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ARTICLE INFO ABSTRACT

In this contribution we show the variation of the uniaxial compressive strength (UCS) and petrophysical prop-
erties of different architectural elements of fault zones affecting poorly lithified coarse sandstone and conglom-
erates of the Rio do Peixe basin, NE Brazil. We worked on three distinct outcrops; (1) non-deformed (protolith);
(2) single fault zone, presenting moderate strain; and (3) complex fault zone, presenting a high strain intensity,
were multiple and well developed fault cores occurs. To characterize the structural domains, we performed scan-
lines and uniaxial geomechanical survey across deformation bands and clustering zones. We combined geome-
chanical data with porosity data acquired thru image analysis and gas expansion analysis. We acquired data on
deformation band cores and zones between deformation bands (i.e., deformed zones that do not present defor-
mation bands). Our results shows that the complex fault zone exhibits a strong increasing on the rock resistance.
Thus presenting UCS values three times higher than the obtained on the single fault zone outcrop and four times
higher when compared with the non-deformed outcrop. It suggests that there is a direct relation between strain
and rock resistance. The porosity is also strongly affected by the deformation, exhibiting an inverse relation with
the strain intensity. Complex fault zone presents up to 75% of porosity reduction, while single fault zone, only
about 10% of reduction. The petrophysical properties were calculated in the complex fault zone, where the re-
sistance of the DBs was as high as twice that of the zone without bands, which had effects on the Young’s and
the incompressibility’s moduli. The results suggest that even though DBs generate up to a 40% increase in the
UCS and a 75% decrease in the porosity, the structural domains where the rock is located strongly controls the
geomechanical and petrophysical properties. Thus, directly affecting the anisotropy of a reservoir.

Keywords:

Deformation bands

Uniaxial compressive strength
Petrophysics properties

1. Introduction

Deformation bands (DBs)! are tabular structures that occur in porous
rocks and are characterized by volumetric changes caused by differ-
ent deformation mechanisms, such as cataclasis or granular flow, and
kinematics with shear offset (>10mm).2> These structures were ini-
tially described by Aydin® as small faults measuring several millime-
tres in thickness and a few meter in length. DBs have characteristic

processes, such as pore collapse and grain fracturing, and can be effec-
tive hydrocarbon seals even with small offsets.>8

DBs can act as either hydraulic barriers or conduits for fluid flow,
depending on the mechanisms of deformation and factors, such as con-
fining pressure occurring during their formation and structural evo-
lution.#?1* These hydraulic behaviours stimulated investigations into
their geomechanical, petrophysical and fault distribution properties to
predict the modalities of fluid flow during the development and deple-
tion of oil reservoirs.!>17 Obtaining extensive and detailed knowledge

Email addresses: cayopontes@ufrn.edu.br (C.C.C. Pontes); francisco.nogueira@ufcg.edu.br (F.C.C. Nogueira); bezerrafh@geologia.ufrn.br (F.H.R. Bezerra); fabrizio.balsamo@unipr.it
(F. Balsamo); tiago.smiranda@ufpe.br (T.S. de Miranda); matheus.amadornicchio@unipr.it (M.A. Nicchio); jorgeabs@petrobras.com.br (J.A.B. de Souza); brcarvalho@petrobras.com.br

(B.R.B.M. de Carvalho)

https://doi.org/10.1016/j.ijrmms.2018.12.009

Received 24 May 2017; Received in revised form 22 November 2018; Accepted 6 December 2018

Available online xxx
1365-1609/ © 2018.



C.C.C. Pontes et al.

of these flow properties has fundamental importance in the analysis of
the fluid migration pattern and the rock storage properties.'81°

DBs directly affect the petrophysical properties of sandstones, such
porosity and permeability?® as well as the geomechanical properties
such as UCS and Young’s modulus.?! These structures can act in differ-
ent ways in the reservoir. The cataclastic bands, which have mechanical
fracture of the grains as the main mechanism, usually present reduction
of permeability and porosity in relation to the host rock, while UCS and
Young’s modulus tend to increase relative to their host rock.!® On the
other hand, disaggregation bands, which form by granular flow as the
main mechanism, tend to present an increase of porosity and a decrease
in UCS and Yong’s modulus.??

