. These measurements were consid-
ered control points and used to ensure the representative-
ness of the faults in the produced simulations. 

The granulometric characterization of sampling points 
followed the ABNT regulation, NBR 7181/2016 (Solo – 
Análise Granulométrica) (ABNT, 2016), and the results 
were categorized according to Folk’s (1974) ternary dia-
gram, based on Wentworth’s (1922) grain size classification.

The statistical analysis comprised the steps: 
•	 data treatment, which excluded field permeability read-

ings obtained in tests with execution errors and outli-
ers (defined as values 1.5 times the interquartile range 
added to the third quartile or subtracted from the first 
quartile) for each set of points per direction;

•	 descriptive statistics ( : mean; Q2: median; σ: standard 
deviation; IQR: interquartile range; min: minimum; max: 
maximum; CV: coefficient of variation), which analyzed 
data distribution and defined the characteristic perme-
ability ( ) of each direction as the most representative 
statistics according to data distribution (characteristic 
permeability of horizontal flow perpendicular to the 
fault — , characteristic permeability of horizontal 
flow parallel to the fault — , and characteristic per-
meability of vertical flow —  ).

Due to the asymmetric data distribution, both in the 
analysis of all values obtained (as seen in the “Results” 
section) and of the repeated permeability readings in each 
sample, the median set of values was defined as the  of 
each direction per point.

The geostatistical phase involved spatial data analysis 
(bubble plot and variography), SGS, and validation, based on 

 data. The semivariogram measures the difference between 
pairs of points separated by distance h (Equation 1):

� (1)

In which:
N(h) = number of pairs separated by distance h; 
z(uα) and z(uα + h) = measured values; 
uα and uα + h = coordinates in the plane or space separated 
from each other by distance h. 

Among different simulation methods, SGS is often 
adopted for reservoir modeling. It is a simple, flexible, rea-
sonably efficient method (Pyrcz and Deutsch, 2014), capable 
of showing better heterogeneity characterization in higher 
precision scales (Ren et al., 2019). Simulation is part of a 
set of probabilistic models, which are based on data and 
provide numerous possible results. 

Validating the simulations generated is an important 
geostatistical analysis step, as it attests to the consistency 
of the model. This step can be performed through dif-
ferent methods, such as cross-validation and jackknife 
(Leuangthong et al., 2004; Braga, 2014; Pyrcz and Deutsch, 
2014; Hosseini et al., 2019). The present study employed the 
method defined by Leuangthong et al. (2004) as minimum 
criteria. This method is based on the assumption that the 
simulation should reproduce the characteristics of experi-
mental data. To this end, its criteria are: 
1.	 Simulated values at the sampling points must coincide 

with experimental data; 
2.	 The histogram of simulated values should be similar to 

that of experimental data; 
3.	 The same should be true for basic statistics; 
4.	 The semivariogram (or covariogram) of simulated val-

ues should be similar to that of the observed values 
(Leuangthong et al., 2004; Braga, 2014). 

The present study presents only criteria 2, 3, and 4 since 
criterion 1 is ensured by the exact interpolation kriging prop-
erty. The geostatistical stage was developed using the Gstat 
package (Pebesma and Wesseling, 1998) of the R software 
(R Core Team, 2018).

RESULTS AND DISCUSSION

Deterministic sampling resulted in the analysis of 24 points 
(Figure 5) and a total of 849 permeability readings, among 
which 52 were outliers. Based on the units defined by Fiuza 
(2019) when mapping the geological section, medium-to-
coarse sandstone (62.5%) is the main rock in the sampling 
points, followed by conglomerate (23%). Regarding Folk’s 
(1974) rock textural classification, the predominant classes 
are muddy sandstone — MS (37.5%) and slightly gravelly 
muddy sandstone — SGMS (37.5%), as presented in Table 1. 
We emphasize that the percentages reported herein refer to 
the number of total points in each rock in relation to the 
number of points sampled.

Considering all readings taken (Figure 6) — including 
outliers —, the 3 directions showed unimodal distribution 
with positive asymmetry, values ranging from 6x10-4D (total 
minimum value, obtained in ) to 130 D (total maximum 
value, obtained in ), and medians concentrated in inter-
vals up to 10 D. The dispersion of values reflects the lithol-
ogy, the textural variations in the units, and the proximity 
to the structures (deformation bands and faults). 