An analysis of different structural domains within the fault zone,
such as the fault core and damage zone,?>?> combined with geological,
geomechanical and petrophysical analyses are fundamental to the un-
derstanding of the compartmentalization of oil reservoirs. The density
and the geomechanical characteristics and petrophysical properties of
DBs are parameters closely related to each other, which directly influ-
ence the behavior of the reservoir.>1%26 The comprehension of the vari-
ation of properties as UCS, porosity, the Young’s and incompressibility
moduli and the Poisson’s ratio are essential in the study of reservoirs.

Several studies have presented the structure and evolution of fault
zones in sedimentary deposits, their influence on fluid flow, and how
these structures and evolution define different structural do-
mains.*6:1417:2527.28 However, the study of the geomechanical and
petrophysical properties of DBs across fault zones, in different deforma-
tional domains (Fig. 1) or in the same domain, is still poorly investi-
gated.

The aim of the present study is to show the role of different struc-
tural domains in changes in the physical properties of porous rocks
within deformation band fault zones, identify the changes on porosity,
Young’s modulus, incompressibility modulus, Poisson’s ratio and UCS.
The study area is located in the Rio do Peixe Basin (RPB) in northeastern
Brazil (Fig. 2A). The petrophysical properties are addressed in different
architectural components of a regional scale fault zone: (1) high strain
zone with multiple cores, (2) moderate strain zone with single core, and
(3) protolith (Fig. 2B) in siliciclastic units. The specific aim of this study
is to analyse the relationship between the frequency of DBs, fault zone
architectures and petrophysical properties.

2. Geological settings

The Rio do Peixe Basin is a sedimentary basin formed during the
rifting and breakup of the African and South American continents from
the Neocomian to the Barremian.?®30 The basin is composed of three

Complex fault

Zone

Clusters
1

Single fault
=

1%

Space Between
Bands

Damage zone Fault core Damage zone

Protolith Protolith

Fig. 1. (A) Schematic model of petrophysical properties across a fault zone (modified from
Faulkner et al., 2010; Choi et al., 2016). The width of DBs are exaggerated for the sake of
clarity.
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sub-basins, representing three half-grabens named, from west to east,
the Brejo das Feiras, Sousa and Pombal sub-basins?>3! (Fig. 1B), sepa-
rated by basement horsts. The main shear zones that bind the Rio do
Peixe Basin are the Portalegre, Malta and Rio Piranhas®® (Fig. 1B).

The evolution of these sub-basins was related to the brittle reactiva-
tion of the Precambrian ductile shear zones. DBs in this basin were first
described by Sénant and Popoff,3! and their kinematics and geological
features were presented by Nogueira et al.,>° whereas Nicchio et al.>?
and Araujo et al.%® described the cataclastic DBs in the basin.

The sedimentary infill of the Rio do Peixe Basin consists of three dif-
ferent formations of the Early Cretaceous age3!: Antenor Navarro, Sousa
and Rio Piranhas, respectively.>* The Antenor Navarro Formation di-
rectly overlies the crystalline basement, as an unconformity that occurs
along the flexural margins of the half-grabens.?! The Antenor Navarro
Formation is composed of conglomerates and immature sandstones at
the base, and fine sandstones interfingered with shales at the top. The
Sousa Formation is the intermediate unit, which is composed of shales
and reddish silts deposited in a lacustrine system. The Rio Piranhas For-
mation is composed of conglomerates and coarse sandstones deposited
in alluvial fan systems.3>

3. Methods
3.1. Field investigation

This study was performed on conglomerate sandstone with a fine to
clay matrix from the Antenor Navarro Formation affected by cataclastic
DBs (Fig. 3A). The analysis of the different structural domains and host
rocks were performed using field and laboratory procedures. The field-
work included in situ geomechanical profiles with an L-type Schmidt
Hammer, structural attributes analysis collected along continuous scan-
lines oriented to intercept the highest number of structures, following
procedures presented by.36-40 The different fault zones were sampled for
petrographic and petrophysical analyses.

We performed Schmidt hammer tests following the procedures out-
lined by Aydin,*! such as the calibration of the apparatus before analy-
sis. The sampling was performed perpendicularly to the outcrop sur-
face. The laboratory analysis consisted of measuring the porosity and
dynamic properties, Young’s modulus, incompressibility modulus, and
the Poisson Ratio. However, the plug sampling was possible only in the
fault core, where the rock presents a high degree of cohesion. The poros-
ity values were obtained through two methods: thin section image and
plugs analysis. In the thin sections, we observed different intensities of
deformation such as a high cataclastic zone (HCZ) and the porosity was
calculated with processed (binarized) thin section images (Fig. 3B) using
the Avizo Fire software®. The porosity measurement was also performed
in cylindrical rock samples (3.5-5.0 cm long and 3.0 cm in diameter) us-
ing the method of gas expansion. We used the UltraPoroPerm500 equip-
ment to perform the porosimetry measurements, from which we ob-
tained the Young’s and incompressibility moduli and the Poisson’s ratio
using wave velocity relationships. The compressional and shear wave
velocities were obtained using the AutoLab500 equipment.

We analysed three outcrops that represent different strain intensi-
ties. Outcrop 1 corresponds to the non-deformed protolith (Fig. 4A),
with undeformed sedimentary structures. Outcrop 2 presents a moder-
ate strain intensity, exhibiting one single meter-thick fault core and is
characterized by a low number of DBs, a moderate degree of deforma-
tion, only one DB cluster, moderate cohesion, and no slip surfaces (Fig.
4B). Outcrop 3 is intensely deformed, were several well developed fault
cores occurs, thus forming a complex fault zone expressed by a great
number of DBs, slip surfaces and high cohesion sandstone (Fig. 4C).
These last two outcrops present DBs as the main structures, either as
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Fig. 2. (A) Location of the Rio do Peixe Basin; (B) Simplified geological map of the basin (modified from Francolin et al., 1994 and Medeiros et al., 2005) with the localization of the
outcrops representing the protolith (outcrop 1), single fault zone (outcrop 2) and complex fault zone (outcrop 3).

Fig. 3. (A) Photomosaic of a thin section with cataclastic shear bands, presenting a high cataclastic zone (HCZ) and a (B) processed image (binarized) of the same thin section.

isolated structures (singles) or as complex zones of multiple structures
(clusters).+42

3.2. Geomechanical analysis

Geomechanical profiles were conducted in the three outcrops using
an L-type Schmidt Hammer to detect rebound value variations among
the three structural domains. In damage zone and fault core areas, the
analyses were performed punctually on the DBs and at the points be-
tween the deformation bands (Fig. 4D). Measuring the values inside
and between the DBs was important to understand their effect on the
UCS between and the UCS variations inside the same structural do-

main. The direction and length of the profiles were defined to intercept
the largest possible number of structures both in single and in cluster
zones, covering the whole outcrop. The methodology adopted to collect
the geomechanical data followed the standards of the American Society
for Testing and Materials*® in which 10 measurements of rebound val-
ues were performed for each point and an average of these was calcu-
lated. Finally, the UCS values were compared with a compilation of UCS
values in medium/coarse sandstones presented by Baud et al.*4.

The measurement of the UCS values were the following: 21 mea-
surements in the protolith (outcrop 1); 62 measurements in single fault
zone (outcrop 2), 35 of which were in the DBs and the 27 in the host
rock between these bands; 36 measurements in the complex fault zone
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Fig. 4. (A) Outcrop from protolith; (B) Single fault zone; (C) Complex fault zone, with great number of clusters; and (D) Variation between DBs zone and spacing between bands present

in the same structural domain.

(outcrop 3), 15 of which correspond to values obtained in the DB and
the other 21 in zones between bands.