The  box plot of all cells (Figure 7) demonstrated 
similar distribution and basic statistics, with the horizon-
tal parallel and vertical directions presenting, respectively, 
greater and lower dispersion of  values when considering 
the interquartile range. 
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The ternary diagram of relative proportion between per-
meability values (Figure 8A) shows the degree of anisotropy 
per sample, defined by the proportional permeability value 
among the three directions, that is, isotropic samples are 
located in the center of the diagram, while those near the ver-
tices indicate a high degree of anisotropy (Farrell et al., 2014). 
As the similarity of data distribution suggests, a low degree 
of anisotropy is common, with few points of higher expres-
sion. The median, mean, and maximum ratio corresponded, 
respectively, to 1.3, 3.6, and 20.4 for / , and to 1.1, 
2.8, and 27.9 for / . Among horizontal permeability 
values —  and  —, although the data distribution 
does not suggest a preferential direction for greater perme-
ability (Figure 8B), anisotropies evidencing a  >  
relationship tend to be more expressive than  >  ones.

We analyzed the variation in rock permeability using 
mean values of the statistics from Table 2. Given the asym-
metry, mean is the measure that better represents less fre-
quent values resulting from variations within the same unit. 
Gravelly muddy sandstone (GMS) is the most permeable 

unit and has the lowest permeability variance throughout 
its layers. MS presents the lowest permeability, followed by 
SGMS. Both have the highest variability as to permeabil-
ity, in some cases reaching a value twice as high as that of 
GMS. The high coefficient of variation of the data reflects 
the heterogeneity of the lithological units, showing the high 
permeability variance that the same rocky unit can present. 

Figure 9 presents the spatial distribution of permeabil-
ity of each sampled point and highlights the influence of 
lithology and structures (faults and deformation bands). 
The defined permeability intervals were grounded in the 
basic statistics of the three directions to include the main 
quartiles, minimum, maximum, and mean data.

Due to the logarithmic distribution of permeability, the 
geostatistical stages were based on the logarithmic trans-
formation of data. This transformation is also done to min-
imize the effects of extreme variations within data points 
and obtain a well-defined spatial distribution (Zhao et al., 
2014). Considering the two-dimensional aspect of the data 
obtained in outcrop analogues and the sampling system 

Source: modified from Fiuza (2019).

Figure 5. Distribution of sampling points according to the geological section of the outcrop.

Table 1. Lithology of the sampled points according to field description (Fiuza, 2019) and granulometric analysis. The 
frequency refers to the total sampled points for each rock.

Gravel, sand, mud
Geological section of the outcrop Folk’s ternary diagram
Rock Freq. % Rock Freq. %
Medium-to-coarse sandstone 15 62.5 Muddy sandstone 9 37.5
Conglomerate 4 16.7 Slightly gravelly muddy sandstone 9 37.5
Fine sandstone 2 8.3 Gravelly muddy sandstone 6 25
Muddy sandstone 2 8.3
Intraformational breccia 1 4.2
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concerning spatial correlation, the variographic analysis 
was developed for the horizontal flow perpendicular to the 
fault and the vertical flow, taking into account the 24 points 
tested according to the deterministic sampling. The accuracy 
of semivariance estimates is proportional to the number of 
samples, and omnidirectional semivariograms have more 
pairs than directional ones when all directions are considered 
in the calculation. Therefore, due to the limited amount of 
data, omnidirectional semivariograms were used to model 
spatial continuity to obtain the highest number of pairs and, 
consequently, improve the reliability of the analyzed semi-
variogram. The term “omnidirectional” corresponds to the 
pair search angle in the semivariogram analysis; in this case, 
all directions are considered.

F1: fault 1.

Figure 6. Histograms of all permeability readings (data with outliers):  (mean); Q2 (median); σ (standard deviation); 
IQR (interquartile range); min (minimum); max (maximum); CV (coefficient of variation in %). The first and last histogram 
intervals were visually changed in relation to the others only to highlight the main ranges of values. Basic statistics were 
calculated according to the data set and not the histogram ranges.