3.3. Scanline

Outcrops were selected for measuring DB’s attributes in the differ-
ent architectural elements: protolith, single fault zone and complex fault
zone (Table 1). We performed four scanline surveys orthogonal to the
DB strikes following the rationale described by.3$4>46 The measure-
ments in the scanlines that were not exactly perpendicular to the sets
of DBs were corrected using corrections after Terzaghi.*” The following
features were measured along the scanlines: a) spacing (perpendicular
distance) between bands; b) band thickness; ¢) band strike; d) abutting
relations; and f) the composition of the band.”-3848-50 On the outcrop,
the thickness of the DBs were measured using a hand lens and a com-
parator,®® which allowed measurement to approximately 0.05mm by
comparing the fracture width with a printed stripe of precisely deter-
mined thickness.*

Two scanlines were performed in the single fault zone (outcrop 2),
SC-1 and SC-2, both striking NS, and 28 m and 6 m long, respectively

Table 1
Scanline descriptions. AE = architectural elements; SFZ = single fault zone; CFZ = Com-
plex Fault Zone.

CcVv
Scanline Number spacing
Scanline AE Scanlinedirection length (m) of DB’s )
SC-1 SFZ N-S 28 41 1.86
SC-2 SFZ N-S 6 21 2.1
SC-3 CFZ NW-SE 20 117 1.0
SC-4 CFZ NW-SE 19 114 5.0

(Fig. 5A). We performed two scanlines in the complex fault zone: SC-3,
SC-4 ca. with a combined length of 40 m (Fig. 5B). These surveys were
performed perpendicular to the sets of DBs identified in the outcrop and
they strike NW-SE. The regularity of the spacing of the DBs in the single
and complex fault zones was quantified by the coefficient of variation
(CV) of the population of the spacing between the bands.

CV=o/u ¢3)

where ¢ is the standard deviation of the spacing population, and p is
the arithmetic mean. For a random distribution of DBs CV = 1. Then,
if CV > 1, the DBs are more clustered than random; when CV < 1, the
distribution of the DBs presents as less clustered, and there is a greater
regularity in the spatial organization of these bands.**>!

3.4. Petrophysical analysis

Rock samples were collected in the outcrops of the three fault struc-
tural domains to estimate the porosity. However, sampling plugs was
only possible in the complex fault zone, where the rock presents a high
degree of cohesion. The determination of porosity in all the structural
domains was performed in thin sections. The thin sections were made
with the DBs in the centre of the section to capture textural and poros-
ity variations inside and outside the bands. Then, the entire thin sec-
tions were imaged, and these images were processed in the Avizo Fire®
software to identify pores and grains and then calculate the porosity.
The petrophysical properties determination in the plugs used a differ-
ent method. Initially, the plugs were sawn to the length of ca. 6.3 cm,
with a diameter of 3.8 cm. The extremities were smoothed to a perfect
cylinder, and, before starting the analysis, the sample was subjected to
24 h at 80°C in a greenhouse. The petrophysical analysis in the plugs
was performed in a permoporosimeter by gas expansion, using an Ul-
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Fig. 5. (A) Position of geomechanical profile (GP) and scanlines (SC) conducted in the single fault zone and (B) complex fault zone. (C) Rose diagrams of the strikes of DBs. Key: n = num-

ber of bands. Location of the outcrops in Fig. 2B.

traPoroPerm 500. The Young’s and incompressibility moduli and Pois-
son’s Ratio were derived through empirical relations of wave velocity
using the AutoLab500 apparatus.

4. Results
4.1. General characteristics of fault zone domains

The structural domains were identified in the field: (1) the protolith
(Fig. 4A); (2) the single fault zone (Fig. 4B); and (3) the complex fault
zone (Fig. 4C). The protolith consists of non-deformed rock, thus pre-
senting no DBs and preserving its original sedimentary structure, such
as cross stratification. Another specific characteristic is the low cohe-
sion. The single fault zone is characterized by a relatively moderately
strain, where an isolated deformation band clustering zone occurs as
the main fault core and is marked by bands with an average spacing of
20 cm and forming a few clusters (Fig. 3B). The DBs strike NE and EW
(Fig. 5C). The complex fault zone present several fault zones, exhibit-
ing well-developed meter-thick deformation band clustering zones. The
complex fault zone (Fig. 4C) is intensely deformed, exhibiting a greater
number of NE-, NW-, EW- and NS-striking DBs (Fig. 5C). The fault zone
is marked by several clusters that exhibit positive topographic relief,
thus marking a greater resistance to weathering. It is important to note
that the outcrops present no geological markers for a precisely mea-
surement of fault offset. However, if we apply empirical methods such
as the length-displacement relation,>? we could infer a displacement of
less than 1 m for the single fault zone and between 1 and 1,5m dis-

placement for each individual fault zone present in the complex fault
zone outcrop.

4.2. Uniaxial Compressive Strength (UCS)

The distributions of the estimated values of the UCS in the different
architectural elements of the fault zone are shown in Fig. 6. The profiles
were conducted to acquire data across the fault zone. In the undeformed
rock, which presents low cohesion, the lowest UCS among all the ele-
ments that make up the fault zone values were recorded, varying from
6.5 to 12 MPa, with an average value of 10 MPa (Fig. 6).

In the single fault zone, the UCS values vary between 6.5 and
38.0 MPa with an average value of 16.3 MPa. In the zone between DBs,
the values vary between 6.0 and 25.0 MPa with an average value of
11.4 MPa (Fig. 6). Each architectural element has two different values
of UCS for analysis in the DBs and between DBs. The values measured
in the DB have greater values than those between the DBs (Fig. 6). Such
behavior is observed both in single and complex fault zones, where the
points with DBs present higher resistance values than those zones be-
tween the DBs.

However, when the UCS values for the three structural domains
are compared, the geomechanical profiles conducted in the single fault
zone, even with the presence of the DBs, presented a lower resistance
value when compared to the complex fault zone (Fig. 6). In the com-
plex fault zone, the resistance values obtained within the deformed
zones with the DBs vary between 44 and 59 MPa with an average value
of 52.4 MPa, whereas the measurements made in the zones between
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Fig. 6. Uniaxial compressive strength values in each of the architectural elements of the
fault zone. * have no DBs.

the bands vary between 30 and 45 MPa with an average of 40 MPa (Fig.
6). Therefore, the resistance values in the DBs are 25% higher than in
the sites between the DBs.

4.3. Scanlines

DBs strike in the four directions: a) NE-SW; b) EW; ¢) NW-SE and d)
NS. Scanline SC-1, 28 m long, crossed 41 DBs that strike EW. The coef-
ficient of variation (CV) of 1.86 indicates irregular spacing between the
bands in the single fault zone (Table 1). The thickness distribution has
a linear trend and is consistent with a power law distribution (Fig. 7A)
with a high coefficient of determination of R> = 0.97.

Scanline SC-02 cut across 21 DBs along 6 m and has a CV of 2.1, indi-
cating spacing that is more clustered than random in the damage zone.
The thickness distribution fit with a power-law function with an expo-
nent of - 0.80 and a coefficient of determination R?> = 0.91 (Fig. 7B).

Scanline SC-3 intercepts 117 NE-SW-striking DBs along 20 m in the
core fault region (Fig. 7C). The processing of scanline data allowed us
to describe the thickness-size distribution in the log-log plot (cumulative
frequency versus kinematic aperture), which fit a power-law equation
having a scaling exponent of about - 0.89 and a CV value of 1.0 (ran-
domly spaced).

Scanline SC-4 is 19 m long, cut across 114 NE-SW-striking DBs and
has a CV value of 5.0, indicating a great clustering tendency in the fault
core. The thickness distribution fit a power-law function with a - 0.78
exponent and a coefficient of determination R* = 0.94 (Fig. 7D).

The complex fault zone has a frequency of bands/m up to four times
greater than that of the single fault zone. These results agree with a CV
of 5.0 in the complex fault zone core and 1.86 in the single fault zone
(Table 1). Furthermore, the average values of thicker bands range from
5.0 to 7.5 mm in the fault core and 1.9-4.6 mm in the single fault zone.
Moreover, the complex fault zone has a band spacing 2.5 times smaller
than that in the single fault zone, where the significantly larger presence
of clustered bands in the more deformed portion directly influences this
increase of frequency in this zone.

4.4. Porosity measured in thin section

The porosity values measured on the thin sections (Table 2) show
higher porosity in the region of the non-deformed protolith followed by
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the single fault and finally the complex fault zone, which had the lowest
values of porosity.