Figure 7. Box plot of median permeability values based on 
the directions.
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: characteristic permeability of horizontal flow perpendicular to the fault; 

: characteristic permeability of horizontal flow parallel to the fault; : 
characteristic permeability of vertical flow. 

Figure 8. (A) Ternary diagram showing the degree of 
anisotropy of the samples based on the dispersion in 
relation to the isotropic center. The permeability values were 
proportionally recalculated; (B) chart of the relationship 
between the characteristic permeability of horizontal flow 
perpendicular to the fault  and the characteristic 
permeability of horizontal flow parallel to the fault .

Table 2. Statistics of characteristic permeability values according to lithology.

 Characteristic permeability ( )
Perpendicular Parallel Vertical

Median (D) Mean (D) CV (%) Median (D) Mean (D) CV (%) Median (D) Mean (D) CV (%)
GMS 21.86 29.55 61.83 20.89 31.61 35.08 10.38 25.72 50.61
MS 5.04 4.48 91.60 1.61 3.34 102.45 4.51 4.13 103.22
SGMS 9.48 11.28 104.45 10.72 10.85 100.80 3.28 8.62 113.42

CV: coefficient of variation; GMS: gravelly muddy sandstone; MS: muddy sandstone; SGMS: slightly gravelly muddy sandstone.

Figure 9. Bubble plot of the spatial distribution of 
permeability, in D, of the sampled points. (A)  
characteristic permeability of horizontal flow parallel to 
the fault; (B)  characteristic permeability of horizontal 
flow perpendicular to the fault; and (C) characteristic 
permeability of vertical flow .   

The best fitted model in both directions was the expo-
nential one (Figures 10 and 11). In this model, the sill is 
reached asymptotically, expressing, besides the practical 
range, an increasing variance, but in smaller proportions, 
not being considered spatial interdependence.
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Figure 10. Fitted omnidirectional semivariogram of the logarithm of characteristic permeability of horizontal flow 
perpendicular to the fault .

Figure 11. Fitted omnidirectional semivariogram of the logarithm of characteristic permeability of vertical flow .

The adjustment led to a nugget effect of 0.58 and 0, a sill 
of 3.20 and 4.57, and a practical range of 3.80 and 1.81 m for 

 and , respectively. As expected for geological media 
with superposition and interleaving layers (Pyrcz and Deutsch, 
2014; Ren et al., 2019), the range in the horizontal direction 
was greater than in the vertical one, as the first is parallel to the 
continuity of layers, while the second is perpendicular to them. 

Based on semivariogram adjustments, ten simulations 
were generated for each direction — vertical and horizon-
tal perpendicular to the fault. The simulation chosen was 
the one with the greatest similarity with the permeability 
distribution and structural and stratigraphic arrangement 
of the outcrop. Figure 12 presents the simulation cho-
sen for  and its comparison with the outcrop section. 
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The control points, used to help simulate the region close 
to the fault, efficiently represented the reduced permeabil-
ity attributed to this structure, as shown in the highlighted 
polygon I. Highlighted polygons II and III illustrate the 
influence of deformation bands on the reduction of per-
meability (Rotava, 2017; Vogel et al., 2019). Polygon II 
represents the band cluster that vertically extends from 
the base of the section and becomes parallel and adjacent 
to the main fault of the section. Polygon III has a less 
permeable belt (lighter color), elongated as per the band 
cluster in the southern part of the outcrop, which varies 
according to lithology, evidencing that the influence of the 
deformation band on permeability depends on the rock. 
As stated by Ballas et al. (2015), lithological characteris-
tics may influence the permeability variance produced by 
cataclastic bands. Among them, high porosity and coarser 
and relatively well-selected grains can favor greater per-
meability contrasts in the presence of bands.

The difference in permeability according to lithology is 
another characteristic well represented by the simulation. 
In this regard, the low MS permeability (area above line 
D) and the high permeability in more gravelly sandstones, 
present at the base of the block (below line A) and in the 
conglomerate (between lines B and C), stand out. The slope 
of this last lithology was also represented in the southern 
portion of the block. 