The protolith, with an average porosity of 10.3%, exhibits large
porosity (Fig. 8 A, B) and the predominance of punctual contacts be-
tween the grains. These protolith features indicate a low degree of com-
paction. The single fault zone exhibits a reduction in porosity and mod-
erate compaction, with 8.9% of average porosity (Fig. 8 C, D). The con-
tacts between the grains are punctual or long, with formation of frac-
tures by compaction along grain contacts.

An intense reduction of the porosity occurs in the complex fault zone
(Fig. 8E, F). The contacts between the grains are predominantly long
and sometimes sutured, indicating a high degree of compaction. The
grain fracturing varies from moderate to intense, generating a cataclas-
tic matrix that fills the remaining pores. The average porosity value in
the fault core is 2.5%, which indicates a reduction of more than 75% in
porosity when compared to the protolith.

4.5. Porosity determination by gas expansion and dynamic properties

Only the complex fault zone presented enough cohesion for the re-
moval of the plugs, allowing both conventional porosity analysis and the
calculation of Young’s modulus, incompressibility and Poisson’s ratio by
empirical relations using wave velocity. The results were divided into
samples with and without DBs. However, it is important to emphasize
that the samples with DBs are very anisotropic when compared to sam-
ples without DBs. The average value of porosity for samples containing
DBs by the conventional method is 13.2%, whereas for samples with no
band this value is 19.8% (Fig. 9A). The presence of the DBs in this case
results in a porosity reduction greater than 30%.

The Young’s modulus values for the samples with no DB varied be-
tween 15 and 27 GPa, whereas for the units with DBs, those values
range from 31 to 47 GPa (Fig. 9B). In addition, the higher the Young’s
modulus, the smaller the porosity values. Thus, the samples with smaller
Young’s modulus are those with less resistance to deformation. These
values in laboratory analysis corroborate with the UCS values obtained
in the field, where the DBs present higher values of resistance (Fig.
6). Higher Young’s modulus and UCS values can be attributed to the
analysed DBs, which may possibly have led to an increase in the cohe-
sion of the sandstones and conglomerates.

Higher incompressibility values resulted in greater resistance to tri-
axial deformation in these units because of the hydrostatic deformation.
The incompressibility modulus (Fig. 9C) shows values between 8 and
15 GPa for the samples between DBs, while rocks with DBs have values
between 16 and 27 GPa. In addition to that, the samples without DBs
have higher porosity, which, considering that the pores present less re-
sistance than the mineral matrix, contributes to a lower incompressibil-
ity modulus than the samples with DBs

We can infer that both the samples with the presence of DBs and the
samples obtained between bands have a behavior that is marked by low
Poisson’s ratio values ranging from 0.204 to 0.199, respectively (Fig.
9D). However, it is necessary to emphasize that even when these rocks
present similar brittle behavior, they have different porosities

5. Discussion

The concept of fault zone employed here differs from the classi-
cal standard, where the deformation was described as homogeneously
concentrated in the fault core and progressively decreased as it moved
away from it. The concept proposed by Faulkner et al.,?>>3 for multiples
cores, and Choi et al.,>* for fault zone across the fault, is the closest to
what we observed in our study area. However, these authors propose
this pattern of multiple cores for faults, and here we observed the same
behavior applied to sub-seismic structures with centimetric off-sets.
This pattern occurs in all outcrops with the presence of DBs, vary-
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Fig. 7. Scanlines performed in the (A, B) single fault zone and (C, D) complex fault zone. Key: F = frequency of DBs in bands/m; b = Thickness in millimetres.

Table 2

Porosity values acquired through high resolution image analyses.

Architectural element

Porosity (%)

Protolith 7.7

Protolith 18.61
Protolith 5.38
Protolith 9.77
single fault zone 5.27
single fault zone 11.17
single fault zone 10.33
Complex Fault Zone 4.39
Complex Fault Zone 0.2

Complex Fault Zone 1.49
Complex Fault Zone 2.64
Complex Fault Zone 0.95
Complex Fault Zone 1.97
Complex Fault Zone 4.55
Complex Fault Zone 3.29

ing in their number of fault cores and deformation intensity. Complex
fault zone present a high number of fault cores and damage zones
and single fault zone present lower number of deformation bands, thus
lower deformation intensity, showing only one isolated fault core.

Based on field data, UCS and petrophysical analysis, it was possible
to individualize and to characterize the different architectural elements
and find relationships between them. It is important to state that since
the analysed rocks are affected by structures that are capable of chang-
ing the petrophysical properties of rocks, the samples are very hetero-
geneous. However, the samples were individualized accordingly with
its deformation intensities. We compared the deformed samples with
non-deformed samples to distinguish the deformation intensities. It al-
lowed us to obtain acceptable data.

In the protolith domain, the sedimentary structures, such as
cross-stratifications, are well-preserved (Nicchio et al.32). Additionally,
the protolith presents no deformation bands. Microscopically, the main
characteristics are the predominance of punctual grain contacts and the
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Fig. 8. Photomicrography of the three structural domains and their related images processed by the Imago software: (A, B) protolith, (C, D) single fault zone, and (E, F) complex fault
zone. Key: P = Porosity; Pc = Punctual contact; Lc = Long contact;Fr = Fracture formed by compaction;Sc = Sutured contact.

lack of fracturing in grain contacts. Thus suggesting a low compaction
degree.

In the single fault zone, a porosity reduction of about 10% occurs
compared to the protolith. Porosity reduction of around 10-25% in
rocks affected by DBs was observed previously by Mollema and An-
tonellini,®> Fossen and Bale!? and Ballas et al.>>%¢ This reduction occurs
due to the cataclasis that generates intense grain size reduction, which
in turn fill the pores. However, in the single fault zone, the level of cat-
aclasis is low to moderate, allowing some porosity preservation.

The DBs in the single fault zone strikes in two directions, NE-SW
and EW, with low occurrence of slip surfaces. The occurrence of slip
surfaces is localized and present low frequency, thus suggesting that
the exposed deformation bands are not sufficiently well developed to
form several slip surfaces (Fossen et al.*). Certainly, the increasing
strain rate would increase the DBs frequency and would generate DBs
in more directions, well-developed clusters and several slip surfaces.
The low occurrence of slip-surfaces and clusters is a key factor in the
differentiation of the deformation between zones with different levels
of deformation, as damage zone and fault core,?”->* considering that

these structures are formed only after high deformation rate accommo-
dated.*®

According to Alikarami et al.'® mechanical properties vary accord-
ing to the density of deformation structures. The single fault zone has a
moderate number of DBs, and compared with others structural domains
this zone has moderates values of UCS too. These moderate values of
UCS are response to moderate deformation imposed by the DBs at that
location, considering that there was some preservation of the porosity
and thus sufficient space to accommodate the deformation. Cataclastic
zones occur inside the DBs,>26:57:58 with higher rates of deformation and
comminution of grain than the zones between DBs. The zones between
DBs exhibit lower values of UCS if compared with DBs, which proves a
direct relationship between UCS, deformation rates and porosity. More-
over, sandstones affected by DBs exhibit the same behavior of others
porous rocks, where the porosity increase leads to a decrease the UCS.°

There was a reduction of ~75% in the porosity values in the com-
plex fault zone compared to the protolith. This reduction of porosity is
in agreement with what has been described in the literature for cata-
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Fig. 9. (A) Porosity vs. Number of samples; (B) Young’s modulus vs. Porosity; (C) Incompressibility modulus vs. Porosity; and (D) Poisson’s ratio vs. Porosity.

clastic bands,*%1317:60 where some bands present decrease in porosity
and permeability of up to six orders of magnitude when compared with
the host rock, as seen by Fossen and Bale.* In the complex fault zone,
the cataclasis was intense enough to reduce the porosity and pore con-
nection (Fig. 3 A, B), which indicates that the DBs acted as fluid flow
barrier.

In the complex fault zone, the number of DBs per meter is four times
higher than in the single fault zone. The average of DBs thickness ranges
from 5.0 to 7.5mm in the complex fault zone whereas in the single
one it ranges from 1.9 m to 4.6 mm. This thus indicate that the complex
zone underwent higher deformation rates. This higher deformation rate
is also marked by the massive presence of slip surfaces and gouge.