The  simulation, similar to that of , was able to 
reproduce the permeability variance throughout the rocks 
and the proximity of structures (Figure 13). This similarity 
among the models generated is possibly related to the low 

data anisotropy and the analysis according to omnidirec-
tional semivariograms. 

In both cases, most simulated data was consistent with 
the outcrop values. However, a small part extrapolated the 
range of values common to the outcrop due to the char-
acteristics of simulation methods, which tend to generate 
minimal extrapolations.

Considering criteria 2 and 3, described in the “Method” 
section, when validating the model consistency in represent-
ing the spatial distribution of permeability in the outcrop, 
the simulations were statistically equivalent to the original 
samples in both directions (Figure 14). We emphasize that, 
in this step, the comparison with original data considers total 
deterministic sampling points and control points. The rea-
son is that fault points were used as the base for the simula-
tion, and basic statistics were used to describe the data set. 
The apparent better continuity between distribution intervals 
in the simulated histogram is associated with the larger sample 
size (15,038 data), while the original histograms have only 
31 data and predominance of control points of lower perme-
ability in their distribution (highlighted in red in Figure 14).

The semivariogram and its fitted model defined the 
behavior of the set of data pairs. Thus, this stage com-
pared the simulated semivariogram to the semivariogram 
of experimental data (Figures 15 and 16) without consider-
ing the control points in the latter, as they were not used in 
the allocation of model parameters (range, sill, and nugget 

Figure 12. Simulation of the characteristic permeability 
of horizontal flow perpendicular to the fault . (A) 
Simulation chosen for the criterion of better structural 
and stratigraphic representation of the outcrop; (B) spatial 
sample distribution in the simulation (black dots) and 
polygons that highlight some features well represented by 
the simulation when compared to (C) the outcrop section. 
The belts correspond to the natural permeability logarithm.

Figure 13. Simulation of the characteristic permeability of 
vertical flow . (A) Simulation chosen for the criterion 
of better structural and stratigraphic representation of the 
outcrop; (B) spatial sample distribution in the simulation 
(black dots) and polygons that highlight some features 
well represented by the simulation when compared to (C) 
the outcrop section. The numbers used in the polygons 
follow those used in the simulation of the characteristic 
permeability of horizontal flow perpendicular to the fault 

. The belts correspond to the natural permeability 
logarithm.
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Figure 14. Histograms and basic statistics to compare simulation and experimental data (sampled points and control 
points). The red dashed line highlights control points with lower permeability in the distribution of data.

Figure 15. Comparison between omnidirectional 
semivariograms of experimental data and of simulated 
flow perpendicular to the fault.

Figure 16. Comparison between omnidirectional 
semivariograms of experimental data and of simulated 
vertical flow.
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effect). In both directions, the simulated semivariogram was 
similar to the experimental fitted model. Despite the dif-
ferences in variance and range — more significantly in the 
vertical flow —, they were interpreted as acceptable since 
data were collected from only 24 points, and the simulated 
semivariogram considers control points and their weight in 
the interpolation, producing greater variance.

CONCLUSION

Due to differences in the sedimentary characteristics of the 
Resende Formation and the influence of deformation bands 
and faults, the permeability readings of the 24 points, obtained 
from muddy and gravelly sandstones, resulted in high data 
variability. The  of cells in the 3 directions ranged from 
10-5 to 74.2 D, expressing anisotropy considered commonly 
low and without preferential direction.

 The variographic analysis and simulation did not include 
the horizontal flow parallel to the fault due to the bidimen-
sionality related to the acquisition of outcrop analogue data 
and the sampling system regarding spatial correlation. For the 
analyzed directions, the best fitted model for the experimental 
semivariograms was the exponential model, with the hori-
zontal range being greater than the vertical one. The use of 
control points in the faults proved to be efficient in the pro-
duced simulations. The result of the geostatistical model built 
with SGS was satisfactory, showing the impact of stratigra-
phy and structures — deformation band and fault — on fluid 
flow. With respect to consistency, the validation of the models 
was acceptable, taking into account the amount of experimen-
tal data and the greater variance imposed by control points.

In sum, the permeability models emphasized the impor-
tance of considering subseismic structures in the flow anal-
ysis of reservoirs since they can change the permeability of 
the material assessed.
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