The highest values of UCS are present in the complex fault zone (Fig.
6), for both values within the DB's and between the DBs. As the cata-
clasis intensity increases within the DBs, the grain size tends to be ex-
tremely reduced, allowing the new generated fine grains to be accom-
modated, filling the remaining pore space. This effect occurs until there
is no more pore space to be filled, resulting in an extremely deformed
zone, were the compaction is intense, thus affecting the rock by increas-
ing its strength and drastically reducing its porosity. However, it is im-
portant to emphasize that this zone of high resistance is not restricted
only to the DBs, but also to the zones around it, that is also considered
as complex fault zone.

It is important to state that the presence of DBs is related to more
intensely deformed zones, thus anisotropic zones. The related faults in
this work present low displacement (less than 1,5 m) with the most im-

portant ones presenting 1 — 2 m thickness. Thus, the studied faults are
considered subseismic structures. The identification and quantification
of the petrophysical and geomechanical modifications are useful to sup-
port the prediction of the behavior of reservoirs affected by DB. The
knowledge of these properties may be applied for fluid flow simulation
as oil exploration strategy.

6. Conclusions

The present study analyzes the variation of petrophysical and geo-
mechanical properties in the Rio do Peixe Basin in coarse sandstones
across a faults zone composed from the undeformed protolith, single
fault zone and complex fault zone, integrating analysis techniques in
macro and micro-scale. The results has shown that DBs directly influ-
ence petrophysical and geomechanical properties of rock, however these
properties are strongly controlled by the structural domain in which the
rock are found. We present below the most important results of this
study below.

The presence of DBs causes reduction of porosity (Fig. 9 A) and in-
crease of UCS (Fig. 6), as is effective in increasing Young's and incom-
pressibility modules. For both modules, the rock with DBs presents a
value of 40% greater than the rock without bands. Considering that
the pores have less resistance to deformation than the matrix, it is ex-
pected that the areas with DBs, which have a significant reduction in
porosity, present higher values of these modules. On the other hand, the
Poisson’s Ratio values are similar to samples with DB and without DB,
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around 0.199-0.204. This value indicates brittle behavior of both the
fault core with DBs, and in the areas between bands.

UCS values are higher in DBs than between bands. This increase in
resistance is associated with the cataclasis generated by the DBs dur-
ing it formation. However, the complex fault zone, even at the points
between bands, showed values of UCS higher than the rocks found in
the single fault zone and protolith. It is concluded that even though DBs
generates up to 40% increase in the UCS values, the deformational sce-
nario where the rock is located strongly controls rock resistance.

The complex fault zone presents DBs frequency four times higher
than the single fault zone. The complex fault zone also presents bands
with higher average thickness and greater clustering of bands in rela-
tion to the single fault zone, and the displacement of less than 1 m for
the single fault zone and between 1 and 1,5 m displacement for each in-
dividual fault zone present in the complex fault zone. These data con-
tribute to the characterization of both architectural elements, consider-
ing that a high degree of deformation will produce a greater number of
bands, with thicker bands and more clusters.

The porosities calculated from the photomicrographs analysis
showed an average value of 10.3% for the undeformed protolith, 8.9%
for the single fault zone and 2.4% in the complex fault zone. The fault
core present an average porosity value up to 75% smaller than the unde-
formed protolith, being the presence of DB the cause of this reduction.
We conclude that the larger the number of DBs, the lower the porosity
values in the architectural elements of the fault zone.

DBs directly influence the compartmentalization and behavior of the
geomechanical and hydraulic properties of the sedimentary units. Re-
gardless of whether it is at the fault core or damage zone, the higher the
deformation rate, the higher is the UCS values, the lower the porosity
values, the greater the number and thickness of bands and the greater
the Young and incompressibility modules.

The multi-scale approach of this work, using the upscaling technique
to observe the deformation started from a regional scale with the obser-
vation of the main brittle structures of the basin, meso scale with geo-
mechanical analysis and collect of structural attributes in outcropping
micro scale with petrophysical measurements plug scale and thin sec-
tions contributed to the simulation of the fluid flow and estimation of
the behavior of the reservoir during its production and depletion.
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